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Abstract 
Mid-ocean ridges extend over 55,000 km and produce mid-ocean ridge basalts (MORBs) 

that cover two-thirds of the Earth’s crust. MORBs are partial melting products of the Earth’s upper 

mantle and therefore carry information about their inaccessible source. Observed chemical variety 

in the basalts is interpreted to result of multiple processes that affect the basalt from its origin in 

the mantle to the oceanic crust. These include heterogeneities in the mantle composition, fractional 

crystallization or melt-rock interaction during magma ascent, but the exact contribution of each to 

the observed geochemical diversity in MORBs remains unclear. 

This thesis aims to understand the chemical evolution of MORBs focussing on the early 

stages of magma formation in heterogeneous sources and magmatic differentiation. The ultraslow-

spreading Gakkel Ridge has been selected as study area due to its unusual and geochemical diverse 

underlying mantle and its along-ridge variations in magmatic activity, crustal thickness, spreading 

rate and isotopic signature. Here, I present chemical (including platinum group elements) and 

radiogenic/stable isotope data of thirty six fresh basalts dredged from three distinct areas, the 

Western Volcanic Zone (WVZ), the Sparsely Magmatic Zone (SMZ) and the Eastern Volcanic 

Zone (EVZ).  

Trace element and radiogenic isotope data indicate that the mantle beneath the Gakkel 

Ridge experienced two metasomatic enrichment events. The younger event is recorded in basalts 

from the Western Gakkel Ridge region, comprised of the WVZ and the SMZ, and is proposed to 

be linked to a fossil subduction zone that occurred in the area at ca. 140 - 125 Ma. The older 

enrichment event, however, is only recorded in basalts from the Eastern Gakkel Ridge region 

(includes solely the EVZ) and of unknown origin. These enriched mantle domains affect the 

geochemistry of the MORBs positively as shown by stable Fe isotope systematics (expressed as 

δ57Fe). Iron isotope systematics further indicate the existence of two different magma evolution 

patterns at the Gakkel Ridge. Basalts from the EVZ and the SMZ ascend rapidly from the source 

to the crust with little fractionation, whereas basalts from the WVZ experienced a stronger 

fractionation, which is explained by melt transport through a magma chamber en route to the 

surface, in which replenishment, magma mixing and crystallisation occurs. Furthermore, unlike 

to previous expectations, platinum group element data suggests directly ascending magmas of the 

SMZ and the EVZ are sulfide undersaturated, while the fractionated WVZ magmas are sulfide 

saturated.  
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1.1 Rationale  

Anekantavada - “the truth depends on one’s point of view and no single point of 

views comprises the complete truth” (White, 2015) – is often linked to an Indian parable, 

in which six blind men try to feel an elephant. One feels the leg and says it feels like a tree 

trunk and the second one feels the ear and says it feels like a leaf and so on. The same 

principle can be applied to the Earth sciences, where different disciplines (Geophysics, 

Geochemistry, Geodynamics, etc.) seek to understand the Earth’s mantle and “feel” 

different aspects. For instance, geophysicists “feel” the internal picture (e.g., hot and cold 

areas – slab no slab) or geochemists “feel’ recycled crust; each single discipline has a 

different point of view. 

 

 

Figure 1.1 - Schematic overview of the Earth’s mantle. The schematic overview highlights the different ocean floor 
lavas; from left to right: ocean island basalts sample the lower mantle; mid-ocean ridge basalts that reveal information 
about the upper mantle; island arc and back-arc basin basalts provide insights into subduction zone processes. This study 
focusses on mid-ocean ridge basalts; highlighted by the dashed black box (Figure 1.2). The marble cake, on the left, 
represents the analogue of the Earth’s mantle, see text for further comments.  
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Simply put, the Earth’s mantle can be imagined as a marble cake (Figure 1.1; 

Allegre and Turcotte, 1986; Kellogg and Turcotte, 1990), in which the yellow/vanilla part 

of the cake represents the depleted or ambient mantle and the chocolate streaks represents 

refractory and enriched mantle domains (Allègre and Turcotte, 1985; Wood, 1979; Zartman 

and Haines, 1988) that are integrated into the ambient mantle. Refractory mantle lithologies 

are thought to result from a series of partial melting events or re-fertilisation (Byerly and 

Lassiter, 2014; Liu et al., 2008; Salters et al., 2011; Sobolev and Shimizu, 1993; Stracke et 

al., 2011), whereas enriched mantle lithologies are thought to represent recycled material 

that has been brought into the mantle either in subduction zones, or by delamination of 

continental crust during continent collision or continental breakup (Hofmann, 2014; White, 

2015). Melting and recycling processes modify the chemistry of the mantle and can be 

traced by radiogenic isotope studies in basalts (Anderson, 1968; Anderson, 2006; Hofmann, 

2014; Mallick et al., 2014; Zindler and Hart, 1986), because the ascending magma inherits 

the geochemistry and therefore the isotopic composition of its source. The chemistry of 

magma is however not a direct reflection of the source, as a number of secondary processes 

will further modify the primary melt composition during ascent by e.g., fractional 

crystallization, magma chamber processes or wall-rock interaction; (Coogan and O’Hara, 

2015; Gale et al., 2014; Langmuir et al., 2013; Lissenberg et al., 2019; O'Neill and Jenner, 

2012). In turn, the chemical variability in ocean floor lavas (OFL) is controlled by both the 

source petrology and the superposition of petrogenetic processes from melt generation, 

ascent and extrusion, but to which extent each contributes to the geochemical diversity in 

basalts is still unclear (Matzen et al., 2017). 

The aim of this study therefore is to better understand the processes that lead to 

geochemical diversity observed in OFL with focus on mid-ocean ridge basalts (MORBs; 

Figure 1.2). The overall research question is:  

 

“Why are MORBs geochemically diverse?” 

 

 Mid-ocean ridge basalts are direct products of partial melting of the Earth’s upper 

mantle, covering 65% of the Earth crust (Allègre et al., 1984; Brandl et al., 2016; Rubin et 

al., 2009). The geochemistry of MORBs is diverse and contributes fundamentally “to the 

understanding of chemical and dynamic evolution of the Earth” (Blusztajn et al., 2014). 

The chemistry of MORBs is affected by three different variables: (1) source heterogeneity, 

(2) partial melting/mantle temperature and (3) fractional crystallization (Gale et al., 2014). 
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Source heterogeneity is dependent on mantle convection and the geodynamic evolution of 

the mantle in a certain region (Hofmann, 2014; Kellogg and Turcotte, 1990; Richards and 

Engebretson, 1992), which causes a geochemically variety on large km-scale, but also in a 

smaller-scale within the mantle (e.g., Anderson, 2006; Byerly et al., 2017; Chen et al., 

2016; Dupré and Allègre, 1983; Graham et al., 2006; Hart, 1984; Hofmann, 2003; 

Hofmann, 2014; Janney, 2005; Kellogg and Turcotte, 1990; Kim et al., 2017; le Roux et 

al., 2002; Mallick et al., 2014; White, 2015). Assuming similar melting conditions below a 

ridge segment, a heterogeneous source lithology produces chemically distinct MORBs. 

When melt rises from its source to the surface it interacts with its surroundings and is 

subject to fractional crystallization within magma chambers and dykes, which further 

affects the geochemistry of the MORB (Coogan and O’Hara, 2015; Gale et al., 2014; 

Lissenberg and Dick, 2008; O'Neill and Jenner, 2012; Rubin et al., 2009).  

 

Figure 1.2 - Schematic overview of the main research question. The lower panel of the figure shows a mid-ocean ridge 
section with upper mantle and oceanic crust, zoomed in section from Figure 1.1. The upper mantle, as shown here, 
contains stripes of different mantle lithology, which are represented by different colours. MORBs are partial melting 
products of the Earth’s upper mantle. Each mantle lithology has a different composition, which can be inherited into the 
MORB source. To which extent each component contributes to the chemical variability is unknown. The three basalts 
(same shape and sample) in the upper panel show three possibilities of MORB source variabilities. These, however, will 
be overprinted by secondary magma differentiation processes; changing the chemistry of MORBs.  

The latter, however, also depends on the spreading rate. Globally, spreading rates 

vary between 6 mm/a (per annum) at the Gakkel Ridge in the Arctic Ocean to 150 mm/a at 

the Eastern Pacific rise in the Pacific Ocean. The global ridge system is divided into four 
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different ridge systems: ultraslow-spreading ridges (< 15 mm/a), slow spreading ridges (15 

mm/a – 30 mm/a), intermediate spreading ridges (30 mm/a – 70 mm/a) and fast spreading 

ridges (> 70 mm/a). All but ultraslow-spreading ridges have a high magmatic activity, 

occurrence of transform faults, thick oceanic crust (up to 6 km) and the existence of magma 

chambers in common (Brandl et al., 2016). Within magma chambers three different 

processes can potentially affect MORB chemistry: (1) replenishment, (2) mixing and (3) 

fractional crystallization, defined as the so-called RTX processes (Coogan and O’Hara, 

2015; O'Neill and Jenner, 2012). 

In contrast, ultraslow-spreading ridges have only a small number of magmatic 

centres, lack transform faults and magma chambers due to low magmatic activity (Brandl 

et al., 2016; Dick et al., 2003). Therefore, the main characteristic feature of ultraslow-

spreading ridges is the existence of an amagmatic ridge segment with mainly abyssal 

peridotite outcropping (Dick et al., 2003; Snow and Edmonds, 2007). Worldwide only two 

known ultraslow-spreading ridges exist, the Southwest Indian Ridge and the Gakkel Ridge 

in the Arctic Ocean (Snow and Edmonds, 2007). The low magmatic activity at ultraslow-

spreading ridges is related to a colder thermal gradient in the mantle below. It is thought 

that conductive cooling is more efficient in upper crustal levels (1 km - 2 km; e.g., Standish 

et al., 2008) than it would be at spreading rates > 15 mm/a, because of the absence of 

magma chambers. In such slow-spreading regimes the melt rises rapidly into the crustal 

level and erupts with minimal influence by crystal fractionation (Brandl et al., 2016; Phipps 

Morgan and Ghen, 1993). Rapid melt transfer with limited interaction and different melting 

process make basalts sourced from ultraslow-spreading ridges ideal to indirectly study the 

underlying mantle source and its link to chemical diversity in OFL. 

  In this thesis I focus on how a heterogeneous mantle and how magmatic 

differentiation process effects the geochemistry of OFL. The ultraslow-spreading Gakkel 

Ridge in the Arctic has been chosen as my study area, because of its geochemically diverse 

mantle (D’Errico et al., 2016; Liu et al., 2008; Stracke et al., 2011) and along-ridge changes 

in magmatic activity (Michael et al., 2003) and spreading rate (Dick et al., 2003); all factors 

that can potentially affect the geochemistry of MORBs. 

1.2 Ultraslow-spreading Gakkel Ridge, Arctic Ocean 

The Gakkel Ridge in the Arctic Ocean extends for 1200 km from the northeast coast 

of Greenland to the northwest coast of Siberia (Figure 1.3a). Along-ridge variation in 

spreading rate (Dick et al., 2003), magmatic activity (Michael et al., 2003), isotope 
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signature (Goldstein et al., 2008) and crustal thickness (Schmidt-Aursch and Jokat, 2016) 

are the main characteristics of the Gakkel Ridge. Michael et al. (2003) divided the 

ultraslow-spreading Gakkel Ridge into three different segments. The westernmost ridge 

segment is the Western Volcanic Zone (WVZ), followed by the Sparsely Magmatic Zone 

(SMZ) and concludes with the easternmost ridge segment at the Eastern Volcanic Zone 

(EVZ). A brief description of each segment will be given in the following.  

 
Figure 1.3 - Geographical overview of the Gakkel Ridge location (a) and the ridge segments (b). (b) shows the three 
different ridge segments of the Gakkel Ridge. The inclined black doted lines highlight the boundary between the ridge 
segments and the vertical grey dashed line in the middle of the SMZ highlights the isotopic boundary distinguishing 
between Indian-type isotope trend (also referred to DupAl anomaly) in the west and Atlantic/Pacific–type isotope trend 
in the east. 

1.2.1 Western Volcanic Zone (WVZ) 

 The WVZ extends for approximately 200 km (7°W to 3°E) and begins at the Lena 

trough (northern most part of the North Atlantic ridge). Five axial volcanic ridges (each 15 

km – 50 km long) comprise the entire ridge segment. The axial depth ranges between 3700 

– 4200 m. The ridge segment is characterised by robust magmatism and spreads at a rate 

of 14.5 mm/a in the west and 13.5 mm/a in the East. The chemistry of the WVZ basalts is 

characterised by a high concentration of large ion lithophile elements (e.g., Ba, Rb) and 

displays a radiogenic isotope signature akin to those observed in the Indian Ocean (high 
87Sr/86Sr and high 208Pb/204Pb; Goldstein et al., 2008; Mühe et al., 1993).  

1.2.2 Sparsely Magmatic Zone (SMZ) 

The second ridge segment is the SMZ, which ranges for 300 km from an abrupt 

change in axial depth by 1100 m lower than the most easterly point of the WVZ at 3°E 

(Michael et al., 2003) to 29°E. The abrupt change in ridge topography is linked to changes 

in ridge geometry, which may be due to changes in mantle lithology as observed (Standish 

et al., 2008; Whittaker et al., 2008). The SMZ is further characterised by an alternation of 

outcropping abyssal peridotites and volcanic edifices and is the least magmatic ridge 

segment of the Gakkel Ridge. Volcanic activity occurs only at approximately 12°E and 
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20°E. The limited magma production rate at the SMZ is furthermore linked to the slow 

spreading rate of the SMZ of approximately 12 mm/a.  

 The geochemistry of the SMZ is characterised by an extreme depleted mantle 

section close to the geomorphological boundary with the WVZ at 3°E (Salters and Dick, 

2011). Furthermore, Goldstein et al. (2008) suggested an isotopic boundary in the middle 

of the SMZ at 15°E. Basalts, East of the isotopic boundary display an isotopic signature 

akin to Indian Ocean MORB (high 208Pb/204Pb and high 87Sr/86Sr), whereas basalts west of 

the isotopic boundary show affinities with Atlantic/Pacific MORBs (Goldstein et al., 2008).  

1.2.3 Eastern Volcanic Zone (EVZ) 

 The easternmost ridge segment, the EVZ is characterised by six 15 – 50 km large 

volcanic centres (100 km apart) at 31°E, 37°E, 55°E, 69°E and 85°E that spread over 700 

km (Michael et al., 2003). In between each volcanic centre, abyssal peridotites are 

abundant. From east to west the spreading rate changes by almost 5 mm/a. In the West at 

29°E the spreading rate is approximately at 11 mm/a and further to the East only 6 mm/a 

(Michael et al., 2003).  

 Previous studies on basalts and peridotites suggest an extremely heterogeneous 

mantle beneath the EVZ ranging from ultradepleted segments at 66°E to enriched ridge 

areas at 30°E (D’Errico et al., 2016; Liu et al., 2008; Stracke et al., 2011). It has been 

suggested that the mantle in the West has been metasomatically enriched and affected the 

MORB geochemistry, whereas further to the East (85°E) solely depleted MORB mantle is 

sampled. In addition, an unusual high hydrothermal activity with unknown origin has been 

described at 85°E (Edmonds et al., 2003; Jean-Baptiste and Fourré, 2004; Pedersen et al., 

2010).  

Lead and Sr isotope systematics of the EVZ basalts show affinities with 

Atlantic/Pacific MORB, similar to a West-SMZ ridge segment (Goldstein et al., 2008). In 

contradiction to this, Mühe et al. (1997) measured Sr and Pb isotopes on glass shards from 

the EVZ at 60°E, showing high radiogenic Sr isotope signature and Pb isotope signatures 

akin to Indian MORB (section 1.3).  

1.3 Indian-type mantle signature (DupAl anomaly) 

Indian-type mantle signature (often referred to as DupAl anomaly), as found in 

basalts from the Gakkel Ridge, has generally been associated with basalts from the Indian 

Ocean in the Southern Hemisphere. Compared to OFL from the Atlantic and Pacific Ocean, 

basalts from the Indian Ocean and partially from the Arctic Ocean are characterised by a 
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high radiogenic Pb (in particular 208Pb/204Pb) and Sr isotope signature (Dupré and Allègre, 

1983; Hart, 1984).  

For a given 206Pb/204Pb, basalts with Indian-type mantle signature show a high 
208Pb/204Pb (Figure 1.4), plotting above the Northern Hemisphere reference line (NHRL; 

Hart, 1984). The NHRL is used to better define the mantle source. Basalts from the Atlantic 

and the Pacific plot along the NHRL. Basalts with a high 208Pb/204Pb, however, deviate 

(+Δ8/4) from the NHRL, because of a higher Th/U in the source with 232Th being the parent 

nuclide of 208Pb.  

Various studies have been conducted to explain the distinct isotopic signatures 

(high Th/U and Rb/Sr in the mantle source) of OFL from the Indian and Arctic Ocean. 

Three main models have been proposed to explain the distinct isotopic signature of the 

Indian-type mantle: (i) thermal upwelling from the core/mantle boundary, (ii) ancient 

subduction, or (iii) integration of sub-continental-lithospheric mantle (SCLM) into the 

MORB source as cause of continental break-up (e.g., Goldstein et al., 2008; le Roux et al., 

2002; Mahoney et al., 1989; Rehkämper and Hofmann, 1997). 

 

Figure 1.4 - 208Pb/204Pb vs 206Pb/204Pb plot of MORBs from the four major ocean basin. The Northern Hemisphere 
Reference Line (NHRL; Hart 1984) is used as a reference line to distinguish source differences of ocean floor lavas 
(MORBs and ocean island basalts). Here, in this thesis, I focus on MORBs. The figure shows the four major oceans (in 
different colours) and the Pb isotope signature of the MORBs. The plot shows that the basalts from the Arctic Ocean 
(green dots) show an overlap with basalts from the Indian (orange dots) and Atlantic Ocean (grey dots). These basalts 
are reflected by a higher 208Pb/204Pb for a given 206Pb/204Pb than the basalts from the Atlantic and the Pacific Ocean 
(pink dots). As 208Pb/204Pb is a function of Th/U, the figure suggests that the MORB source of the Indian and the Arctic 
Ocean (represented by the Gakkel Ridge) has a higher Th/U leading to a higher radiogenic 208Pb/204Pb and +Δ8/4. 

To explain the Indian-type mantle isotopic signature at the Gakkel Ridge, Goldstein 

et al. (2008) proposed that the SCLM became integrated into the MORB source due to the 
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break-up between Greenland and Spitsbergen at around 50 Ma (Blythe and Kleinspehn, 

1998). This theory, however, is debated and does not explain other observed features, such 

as extreme mantle depletion (Liu et al., 2008; Stracke et al., 2011), source enrichment 

possibly due to metasomatism (Mühe et al., 1991) and homogeneous Pb isotope signatures 

in the Western Gakkel Ridge region (Blusztajn et al., 2014). Due to this controversy, I 

further aim to better constrain the mantle sources and the origin that leads to the elevated 

Th/U in Gakkel lavas. 

1.4 Methodology 

To investigate the geochemical and isotopic diversity in the Gakkel basalts, 36 fresh 

basalts from all three ridge segments were analysed for their radiogenic (Pb, Sr, Hf), and 

stable (Fe, S) isotopic composition, as well as major and trace element composition, with 

subset of samples analysed with high-precision for their platinum group element (PGE) 

systematics.  

Radiogenic isotope analysis will help to better characterize the MORB source and 

provide information about the timing (parent/daughter ratio), because radiogenic isotopes 

do not fractionate during crystal fractionation.  

 

Figure 1.5 - Schematic overview of the Fe isotope fractionation. The lower panel represents a MORB section containing 
different mantle components (different colours). The red arrows indicate the melt flow from mantle source region to the 
crust. Each number (1, 2, 3) in the lower sketch represents the locality of the sketches in the upper panel. No.1 represents 
the MORB source, which can be either a peridotite or pyroxenite. No.2 represents the partial melt of the source with 
olivine fractionation and the incorporation of Fe2+ into the olivine. As result, the melt becomes progressively enriched in 
Fe3+ resulting in a heavier iron isotope signature (δ57Fe). No.3 shows the iron isotope range of MORBs (data - Teng et 
al., 2013) and the depleted MORB mantle value (data - Craddock et al., 2013). 

Stable isotopes, such as Fe, provide additional information about magmatic 

processes from source to crust due to isotopic fractionation during magma differentiation. 

In brief, iron is one of the most abundant elements in the Earth’s mantle and a main 
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component of various minerals such as olivine, orthopyroxene, clinopyroxene, spinel, 

amphibole and garnet; and occurs in two different oxidation states ferrous (Fe2+) and ferric 

iron (Fe3+). Due to the different bonding in mineral structures, Fe2+ and Fe3+ behave 

differently and fractionate easily during magmatic crystallisation and fractionation (Weyer, 

2008; Williams et al., 2004). Ferrous iron is more compatible than ferric iron and favours 

to be incorporated into olivine (Figure 1.5 No.2). Because olivine is the first mineral to 

crystallize, the amount of ferrous iron of the melt decreases and the melt becomes 

progressively enriched in ferric iron (Figure 1.5 No.3) as olivine crystals separate from the 

melt. Iron isotopes fractionate in tandem with this process. The iron isotope signature of a 

sample is given in the δ-notation (δ57Fe), which is strongly related to the Fe2+ and Fe3+ ratio 

of the melt. The same principles can be employed to understand magma differentiation 

processes during melt ascent or within magma chambers.  

More details about the selected samples, the sample preparation and the analytical 

methods are described in chapter 2 or in each individual research chapter (chapters 3 – 6).  

1.5 Thesis structure 

This thesis is organized into seven chapters, including an introductory chapter, 

methodology and a synthesis chapter summarizing the findings and their implications for 

the current understanding of the structure of the mantle below mid-ocean ridges, in 

particular for the Gakkel Ridge, and magmatic processes in MORBs. Chapters 3 – 6 are 

research chapters contributing to the overall research question. The chapters are formatted 

as stand-alone journal articles, which is an accepted format for a PhD thesis at Monash 

University, but results in some inevitable repetition of the introductory and methods section 

of each chapter. Despite that, chapter 3 has already been submitted for publications to 

Nature Communications. In each other chapter (chapters 4 - 6), I briefly state the journal 

that I will submit the manuscript to. The format of each chapter has been adjusted to 

maintain a consistent layout and reference style within the thesis. Supplementary material 

associated with each chapter and references to all cited literature are provided at the end of 

each chapter.  
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Figure 1.6 - Schematic overview of a mid-ocean spreading ridge showing the focus of the 4 main research chapters. 

To address the overall research question, chapters 3 and 4 focus on the MORB 

source, whereas chapters 5 and 6 focus on the magmatic evolution of MORBs (Figure 1.6). 

This thesis structure is contrary to the common approach for magmatic and volcanic 

systems, because magmatic differentiation needs to be understood first, before 

investigating source composition. But as chapter 3 builds the foundation for chapters 4,5 

and 6; I choose the opposite approach. Having said this chapters 5 and 6, which deal with 

the understanding of magmatic and volcanic system, first discuss the magmatic 

differentiation and then I draw conclusions about the MORB source composition.  

The Gakkel Ridge has been divided into two different along-strike regions: The 

Western Gakkel Ridge region (comprises of the WVZ and the SMZ) and (2) the Eastern 

Gakkel Ridge region (the EVZ only). The differentiation into these two regions is based Sr 

and Pb isotope signatures (Goldstein et al., 2008). Chapter 3 investigates the mantle source 

under the Western Gakkel Ridge region and Chapter 4 the Eastern Gakkel Ridge region. In 

Chapter 5, the findings from chapter 3 are linked with Fe isotope systematics and chapter 

6 discusses the magmatic evolution of MORBs using PGE. A brief description of each 

chapter follows below.  

1.5.1 Brief chapter description 

Chapter 3: “A fossil subduction under the Western Gakkel Ridge region, Arctic Ocean”  

This chapter discusses the distinct Pb and Sr isotopic signature found in Gakkel 

basalts from the WVZ and the SMZ ridge segment. As shown by Goldstein et al. (2008), 
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basalts from the WVZ and the SMZ are characterised by high radiogenic 208Pb/204Pb and 
87Sr/86Sr isotope signature akin to ocean floor lavas from the Indian Ocean. In this study, 

new Sr and Pb isotope and trace element data of the Gakkel basalts will be presented. The 

data shows that basalts from the WVZ and SMZ display elevated concentrations of fluid-

mobile elements (Ba, Th) and a depletion of highly incompatible elements (Zr, Nb), 

suggesting the occurrence of re-enrichment and depletion events in the mantle beneath the 

SMZ and the WVZ. Elevated Ba/Th, high 208Pb/204Pb, high 87Sr/86Sr isotope signatures in 

combination with low Zr/Nb are found in subduction zone settings, e.g., in active island arc 

and back-arc basin lavas from the Western Pacific (e.g., Escrig et al., 2009; Pearce and 

Stern, 2013; Ribeiro et al., 2013).  

To explain the nature of the element ratios in Gakkel MORB, this chapter provides 

an alternative model to the pre-existing one from Goldstein et al. (2008). Here, I suggest 

that the observed geochemical signatures are linked to an old subduction zone, which had 

been active between 150 Ma and 125 Ma in the circumpolar region and modified the mantle 

in the study area. The data and observations are linked with palaeogeographic 

reconstructions (Alvey et al., 2008; Shephard et al., 2013) and seismic interpretations 

(Sokolov and Mazarovich, 2016).  

 

Chapter 4: “Elucidating the peculiar DupAl isotope signatures of Arctic mid-ocean ridge 

basalts” 

 This study follows up on the findings of chapter 3 and discusses the nature of the 

Pb isotopic difference between the West and the East of the isotopic boundary with focus 

on MORB source of the basalts from the EVZ. New Sr and Pb isotope data for basalts from 

the EVZ and Hf isotope data of all Gakkel samples, studied here, are presented. The results 

confirm the existence of an isotopic boundary at 15°E, as Goldstein et al. (2008) suggested. 

The isotopic difference to the West and the East of the boundary is marked by an abrupt 

change in Pb isotopes and a decrease in Sr isotopes towards the EVZ boundary.  

Furthermore, the data show a slight enrichment of 208Pb/204Pb for a given 206Pb/204Pb 

and in parts a higher 87Sr/86Sr in the EVZ basalts, compared to Atlantic/Pacific MORB and 

a previous study at the Gakkel Ridge (Goldstein et al., 2008). The results presented here 

are, however, in line with data by Mühe et al. (1997), who suggested a re-enrichment by 

crustal fluids for EVZ basalts. Additionally, the enriched mantle area can be further linked 

to a depletion event that occurred ~2 Ga (Liu et al., 2008; Stracke et al., 2011; Warren and 

Shirey, 2012). It is possible that parts of the mantle beneath the EVZ has been affected by 
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crustal pollution to different extent and at different times to that in the Western Gakkel 

Ridge region. The similar, albeit not identical, overprint resulted in a pseudo-Indian-type 

mantle signature (high 208Pb/204Pb and 87Sr/86Sr isotope) in the EVZ basalts.  

 

Chapter 5: “Iron isotope variability in MORBs along the ultraslow-spreading Gakkel 

Ridge, Arctic Ocean” 

 Chapter 5 discusses the effect of mantle source variability and magmatic 

differentiation on Fe isotope systematics. Previous studies showed a large variability in Fe 

isotope signatures of ocean floor lavas, suggesting that the range is not solely attributed to 

magmatic differentiation, but also to mantle source variability. The Gakkel Ridge is a 

suitable study area to investigate the iron isotope variability, because of its extremely 

heterogeneous mantle, changes in the magmatic activity and spreading rate from East to 

West, ranging from slow spreading rate from 6 mm/a to 14 mm/a, respectively, with an 

increase in magmatic activity. It is clear that with changing spreading rate and magma 

production rate, magmatic differentiation processes change (Rubin and Sinton, 2007; 

Standish et al., 2008). Iron isotope systematics from this study show that with increasing 

magmatic activity, magma chambers/magma lenses form in mid-crustal levels, where 

magma mixing and differentiation takes place and starts to affect the iron isotope 

composition in erupting lavas. The same likely accounts for changes in the chemistry of 

the basalts. Furthermore, the iron isotope variation in basalts from ultraslow-spreading 

ridges mainly reflects that of their mantle source, which contrasts with basalts from faster 

spreading ridges (>15 mm/a). 

 

Chapter 6: “Sulfide undersaturated melts at the ultraslow-spreading Gakkel Ridge, Arctic 

Ocean” 

 Chapter 6 builds up on the findings of chapter 5 and discusses the geochemical 

behaviour of platinum group elements (PGE: Os, Ir, Ru, Pd, Pt) during MORB petrogenesis. 

In total, 16 basalt samples from all three ridge segments have been analysed for their PGE 

concentration. The results have been linked with Fe isotope systematics and show that Ir 

and Ru change their geochemical behaviour with changing magma differentiation 

processes. My findings indicate that magma, which rises through mid-crustal magma 

chambers en route to surface experiences S-saturation (reflected by WVZ basalts), as is 

commonly observed in MORB. However, magma that rises rapidly, such as at ultraslow-

spreading ridges (reflected by SMZ and EVZ basalts), appears to be S-undersaturated. This 
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important finding links sulfur-saturation – a key aspect for the formation of magmatic 

sulphide deposits – to magma chamber processes.  
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Photograph shows the drill vessel in the Arctic Ocean.  

(https://www.renci.org/wp-content/uploads/2012/05/Arctic2011-485.png)

https://www.renci.org/wp-content/uploads/2012/05/Arctic2011-485.png
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2.1 Introduction 
This chapter provides an overview of the sample suite and the analytical methods. 

In total, thirty-six dredged ocean floor basalts and volcanic glass samples were investigated 

for major and trace elements, platinum group elements, and stable (Fe, S) and radiogenic 

(Pb, Sr, Hf) isotope compositions. An overview of each analysed sample and the available 

data is summarised in Table 2.1 and Table 2.2. To minimize repetitions in this thesis, only 

a brief outline of the analytical methodology is provided in this chapter. A detailed 

description of each of the applied methods will follow in the relevant research chapters 

(chapters 3 – 6), including sample preparation, analytical settings and analytical uncertainty.  

2.2 Samples 
As previously described, the Gakkel Ridge comprises three ridge segments, namely 

the Western Volcanic Zone (WVZ), the Sparsely Magmatic Zone (SMZ) and the Eastern 

Volcanic Zone (EVZ). In total, 36 dredged basalts were analysed, of which 17 are from the 

WVZ (Figure 2.1), 5 from the SMZ (Figure 2.2) and 14 from the EVZ (Figure 2.3).The 

samples used in this study were collected during five research cruises to the Arctic Ocean: 

Polarstern 59, Polarstern 66, Polarstern 86, Polarstern 101 and Healy 102.  

The smaller number of samples from the SMZ, compared to the WVZ and the EVZ, 

is attributed to the smaller sample density and the lack of volcanic centres along this ridge 

segment. The selection criteria for the samples was the availability, the freshness (no 

alteration) of the sample (Figure 2.1 – 2.3); and the locality. The samples have a good 

spatial distribution across the entire ridge and are complementary to previous studies. The 

locality of each sample is provided in Table 2.1.  

Out of 36 samples, 20 basalts contained a thin crust of volcanic glass, which has 

been carefully separated for element and isotope analysis and compared to with bulk rock 

basalt data of the same sample (section 2.2). Alteration and/or freshness of the samples is 

further discussed in section 2.2.  

2.2.1 Sample preparation 

Basalt samples were cut and any existing weathering manually ground off to reveal 

the fresh sample (dark-grey colour). Then, the samples were sonicated in ultrapure water 

to remove any particles from the grinding process and were crushed. Crushed rock 

fragments were handpicked (only material from the inside of the cut basalt slab) and placed 

into an agate mill for milling to yield fine sample powder.  



 Chapter 2   

 
24 

 

Table 2.1 – Sample locality. 

# Sample name Ridge 
segment Latidude Longitude 

Spreading 
rate 

[mm/a] 

1 HLY0102 D011 - 19 WVZ 82.60 -6.19 12.82 

2 HLY0102 D8 - 12 WVZ 82.53 -6.16 12.82 

3 PS 66 217-16 (B) WVZ 82.86 -6.15 12.82 

4 PS 86 -019 (B) WVZ 82.53 -6.15 12.82 

5 PS 86 - 67 (VG) WVZ 82.53 -6.15 12.82 

6 PS 86 - 044 (VG) WVZ 82.53 -6.15 12.82 

7 PS 59 216 (B) WVZ 83.09 -6.10 12.82 

8 PS 59 216-11 (B) WVZ 83.09 -6.10 12.82 

9 PS 59 216-13 (B) WVZ 83.09 -6.10 12.82 

10 HLY0102 D013 - 10 WVZ 83.20 -5.43 12.82 

11 PS 59 231 - 14 WVZ 83.96 -0.40 12.51 

12 PS 59 232 - 84 WVZ 84.17 0.88 12.31 

13 HLY0102 D024 - 2 WVZ 84.55 1.39 12.03 

14 HLY0102 D026 - 9 WVZ 84.28 2.34 12.31 

15 HLY0102 D018 - 1 WVZ 83.42 2.54 12.70 

16 PS 59 234 - 24 WVZ 84.57 3.13 12.03 

17 PS 59 224 - 34 WVZ 83.38 3.66 12.70 

18 PS 59 243 - 36 SMZ 84.97 10.15 11.67 

19 HLY0102 D037 - 5 SMZ 85.18 11.30 11.67 

20 HLY0102 D036 - 35 SMZ 85.16 12.20 11.67 

21 HLY0102 D038 - 6 SMZ 85.19 12.42 11.67 

22 PS 59 251 - 4 SMZ 85.71 20.23 11.39 

23 PS 59 263 - 26 EVZ 86.04 30.63 11.09 

24 HLY0102 D050 - 30 EVZ 86.20 37.47 11.09 

25 HLY0102 D051 - 15 EVZ 86.33 43.29 11.09 

26 PS 59 297 - 11 EVZ 86.67 46.86 10.75 

27 PS 101 186 R1 (B) EVZ 86.58 55.41 10.75 

28 PS 101 186  (VG) EVZ 86.58 55.41 10.75 

29 PS 59 294 - 40 EVZ 86.90 56.41 10.75 

30 PS 101 193 R1 EVZ 86.44 61.25 10.75 

31 PS 101 203 R4 EVZ 86.53 61.37 10.75 

32 PS 101 203 R5 EVZ 86.53 61.37 10.75 

33 PS 101 203 R8 EVZ 86.53 61.37 10.75 

34 PS 59 274 - 52 EVZ 86.73 66.76 10.75 

35 HLY0102 D059 - 35 EVZ 86.27 70.59 11.09 

36 HLY0102 D061 - 11 EVZ 85.38 84.60 10.31 

 

Volcanic glass shards, used here, were thoroughly cleaned under a microscope and 

in an ultrasonic bath (mixture of ethanol + ultrapure water) to remove rust and any dust 

particles, prior the milling process.  
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Table 2.2 – Overview of the entire sample suite. This table provides a brief overview of the samples and geochemical 
analysis. The number (#) indicates the sample number, which is linked to Table 2.1. ME – Major elements; TE – Trace 
elements; PGE – Platinum group elements 

 

Pb2,5 Sr2 Hf2 Fe2 S 6

1 B; VG No (fresh) No 0.02 x x x x x x x x x

2 B; VG Yes (slightly) Yes (few dissiminated; <1 mm) -0.23 x x - x x x x x x

3 B; VG No (fresh) No 0.01 x x x x x x x x (x)

4 B No (fresh) No -0.37 x x - - x x x x -

5 B; VG No (fresh) No -0.58 x x x x x x x x -

6 B; VG No (fresh) No -0.45 x x x x x x x x (x)

7 B; VG No (fresh) No -0.17 x x - x x x x x -

8 B; VG No (fresh) No -0.18 x x - x x x x x -

9 B No (fresh) No -0.23 x x - - x x x x -

10 B No (fresh) No 1.48 x x - - x x x x -

11 B No (fresh) Yes (few dissiminated; <0.5 cm) 0.11 x x - - x x x x -

12 B No (fresh) No -0.06 x x x - x x x x -

13 B Yes (slightly) Yes (dissiminated; <4 mm) 0.64 x x - - x x x x -

14 B; VG No (fresh) Yes (few dissiminated; <2 mm) -0.22 x x x x x x x x x

15 B No (fresh) Yes (few dissiminated; <1 mm) -0.18 x x - - x x x x -

16 B; VG No (fresh) Yes (few dissiminated; <1 mm) -0.25 x x - x x x x x (x)

17 B Yes (slightly) Yes (few dissiminated; <0.5 cm) 1.71 x x x - x x x x -

18 B Yes (slightly) Yes (few dissiminated; 0.5 cm) 0.30 x x - - x x x x -

19 B; VG No (fresh) No -0.01 x x x x x x x x x

20 B; VG No (fresh) No 0.32 x x x x x x x x x

21 B; VG No (fresh) No -0.02 x x x x x x x x (x)

22 B Yes (slightly) Yes (few dissiminated; < 0.7 cm) 0.99 x x x - x x x x -

23 B No (fresh) Yes (dissiminated; <4 mm) 0.69 x x x - x x x x -

24 B; VG No (fresh) No -0.01 x x x x x x x x x

25 B; VG No (fresh) No -0.21 x x - x - x x x -

26 B; VG No (fresh) Yes (few dissiminated; <1 mm) -0.53 x x x x x x x - x

27 B No (fresh) No -0.05 x x - - x x x x -

28 B; VG No (fresh) No -0.39 x x - x x x x x (x)

29 B; VG No (fresh) No 0.20 x x - x x x x x -

30 B Yes (slightly) Yes (few dissiminated; <1 mm) 1.66 x x - - x x x x -

31 B No (fresh) Yes (up to 2 cm) 3.10 x x - - x x x x -

32 B No (fresh) 2.93 x x - - x x x x -

33 B No (fresh) Yes (few dissiminated; <1 mm) 3.11 x x - - x x x x -

34 B; VG No (fresh) Yes (few dissiminated; <1 mm) -0.37 x x x x x x x x -

35 B; VG No (fresh) No -0.15 x x - x x x x x -

36 B; VG No (fresh) No -0.26 x x x x x x x x x

(x) - awaiting data (Update: 12/2018)

1 - Analysis at Codes University,Tasmania, Australia (J. Thompson)

2 - LA-ICP-MS/MC-ICP-MS analysis at Monash Isotopia laboratory, Clayton, Australia

3 - Analysis at the University of Seoul, South Korea (J.-W. Park)
4 - Microprobe analysis at the CSIRO, Clayton, Australia (N. Wilson)

5 - MC-ICP-MS (Nu plasama) analysis at University of Melbourne, Parkville, Australia (R. Maas)

6 - MC-ICP-MS at the University of Maryland, Maryland, United States of America (J.Farqhuar/J. Dottin III)

#
PGE3TE2ME1 S content 

in VG4

Sample description Geochemical analysis

Isotopes

LOIPhenocrysts (Yes/No)
Alteration 
(Yes/No)

Material (B - 
basalt; VG - 

volcanic glass)
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Figure 2.1: Sample suite of the Western Volcanic Zone. 
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Figure 2.1: [continued] 

 

 

Figure 2.2: Sample suite of the Sparsely Magmatic Zone.  
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Figure 2.3: Sample suite of the Eastern Volcanic Zone. 
 



 Chapter 2   

 
29 

 

2.3 Methodology 
This section gives a broad overview of the applied methods and procedures (Figure 

2.4). A fraction of the sample powder (~5 mg) has been used for major and trace element 

analysis (section 2.3.1 and 2.3.2) and only 100 mg of the powder has been dissolved in a 

mixture (1:5) of concentrated HF (24 M) and concentrated HNO3 (16 M). From the digested 

sample Fe, Hf, Pb and Sr from the sample matrix were separated. In addition, S isotope and 

platinum group element (PGE) analyses were carried out on selected samples by external 

collaborators. 

 

Figure 2.4 - Schematic overview of the main analytical work.  

2.3.1 Major element and alteration 

 Basalt major element analysis was performed at the CODES (Centre for Ore 

Deposit and Earth Sciences) at the University of Tasmania by J. Thompson. Three 

milligrams of each sample as admixed with a Lithium:Borate flux and fused to glass. The 

flux used for this study is clean with little trace element contaminations, allowing trace 

element analysis of fragments of each XRF glass by laser ablation inductively coupled mass 

spectrometry (LA-ICP-MS, section 2.3.2). Major element concentration of the volcanic 

glass fragments was determined using an Electron Microprobe Jeol JXA 8530F 

(Hyperprobe) at the Commonwealth Science and Industry Research Organisation (CSIRO) 

in Melbourne. The analytical procedure for basalts and volcanic glasses is described in 

chapters 3 and 6, respectively.  
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2.3.1.1 Alteration 

To account for any alteration of the basalt samples, loss on ignition (LOI, heating 

to approx. 1000°C) was determined for all whole-rock samples. LOI is an indicator of 

alteration in basalts. LOI values >3.2 wt.% indicate a low to moderate alteration (e.g. Sano 

et al., 2012). In general, basalts range between -1.0 wt.% and +1.0 wt.% (Francis, 1986; 

e.g., Sano et al., 2012). LOI for the basalts analysed in this study ranges between -0.58 wt.% 

and +3.11 wt.%, with only six out of 36 samples having a LOI of >1.0 wt.%. Negative LOI 

results from mass gain via oxidation of FeO to Fe2O3 (Lechler and Desilets, 1987; Teklay 

et al., 2010).  

 

Figure 2.5 – Alteration test. Comparison of U (a), Th (b), Rb (c) and Zr (d) versus Nb. U (a) and Rb (c) are mobile 
elements and generally affected by alteration, compared to Th (b) and Zr (d). Niobium is an immobile element and not 
affected by any alteration effects.  

To further evaluate the alteration of the basalts, mobile (U, Rb) and immobile (Th, 

Zr, Nb) elements (Kelley et al., 2003; Salters and Sachi-Kocher, 2010) that are affected by 

alteration (U and Rb) are compared in Figure 2.5. In this thesis, basalts are analysed for 

their Sr and Pb isotope signature. Rubidium (parent nuclide of Sr) and U (parent nuclide of 

Pb) are both thought to be mobile during alteration, which could result in a positive effect 

on Pb and Sr isotope ratios, because of a gain in Rb and U during alteration (Bach et al., 

2001; Kelley et al., 2003; Staudigel et al., 1996).. The scatter, as shown in Figure 3.5, of U 

and Th versus Nb is similar, whereas Rb and Zr versus Nb show slight differences. Only a 
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few samples show a higher Rb for a given Nb value. The samples with a slightly higher 

scatter in Rb show a LOI of around 1 wt.%, which is in range of unaltered basalts and 

consistent with data from similar locality (Gale et al., 2013; Goldstein et al., 2008; Mühe 

et al., 1997). I therefore conclude that the variation of U and Rb, as well as Th and Zr, are 

due to source heterogeneity and magmatic processes. The effect of alteration is therefore 

negligible for Pb and Sr isotope studies on the Gakkel basalts.  

2.3.2 Trace element 

 Trace element data was obtained from fragments of fused XRF glasses and volcanic 

glass fragments mounted in one-inch epoxy resin discs (Figure 2.6). The trace element 

analyses were measured in the Isotopia Laboratory at the School of Earth, Atmosphere and 

Environment, using an ASI RESOlution S-155 193nm laser coupled to ThermoFisher 

ICapQ/ICapTQ. The entire sample suite was measured over two analytical sessions. For 

the first run (161218 – whole rock XRF glasses; chapters 3 and 4) the laser was coupled 

with a ThermoFisher Scientific ICapQ quadrupole mass spectrometer, and for the second 

run (171216 – volcanic glasses, chapter 6) with a ThermoFisher ICapTQ triple-quadrupole 

mass spectrometer. Identical laser setting were applied in both analytical sessions, using a 

spot size of 80 µm, a repetition rate of 10 Hz and a laser fluence ~ 5 mJ/cm2. Five volcanic 

glass samples were analysed in both analytical sessions for controlling the quality of the 

data.  

 During both analytical sessions, reference material NIST 610 (synthetic glass), 

NIST 612 (synthetic glass), BCR2G (basalt glass) and BHVO2G (basalt glass) were 

analysed two to three times in between a block of 20 unknowns. BCR2G was chosen as 

calibration reference sample and data was normalized on Si (obtained from XRF analysis). 

Furthermore, the reference material BHVO2G was used for data controlling. Uncertainty 

and precision of the main trace elements used in this study is provided in each individual 

research chapter, as well as operational settings and data evaluation are explained in 

chapters 3, 4 and 6.  
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Figure 2.6 - Epoxy mounts and backscattered image of two volcanic glass shards. (a) The left epoxy mount shows 
volcanic glass samples and the left shows mounted fragments of the XRF glasses. The mounts have been polished down 
until 90% of the sample became visible under the microscope. The zoomed in section of the XRF glasses, on the right, 
shows the laser spots. The laser spots have been arranged in a line to gain an average composition of the XRF glass, to 
account for potential heterogeneity in the XRF glasses. (b) and (c) show backscattered images (obtained by Scanning 
electron microscope technique) and laser spot location of two volcanic glass shards from sample PS 86-044 and PS 86-
67. The laser spots were set across the homogeneous glass shard.  

2.3.3 Comparison between whole-rock XRF-glasses and volcanic glass shards 

To further test the accuracy and reproducibility of the major and trace element data, 

as well as the homogeneity of the XRF glasses, the obtained data for of the whole-rock 

basalts (XRF glasses) have been compared with the volcanic glass shards of the 

corresponding sample. Figure 2.7 shows the comparison of the main major and trace 

element of the volcanic glasses and fused sample glasses used in this thesis. Major and 

trace element data shows a good correlation between the volcanic glasses and fused XRF 

glasses in particular for MgO, TiO2, FeO, K2O, CaO, Ba, Ni, Sr, Pb, Th, Zr, Rb and a 

moderate correlation for U. Only Cu shows a poor correlation of between the volcanic glass 

and XRF glass. This could be due to incomplete ionization of 63Cu in the ICP-MS plasma 

or insufficient energy density during the ablation (e.g., Jackson and Günther, 2003). 
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Figure 2.7 – Comparison between volcanic glasses and whole-rock XRF glasses. Major and trace element concentration 
that are mainly used in this thesis are presented in this figure. (a) MgO; (b) FeO; (c) CaO; (d) K2O; (e) TiO2; (f) Sr; (g) 
Th; (h) Rb; (i) Ba; (j) Yb; (k) Pb; (l) Nb; (m) Ni – the two light grey coloured dots are not included in the correlation, 
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because they appear as outlier; (n) Cu; (o) U; (p) Zr. All data has been plot together and has not been distinguished in 
different ridge segments. Data shown in this graph only shows the samples with available basalts and volcanic glass 
material.  

2.3.4 Comparison between LA-ICP-MS and X-ray fluorescence spectroscopy 

(XRF)/Electron Microprobe analyser (EMPA) 

Figures 2.9 and 2.10 show a comparison of major element content determined by 

both XRF/EMPA and LA-ICP-MS techniques for the fused XRF glasses and the volcanic 

glass shards. It has to be noted that only the trace element data determined by LA-ICP-MS 

is used in this study. The comparison, shown in Figures 2.9 and 2.10, is used to cross-check 

the techniques and the reproducibility of the data. Silica (SiO2 in wt.%; determined by XRF) 

was used to normalize the data obtained by LA-ICP-MS, therefore the correlation of SiO2 

between both techniques is 1:1. The LA-ICP-MS data was given in µg/g, which has been 

converted to wt.% using a stoichiometric coefficient (CaO = 1.39919; MgO = 1.65810; 

FeO = 1.28649; Fe2O3 = 1.42974; K2O = 1.20459; TiO2 = 1.66803; Na2O = 1.34796) for 

comparison with major element data obtained by XRF/EMPA. Major element 

concentration of the whole rock basalts solely correlate moderately between XRF analysis 

and LA-ICP-MS, whereas major element data for volcanic glass correlate well between 

both techniques. The poor correlation for whole-rock basalts could be due to ablation 

material (absorption), insufficient ionization and/or a lower laser pulse energy.  

 

 

Figure 2.8 – Comparison of the major element composition of the basalts obtained by XRF and LA-ICP-MS 
analysis.  
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Figure 2.9 – Comparison of the major element composition of the volcanic glasses obtained by XRF and LA-ICP-
MS analysis. 

2.3.5 Platinum Group Elements (PGE) 

 Sixteen out of 36 samples were chosen for PGE analysis. Two milligrams of whole-

rock sample powder was analysed for PGE at the University of Seoul by J.-W. Park. In 

brief, the sample powder was thoroughly mixed with a Ni, S and Na borax powder and 

fused to a sample-Ni-sulfide bead. After quenching, the bead was digested and PGE content 

measured with a Thermo Scientific ICAP-Q ICP-MS in the Korea Polar Research Institute, 

South Korea. In total two analytical session were performed. During the second analytical 

session, repeats were undertaken to test the accuracy and reproducibility of the analysis. In 

addition to this, TDB-1 was used as reference material in both analytical sessions. A 

detailed description of the method, operational settings and the PGE data is presented in 

chapter 6.  

2.3.6 Isotope analysis 

This section provides a brief overview of all isotope analyses undertaken in this 

thesis. For data control, BCR1 and BHVO1 (unless stated differently) were used as 

reference material for radiogenic isotope and Fe isotope analysis. For Fe, Hf, Sr and Pb 

isotope analysis, 100 mg sample powder of each basalt and reference material (BCR1 and 

BHVO1) was weighed and digested using a mixture of concentrated HF and concentrated 

HNO3 (1:5). The dissolved sample was dried down several times and taken up in 2 ml 9M 

HCl for chromatographic separation. All samples were centrifuged before purification of 

iron, followed by Hf, Sr and Pb. After the chromatographic extraction, the samples were 

taken up in weak HNO3 and measured in the Isotopia Laboratory at Monash University 
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using a ThermoFisher NeptunePlus multicollector ICP-MS. In addition to the radiogenic 

and iron isotope analysis, S isotope analysis on selected samples was obtained. For this, 1 

mg of volcanic glass was processed and analysed at the University of Maryland in 

collaboration with J. Dottin III and J. Farqhuar.  

2.3.6.1 Fe isotopes 

Iron has been separated from the sample matrix using the chemical purification 

procedure of Sossi et al. (2012) and Cheng et al. (2014). The measurements were collected 

in four analytical sessions (170530, 170725, 180425 and 180502) in solution mode. The 

samples were introduced via a glass spray chamber into the multicollector ICP-MS. Each 

sample was measured at least three times using standard-bracketing method, in which each 

sample analysis is bracketed in-between analysis of a reference sample. The international 

standard IRMM-542a (Craddock and Dauphas, 2011) was used as reference material. All 

Fe isotope data is given as δ-notation and normalized to the IRMM-542a. Further analytical 

details and operational settings are described in chapter 5. Both measured reference 

materials are within 2SE uncertainty from the literature value. Iron isotope composition of 

the reference material BCR1 and BHVO1 are listed in Table 2.3.  

Table 2.3 - Iron isotope composition (given in ‰) of BHVO1 and BCR1. The data are compared to literature data that 
measured BHVO1 (Sossi et al., 2012). For BCR 1 data can be roughly compared to BCR 2, because BCR 2 is the new 
reference material batch of BCR 1. BCR 2 data from Sossi et al. (2012).  

Sample 
Name 

  
Run  

  Measured    Uncertainty (2SE) 

    δ56Fe δ57Fe   δ56Fe δ57Fe 

BHVO 1  170530  0.11 0.18  0.04 0.04 

BHVO 1  170725  0.06 0.12  0.04 0.06 

BHVO 1  180425  0.14 0.19  0.04 0.08 

BHVO 1  180502  0.09 0.11  0.08 0.06 

Literature value   0.10 0.16   0.07 0.04 

BCR 1  170530  0.06 0.07  0.03 0.04 

BCR 1  170725  0.08 0.10  0.02 0.02 

BCR 1  180425  0.03 0.06  0.02 0.02 

BCR 1  180502  0.12 0.16  0.01 0.04 

Literature value   0.13  0.09    0.04  0.03 

 

2.3.6.2 Hf isotopes 

 Hafnium has been extracted using the chemical separation method of Nebel et al. 

(2009). The samples were introduced via a Teledyne Cetac Technologies Aridus II into a 

ThermoFisher Neptune Plus and measured over two analytical sessions (170428 and 
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180718). Reproducibility and data control has been accounted by multiple measurements 

of JMC 475 and by the analysis of BCR1 and BHVO1 (Table 2.4). The results and a 

detailed description of sample handling is presented in chapter 4.  

Table 2.4 - Reference values of all analytical Hf isotope runs. Literature data for BCR1 and BHVO1 are from Weis et 
al. (2007); and JMC457 data is from Blichert-Toft et al. (1997). n = number of analysis. 

Sample 
Name 

  
Run  

  177Hf/176Hf  

    Ratio Uncertainty (1SE) 

BCR 1  170428  0.282859 0.000011 

BCR 1  180718  0.282876 0.000004 

Literature value     0.282875 0.000008 

BHVO1  170428  0.283094 0.000017 
BHVO1  180718  - - 

Literature value     0.283106 0.000012 

JMC 457 n = 8 170428  0.282167         0.000002 

Literature value     0.282163   

 

2.3.6.3 Sr isotopes 

 Strontium was purified using a standard chromatographic extraction method with 

3M HNO3 and 0.01M HNO3 (Pin et al., 1994) and measured over three analytical session 

(170522, 170801, 180815) using a wet solution mode. The samples were injected via a 

glass spray chamber into the multicollector ICP-MS. Data reproducibility was tested by 

multiple measurements of reference material SRM987, BCR 1 and BHVO 1 (Table 2.5). A 

detailed description of the Sr isotope method can be find in chapters 3 and 4.  

Table 2.5 – Strontium isotope ratios of the analysed reference materials.  BCR1 and BHVO1 were corrected to SRM 
987 value. Reference values for BCR1, BHVO1 and SRM987 are from Weis et al. (2006) and GeoRem database 
(http://georem.mpch-mainz.gwdg.de/sample_query.asp).  

Sample Name 
  

Run  
  87Sr/86Sr 

    Ratio Uncertainty 
(1SE) 

BCR 1  170522  0.705003 0.000011 

BCR 1  170801  0.705079 0.000006 

BCR 1  180815  0.705085 0.000008 

Literature value     0.705025   

BHVO1  170522  0.703492 0.000008 
BHVO1  170801  0.703483 0.000007 

BHVO1  180815  0.703571 0.000007 

Literature value     0.703484   

SRM987 n = 13 170522  0.710269 0.000010 

SRM987 n = 15 170801  0.710347 0.000008 

SRM987 n = 10 180815  0.710326 0.000009 

Literature value     0.710248     
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Figure 2.10 - Picked rock chips for Pb isotope analysis. Sample PS 66 217 – 16 (a) and PS 86 – 67 (b) are shown as 
example.  

 

2.3.6.4 Pb isotopes 

 The separation and analysis of Pb isotopes was undertaken in the School of Earth 

Sciences at the University of Melbourne (in collaboration with R. Maas) and in the Isotopia 

laboratory at the School of Earth, Atmosphere and Environment, Monash University. Both 

laboratories apply different chromatographic methods, which will be briefly mentioned in 

this section. However, each method is described in detail in chapters 3 and 4. In total, Pb 

isotopes were measured in three analytical session (160501; 170518; 180925). For the first 

two analytical sessions (160501; 170518), 400 mg rock chips (Figure 2.11) were picked 

and thoroughly cleaned in an ultrasonic bath in a mixture of ultrapure water and ethanol. 

For the chemical purification of Pb, the methodology as described in Maas et al. (2005) and 

Woodhead (2002) was followed. Prior chromatographic extraction of Pb the rock chips 

have been leached in 6M HCl (warm). The leachate has been removed from the beaker and 

the rock chips have been rinsed with MilliQ water. For the third analytical session (180925), 

100 mg of sample powder was dissolved and Pb separated applying the methods of Pin et 

al. (2014). For Pb isotope analysis, reference material BCR2 (Table 2.6) was analysed to 

control the data.  
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Table 2.6 – Lead isotope values for BCR 2 during each analytical run. Literature value is from GeoRem data base 
(http://georem.mpch-mainz.gwdg.de/sample_query.asp).  

Sample 
Name 

  
Run  

  Ratio   Uncertainty (1SE) 

    206Pb/204Pb 207Pb/204Pb 208Pb/204Pb   206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 

BHVO 1   180925  18.678 15.578 38.345  0.002 0.002 0.005 

Literature value     18.692  15.572 38.355         

BCR 2  170518  18.765 15.635 38.754  0.002 0.001 0.004 

BCR 2  180925  18.766 15.632 38.758  0.001 0.001 0.002 

Literature value     18.754 15.622 38.726         

           

SRM981 n = 13 160501  16.932 15.486 36.699  0.004 0.005 0.016 

SRM981 n = 11 170518  16.945 15.503 36.731  0.001 0.001 0.002 

SRM981 n = 8 180925  16.947 15.504 36.736  0.002 0.002 0.004 

Literature value     16.941 15.499 36.722         

 

2.3.6.5 S isotopes 

Nine samples out of 36 were selected for sulfur isotope analyses. These nine 

samples represent endmembers of each ridge segment, comprising the highest and the 

lowest sulfur concentration. All selected samples are volcanic glasses that were thoroughly 

cleaned in an ultrasonic bath to remove any dust particles or iron oxides prior to crushing 

to fine sample powder. The samples were digested in a Teflon apparatus and sulfur was 

extracted by gas chromatography (Labidi et al., 2012). Sulfur isotopes were determined 

using a dual-inlet ThermoFinnigan MAT gas source mass spectrometer in the Department 

of Geology at the University of Maryland, College Park. The sample preparation, sulfur 

extraction and S isotope measurement is described in detail by Labidi et al. (2012) and in 

chapter 6.  
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A curious polar bear that wants to know more about the mantle beneath the Gakkel Ridge.  

(http://polarbearsinternational.org/media/2967/d107411.jpg) 
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Abstract  

Earth’s upper mantle, as sampled by ocean floor lavas (OFL) at oceanic spreading 

centres, has developed chemical heterogeneity over billions of years through 

focussed melt extraction and re-enrichment by recycled crustal components. 

Chemical and isotopic heterogeneity of OFL is dwarfed by the large compositional 

spectrum of lavas at convergent margins, identifying subduction zones as the major 

site for crustal recycling into and modification of the mantle. Here we show that 

seafloor lavas from the Western Gakkel Ridge in the Arctic Ocean have geochemical 

signatures that mirror that of an extensive, fossil subduction zone. Elemental 

depletion and re-enrichment patterns paired with high 87Sr/86Sr and super-radiogenic 
208Pb/204Pb are distinct to OFL from Atlantic and Pacific Ocean spreading ridges and 

resemble a fossilised East-West arc to back-arc transition. A westward-dipping 

subduction zone further coincides with the reconstructed paleogeography of the 

Arctic in the Lower Cretaceous. Modelling of radiogenic ingrowth over timescales 

relevant to this subduction supports the link of Pb isotope anomalies and past 

subduction-related metasomatism, implying that subduction-modified mantle and its 

greater geodynamic structure survives convective homogenisation in the mantle 

for >125 million years. 
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3.1 Introduction 
Compositional variations in the Earth’s upper mantle, as sampled along oceanic spreading 

centres range from over thousands of kilometres (Hart, 1984; Meyzen et al., 2007) to the sub-

kilometre scale (Standish et al., 2008). While many questions about the physical extent, age and 

chemical-mineralogical composition of mantle heterogeneity remain outstanding (Salters, 1996), it 

is clear that these form by a combination of earlier melting events and mantle re-enrichment 

associated with recycling of crustal components (Stracke, 2012). Well-known examples of 

compositionally diverse upper mantle include supra-subduction zone mantle, lithospheric mantle 

under cratons and possibly plume-infused mantle (Hofmann, 2014). Some ocean floor lavas (OFL) 

carry radiogenic isotopic signatures interpreted as either subduction-zone modified mantle 

(Andersen et al., 2015; Elliott et al., 2006; Nielsen et al., 2018; Rehkämper and Hofmann, 1997), 

relicts of ancient mantle plume activity (Dick and Zhou, 2014; Gibson and Richards, 2018), or 

remnants of cratonic lithospheric mantle (Goldstein et al., 2008; Meyzen et al., 2007). It remains 

unclear, however, for how long such heterogeneity can survive homogenisation by convection or 

remain stationary in the upper mantle (Hofmann, 2007; Widom, 2006), and to what extent they 

contribute to the chemical diversity in basalts along divergent plate boundaries.  

Here we present geochemical evidence from dredged ocean floor lavas preserving remnants 

of a past subduction zone in the upper mantle. We assess the nature of the mantle source of mid-

ocean ridge basalts (MORBs) at the Gakkel Ridge (Figures 3.1a and 3.1b) in the Arctic Ocean and 

place our results in context with the palaeogeographic reconstruction of the circumpolar region. 

The Gakkel Ridge is an area of reported extreme mantle heterogeneity (D’Errico et al., 2016; Liu 

et al., 2008) and exhibits along-ridge variations in axial depth (Michael et al., 2003), magma 

production rate (Dick and Zhou, 2014) and crustal thickness (Schmidt-Aursch and Jokat, 2016), all 

potential surface expressions of mantle source heterogeneity (Whittaker et al., 2008).  

Furthermore, the Western Gakkel basalts have elevated 87Sr/86Sr and 208Pb/204Pb compared 

to Atlantic or Pacific Ocean lavas (Goldstein et al., 2008). The isotopic oddities in the Gakkel Ridge 

basalts are indicative of a crustal component (Goldstein et al., 2008; Rehkämper and Hofmann, 

1997), which are accompanied by trace element signatures with incompatible element depletion 

and enrichment in fluid-mobile elements (Goldstein et al., 2008; Michael et al., 2003). Element 

depletion patterns in selected high-field strength elements (HFSE: Zr, Nb, Hf) is accompanied by 

enrichment in large ion lithophile element (LILE: Rb, Ba, Sr) concentrations, which in combination 

indicates a complex, two-stage history of the Gakkel Ridge MORB source (D’Errico et al., 2016; 

Liu et al., 2008; Stracke et al., 2011).  



Chapter 3  

 
46 

 

The geochemical 

anomalies in Gakkel 

Ridge lavas were 

previously ascribed to a 

sub-continental 

lithospheric mantle 

(SCLM) origin (Goldstein 

et al., 2008). In this model, 

SCLM underlying greater 

Greenland was detached 

and integrated into the 

upper mantle after 

continental break-up at 

around 50 Ma. The model 

from Goldstein and co-

workers, however, was 

challenged on the basis of 

Pb isotope differences 

between Gakkel Ridge 

lavas and those from 

Spitsbergen (Blusztajn et 

al., 2014), with 

Spitsbergen xenoliths, 

derived from the 

lithospheric mantle, being 

isotopically distinct from 

those of sulphides in 

abyssal peridotites from 

the Gakkel Ridge 

(Blusztajn et al., 2014), 

leaving the origin of the 

chemical anomaly in the mantle underpinning the Gakkel Ridge ambiguous.  

3.2 Results 
Our new trace element and isotopic results for dredged lavas from the Western Volcanic 

Zone (WVZ) and the Sparsely Magmatic Zone (SMZ; Figure 3.1b, Supplementary Table 3.1) of 

the Western Gakkel Ridge supports the inference of an extremely heterogeneous upper mantle 

Figure 3.1 - Geographical overview, sample localities and trace element 
patterns in modern MORB lavas from the western Gakkel Ridge. (a) The Gakkel 
Ridge extends for ca.1800 km from the northwest coast of Greenland to the 
northern coast of Siberia. Note green and red sectors which correspond to sample 
localities in the Western Volcanic Zone, WVZ (green) and Sparsely Magmatic 
Zone, SMZ (red) in (b) for details of sampling sites see Supplementary Table 3.1. 
c, Western Gakkel Ridge MORBs show some overlap with the total range of global 
MORB (Gale et al., 2013), but generally follow a BABB trend (high Ba, Zr, low 
Th and Nb). Grey vertical dashed lines illustrate similarities to BABB. Trace 
element concentration normalised to primitive mant(PM - primitive mantle; 
McDonough and Sun, 1995).  
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beneath the ridge similar to those found in abyssal peridotites (D’Errico et al., 2016; Liu et al., 

2008). Gakkel Ridge lavas are enriched in LILE (e.g., Rb, Ba, Sr) and depleted in HFSE (e.g., Zr, 

Nb, Hf) (Figure 3.1c) compared to normal MORB. Lavas from the SMZ show higher incompatible 

trace element concentrations (e.g., Ba, Th, Nb, U, La, Ce) than those from the WVZ (Figure 3.1c). 

Both ridge segments, however, have elevated 87Sr/86Sr and 208Pb/204Pb compared to other OFL. 

Whilst our data is coherent with prior trace element and isotope signatures, the sum of new and old 

Gakkel Ridge data, combined with now available global ocean floor data, allows a more robust 

assessment of the origin of these signatures. 

 

Figure 3.2 -  87Sr/86Sr vs Ba/Yb. Basalts from the western Gakkel Ridge (WVZ, SMZ) have high 87Sr/86Sr (up to 0.7037) 
compared to MORB, similar to active island arcs and back-arc basins, such as the Lau and Mariana back-arc basin. 
High 87Sr/86Sr and Ba/Yb ratio are explained by partial melting of a fluid-enriched mantle source. SMZ basalts tend to 
have higher Ba/Yb than WMZ basalts, implying a higher degree of source enrichment. Data from Gale et al. (2013). 

The degree of prior melt extraction and re-enrichment of the Gakkel Ridge MORB source 

is assessed by comparing their LILE and HFSE concentrations with those in global MORB and 

convergent margin lavas. Zirconium/Nb (HFSE) is used as indicator for melt extraction (Pearce and 

Stern, 2013), with Zr being more incompatible during partial mantle melting than Nb. Melt 

extraction caused by partial (fluxed) melting thus lowers the Zr/Nb ratio in the mantle residue 

(Tiepolo et al., 2001), without being affected by fluid-borne metasomatism. Subsequent melt 

extraction from such a residual mantle source will produce melts with low Zr/Nb, which is 

essentially a memory of the past melting event, and is observed in basalts from both, the SMZ and 

the WVZ (Supplementary Figure 3.1b). Zirconium/Nb in WVZ lavas are systematically higher than 

in SMZ lavas, suggesting that the mantle beneath the SMZ experienced a melt extraction at higher 

degrees of melting. The higher degree of melting in the SMZ may thus be a function of fluid-

triggered melting. Lavas from both ridge segments are also enriched in Ba, which is considered a 

fluid-mobile element, with Ba enrichment being more pronounced in the SMZ basalts. Gakkel 

Ridge lavas are also enriched in Th, which - in arc settings - is commonly attributed to subducted 

sediment (Hawkesworth et al., 1997). Elevated Ba/Yb (Figure 3.2; Supplementary Figure 3.2) and 

Ba/Th (Supplementary Figure 3.3) fall within or slightly outside the MORB field and correlate 
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broadly with elevated 87Sr/86Sr (Figure 3.2, Supplementary Figure 3.2). For this, Eastern Pacific 

Rise basalts are used as MORB representative, because of no known influence of enriched mantle 

components in these ridge segments.  

3.3 Discussion 

3.3.1 Ghost of a past subduction 
A striking feature is the similarity of the aforementioned geochemical signatures observed 

at the Western Gakkel Ridge to those found in back-arc basin basalts (BABB) in the Western Pacific 

region. Both, Figure 3.1c and Figure 3.2 show an overlap of BABB with Mariana and Lau Basin 

back-arc lavas. It thus appears that Gakkel Ridge lavas originate from a source with low Zr/Nb as 

a record of prior melt depletion and subsequent re-enrichment evidenced through high Ba-Th and 

radiogenic Sr, likely through metasomatism under conditions similar to fluxed melting in a mantle 

wedge. The plausibility that Gakkel MORBs mirror chemical signatures that of BABB and/or 

mantle wedge will be further elaborated in the following.  

Mantle (re-)enrichment (Ba-Th/Yb vs Sr isotope systematics) and melt extraction (lower 

Zr/Nb) in the source of the SMZ and the WVZ basalts resemble slab devolatilisation and the 

mobility of a slab component with Ba-Sr-Th, and subsequent fluxed melting of a hot mantle wedge 

to variable degrees (Spandler and Pirard, 2013). An important aspect is the similarity of the Gakkel 

Ridge basalt composition with back-arc rather than arc lavas from active subduction zones. 

Residual subduction signature, as is the case for the source of BABB, is expected in mantle with a 

subduction past with more subtle, yet clearly distinct signatures from non-modified MORB sources. 

Residual mantle with a subduction history is clearly distinct from active subduction zone 

magmatism, which carries the full slab component straight from slab to overlying arc. A second 

important aspect for this scenario is its geodynamic plausibility. The proposed subduction zone 

setting is ascribed here to the closure of the South Anuyi Ocean ~120 Ma ago (Figure 3.3). Paleo-

reconstructions of the Arctic Ocean suggest the activity of a westward-facing subduction zone 

between 145 Ma and 120 Ma (Figure 3.3a), concurrent with the closure of the South Anuyi Ocean 

(Shephard et al., 2013) with the SMZ as rear-arc and the WVZ as proposed back-arc regions (Figure 

3.3b - c).  

The latter is further supported by seismic tomography models from the Gakkel Ridge. S-

wave tomography models show cold spots at one-third (boundary WVZ – SMZ) and central part 

(SMZ towards EVZ boundary) of the Gakkel Ridge (Sokolov and Mazarovich, 2016). The first cold 

spot has also been associated with a low magnetic field, suggested to be linked to a depleted mantle 

area (Sokolov and Mazarovich, 2016) presumably with low Fe concentration (< 7 wt.%). The area 

of proposed depletion is in-line with the recorded depletion (low Zr/Nb) in the SMZ basalts. The 

second cold spot, however, occurs at a depth of ~700 km in the central part of the ridge and is 
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interpreted as remnants of a westward dipping slab (Sokolov and Mazarovich, 2016) linked to the 

closure of the South Anuyi Ocean (Khain and Lomize, 1995). An additional line of supporting 

evidence is the chemistry of tholeitic rocks from the Sverdup Basin in northern Canada, along the 

South Anuyi suture zone, show similar geochemical characteristics (high Th and low Nb) to the 

western Gakkel Ridge lavas. Basalts from the Sverdup Basin have previously been associated with 

an origin in an arc-/back-arc mantle (Shephard et al., 2016). In the following, we propose a 

mechanism that explains the arc- to back-arc-like geochemical characteristics observed in basalts.  

 

Figure 3.3 - Paleogeography of the Gakkel Ridge region. Palaeogeographic reconstructions show the Arctic region 
from 145 Ma to present. The upper panel is modified after (Alvey et al., 2008; Shephard et al., 2013) (a). Dashed red 
lines in the panels denote present location of the Gakkel Ridge, white dashed line is the North Atlantic ridge. The sketch 
in the lower panel suggests possible changes in shallow mantle structure at the time of subduction until the present day. 
The mechanism is explained in detail in the text. In brief, during subduction of the South Anuyi Ocean (SAO), mélange–
diapirs (b) ascend into the mantle wedge, forming the Koyukuk-Nutseyn volcanic arc (c) at 145 -120 Ma. A back-arc 
basin (Amerasia Basin) operated until about 120 Ma (Alvey et al., 2008). The original Gakkel Ridge at ca. 50 Ma was 
orthogonal to the pre-existing ridge/back-arc basin, due to the breakup of Greenland, Svalbard and the Eurasian plate. 
Changing mantle convection due to changes in plate motions after subduction ceased at 120 Ma led to stretching and 
shearing of the mélange diapirs; (d), which is sampled by modern ridge magmatism in the western Gakkel Ridge. 

3.3.2 Remnants of subducting slab mélanges 
The physical form of inherited subduction-type Ba-Th vs. Sr isotope systematics in the 

Gakkel Ridge mantle is examined within a slab mélange model (Marschall and Schumacher, 2012; 

Nielsen and Marschall, 2017). In this model, mélanges consisting of hydrous fluids from subducted 

oceanic crust, which form a thin veneer of subducted sediments and depleted mantle peridotites, 
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ascend diapirically (Nielsen and Marschall, 2017) into the mantle wedge due to buoyancy 

differences (Figure 3.3b). In the mantle wedge, the mélange diapirs undergo dehydration melting 

forming the source for arc magmas, leaving a depleted mantle (recorded in low Zr/Nb). The 

presence of mélange diapir remnants, marked by fossil melting residues of a former mélange plume 

(Figure 3.3c), provides a more plausible physical model for mantle metasomatism in the mantle 

wedge than a purely fluid-based metasomatic model, based on recently emerged evidence for 

physical residues of sediment melting in the centre of a former mantle wedge (Marschall and 

Schumacher, 2012). In the case of the Gakkel Ridge, we propose that changing mantle convection, 

as cause of changes in plate tectonic motions (Alvey et al., 2008; Gaina et al., 2014; Shephard et 

al., 2013), sheared the mélange residue to create elongated lenses of the depleted wedge 

plume/diapir (Figure 3.3d). Shearing of the mélange diapirs requires them to be almost dehydrated 

(Marschall and Schumacher, 2012) and have a similar density as the surrounding mantle, making 

these sections neutrally buoyant and stationary. Critical to this model is the delivery of Th into the 

mantle wedge, along with fluid-borne Ba-Sr. 

Gakkel Ridge lavas have relatively high thorogenic Pb isotope ratios compared to global 

MORB, requiring a history of elevated Th/Pb and Th/U in their mantle source. Elevated Th/Yb in 

OFL are diagnostic for, and sensitive to, the influence of a subduction component in their mantle 

source (Pearce et al., 2005; Shu et al., 2019). The Th-Nb/Yb compositions of Gakkel Ridge basalts 

(Figure 3.4a) lie at the upper bound of the MORB field and combined with high 208Pb/206Pb imply 

high time-integrated Th/U in its mantle source (Figure 3.4b). If high time-integrated Th/U existed 

in the mantle source beneath the present day Western Gakkel area since subduction ceased at ca. 

120 Ma, as proposed by our model, elevated 208Pb/206Pb may be explained as the result of local 

thorogenic ingrowth in high-Th/U zones inherited from fossil mélange rocks in the underlying 

mantle. Mass balance considerations have been used to infer that up to 70% of the original Th may 

be retained when subducted sediments undergo dehydration or partial melting (Hawkesworth, 

1997). Assuming these high-Th/U residual mélange complexes remain within the upper mantle 

once subduction ceases, ingrown high 208Pb/206Pb would be expected to be mobilised in younger 

melting episodes, such as the modern Gakkel Ridge MORB magmatism. A near identical 

component was traced for the Marianas rear arc (Pearce et al., 2005), adding further weight to this 

scenario. 

Simple ingrowth modelling indicates that for timescales t = 125 Ma (inferred for prior 

subduction activity in the Gakkel Ridge area), a 232Th/238U (κ) = 5.4 is sufficient to generate the 

observed preferential 208Pb isotope ingrowth assuming starting composition of Pb isotopes identical 

to the NHRL. This assumes that the basalts originate from a melt-depleted mantle with a U/Pb (μDM) 

= 6.5 (White, 1993) with U stripped off during primary melt extraction in the arc. The latter in 

combination with Th enrichment in residual assemblages leads to a Th/Pb (ω) of 35.1 in the sub-
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ridge mantle. A considerable complication is the constantly high 208Pb/206Pb in both SMZ and WMZ, 

so that a high average κ (~ 5.4) is required along the entire magmatically active ridge length. In 

addition, remarkably homogeneous Pb isotope compositions along the Gakkel Ridge length indicate 

a homogeneous distribution of Th/U in the mantle. Fossil diapir regions in the sub-ridge mantle, 

enriched in Th, occur most likely only locally (e.g., Th-rich accessory minerals formed during 

Lower Cretaceous mélange diapir melting), and such domains are presumably higher in Th/U than 

required by the time-integrated average calculated κ for Gakkel Ridge lavas. A feasible solution to 

this conundrum is that partial melts are homogenised prior to eruption, possibly by diffusion in a 

melt network or in sub-oceanic magma ponds (O'Neill and Jenner, 2012). Indeed, only small 

amounts of an enriched 208Pb isotope component are sufficient to shift melts off the NHRL, whereas 

other signatures, such as element ratios or Sr isotopes are much less susceptible to change.  

 

Apparent similarities between the Gakkel Ridge and the Australian Antarctic Discordance 

(AAD), a prominent seafloor depression at the Southeast Indian Ridge between Australia and 

Antarctica, indicate that the proposed subduction feature in sub-ridge mantle is not a single oddity 

confined to the Arctic Ocean. The ridge depression along the AAD is coupled with lower magmatic 

activity and upper mantle depletion (Kempton et al., 2002; Whittaker et al., 2008) and Pb isotope 

Figure 3.4 Th-Nb/Yb co-variation 
diagram and Pb isotope 
systematics. (a) Th-Nb/Yb (after 
Pearce, 2008) shows global 
MORB-OIB array (diagonal grey 
bar). The orange and dark blue 
arrow indicate Th/Yb data trends 
(at a given Nb/Yb) for Lau and 
Mariana BABB. Many Gakkel 
Ridge MORBs exceed Th/Yb in the 
MORB-OIB array at a given 
Nb/Yb, indicating Th enrichment. 
(b) Elevated mantle Th contents 
(higher ΔTh/Nb) contribute to 
high mantle Th/U, producing 
positive Δ208Pb*/206Pb*. ΔTh/Nb 
is the deviation from the lower 
boundary of the MORB-OIB 
array, and Δ208Pb*/206Pb* is the 
difference in 208Pb/206Pb from the 
Northern Hemisphere Reference 
Line (NHRL), see Supplementary 
Information for calculation. 
Mariana and BABB are from Gale 
et al. (2013). WVZ and SMZ 
literature data is compiled from 
Goldstein et al. (2008) and Gale et 
al. (2013).  
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compositions along the depressed section of the ridge differ from those outside the AAD. These 

features have been tentatively linked to a stagnating slab residing in the upper mantle (Gurnis and 

Müller, 2003; Kempton et al., 2002) left behind from long-lived subduction along the Eastern 

Gondwana margin 150 - 260 Ma (Nebel et al., 2007), possibly providing another example of a sub-

ridge fossil subduction system. Furthermore, Gakkel Ridge lavas not only share geochemical 

similarities in LILE, HFSE and Sr isotopes with those of arc-/back-arc lavas of Western Pacific 

subduction zones, e.g., the Mariana and Lau back-arc basins (Figure 3.4b), but also resemble their 
208Pb/206Pb (Th/U) systematics of Indian-type mantle, which in turn have compositions reminiscent 

of DupAl-type mantle (Nebel et al., 2007).  

3.4 Conclusion 
The preservation of a MORB suite with rear-arc (SMZ) to back-arc (WMZ) geochemical-isotopic 

signatures, and its link to the South Anuyi Ocean fossil subduction zone provide a lower bound to 

the survival time of subduction-modified mantle, possibly in the form of mélange diapirs/wedge 

plumes, after subduction cessation. As a consequence, mantle heterogeneity of enriched mantle 

components and melt depleted sections on the scale of subduction zones can survive convective 

homogenisation in the mantle for at least 120 Myr. The presence of these sections, stationary, in 

the upper Earth’s mantle further implies that subduction leaves a chemical footprint, which, with 

time, can add to the chemical heterogeneity in global MORB without a deep mantle cycling.  
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3.6 Methods 

3.6.1 Samples 
Seventeen basalts (whole rock), including volcanic glasses, from the WVZ and five basalts from 

the SMZ have been analysed in this study. Prior to analysis, volcanic glass samples were ultra-

sonicated with ultrapure water and ethanol to remove loosely-held weathering minerals. Basalt 

specimens were sawn to remove weathering rinds, washed with ultrapure water in an ultrasonic 

bath and crushed in a jaw crusher. Rock chips and volcanic glass fragments were powdered in an 

agate swing mill.  

3.6.2 Major elements 
Major element concentration of 22 powder samples were determined on a PANanalytical Axios 

Advanced WDS X-ray fluorescence (XRF) instrument equipped with a 4000W Rh X-ray tube at 

the School of Earth Sciences, University of Tasmania. 0.5 g of sample powder was mixed with 

12:22 lithium metaborate and lithium tetraborate flux and fused using a Claisse M4 fluxer. Counting 

times for each element ranged from 4 to 68 seconds for a total analysis time of ~8 minutes per 
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sample. Loss on ignition (LOI) was determined on ~2 g of sample heated to 1000°C for 12 hours. 

Major element and LOI results are given in Supplementary Information (Data file). 

3.6.3 Trace elements 
Trace element concentrations for 20 basalt (fused discs used for XRF analysis) and 2 volcanic glass 

samples were determined by laser-ablation ICP-MS applying same analytical settings. The LA-

ICP-MS analysis was performed at the Isotopia Laboratory at the School of Earth, Atmosphere and 

Environment, Monash University, using an ASI RESOlution SE 193nm ArF excimer laser coupled 

to ThermoFisher Scientific ICapQ (RF power = 1548 W; ablation cell gas flow = 550 mL min-1 He 

+ 0.06 mL min-1 N2; auxiliary gas flow = 1.0 L min-1 Ar). Oxide production (ThO+/Th+) was kept 

below <0.7 % and the Th/U was 0.98. Fragments of each fused disc mounted in 1-inch epoxy 

mounts were analysed for 42 elements (Na, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Ga, 

Rb, Sr, Y, Zr, Nb, Mo, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, 

Pb, Th and U), using a spot size of 80 μm, a repetition rate of 10 Hz and an energy density of 3 

J/cm2; four to five spots were measured on each fragment as a transect through the fragment. A 

single analysis comprised a 20s gas blank, 30s data acquisition and 20s washout. Blocks of twenty 

unknowns were bracketed by two to three ablations each of NIST 610, NIST 612, BCR2G and 

BHVO2G. BCR2G was used as calibration standard, and NIST 612 (Jochum et al., 2011), NIST 

610 (Jochum et al., 2011) and BHVO2G (Jochum et al., 2005) were used as quality controls. All 

results for unknowns and quality controls are reported in Supplementary Data Tables 3.1 – 3.3. For 

the elements of particular interest here (Ba, Th, Nb, Zr, Yb), relative standard errors (%RSE) of 

0.18 %, 0.93 %, 1.53 %, 2.3 % and 0.11 %, respectively, were obtained for a suite of sixteen 

analyses of the BHVO2G glass. Si (as determined by XRF) was used as internal calibration standard. 

Data were acquired in a time-resolved analysis mode and were reduced using a MS Excel 

spreadsheet developed at the Max Planck Institute for Chemistry (MPIC) Mainz, Germany (Jochum 

et al., 2007; Longerich et al., 1996). An important consideration in chemical analysis of fused discs 

is the blank of the flux material. The flux material contains 46.74 wt. % Si, and Na, Mg, Al, Ca, Ti 

and Fe range from 20 ppm (Mg) to 230 ppm (Ca). Apart from Sc, V, and Mn (5 ppm, 4 ppm and 8 

ppm, respectively), all other measured elements are below 1 ppm (e.g. Ba 0.87 ppm, Nb 0.05 ppm, 

Zr 0.33 ppm; Th and Yb are below detection (Table S3.1c).  

3.6.4 Sr and Pb isotope ratios 
Pb isotope ratios were acquired for small (1 - 2 mm) chips picked under the microscope. Samples 

in the range 150 - 200 mg were weighed into Teflon beakers and leached with hot 6M HCl (60 min, 

100°C). After removal of the leach solution and repeated rinsing with distilled water, residues were 

dissolved in 5:1 HF-HNO3 (3 ml, 48 hrs, 100°C) on a hotplate. After evaporation of the acid, the 

residues were refluxed and dried twice with 2 ml of conc. HNO3, followed by dissolution with 6M 
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HCl. Lead was extracted using a double pass on small beds of AG1-X8 (100 – 200 µm) anion resin. 

The procedural blank was 30 ± 10 pg Pb. Lead isotope ratios were measured on a Nu Plasma MC-

ICP-MS at the University of Melbourne and on a ThermoFisher Neptune Plus MC-ICP-MS at the 

Isotopia Laboratory at Monash University. Instrumental mass bias was corrected using the thallium-

doping technique of Woodhead (2002). This technique uses separate empirically determined Pb vs 

Tl isotope correlation lines for each Pb isotope ratio and produces external precisions in the sub-

0.1% range (2sd). For example, USGS basalt BCR-2 (unleached) measured at University of 

Melbourne averages 206Pb/204Pb 18.758 ± 0.047%, 207Pb/204Pb 15.619 ± 0.066%, 208Pb/204Pb 38.726 

± 0.090% (2sd, n = 47, Maas et al., 2015).A similar approach for the data acquired on the Monash 

University NeptunePlus yielded averages of 16.941 ± 0.039%, 15.499 ± 0.042% and 36.722 ± 0.036% 

(2sd, n = 11) for SRM981. BCR2 averaged 18.750 ± 0.043%, 15.615 ± 0.051% and 38.691 ± 0.041% 

(2sd, n = 4). These data are consistent with reference values (Jochum et al., 2007) (or 

http://georem.mpch-mainz.gwdg.de).  

For Sr isotope analyses, ca. 100 mg of sample powder were dissolved as described above. Strontium 

was separated using EICHROM Sr spec (100 - 150 μm) following Pin et al. (1994). The procedural 

blank was negligible (~60 ± 20 pg). Strontium isotope ratios were measured on a ThermoFisher 

NeptunePlus MC-ICP-MS at the Isotopia Laboratory at Monash University, with sample 

introduction via a glass spray chamber in wet-plasma mode. All measured signal intensities were 

corrected for memory and Rb-Kr isobars are required, and instrumental mass bias was corrected by 

internal normalisation to 86Sr/88Sr of 0.1194, using the exponential law. Krypton interferences were 

corrected by using eight iterations of 86Kr/84Kr = 0.30354 to account for isobaric interferences on 
86Sr. 87Sr/86Sr in SRM987 averaged 0.710347 ± 0.000062 (2sd; n = 15), and 87Sr/86Sr in all runs 

were calibrated to a more typical value (87Sr/86Sr = 0.710248; McArthur, 1994). 

3.7 Supplementary Information 
Major and trace element concentrations data tables are provided in the Supplementary Data Tables.  
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SI - ΔTh/Yb and Δ8*/6*calculations  
ΔTh/Yb defines the deviation from the lowermost boundary of the MORB array in the Th-Nb-Yb 

diagram (Fig. 3.4a; Pearce, 2008). The low-Th/Yb high-Nb/Yb limit of the MORB array (Jenner 

and O'Neill, 2012), here referred as baseline, is described by the following equation (Eq. 1) 

(Th/Yb)baseline = 0.0555*(Nb/Yb) + 0.0113   (Eq. 1) 

Deviation (Δ) of Th/Yb in a given rock from this baseline are quantified by subtracting 

(Th/Yb)baseline from the measured measured Th/Yb value (Eq. 2) 

ΔTh/Yb = [(Th/Yb)rock – (Th/Yb)baseline] x 100   (Eq. 2) 

Δ8*/6* represents the deviation of a measured Pb isotope composition from the Northern 

Hemisphere Reference Line (Hart, 1984) (NHRL) and the radiogenic Pb ingrowth 

(208Pb*/206Pb*)ingrowth since the accretion of the Earth. (208Pb*/206Pb*)ingrowth quantifies the increments 

of radiogenic 208Pb and 206Pb accumulated since Earth’s accretion (Allègre et al., 1986) and is based 

on 208Pb/204Pb and 206Pb/204Pb in Canyon Diablo troilite (Tatsumoto, 1978) (CD). To calculate 

(208Pb*/206Pb*)ingrowth the following equation (Eq. 3) has been used.  

(208Pb*/206Pb*)ingrowth = [(208Pb/204Pb)measured – (208Pb/206Pb)CD]/[(206Pb/204Pb)measured –   

(208Pb/204Pb)CD]                                                             (Eq. 3) 

(208Pb*/206Pb*)NHRL-CD = [(208Pb/204Pb)NHRL – (208Pb/206Pb)CD]/[(206Pb/204Pb)measured – 

(208Pb/204Pb)CD]                                                            (Eq. 4) 

For determining the overall radiogenic ingrowth (Eq. 4), similar principle as (Eq. 2) has been 

applied 

Δ8*/6* = [(208Pb*/206Pb*)ingrowth - (208Pb*/206Pb*)NHRL- CD] x 100         (Eq. 5) 
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Supplementary Table 3.1 - Sample location of the analysed Gakkel Ridge basalts. 

Sample No.1  Longitude Latitude Segment 

HLY0102 D011 - 19 82.60 -6.19 WVZ 

PS 66 217-16 (B) 82.86 -6.15 WVZ 

PS 86 -019 (B) 82.53 -6.15 WVZ 

PS 86 - 67 (VG) 82.53 -6.15 WVZ 

PS 86 - 044 (VG) 82.53 -6.15 WVZ 

PS 59 216 (B) 83.09 -6.10 WVZ 

PS 59 216-11 (B) 83.09 -6.10 WVZ 

PS 59 216-13 (B) 83.09 -6.10 WVZ 

HLY0102 D013 - 10 83.20 -5.43 WVZ 

PS 59 231 - 14 83.96 -0.40 WVZ 

PS 59 232 - 84 84.17 0.88 WVZ 

HLY0102 D024 - 2 84.55 1.39 WVZ 

HLY0102 D026 - 9 84.28 2.34 WVZ 

HLY0102 D018 - 1 83.42 2.54 WVZ 

PS 59 234 - 24 84.57 3.13 WVZ 

PS 59 224 - 34 83.38 3.66 WVZ 

PS 59 243 - 36 84.97 10.15 SMZ 

HLY0102 D037 - 5 85.18 11.30 SMZ 

HLY0102 D036 - 35 85.16 12.20 SMZ 

HLY0102 D038 - 6 85.19 12.42 SMZ 

PS 59 251 - 4 85.71 20.23 SMZ 
1 (B) – Basalt; (VG) – Volcanic Glass 
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Supplementary Table 3.2 – Sr-Pb isotope data for Gakkel Ridge basalts. B – basalts; VG – volcanic glass
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Supplementary Figure 3.1 - Variation of Zr/Nb, Ba/Yb and axial depth along the ridge. (a), The abrupt 
change in axial depth between the WVZ and SMZ could reflect a compositional break in the underlying mantle. 
Zr/Nb (b) and Ba/Yb (c) of both segments are inversely correlated with each other. Zr/Nb tends to be higher 
in WVZ than in SMZ, while Ba/Yb is higher in SMZ basalts, due to higher Ba (Michael et al., 2003). Low 
Zr/Nb in SMZ basalts reflects low Zr/Nb in their magma source, most likely a result of prior melt extraction 
(Michael et al., 2003). Ba enrichment in the same SMZ basalts would then require re-enrichment (by fluids) 
of this mantle domain. Dark-grey arrows indicate interpreted changes in Zr/Nb and Ba/Yb. Data sources 
from Gale et al. (2013). SMZ – Sparsely Magmatic Zone; WVZ – Western Volcanic Zone.  
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Supplementary Figure 3.2 - Zr/Nb, Th/Yb and Sr isotope ratios in Western Gakkel Ridge MORB. (a) 
Distribution of Zr/Nb in Western Gakkel Ridge MORB (data - this study and Gale et al., 2013) compared 
with MORB (data - Jenner and O'Neill, 2012). Zr/Nb in SMZ and WVZ basalts tend to lower and higher, 
respectively, than average Zr/Nb in MORB (n = 23, grey bar). Elevated Zr/Nb are also found in basalts from 
active back-arc basins (orange – Mariana BABB; blue – Lau BABB). (b) Zr/Nb shows weak correlations with 
87Sr/86Sr, e.g. high Zr/Nb in WVZ trends towards elevated 87Sr/86Sr (as does Lau Basin BABB, indicating a 
crustal input). MORB show an opposite trend (high Zr/Nb towards lower 87Sr/86Sr) c, Two different trends 
within the BABB are visible. Firstly, Lau BABB cluster at low Th/Yb and elevated 87Sr/86Sr (0.7030 – 0.7035), 
similar to WVZ basalts. Secondly, Mariana BABB are enriched in Th which increases with increasing 
87Sr/86Sr, similar to basalts from the SMZ. The latter seems to extend the MORB trend. Elevated 87Sr/86Sr 
reflect an input from subducted sediment, explanation see main text.  



Chapter 3 – Supplementary Information  

 
64 

 

 

Supplementary Figure 3.3 - Ba/Th in MORB from the Western Gakkel Ridge region. Distribution of Ba/Th 
of the Western Gakkel Ridge MORBs (SMZ and WVZ) compared with MORB data (a) and BABB (b). 
Barium/Th in SMZ basalts is higher than in WVZ basalts, and Ba/Th in both ridge segments tend to be high 
compared to the global MORB distribution. Western Gakkel Ridge basalts, however, show a considerable 
overlap with Ba/Th in basalts erupted in active back-arc basins. MORB data is from Jenner and O'Neill 
(2012), BABB data from Gale et al. (2013), including Lau and Mariana BABB data. The grey bar represents 
the average Ba/Th concentration of MORB and BABB. Data for SMZ and WVZ is compiled from this study 
and Gale et al. (2013).  
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Supplementary Table 3.1 – Major and trace element data of the WVZ and SMZ basalts. Major element data is given 
in wt.%, whereas the trace element data are given in ppm. 

 

Sample 
Name

HLY0102 
D011 - 19

HLY0102 
D8 - 12

PS 66 217-
16 (B)

PS 86 -019 
(B)

PS 86 - 67 
(VG)

PS 86 - 
044 (VG)

PS 59 216 
(B)

PS 59 216-
11 (B)

Segment WVZ WVZ WVZ WVZ WVZ WVZ WVZ WVZ

MAJOR ELEMENTS
SiO2 49.66 49.81 49.71 50.26 50.02 50.59 49.89 49.45
TiO2 1.54 1.52 1.77 1.63 1.59 1.65 1.50 1.50
Al2O3 15.82 15.63 15.53 15.75 15.43 15.71 15.88 15.83
Fe2O3 10.05 10.30 10.54 10.13 10.55 10.24 10.33 10.23
MnO 0.17 0.18 0.18 0.17 0.18 0.16 0.18 0.17
MgO 8.35 8.41 7.89 8.37 8.23 8.18 8.25 8.16
CaO 10.73 11.04 10.52 10.58 10.87 10.44 11.26 11.18

Na2O 3.02 3.03 3.07 3.21 3.11 3.22 2.98 2.99
K2O 0.46 0.25 0.41 0.37 0.22 0.38 0.18 0.25
P2O5 0.15 0.15 0.17 0.17 0.16 0.17 0.14 0.14
Sum 99.98 100.09 99.79 100.26 99.77 100.31 100.44 99.73

TRACE ELEMENTS
Na 20818 22764 20233 21528 21230 22530 19408 19709
Mg 52081 57000 47026 50661 50668 51648 48364 48418
Al 86802 91431 82473 85076 84387 87409 83997 84285
Si 232127 232837 232356 234916 233809 236477 233216 231151
Ca 88383 94234 84500 85718 89188 88085 88383 89744
Sc 38 41 38 37 40 39 38 38
Ti 10730 10985 12121 11405 11173 11974 10197 10304
V 286 312 310 300 312 311 289 293
Cr 321 345 296 309 294 303 323 322
Mn 1362 1425 1402 1374 1442 1414 1359 1387
Fe 68481 71432 70942 69479 72477 71133 67457 70106
Co 41.0 42.2 39.5 40.9 41.9 40.3 41.7 40.7
Ni 151.7 139.8 127.4 152.2 137.9 146.4 127.3 129.9
Zn 49.54 55.13 54.60 51.98 55.80 55.83 51.99 53.53
Ga 14.89 16.38 16.23 15.62 16.04 16.30 15.94 16.30
Rb 6.61 3.59 6.37 7.57 3.35 7.69 2.19 2.61
Sr 194.89 172.68 194.39 197.56 168.27 199.76 169.14 172.33
Y 33.06 35.51 37.56 35.71 36.94 36.60 35.45 35.89
Zr 108.37 105.72 124.10 120.66 112.88 123.48 106.34 109.48
Nb 4.88 3.15 4.99 5.53 3.32 5.74 2.69 2.68
Mo 1.07 0.27 36.20 1.17 0.75 0.71 1.45 0.69
Cs 0.11 0.02 0.04 0.05 0.02 0.09 0.04 0.03
Ba 73.95 49.30 82.09 94.66 49.92 95.13 33.13 32.73
La 5.19 4.64 5.64 6.18 4.88 5.93 4.57 4.64
Ce 12.38 11.51 14.37 14.40 12.37 14.35 12.00 11.98
Pr 2.01 2.03 2.40 2.41 2.12 2.37 2.06 2.13
Nd 11.28 11.03 12.95 13.22 11.98 12.61 12.27 12.21
Sm 3.88 3.52 4.44 4.11 3.90 4.65 3.96 4.12
Eu 1.38 1.41 1.56 1.50 1.42 1.43 1.44 1.52
Gd 4.88 4.84 5.64 5.73 5.54 5.32 5.55 5.33
Tb 0.82 0.87 1.01 0.94 0.98 0.93 0.94 0.96
Dy 5.61 6.50 6.98 6.52 6.39 6.38 6.37 6.46
Ho 1.11 1.30 1.39 1.33 1.36 1.32 1.37 1.35
Er 3.56 3.82 4.17 4.03 4.06 3.74 3.96 4.16

Tm 0.47 0.58 0.62 0.62 0.58 0.58 0.62 0.63
Yb 3.18 3.29 3.84 3.76 3.95 3.66 3.71 3.80
Lu 0.46 0.51 0.59 0.57 0.55 0.50 0.54 0.55
Hf 2.93 2.71 3.47 3.15 3.20 3.11 3.07 3.07
Ta 1.34 1.13 1.39 1.38 1.17 1.36 1.35 1.32
Pb 0.70 0.66 1.16 1.02 0.90 0.86 0.96 0.63
Th 0.33 0.23 0.37 0.41 0.32 0.38 0.30 0.28
U 0.13 0.11 0.12 0.11 0.10 0.12 0.11 0.12
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Supplementary Data Table 3.1 – [continued] 

 

Sample 
Name

PS 59 216-
13 (B)

HLY0102 
D013 - 10

PS 59 231 - 
14

PS 59 232 - 
84

HLY0102 
D024 - 2

HLY0102 
D026 - 9

HLY0102 
D018 - 1

Segment WVZ WVZ WVZ WVZ WVZ WVZ WVZ

MAJOR ELEMENTS
SiO2 49.47 48.75 49.10 50.09 47.72 49.63 49.56
TiO2 1.51 1.63 1.79 1.53 1.11 1.70 1.71
Al2O3 16.04 15.24 16.12 15.60 19.25 15.48 15.79
Fe2O3 10.38 11.06 11.23 10.37 8.43 10.91 10.77
MnO 0.18 0.18 0.19 0.18 0.14 0.18 0.18
MgO 8.34 7.57 6.89 8.32 7.34 8.15 7.70
CaO 11.34 11.11 10.97 10.81 12.73 10.94 10.96

Na2O 2.99 2.90 3.04 3.09 2.77 3.01 3.11
K2O 0.24 0.32 0.34 0.35 0.11 0.22 0.25
P2O5 0.15 0.15 0.17 0.15 0.10 0.16 0.17
Sum 100.41 100.38 99.95 100.43 100.35 100.16 100.01

TRACE ELEMENTS
Na 19413 19664 16084 23321 19227 21873 21529
Mg 48877 47021 55682 57514 46294 53764 48898
Al 83841 82630 97009 92734 106608 89138 87189
Si 231253 227880 229510 234127 223072 231982 231674
Ca 89272 89935 109697 94498 103518 93498 90141
Sc 38 39 47 40 33 42 38
Ti 10175 11280 7469 11433 7802 12449 11957
V 292 321 328 311 222 334 318
Cr 305 280 536 322 297 343 300
Mn 1378 1416 1966 1467 1084 1512 1432
Fe 69575 74197 75988 73326 56626 76641 73295
Co 40.3 42.9 47.1 44.3 38.7 43.4 40.0
Ni 131.4 115.5 115.2 152.2 126.2 137.1 117.6
Zn 51.86 57.53 60.39 55.59 42.77 55.71 60.93
Ga 15.76 16.73 15.93 16.64 13.18 16.08 16.52
Rb 2.06 2.88 7.69 4.22 1.53 2.30 2.34
Sr 170.18 154.94 107.22 176.41 185.32 168.74 171.71
Y 35.03 38.70 26.67 35.82 25.54 39.69 39.02
Zr 104.81 110.54 55.94 112.65 75.23 123.49 125.50
Nb 2.93 2.26 1.01 3.45 0.79 2.00 2.72
Mo 0.53 1.21 0.72 1.13 1.29 1.11 0.00
Cs 0.07 0.16 0.24 0.12 0.04 0.02 0.02
Ba 30.26 18.86 39.64 48.04 6.99 23.00 31.99
La 4.87 4.23 2.29 4.97 2.59 4.55 4.92
Ce 11.77 11.12 5.32 12.28 6.73 11.84 12.59
Pr 2.03 1.99 1.05 2.05 1.24 2.14 2.12
Nd 11.70 11.00 5.52 11.55 7.45 11.75 12.68
Sm 4.15 3.95 2.28 3.88 2.53 3.86 4.37
Eu 1.44 1.44 0.85 1.34 1.06 1.40 1.45
Gd 5.52 5.35 3.41 4.61 3.81 5.69 5.75
Tb 0.91 0.93 0.63 0.90 0.60 0.98 0.94
Dy 6.43 6.62 4.52 5.70 4.21 6.64 6.97
Ho 1.35 1.35 0.96 1.24 0.86 1.40 1.34
Er 3.85 4.18 2.67 3.64 2.73 4.23 4.12

Tm 0.61 0.58 0.44 0.47 0.40 0.61 0.61
Yb 3.47 3.91 2.60 3.34 2.47 3.57 3.92
Lu 0.52 0.55 0.42 0.47 0.35 0.55 0.55
Hf 3.04 2.90 1.52 2.59 1.82 3.05 3.27
Ta 1.23 1.09 1.07 1.12 0.86 0.98 1.03
Pb 0.85 0.56 0.31 0.67 0.49 0.63 0.69
Th 0.26 0.21 0.05 0.26 0.08 0.20 0.25
U 0.17 0.06 0.05 0.10 0.14 0.07 0.17
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Supplementary Data Table 3.1 – [continued] 

 

Sample 
Name

PS 59 234 - 
24

PS 59 224 - 
34

PS 59 243 - 
36

HLY0102 
D037 - 5

HLY0102 
D036 - 35

HLY0102 
D038 - 6

PS 59 
251 - 4

Segment WVZ WVZ SMZ SMZ SMZ SMZ SMZ

MAJOR ELEMENTS
SiO2 49.42 49.51 48.93 50.07 50.92 49.92 48.76
TiO2 1.46 1.74 1.19 1.79 1.55 1.42 1.72
Al2O3 15.38 15.52 18.03 15.79 16.28 16.11 15.42
Fe2O3 10.12 10.28 8.98 10.82 9.23 9.71 8.92
MnO 0.17 0.17 0.15 0.18 0.16 0.17 0.15
MgO 9.92 6.50 7.74 6.89 7.45 8.70 9.96
CaO 10.88 10.49 11.19 9.39 9.74 10.45 10.26

Na2O 2.94 3.16 3.21 3.93 3.71 3.30 3.22
K2O 0.21 0.49 0.24 0.49 0.86 0.48 0.68
P2O5 0.14 0.18 0.14 0.26 0.24 0.18 0.32
Sum 100.39 99.75 100.10 99.61 100.46 100.43 100.40

TRACE ELEMENTS
Na 13376 23642 24354 27917 26026 23002 24216
Mg 55849 44229 52927 44696 47541 55050 66817
Al 96959 90506 106139 88760 90795 89140 90405
Si 230994 231445 228740 234029 238014 233342 227921
Ca 107816 89932 97106 78429 81015 86544 88400
Sc 43 39 37 36 35 36 35
Ti 6974 12843 8878 12706 10885 10010 12673
V 321 337 231 286 260 250 263
Cr 569 165 365 228 331 368 661
Mn 1919 1383 1271 1478 1269 1300 1209
Fe 68954 71745 63027 74073 62478 65249 61814
Co 47.7 40.7 39.5 37.7 35.6 39.4 55.8
Ni 106.1 78.2 155.9 113.4 139.9 172.1 303.8
Zn 49.04 62.24 43.34 62.87 50.43 50.42 56.20
Ga 15.20 16.60 14.70 17.93 15.90 15.59 15.42
Rb 17.09 6.96 3.46 11.16 16.93 7.02 8.64
Sr 115.96 191.57 182.82 188.80 236.98 172.57 261.25
Y 24.24 38.86 30.10 42.42 35.31 33.82 32.37
Zr 51.92 128.38 95.14 160.06 147.41 118.12 156.08
Nb 1.15 5.22 3.72 13.54 16.38 8.00 18.45
Mo 0.00 1.73 1.04 1.17 1.22 0.62 1.53
Cs 0.27 0.27 0.07 0.25 0.36 0.06 0.37
Ba 31.55 60.80 44.09 138.80 254.69 88.51 123.68
La 2.34 6.99 4.89 10.53 12.47 7.35 12.38
Ce 5.00 15.95 11.63 23.03 24.80 15.81 25.64
Pr 0.88 2.52 1.88 3.38 3.31 2.29 3.57
Nd 5.18 13.31 9.52 16.67 15.71 11.60 17.16
Sm 2.53 4.39 2.95 4.98 4.00 3.86 4.07
Eu 0.83 1.46 1.26 1.60 1.43 1.21 1.53
Gd 2.74 5.64 4.06 6.19 5.43 4.34 5.27
Tb 0.55 0.90 0.76 1.03 0.90 0.80 0.90
Dy 3.97 6.31 4.73 7.01 5.78 5.51 5.39
Ho 0.87 1.27 1.04 1.47 1.18 1.14 1.09
Er 2.63 3.84 3.05 4.52 3.59 3.42 3.30

Tm 0.43 0.57 0.48 0.60 0.51 0.49 0.48
Yb 2.49 3.74 2.92 3.92 3.32 3.16 2.89
Lu 0.36 0.55 0.40 0.56 0.52 0.47 0.43
Hf 1.39 3.04 2.03 3.74 3.31 2.61 3.54
Ta 1.08 1.09 1.02 1.62 1.76 1.40 1.91
Pb 0.51 0.76 0.58 1.04 1.00 0.71 1.08
Th 0.08 0.45 0.28 1.07 1.50 0.55 1.15
U 0.04 0.59 0.09 0.25 0.32 0.20 0.44
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Supplementary Table 3.2 – Trace element data of NIST 612 and NIST 610. All values are given in ppm. 

E
le

m
en

t NIST 612 
  

NIST 610 

Average 
(n = 32) 

RSE 
(%) 

Literature 
value  

Relative 
error 
(%) 

  Average 
(n = 32) 

RSE 
(%) 

Literature 
value 

Relative 
error 
(%) 

Na 105295 1.4 101635 4.0  102794 1.4 102300 0.5 
Mg 70 1.2 68 2.7  539 1.1 610 11.7 
Al 11068 0.9 10744 2.9  10572 1.0 11626 9.1 
Si 337024 0.0 337024 0.0  323001 0.0 323001 0.0 
Ca 87831 1.0 85049 3.2  83812 1.0 81475 2.9 
Sc 42.8 0.2 39.9 6.8  346 1.0 455 23.9 
Ti 58.1 0.5 44.0 24.3  551 0.9 452 21.9 
V 39.7 1.0 38.8 2.3  446 1.3 450 0.8 
Cr 41.0 0.8 36.4 11.2  453 1.1 408 10.8 
Mn 42.7 0.7 38.7 9.3  462 0.9 444 4.0 
Fe 55.8 0.9 51.0 8.6  493 0.7 458 7.6 
Co 35.5 0.5 35.5 0.1  407 0.8 410 0.7 
Ni 41.8 0.4 38.8 7.1  487 0.4 441 5.9 
Zn 28.8 1.7 39.1 35.7  362 1.4 460 27.0 
Ga 37.9 0.7 36.9 2.6  445 0.8 433 2.7 
Rb 31.0 1.0 31.4 1.4  383 1.5 426 11.0 
Sr 88.9 1.0 78.4 11.8  506 1.1 516 1.9 
Y 45.1 0.9 38.3 15.1  484 1.0 462 4.6 
Zr 44.0 0.9 37.9 13.8  498 1.2 448 10.0 
Nb 43.1 0.9 38.9 9.7  492 1.0 465 5.5 
Mo 39.5 0.9 37.4 5.2  446 0.8 417 6.4 
Cs 42.7 1.1 42.7 0.0  335 1.1 366 -9.3 
Ba 41.6 1.2 39.3 5.6  469 1.3 452 3.6 
La 38.7 1.1 36.0 7.1  418 1.2 440 5.3 
Ce 40.8 1.1 38.4 5.8  432 1.2 453 4.9 
Pr 41.0 1.1 37.9 7.6  433 1.2 448 3.4 
Nd 39.6 1.1 35.5 10.4  473 1.1 430 9.1 
Sm 42.2 1.1 37.7 10.6  498 1.1 453 9.1 
Eu 38.9 1.2 35.6 8.4  433 1.4 447 3.1 
Gd 42.7 1.2 37.3 12.6  495 1.2 449 9.2 
Tb 42.5 1.2 37.6 11.5  446 1.3 437 2.1 
Dy 41.4 1.2 35.5 14.3  493 1.3 437 11.3 
Ho 43.2 1.2 38.3 11.3  453 1.4 449 1.0 
Er 44.2 1.3 38.0 14.0  501 1.5 455 9.2 
Tm 42.9 1.3 36.8 14.2  450 1.4 435 3.3 
Yb 44.6 1.3 39.2 12.1  510 1.3 450 11.8 
Lu 42.7 1.3 37.0 13.4  456 1.4 439 3.8 
Hf 41.7 1.4 36.7 12.1  476 1.4 435 8.6 
Ta 45.4 1.3 37.6 17.2  509 1.4 446 12.4 
Pb 40.3 1.5 38.6 4.2  433 1.7 426 1.7 
Th 42.8 1.6 37.8 11.6  460 1.7 457 0.6 
U 39.1 1.6 37.4 4.3   429 1.7 462 7.6 
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Supplementary Table 3.3 – Trace element data BHVO2G and XRF glass blank. All values are given in ppm. 

E
le

m
en

t BHVO2G 
  

Blank XRF 
glass 

Average 
(n = 16) 

RSE 
(%) 

Literature 
value 

Relative 
error 
(%) 

  Average (n = 4) 

       
Na 16889 1.7 17805 5.42  35 
Mg 43009 1.5 43001 0.02  20 
Al 69771 1.2 71978 3.16  66 
Si 230448 0.0 230448 0.00  218481 
Ca 79385 1.3 81476 2.63  234 
Sc 30.7 0.4 33.0 6.93  5.4 
Ti 16719 1.5 16300 2.57  105 
V 318 1.5 308 3.36  3.7 
Cr 313 1.1 293 6.83  10.6 
Mn 1313 0.9 1317 0.23  7.8 
Fe 85760 0.9 87836 2.42  33.8 
Co 45 0.7 44 1.57  0.25 
Ni 130 0.7 116 12.05  0.98 
Zn 96 1.7 102 5.63  0.67 
Ga 22 0.8 22 0.24  0.13 
Rb 9.1 1.1 9.2 1.56  0.10 
Sr 385 2.3 396 2.82  0.43 
Y 25.1 0.9 26 3.54  0.02 
Zr 166.1 1.0 170 2.30  0.33 
Nb 18.0 1.1 18.3 1.57  0.05 
Mo 4.20 1.4 3.8 10.52  0.37 
Cs 0.10 3.1 0.1 1.25  0.02 
Ba 131.2 1.5 131 0.18  0.87 
La 14.91 1.2 15.2 1.92  0.21 
Ce 37.47 1.4 37.6 0.35  0.05 
Pr 5.21 1.2 5.35 2.66  0.00 
Nd 24.57 1.1 24.5 0.27  b.d.l 
Sm 6.12 1.2 6.1 0.32  0.03 
Eu 2.05 1.3 2.07 0.93  b.d.l 
Gd 6.14 1.2 6.16 0.38  0.01 
Tb 0.91 1.2 0.92 1.53  b.d.l 
Dy 5.33 1.2 5.28 0.87  b.d.l 
Ho 0.95 1.3 0.98 2.80  0.01 
Er 2.53 1.4 2.56 1.30  b.d.l 
Tm 0.33 1.3 0.34 3.72  0.03 
Yb 2.01 1.5 2.01 0.11  b.d.l 
Lu 0.28 1.9 0.279 0.44  b.d.l 
Hf 4.33 1.6 4.32 0.30  b.d.l 
Ta 1.15 1.5 1.15 0.36  0.55 
Pb 1.84 1.9 1.7 8.14  0.10 
Th 1.21 1.9 1.22 0.93  b.d.l 
U 0.42 2.0 0.403 5.04   b.d.l 
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The photo shows snow covered mountain in the Arctic region, which are reflected in the water. The 
reflection (‘pseudo’mountain) and the actual mountain reflects the findings in this study. (https://s-
i.huffpost.com/gen/2984270/images/o-ARCTIC-OCEAN-facebook.jpg).
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Abstract  

The ultraslow-spreading Gakkel Ridge in the Arctic Ocean exposes a geochemical 

boundary in the upper mantle identified by abrupt changes in radiogenic Pb isotopes 

at approximately 15 °E - 25°E. Basalts from the Western Gakkel Ridge region exhibit 

Indian-type or DupAl mantle isotope signatures exemplified through 208Pb/204Pb 

versus 206Pb/204Pb isotope covariations, which are clearly offset from the Northern 

Hemisphere Reference Line. In contrast, basalts from the Eastern Gakkel Ridge have 

been attributed to show affinities to Atlantic/Pacific-type mantle isotope signatures. 

Here, we present new radiogenic Hf-Sr-Pb isotope data of basalts dredged East of 

the isotopic boundary. New Pb isotope data from the Eastern Gakkel Ridge, in 

conjunction with published isotope data from the Western Gakkel Ridge region, 

show that the Eastern Gakkel Ridge basalts exhibit a clear Indian-type signature, yet 

clearly distinct from those at the Western Gakkel Ridge. Strontium-Pb isotope co-

variations indicate a pollution of the upper mantle that created a pseudo Indian-type 

mantle signature, which evolved independently in upper mantle regions underlying 

both ridge segments. We conclude that DupAl or Indian-type upper mantle can be 

preserved in defined upper mantle domains indefinitely and globally distributed 

signatures formed by a similar process, but not identical mantle pollution. 
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4.1 Introduction 
Indian Ocean mid-ocean ridge basalts (MORB), together with MORBs from the Western 

Gakkel Ridge region in the Arctic Ocean, display systematically higher 87Sr/86Sr and 208Pb/204Pb 

isotopic signature (also called DupAl anomaly) compared to Atlantic/Pacific MORBs (Dupré and 

Allègre, 1983; Hart, 1984). Various theories exist explaining the DupAl anomaly, which include 

upwelling of anomalous hot mantle from the core-mantle boundary, modified mantle by subduction 

through sediment and oceanic crust derived fluids, or delaminated, recycled lower continental crust 

including sub-continental lithospheric mantle (SCLM) (Barling et al., 1994; Castillo, 1988; Dupré 

and Allègre, 1983; Escrig et al., 2004; Hanan et al., 2004; Hawkesworth et al., 1986; Kempton et 

al., 2002; Le Roex et al., 1989; Mahoney et al., 1989; Meyzen et al., 2005; Rehkämper and Hofmann, 

1997; Zhang et al., 2005). To date, no satisfying unified model has been proposed to explain the 

DupAl anomaly.  

Worldwide, only two known ridge segments, the Australian Antarctic Discordance (AAD; 

Klein et al., 1988) and the Western vs Eastern Gakkel Ridge (Goldstein et al., 2008), display an 

isotopic boundary between DupAl-type mantle and Atlantic/Pacific-type mantle, rendering these 

localities the most suitable to study the origin of these two distinct MORB isotopic signatures. Here, 

we focus on basalts from the Gakkel Ridge. 

4.1.1 Gakkel Ridge basalt and mantle source heterogeneity 
A characteristic feature of the Gakkel Ridge is its underlying mantle heterogeneity ranging 

from ultra-depleted, mainly confined to the East (Liu et al., 2008; Stracke et al., 2011), to enriched 

mantle in the West (D’Errico et al., 2016; Goldstein et al., 2008; Mühe et al., 1997; Wanless et al., 

2014). Mantle heterogeneity in the East is complemented by differences in spreading rate, magmatic 

activity and in parts unusual hydrothermal activity of unknown origin (Edmonds et al., 2003; Jean-

Baptiste and Fourré, 2004; Michael et al., 2003). The Gakkel Ridge consists of three ridge segments 

(Michael et al., 2003), namely the Western Volcanic Zone (WVZ), the Sparsely Magmatic Zone 

(SMZ) and the Eastern Volcanic Zone (EVZ). Goldstein et al. (2008) proposed an isotopic boundary 

based on the abrupt Pb isotopes changes in along the ridge between 12°E and 16°E in the middle 

of the SMZ. Existing data indicates that Sr isotopes decrease gradually from DupAl-type mantle 

signature in the Western Gakkel Ridge towards Atlantic/Pacific (A/P) MORB in the East (Goldstein 

et al., 2008).  

The Western Gakkel Ridge with its DupAl signatures has been linked to crustal 

contamination (Goldstein et al., 2008) (Figure 3.2), yet with Pb isotope signatures coherent with 

mantle modification no older than 150 Ma. In contrast, ultra-depleted mantle in the East with 

affinities of A/P-type MORB displays an unusually high radiogenic Hf isotope signature of εHf >100 

in refractory pyroxenites and high 188Os/189Os ratio in clinopyroxene and sulphides from abyssal 
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peridotites, indicating an ancient depletion event at ca. 2 Ga (Liu et al., 2008; Stracke et al., 2011). 

Notable is that similar ultra-depleted components in abyssal peridotites can be found in every MOR 

setting (Brandon et al., 2000; Byerly and Lassiter, 2014; Harvey et al., 2006). It is assumed that 

abyssal peridotites reflect the MORB source, but only a few studies identified ancient depletion 

events that are inherited in MORB (Andres et al., 2004; Graham et al., 2006).  

In this contribution, we study the nature of the mantle boundary at the Gakkel Ridge with 

inferences for the origin of both mantle segments. Basalts from WVZ and SMZ are comprised here 

in the Western Gakkel Ridge and samples from the EVZ are hereafter referred to as the Eastern 

Gakkel Ridge. Western Gakkel Ridge lavas were previously analysed for their major and trace 

elements, and Sr and Pb isotope ratios, which is presented in chapter 3 of this thesis. This dataset 

will be complemented with radiogenic Hf-isotope ratios and further present 14 samples from the 

Eastern Gakkel Ridge, analysed for their major and trace elements and Hf, Sr, Pb isotope ratios. 

The obtained data is shown in Table 4.1 and a full description of the methodology is provided in 

the Supplementary Information attached to this chapter.  

4.2 Results 
Major element composition of MORBs from the Gakkel Ridge range from primitive (MgO 

~10 wt. %), for samples from the EVZ, to more evolved values (MgO ~7 wt.%) measured in basalts 

from the WVZ. Overall, the Gakkel MORBs display a higher K2O/TiO2 than average global MORB 

values (Figure 4.1). Basalts from the EVZ and the WVZ range between D-MORB and N-MORB 

(Figure 3.1 and Supplementary Figure 4.1), whereas basalts from the SMZ vary between E-MORB 

and N-MORBs (Figure 3.1).  

 

 

Figure 4.1 - K2O/TiO2 versus MgO plot. 
On average Gakkel basalts have a higher 
K2O/TiO2 than global MORB, suggesting 
an enrichment of the MORB source. MORB 
data from Jenner and O'Neill (2012) and 
data from Gakkel basalts are taken from 
Gale et al. (2014) have been used for 
comparison. Major element data from the 
WVZ and the SMZ basalts are taken from 
chapter 3. 
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Table 4.1 - Lead, Sr and Hf isotope data of whole rock basalts from the Gakkel Ridge. 
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Lead isotopes, can be used as a tool to differentiate between distinct MORB isotope 

signatures, in particular to distinguish between and DupAl anomaly and A/P-type MORB. Data is 

presented in Δ8/4, which is the deviation of 208Pb/204Pb from the Northern Hemisphere Reference 

line (NHRL; Hart, 1984) for a given 206Pb/204Pb. Basalts with DupAl isotope signatures have a high 

radiogenic 208Pb/204Pb for a given 206Pb/204Pb resulting in a positive Δ8/4. Combined with literature 

values, Δ8/4 of the Western Gakkel Ridge basalts have an average of +38.8, which is distinctively 

higher than basalts from the Eastern Gakkel Ridge with an average of +25.7 (Figure 4.2). Whilst 

this indicates a clear shift in the isotope signatures of the mantle at 15°E, A/P MORBs are on 

average four to ten times lower with Δ8/4average = 0 ± +8 (calculated from Pb isotopes of Atlantic 

and Pacific MORBs; Gale et al., 2014). 

DupAl basalts from the Western Gakkel Ridge region exhibit a 87Sr/86Sr range from 0.7030 

to 0.7035 (Figure 4.3, Table 4.1), similar to enriched Lau and Mariana back-arc Basin basalts 

Figure 4.2 - Along-ridge variation in Sr, 
Pb isotope and Ba/Th. The light grey 
area (15°E to 25°E), east of the proposed 
isotopic boundary at 15°E, indicates the 
ridge segment with anomalous isotope 
and trace element signatures. (a) 
Variation of 87Sr/86Sr of all three ridge 
segments. The Western Gakkel Ridge 
region displays Sr isotope values that co-
vary with back-arc basins or island arc 
magmas (Figures 3.2 and 3.4). The black 
dashed horizontal line marks lower 
bound of back arc basin and island arc 
lavas. Strontium isotope values > 0.7030 
suggest input from a crustal source. 
Basalts from the EVZ basalts display high 
radiogenic 87Sr/86Sr between 45°E and 
70°E, suggesting a different crustal input 
than for basalts from the Western Gakkel 
Ridge region, because of a low Ba/Th in 
this area. (b) Ba/Th decreases (indicated 
by an error) towards the EVZ (until ~ 
45°E), which is in line with decreasing 
87Sr/86Sr (see discussion for further 
explanation) until 25°E. In conjunction, 
Δ8/4 (c) of the WVZ and the SMZ is higher 
than for basalts from the EVZ. The black 
dotted line marks the average Δ8/4 for the 
Western and the Eastern Gakkel Ridge 
region. Gakkel Ridge data has been 
compiled from Gale et al. (2013) and 
chapter 3.  
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(Figures 3.2 and 3.4), but distinctly higher than A/P MORB (Gale et al., 2014). EVZ basalts display 

a broader range in 87Sr/86Sr ranging from depleted (0.7026) to enriched (0.7038) values.  

 

Hafnium isotopes (here given in εHf) of the Gakkel basalts range from +14.9 in the WVZ, 

+17.4 in basalts from the SMZ and +14.8 for basalts in the Eastern Gakkel Ridge region. The εHf 

values broadly coincide with average MORB (εHf ~+14.1 ± 2; Figure 4.3c; Gale et al., 2014). 

Crucially, the Eastern Gakkel Ridge region lavas do not show any extreme Hf isotope values such 

as those previously reported in abyssal peridotites (εHf = +100; Stracke et al., 2011).  

Figure 4.3 Hf-Sr-Pb isotope systematics 
of the Gakkel Ridge basalts. (a) 
208Pb/204Pb versus 87Sr/86Sr shows two 
distinct trends of A/P-type MORBs 
(208Pb/204Pb increases with increasing 
87Sr/86Sr) and Indian-type mantle MORBs 
(constant 208Pb/204Pb values with 
increasing 87Sr/86S). The Gakkel Ridge 
MORBs plot within the range of Indian 
MORBs. The two distinct trends between 
A/P MORBs and Indian MORBs is not as 
clear for Δ8/4 versus 87Sr/86Sr (b). It is 
apparent that with increasing Δ8/4 

(suggesting a high thorogenic Pb) Sr 
isotopes increases too. The dashed line 
indicates the difference between A/P 
MORBs and Indian MORBs. Gakkel 
Ridge MORBs plot mainly within the 
Indian MORBs, whereas a few data 
points (from AAD) plot in the A/P MORB 
range. Hf-Sr systematics (c) do not show 
a clear distinction between 
Atlantic/Pacific and Indian MORBs. 
Basalts from the EVZ plot mainly within 
the A/P MORB range, whereby samples 
from the ridge segment between 45°E to 
~ 70°E (87Sr/86Sr > 0.7030) plot within 
the Indian MORB range suggesting a 
crustal input (Figure 4.2, see discussion). 
The grey shaded horizontal bar indicates 
the highest measured MORB value 
(Hanan et al., 2004). The black shaded 
bar at εHf ~ +15 ± 2, represents the 
average MORB value. The Gakkel 
basalts are compared with Indian, 
Atlantic and Pacific (EPR – Eastern 
Pacific Rise) MORBs. MORB data has 
been taken from Gale et al. (2014). 
Strontium and Pb isotope data for 
samples from the WVZ and the SMZ are 
taken from chapter 3. 
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4.3 Discussion  

 4.3.1 Locus and isotopic nature of the mantle boundary 
A key aspect of the Sr isotope data in Gakkel Ridge basalts is that Sr isotope ratios are 

indistinguishable between 15°E - 25°E and the Eastern Gakkel Ridge region (Figure 4.2). 

Radiogenic Sr isotope values of the Western Gakkel Ridge were discussed in chapter 3 and it is 

argued for a source re-enrichment in this mantle area through a previous subduction event. Elevated 

Sr isotopes show a clear variability towards more radiogenic isotopes in the Eastern Gakkel Ridge 

lavas, mainly within the ridge segment from 45°E to ~ 70°E, suggesting a crustal component in 

their MORB source. These are seemingly unrelated to the Western Gakkel Ridge region due to the 

large distance between the regions with elevated Sr isotope signatures, suggesting an independent 

enrichment history. The observed variability is in line with previous observations of heterogeneous 

mantle sources beneath the Eastern Gakkel Ridge region (D’Errico et al., 2016; Hellebrand et al., 

2002; Liu et al., 2008; Wanless et al., 2014), even though previous studies have not identified 

variable Sr isotope signatures (Goldstein et al., 2008).  

Radiogenic Sr isotope signature within the ridge segment of 45°E to ~ 70°E coincide with 

extreme Hf isotopes (εHf ~ +100) found in clinopyroxene separates from abyssal peridotite samples 

at around 65°E (Stracke et al., 2011). These exceed the most extreme reported MORB value 

fourfold with the highest Hf isotopes measured in global MORBs at εHf = +28.4 (Figure 4.3c; Hanan 

et al., 2004). Indeed, the isotopic mismatch between MORBs and abyssal peridotites is a 

phenomenon observed in various locations (Byerly and Lassiter, 2014; Mallick et al., 2015; Warren, 

2016). Byerly and Lassiter (2014) discussed different theories. In their “slag” hypothesis, ultra-

depleted mantle domains are volumetrically small, oversampled by abyssal peridotites and are not 

represented in MORBs. Alternatively, ultra-depleted mantle domains are common (Salters et al., 

2011), but too refractory to contribute to the chemistry of MORBs; which is also called ‘ghost’ 

hypothesis. It is plausible that a combination of ‘slag’ and ‘ghost’ hypotheses causes the isotopic 

mismatch between MORBs and abyssal peridotites with melts from ultra-depleted lithologies 

mixing with melts from isotopically enriched components, which results in intermediate isotopic 

compositions of the MORBs (Byerly and Lassiter, 2014). This hybrid hypothesis could explain the 

discrepancy between εHf of Gakkel MORBs and abyssal peridotites.  

In addition to elevated Sr isotope in basalts and the extreme Hf isotope found in abyssal 

peridotites in the Eastern Gakkel Ridge region, basalts in this area also display higher 207Pb/204Pb 

ratio for a given 206Pb/204Pb than basalts from the Western Gakkel Ridge region (Figure 4.4). The 

higher 207Pb/204Pb ratios and variability of Hf-Sr of the EVZ basalts suggests a distinct mantle source 

with a complex history of multiple melt extraction and re-fertilisation by crustal components. 

Previous studies indicated an ‘age’ for these events dating back to 2 Ga (Liu et al., 2008; Stracke et 
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al., 2011). Coupled 238U-235U decay demands that this feature is a function of time, and the extreme 

timeframe of ~ 2 Ga can explain the offset of Eastern Gakkel Ridge lavas in 207Pb/204Pb vs 
206Pb/204Pb, which lie towards the end of the Gakkel Ridge basalt spectrum, in line with sulfide Pb 

isotope signatures (Warren and Shirey, 2012).  

 

Figure 4.4 - 207Pb/204Pb versus 206Pb/204Pb diagram. The difference in U/Pb between the Western Gakkel Ridge region 
and EVZ is not as clear as in Th/U ratio (Figure 4.3). Basalts from the EVZ display on average higher radiogenic 
207Pb/204Pb ratio than basalts from the Western Gakkel Ridge region for a given 206Pb/204Pb, indicating 207Pb/204Pb ratio 
is not significantly affected by the input of from fossil subduction zones that modified the mantle in this region. 

In summary, the distinction between the Western and Eastern Gakkel Ridge is most definite in 

the Pb isotope system, yet combined all isotope systems require an ancient crustal overprint. In Δ8/4 

isotope space, a pronounced boundary is apparent at 15°E - 25°E, in line with previous suggestions 

within the SMZ (Goldstein et al., 2008). An abrupt drop from Δ8/4 = +57 to +5 within tens of 

kilometre (Figure 4.2c), in conjunction with slightly decreasing Sr isotope ratios at ca. 25°E marks 

a profound change in the mantle source of the basalts. The higher 208Pb/204Pb for a given 206Pb/204Pb 

in the Western Gakkel Ridge compared to the EVZ, imply a much higher time-integrated 232Th/238U 

(k) in the mantle beneath the Western Gakkel Ridge region (Figures 4.3 and 4.5). 

4.3.2 Implications for DupAl mantle in the Arctic and elsewhere 
Mantle sources of both Western and Eastern Gakkel Ridge lavas yield higher calculated k-

values than Indian-type MORB (Figure 4.2b). The sharp drop in Δ8/4 at the Gakkel Ridge does not 

separate “enriched” normal mantle from the West to “normal” depleted MORB mantle in the East, 

but suggest a differentiation of enriched mantle. This is different to what has been observed at the 

Australian Antarctic Discordance (AAD), an area of seafloor depression (Klein et al., 1988), and at 

the Australian-Antarctic Ridge in the Southern Ocean, which marks an area of distinct mantle 

domain between Zealandia and Antarctica (Park et al., 2019). At the AAD, a spatially sharp isotope 
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shift between Indian-type and A/P-type mantle marks the boundary of the so-called Indian mantle 

domain from Pacific mantle (Hanan et al., 2004; Klein et al., 1988). It is thus apparent that the entire 

Indian-type Gakkel Ridge has been subject to isotope modification albeit not in a single event, but 

by events that are separated by ~ 2 Ga. 

 

Figure 4.5 - 208Pb/206Pb versus 207Pb/206Pb diagram. The difference in U/Pb between the Western Gakkel Ridge region 
and EVZ is not as clear as in Th/U ratio (Figure 4.3). Basalts from the EVZ display on average higher radiogenic 
207Pb/204Pb ratio than basalts from the Western Gakkel Ridge region for a given 206Pb/204Pb, indicating 207Pb/204Pb ratio 
is not significantly affected by the input of from fossil subduction zones that modified the mantle in this region 

Within global MORB, the preferential recycling of U over Th since the great oxidation event 

ca 2.2 Ga ago has been suggested to decrease mantle k (Th/U; Elliott et al., 1999), leading to the 

so-called kappa-conundrum with higher calculated k values (from Pb isotopes) than what is 

measured in MORBs. At the Gakkel Ridge, this phenomenon is reversed and requires excess Th in 

the mantle source of the basalts. Integration of subduction-modified mantle (metasomatised mantle) 

into the MORB source is a plausible scenario. Higher thorogenic Pb (high Th/U) can only be caused 

by ingrowth through Th decay. It is proposed that Th-rich residual mélange rocks from a fossil 

subduction event of cryptic origin is the most likely source of thorogenic Pb (Supplementary Figure 

4.2; Figure 3.4). Mantle shear and mixing may further promote heterogeneity in the source of these 

melts as indicated by elevated Ba/Th combined with decreasing Sr isotope signature between 15°E 

and 25°E (Figure 4.2). Indeed, Wanless et al. (2014) suggested that the MORB source is composed 

of DMM and a metasomatic component at around 30°E. 
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4.4 Conclusion 
The overlap of Pb and Sr isotopes from the Western Gakkel Ridge MORB with those from the 

Indian Ocean may thus be coincidental in as much similar Th-U-Pb systematics for a given time 

leading to similar Pb isotope systematics. For the Eastern Gakkel Ridge, despite the longer time, 

this effect is much less pronounced with an apparently lower Th/Pb. Hence, both respective MORB 

sources at the Western and the Eastern Gakkel Ridge may be polluted by a similar process but at 

different times and to a different degree. Irrespective of these timescales this heterogeneity has 

prevailed in the upper mantle, indicating that mantle metasomatism, as a possible cause for this 

anomaly, can reside in the upper mantle indefinitely.  
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SI - Methods 
Basalts analysed in this study have been crushed with a ceramic jaw crusher and milled in 

an agate mill to fine powder. Two grams of each sample has been admixed with a Li-Borate flux 

and fused to glass, which has been analysed for their major element composition at CODES 

University of Tasmania. A detailed description of the major element analysis can be find in chapter 

3.  

Trace element (Na, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Ga, Rb, Sr, Y, Zr, 

Nb, Mo, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Pb, Th and U) 

composition have been analysed on the fused Li-Borate glasses in the Isotopia Laboratory at 

Monash University, Australia. Fragments of each XRF glass were mounted in a 1-inch epoxy disc 

and five 80 µm spots (aligned to transect the sample) were set on each fused glass fragment to 

analyse the trace element composition using an ASI RESOlution SE 193nm ArF excimer laser 

coupled to a ThermoFisher ICapQ. Similar instrumental settings (10 Hz repetition rate; 3 J/cm2) as 

described in the previous chapter (chapter 3), have been applied for the EVZ samples. Each spot 

was measured using a background of 20 s, an ablation time of 30 s and a washout of 20 s. A set of 

20 unknowns has been bracketed in a set of four references materials (2 - 3 spots each). NIST 610, 

NIST 612, BCR2G and BHVO2G have been used as reference material to control the 

reproducibility, precision and accuracy during the analysis. Raw data has been processed using an 

in-house Microsoft Excel worksheet from the Max-Planck Institute for Chemistry (MPIC) in Mainz. 

Data reduction procedure is described by Longerich et al. (1996) and Jochum et al. (2007). The data 

has been normalised to BCR2G and a relative uncertainty for REE, U, Th and Pb below 3 % for 

BHVO2G has been achieved. The final trace element composition has been reduced by the blank 

composition of the fused glass blank. The trace element composition of each sample and uncertainty 

for each element is given in Supplementary Data Table 4.1. Trace element data of the reference 

material and fused glass blank is provided in Supplementary Data Table 4.2.  

For Pb isotope chemistry, small (1 - 2 mm; 150 - 200 mg) rock chips hand-picked under 

the microscope were weighed into a Teflon beaker and leached with hot 6M HCl for 60 min on a 

hot plate at 100°C. After removal of the leach solution and repeated rinsing with distilled water, 

residues were dissolved in 5:1 HF-HNO3 (3 ml, 100°C) on a hotplate for 48 hours. The acid was 

evaporated and remaining fluorides were refluxed and dried twice with 2 ml of concentrated HNO3 

and dissolved in 6M HCl. Pb was extracted from the samples using a double pass over small beds 

of AG1-X8 anion resin with a mesh size of 100 – 200 µm. The procedural blank was 30 ± 10 pg 

Pb. Lead isotope ratios were measured on a Nu plasma in the School of Earth Sciences at the 

University of Melbourne, and on a NeptunePlus MC-ICP-MS from Thermo Fisher Scientific in the 

Isotopia Laboratory at the School of Earth, Atmosphere and Environment, Monash University. 

Instrumental mass bias was corrected using the thallium-doping technique of Woodhead (2002). In 
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the School of Earth Sciences (University of Melbourne), the mass bias factors for each Pb isotope 

ratio were derived from Pb-Tl mass bias correlation lines based on results from >200 runs of 

SRM981. 205Tl/203Tl in the running solution is assumed to be 2.3871, while SRM981 is assumed to 

have the following Pb isotope ratios206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb = 16.935/15.489/36.701/1. 

The long-term average for USGS basalt BCR-2 (unleached) is 18.758 ± 0.047 %, 15.619 ± 0.066%, 

38.726 ± 0.090%. At the Monash Isotopia Facility SRM981 (n = 11) yielded the following ratios 
206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb = 16.941 ± 0.001 (1SE), 15.499 ± 0.001 (1SE), 36.722 ± 0.002 

(1SE) with a relative error of 0.02% compared to literature values of Taylor et al. (2015). For 

BCR2G (n = 4) the following Pb isotopic ratios 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb = 18.750 ± 

0.002 (1SE), 15.615 ± 0.002 (1SE), 38.691 ± 0.004 (1SE) were yielded with a relative error of 

0.06%, 0.08%, 0.07% to the BCR-2 reference values (GeoReM, updated 02/2016), respectively.  

For Hf and Sr isotope analysis, approximately 100 mg of sample powder was weighted into 

a Teflon beaker and dissolved in a mixture of cHF and cHNO3 (1:5 ratio, approx. 2ml) on a hotplate 

for 24 hours at 120°C. The acid was further evaporated and remaining flourides were refluxed three-

times with 5 drops of cHNO3 and 1 - 2 drops of a weak mixture of 0.5M HF and 0.5M HCl.  

For chromatographic extraction of Hf the chemical procedure of Nebel et al. (2009) has 

been followed using Eichrom Ln spec (100 - 200 µm mesh size) resin. After the purification, the 

samples were taken up in a 0.24M HF and 0.32M HNO3 mixture and introduced via a Teledyne 

Cetac Technologies Aridus II into a multicollector ICP-MS. Hafnium isotopes were analysed in 

two individual analytical sessions using a ThermoFisher NeptunePlus MC-ICP-MS at the Isotopia 

Laboratory at the School of Earth, Atmosphere and Environment, Monash University. Operational 

settings of the Aridus were set between 3.92 l/min and 5.37 l/min for the sweep gas (Ar) and for N2 

between 0.04 l/min – 0.06 l/min. Hafnium isotopes were measured in a low resolution mode and 

data was obtained during three blocks of 20 cycles with an integration time of 2.097 seconds. For 

data control, BCR1 and BHVO1 sample powder have been dissolved applying the same chromatic 

extraction as for the samples and analysed among the sample set. Hafnium isotope analyses of 

BCR1 and BHVO1 resulted in values of 0.282859 ± 11 (n = 2; 1σ of the mean) and 0.283094 ± 17 

(n = 2; 1σ of the mean), respectively. Hafnium isotope values of BCR1 (0.282875 ± 8; Weis et al., 

2007) and BHVO1 (0.283106 ± 12; Weis et al., 2007) deviate absolutely from their literature value 

by 0.000016 (relative uncertainty 0.006%) and 0.000012 (relative uncertainty 0.004%). 

Reproducibility was accounted by multiple measurements of JMC475 resulting in 176Hf/177Hf of 

0.282168 ± 4 (n = 14; 1SE) yielding in an absolute difference to literature value (0.282163 ± 

0.000009; Blichert-Toft et al., 1997) of 0.000005 (relative uncertainty 0.002 %). The procedural 

blank is > 48 pg. All 176Hf/177Hf are given as epsilon notation εHf that is defined as the deviation 

from the chrondrite reservoir (CHUR) multiplied by 10000, for a given time.  
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Strontium was separated using Sr spec (100 – 150 μm mesh size) applying a standard 

chromatographic extraction method with 3M HNO3 to elute the matrix and 0.01M HNO3 to extract 

Sr. Procedural blank was negligible (~40 ± 20 pg). Strontium isotope measurements was performed 

with a glass chamber in a wet-solution mode resolution mode. Instrumental mass bias was corrected 

using the exponential law to 86Sr/88Sr of 0.1194. To account for isobaric interferences on 86Sr with 
86Kr of the gas, Kr interferences have been corrected to 86Kr/83Kr of 1.50252 using six iterations. 

Reproducibility was monitored by repeated measurements of the US National Institute of Standards 

and Technology SRM987 standard yielded a 0.710326 ± 0.000018 (2SE; n = 10). All samples were 

corrected to 87Sr/86Sr = 0.710248 (McArthur, 1994). Among the sample set, reference material 

BCR1 and BHVO1 has been dissolved for chromatographic extraction of Sr for data control and 

chemical purification process. The measured Sr isotope values for BCR1 is 0.705008 ± 0.00010 

(1SE) and for BHVO1 is 0.703494 ± 0.000012, resulting in an absolute deviation to the 

recommended literature value of 0.000177 (BCR1 = 0.704960; USGS) and 0.000192 (BHVO1 = 

0.703436; USGS), respectively.  

 

 

 

Supplementary Figure 4.1 - Trace element pattern of the EVZ at the Gakkel Ridge. All data has been compared with 
enriched MORB (E-MORB); normal MORB (N-MORB) and depleted MORB (D-MORB). 1 – Data from Palme and 
O'Neill (2014).  
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Supplementary Figure 4.2 - 208Pb/204Pb versus 206Pb/204Pb diagram. (a) Comparison of the EVZ basalts with basalts 
from the Western Gakkel Ridge region (WVZ, SMZ) and the Atlantic/Pacific MORBs. Basalts from the EVZ display a 
higher Th/U than most of the Atlantic/Pacific MORBs, but a lower than basalts from the WVZ and SMZ. The blue dashed 
line marks the isotopic difference (isotopic boundary) between the Western Gakkel Ridge region and the EVZ and shows 
that the EVZ plot within the Atlantic/Pacific MORB, whereas the WVZ and SMZ within the Indian MORB field. (b) is a 
close-up to clarify the difference between SMZ, WVZ and EVZ. The high Th/U ratio observed in basalts from the Western 
Gakkel Ridge region and lower Th/U of the EVZ basalts marks a boundary between a mantle that has been overprinted 
by two separate re-enrichment processes. Different processes affects the MORB chemistry. Basalts showing an Indian-
type mantle signature may sample remnants of a fossil mantle wedge, whereas the MORB source of the Atlantic/Pacific-
type mantle is more homogenised containing refractory components and represents a mantle with an ancient overprint. 
MORB data from the Atlantic and Pacific basalts have been taken from Gale et al. (2014). Indian MORB data without 
samples > 125°E from the Southeast Indian Ridge at the Australian Antarctic Discordance. Lead isotope data for samples 
from the WVZ and the SMZ has been compiled from chapter 3. The black line is the NHRL (Northern Hemisphere 
reference line; Hart, 1984) and has been used as reference.  
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Supplementary Data Table 4.1 – Major and trace elements of the EVZ basalts. Major element data is given in wt.%, 
whereas the trace element data are given in ppm. VG – Volcanic glass. 

Sample 
Name 

PS 59 263 
- 26 

HLY0102 
D050 - 30 

HLY0102 
D051 - 15 

PS 59 297 
- 11 

PS 101 
186 R1 

Bas 

PS 101 
186 VG 

PS 59 294 
- 40 

Segment EVZ EVZ EVZ EVZ EVZ EVZ EVZ 
Longitude 86.0 86.2 86.3 86.7 86.6 86.6 86.9 
Latitude 30.6 37.5 43.3 46.9 55.4 55.4 56.4 

                
MAJOR ELEMENTS             

SiO2 49.7 49.3 49.4 47.8 49.1 49.3 48.5 

TiO2 1.5 1.3 1.4 1.0 1.3 1.3 1.3 

Al2O3 16.8 16.6 17.3 17.2 16.6 16.6 16.9 

Fe2O3 9.9 8.6 8.7 10.8 8.8 8.9 9.4 
MnO 0.2 0.1 0.1 0.2 0.1 0.1 0.2 
MgO 6.7 9.1 8.9 10.2 9.3 9.3 9.3 
CaO 10.8 11.0 11.2 10.7 11.1 11.0 11.1 

Na2O 3.1 3.1 3.1 2.6 3.0 3.1 3.1 

K2O 0.5 0.4 0.2 0.2 0.2 0.1 0.3 

P2O5 0.2 0.2 0.2 0.1 0.1 0.1 0.1 
LOI 0.7 0.0 -0.2 -0.5 0.0 -0.4 0.2 
Sum 100.0 99.8 100.4 100.3 99.7 99.6 100.4 

TRACE ELEMENTS             
Na 12928 23097 22515 20406 20782 20863 17703 
Mg 55463 60068 59566 73295 52192 52934 48218 
Al 98880 97005 101288 107543 88035 88486 84972 
Si 232286 230258 230973 229744 229639 230502 226917 
Ca 96393 93914 96214 99246 77079 77003 89648 
Sc 39.0 31.9 32.0 35.9 21.2 19.8 41.7 
Ti 7074 9633 10027 7894 7338 7479 10415 
V 329 248 251 198 216 222 342 
Cr 542 443 370 431 404 422 200 
Mn 2198 1212 1211 1529 1023 1042 1941 
Fe 73403 60238 59317 78894 56584 57593 78884 
Co 47.5 41.4 40.1 53.4 38.1 36.6 47.3 
Ni 91.2 197.9 169.8 267.6 190.7 183.8 62.7 
Cu 112.0 145.8 62.7 181.4 77.0 89.4 63.6 
Zn 66.0 45.5 46.2 52.2 39.3 41.9 68.9 
Ga 15.2 14.7 15.1 14.5 14.6 13.8 17.0 
Rb 11.4 4.2 1.5 1.1 1.8 0.1 9.9 
Sr 128 236 242 193 173 172 97 
Y 25.7 28.0 28.4 30.2 25.4 26.3 39.8 
Zr 54.4 113.3 119.9 75.3 98.6 101.3 80.0 
Nb 0.98 7.68 4.27 2.62 2.27 2.44 1.16 
Mo 0.16 0.18 0.69 1.27 0.86 0.47 0.47 
Cs 0.17 0.10 -0.02 0.12 0.04 0.11 0.30 
Ba 96.1 59.0 23.3 17.7 11.9 11.8 9.6 
La 2.45 7.44 5.39 3.41 3.16 3.37 2.63 
Ce 5.33 15.81 13.68 8.14 10.59 10.59 7.55 
Pr 0.96 2.19 2.27 1.29 1.76 1.81 1.49 
Nd 5.85 11.52 11.83 7.12 9.68 9.81 8.54 
Sm 2.45 3.60 3.36 2.62 3.22 2.81 3.74 
Eu 0.82 1.19 1.19 0.96 1.10 1.09 1.28 
Gd 3.00 4.04 4.22 3.18 3.60 3.91 5.09 
Tb 0.62 0.75 0.75 0.67 0.66 0.63 0.92 
Dy 4.35 4.69 4.69 4.91 4.19 4.50 6.61 
Ho 0.94 0.91 0.97 1.05 0.92 0.93 1.39 
Er 2.67 2.84 2.89 3.21 2.58 2.82 4.19 
Tm 0.37 0.36 0.38 0.52 0.40 0.38 0.58 
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Yb 2.49 2.65 2.78 3.19 2.44 2.47 4.05 
Lu 0.39 0.40 0.39 0.51 0.32 0.37 0.60 
Hf 1.53 2.47 2.50 1.87 2.38 2.34 2.21 
Ta 0.57 0.74 0.54 0.58 0.16 0.11 0.44 
Pb 0.52 0.63 0.48 0.39 0.39 0.35 0.49 
Th 0.09 0.56 0.22 0.15 0.16 0.14 0.06 
U 0.05 0.16 0.09 0.09 0.11 0.09 0.22 

 

Supplementary Data Table 4.1 – [continued] 

Sample 
Name 

PS 101 
193 R1 

PS 101 
203 R4 

PS 101 
203 R5 

PS 101 
203 R8 

PS 59 274 
- 52 

HLY0102 
D059 - 35 

HLY0102 
D061 - 11 

Segment EVZ EVZ EVZ EVZ EVZ EVZ EVZ 
Longitude 86.4 86.5 86.5 86.5 86.7 86.3 85.4 
Latitude 61.2 61.4 61.4 61.4 66.8 70.6 84.6 

                
MAJOR ELEMENTS             

SiO2 46.2 49.0 48.7 48.8 49.1 49.3 49.3 

TiO2 1.3 1.2 1.2 1.6 1.0 1.5 1.4 

Al2O3 16.7 19.7 19.1 15.7 17.4 16.2 17.5 

Fe2O3 9.6 6.9 7.3 9.5 9.4 9.4 8.8 
MnO 0.1 0.1 0.1 0.2 0.2 0.2 0.2 
MgO 9.7 5.8 6.6 8.1 9.4 9.5 8.9 
CaO 11.3 9.1 9.2 8.3 10.8 10.4 11.1 

Na2O 3.0 4.3 3.9 4.1 2.9 3.2 3.2 

K2O 0.1 0.3 0.4 0.2 0.2 0.4 0.2 

P2O5 0.2 0.1 0.1 0.2 0.1 0.2 0.2 
LOI 1.7 3.1 2.9 3.1 -0.4 -0.2 -0.3 
Sum 100.0 99.7 99.7 99.9 99.9 100.2 100.4 

TRACE ELEMENTS             
Na 22074 30557 27566 29306 21035 22761 24795 
Mg 57469 34544 39236 48200 62158 61470 62098 
Al 92329 109767 106508 88259 99994 91498 106429 
Si 216089 228813 227865 228277 223492 230576 230608 
Ca 82926 66825 67557 60890 89716 86700 98306 
Sc 20.3 18.5 18.1 24.2 29.2 29.0 29.0 
Ti 7988 7169 7473 9558 7087 10872 10458 
V 231 188 205 267 199 257 245 
Cr 440 207 221 264 361 459 368 
Mn 1085 939 965 1170 1244 1274 1270 
Fe 64441 47318 50186 62881 63499 64100 63726 
Co 42.2 26.7 25.7 36.7 44.0 42.3 41.8 
Ni 242 63 60 90 200 224 180 
Cu 77.0 80.8 63.8 83.7 106.1 82.8 110.9 
Zn 43.5 40.5 38.6 48.0 42.6 50.2 45.2 
Ga 15.0 13.7 15.6 15.0 14.4 15.2 17.1 
Rb 0.2 1.9 2.4 0.4 4.4 3.7 1.2 
Sr 204 254 200 218 127 229 255 
Y 28.9 23.7 24.1 32.5 24.9 30.8 30.0 
Zr 95.1 99.4 102.6 128.6 74.7 133.0 120.4 
Nb 3.64 3.17 3.16 3.10 0.92 6.28 2.84 
Mo - 1.02 0.33 0.64 1.13 1.08 1.12 
Cs 0.14 0.09 0.13 0.03 0.15 0.09 0.09 
Ba 16.0 14.5 27.0 18.4 35.8 42.2 15.3 
La 4.80 3.64 3.71 4.55 3.62 6.59 4.87 
Ce 12.66 11.23 10.99 14.01 8.44 16.13 12.44 
Pr 2.08 1.77 1.75 2.35 1.37 2.46 2.06 
Nd 10.54 9.25 10.12 12.44 7.45 12.70 10.84 
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Sm 3.25 2.86 2.65 3.97 2.27 3.87 3.74 
Eu 1.19 0.93 1.01 1.35 0.93 1.29 1.30 
Gd 4.26 3.57 3.74 4.91 3.31 5.03 4.50 
Tb 0.73 0.64 0.63 0.88 0.57 0.75 0.74 
Dy 4.95 4.04 4.35 5.86 4.38 4.98 4.95 
Ho 1.00 0.84 0.87 1.23 0.82 1.05 0.94 
Er 3.11 2.62 2.63 3.51 2.54 3.09 3.08 
Tm 0.42 0.34 0.33 0.46 0.38 0.44 0.41 
Yb 2.55 2.02 2.18 3.03 2.31 2.97 2.67 
Lu 0.39 0.35 0.35 0.51 0.36 0.42 0.37 
Hf 2.37 2.03 2.06 3.15 1.84 2.86 2.60 
Ta 0.21 0.17 0.21 0.18 0.48 0.67 0.58 
Pb 0.36 0.52 0.10 0.57 1.22 0.86 0.39 
Th 0.23 0.18 0.13 0.17 0.51 0.44 0.14 
U 0.28 0.06 0.05 0.07 0.09 0.21 0.05 

 

Supplementary Data Table 4.2 – Trace element data of NIST 612 and NIST 610. All values are given in ppm. 

E
le

m
en

t NIST 612   NIST 610 

Average 
(n = 32) 

RSE 
(%) 

Literature 
value  

Relative 
error 
(%) 

  Average 
(n = 32) 

RSE 
(%) 

Literature 
value 

Relative 
error 
(%) 

Na 105295 1.4 101635 4.0  102794 1.4 102300 0.5 
Mg 70 1.2 68 2.7  539 1.1 610 11.7 
Al 11068 0.9 10744 2.9  10572 1.0 11626 9.1 
Si 337024 0.0 337024 0.0  323001 0.0 323001 0.0 
Ca 87831 1.0 85049 3.2  83812 1.0 81475 2.9 
Sc 42.8 0.2 39.9 6.8  346 1.0 455 23.9 
Ti 58.1 0.5 44.0 24.3  551 0.9 452 21.9 
V 39.7 1.0 38.8 2.3  446 1.3 450 0.8 
Cr 41.0 0.8 36.4 11.2  453 1.1 408 10.9 
Mn 42.7 0.7 38.7 9.3  462 0.9 444 4.0 
Fe 55.8 0.9 51.0 8.6  493 0.7 458 7.6 
Co 35.5 0.5 35.5 0.1  407 0.8 410 0.7 
Ni 41.8 0.4 38.8 7.1  487 0.4 459 6.2 
Cu 45.5 0.4 37.8 16.9  521 0.4 441 18.1 
Zn 28.8 1.7 39.1 35.7  362 1.4 460 21.3 
Ga 37.9 0.7 36.9 2.6  445 0.8 433 2.8 
Rb 31.0 1.0 31.4 1.4  383 1.5 426 9.9 
Sr 88.9 1.0 78.4 11.8  506 1.1 516 1.8 
Y 45.1 0.9 38.3 15.1  484 1.0 462 4.8 
Zr 44.0 0.9 37.9 13.8  498 1.2 448 11.1 
Nb 43.1 0.9 38.9 9.7  492 1.0 465 5.8 
Mo 39.5 0.9 37.4 5.2  446 0.8 417 6.8 
Cs 42.7 1.1 42.7 0.0  335 1.1 366 8.5 
Ba 41.6 1.2 39.3 5.6  469 1.3 452 3.8 
La 38.7 1.1 36.0 7.1  418 1.2 440 5.0 
Ce 40.8 1.1 38.4 5.8  432 1.2 453 4.7 
Pr 41.0 1.1 37.9 7.6  433 1.2 448 3.3 
Nd 39.6 1.1 35.5 10.4  473 1.1 430 10.0 
Sm 42.2 1.1 37.7 10.6  498 1.1 453 10.0 
Eu 38.9 1.2 35.6 8.4  433 1.4 447 3.0 
Gd 42.7 1.2 37.3 12.6  495 1.2 449 10.2 
Tb 42.5 1.2 37.6 11.5  446 1.3 437 2.1 
Dy 41.4 1.2 35.5 14.3  493 1.3 437 12.7 
Ho 43.2 1.2 38.3 11.3  453 1.4 449 1.0 
Er 44.2 1.3 38.0 14.0  501 1.5 455 10.1 
Tm 42.9 1.3 36.8 14.2  450 1.4 435 3.5 
Yb 44.6 1.3 39.2 12.1  510 1.3 450 13.4 
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Lu 42.7 1.3 37.0 13.4  456 1.4 439 4.0 
Hf 41.7 1.4 36.7 12.1  476 1.4 435 9.4 
Ta 45.4 1.3 37.6 17.2  509 1.4 446 14.2 
Pb 40.3 1.5 38.6 4.2  433 1.7 426 1.7 
Th 42.8 1.6 37.8 11.6  460 1.7 457 0.6 

U 39.1 1.6 37.4 4.3   429 1.7 462 7.1 

 

Supplementary Data Table 4.3 - Trace element data of BHVO2G and the XRF glass blank. All values are given in 
ppm. 

E
le

m
en

t BHVO2G 
  

Blank 
XRF 
glass 

Average 
(n = 16) 

RSE 
(%) 

Literature 
value 

Relative 
error (%)   Average 

(n = 4) 

Na 16889 1.7 17805 5.4  35 
Mg 43009 1.5 43001 0.0  20 
Al 69771 1.2 71978 3.2  66 
Si 230448 0.0 230448 0.0  218481 
Ca 79385 1.3 81476 2.6  234 
Sc 31 0.4 33 6.9  5.4 
Ti 16719 1.5 16300 2.6  105 
V 318 1.5 308 3.4  3.68 
Cr 313 1.1 293 6.8  10.6 
Mn 1313 0.9 1317 0.2  8 
Fe 85760 0.9 87836 2.4  33.8 
Co 45 0.7 44 1.6  0.25 
Ni 130 0.7 116 12.1  0.98 
Cu 152 0.7 127 19.4  2.82 
Zn 96 1.7 102 5.6  0.67 
Ga 22.05 0.8 22 0.2  0.13 
Rb 9.06 1.1 9.2 1.6  0.10 
Sr 385 2.3 396 2.8  0.43 
Y 25.1 0.9 26 3.5  0.02 
Zr 166 1.0 170 2.3  0.33 
Nb 18.0 1.1 18.3 1.6  0.05 
Mo 4.2 1.4 3.8 10.5  0.37 
Cs 0.1 3.1 0.1 1.3  0.02 
Ba 131.2 1.5 131 0.2  0.87 
La 14.91 1.2 15.2 1.9  0.21 
Ce 37.47 1.4 37.6 0.3  0.05 
Pr 5.21 1.2 5.35 2.7  0.00 
Nd 24.57 1.1 24.5 0.3  b.d.l 
Sm 6.12 1.2 6.1 0.3  0.03 
Eu 2.05 1.3 2.07 0.9  b.d.l 
Gd 6.14 1.2 6.16 0.4  0.01 
Tb 0.91 1.2 0.92 1.5  b.d.l 
Dy 5.33 1.2 5.28 0.9  b.d.l 
Ho 0.95 1.3 0.98 2.8  0.01 
Er 2.53 1.4 2.56 1.3  b.d.l 
Tm 0.33 1.3 0.34 3.7  0.03 
Yb 2.01 1.5 2.01 0.1  b.d.l 
Lu 0.28 1.9 0.279 -0.4  b.d.l 
Hf 4.33 1.6 4.32 0.3  b.d.l 
Ta 1.15 1.5 1.15 0.4  0.55 
Pb 1.84 1.9 1.7 8.1  0.10 
Th 1.21 1.9 1.22 0.9  b.d.l 
U 0.42 2.0 0.403 5.0   b.d.l 
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Only the tips of icebergs are visible from the surface. To see what is below, we need to dive deeper. 
This image is an analogue for my thesis. With this PhD thesis, I only scratch the surface of a certain 
topic. But to understand its complexity, requires further research. 
(https://c402277.ssl.cf1.rackcdn.com/photos/11158/images/story_full_width/Glacier287286.jpg?1
458765745) 
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Abstract  
Ocean floor lavas from global oceanic ridges exhibit considerable variability in Fe 
isotope systematics that cannot be explained by igneous differentiation alone. It remains 
unclear if all or only parts of this variation is consequent to processes during the cooling 
of the lava towards the surface, or reflects heterogeneity in the Earth’s upper mantle. 
Igneous differentiation in cooling melts from oceanic ridges has been proposed to be 
strongly affected by suboceanic magma slurries, with a complex interplay of fractional 
crystallisation, recharge of melts and evacuation of melts. The effect of this phenomenon 
should, however, be less pronounced in ridges with very slow spreading rates, which are 
considered to be fed directly by mantle-derived melts. We present new iron isotope data 
in dredged lavas from the ultraslow-spreading Gakkel Ridge in the Arctic Ocean to 
investigate the effect mantle source variability, suboceanic magma lenses and associated 
petrogenesis. Thirty-five basalts were analysed for their stable Fe isotopes (expressed as 
δ57Fe relative to IRMM-524a) from three ridge segments at the Gakkel Ridge. The 
Gakkel Ridge can be divided, based on radiogenic Pb-Sr isotopes, magmatic activity, and 
possibly thermal structure and spreading rate into the slow spreading Western Volcanic 
Zone (WVZ) and the ultraslow-spreading Sparsely Magmatic Zone (SMZ) and the 
Eastern Volcanic Zone (EVZ). Gakkel Ridge lavas range from δ57Fe = +0.10 ‰ to 
+0.31 ‰, with samples from the SMZ displaying an average δ57Fe value of +0.22 ‰ ± 
0.02 ‰. Basalts from the WVZ and the EVZ have an average δ57Fe of +0.17 ‰ ± 0.03 ‰ 
and +0.16 ‰ ± 0.02 ‰, respectively. Calculated primitive δ57Fe of each sample (i.e., 
prior to olivine fractionation, expressed as δ57Feprim) shows that the SMZ is, on average, 
0.04 ‰ heavier than basalts from the EVZ and the WVZ, marking a higher degree of 
mantle depletion. The degree of isotope fractionation (Δ57Fe), however, correlates with 
an increase in spreading rate (2 – 5 mm/a) and is interpreted here to be associated with 
the possible absence of magma lenses at upper crustal levels in the East and their presence 
in the West, respectively. At faster spreading rates (> 12 mm/a; WVZ) more uniform 
δ57Fe indicate magma homogenization, along with an increase in Δ57Fe (crystal 
fractionation), which is ascribed here to processes in melt lenses or magma chambers. In 
contrast, at ultraslow-spreading rates (< 12 mm/a; SMZ and EVZ), δ57Fe is highly 
variable, ascribed here to rapidly rising melts without homogenisation in a magma lens 
and with memory of the chemical diverse mantle source. It is inferred that the upper 
mantle is heterogeneous also in Fe isotopes, and that some of this heterogeneity is erased 
through magma reservoir homogenisation. However, the degree of Fe isotope variability 
in ocean floor lavas globally is too large so that this homogenisation appears to be 
imperfect. Variable degrees of mantle depletion still affect the Fe isotope signature of 
erupting lavas. 
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5.1 Introduction 
The Earth’s upper mantle is heterogeneous and consists of depleted and enriched lithologies 

formed by multiple cycles of melt extraction, fluid-borne metasomatism and potential relicts of 

subducted oceanic lithosphere and delaminated subcontinental lithospheric mantle (Chauvel et al., 

2008; Hofmann, 2014; White, 2015; Zartman and Haines, 1988; Zindler and Hart, 1986). Mantle 

convection shears and blends areas of lithological variation and re-distributes these heterogeneities 

that range from the sub-kilometre to hundreds of kilometre scale (Agranier et al., 2005; Rubin et 

al., 2009). Mantle heterogeneities can be either investigated by studying abyssal peridotites (Warren, 

2016) or by tracing them indirectly through geochemistry of ocean floor lavas, because melts are 

channelled through to the surface inheriting the chemical signature of its source (Rubin et al., 2009). 

Even though the nature of magmas derived from partial melting of the mantle is impacted by a 

number of processes that range from differences in melting conditions (pressure and temperature), 

igneous differentiation or melt mixing, underlying mantle source heterogeneity has a strong impact 

on the chemical diversity of mid-ocean ridge basalts (MORB) (Coogan and O’Hara, 2015; Mallick 

et al.; Meyzen et al., 2007; O'Neill and Jenner, 2012; Rubin et al., 2009). Deciphering the origin 

and extend of mantle heterogeneity, however, is challenging and requires well-defined chemical 

proxies that can be used to correct for secondary processes affecting the primary melt chemistry en 

route to the surface.  

Recent developments in stable isotope geochemistry have revealed that Fe isotope 

compositions (expressed here as δ57Fe relative to IRMM-524A) in ocean floor lavas are affected by 

petrogenetic processes (Nebel et al., 2018; Weyer and Ionov, 2007; Williams et al., 2018) and 

source heterogeneity (Nebel et al., 2013). Iron is a major element in most mantle minerals, including 

olivine and pyroxene, and occurs as ferric (Fe3+) and ferrous (Fe2+) species in the fO2 range of the 

upper mantle and the crust. Bond theory predicts that ferrous iron is preferentially associated with 

lighter iron isotopes (Rustad and Yin, 2009; Sossi et al., 2017). Dependent on olivine-rich vs 

pyroxene-rich sections and possible mass transfer of Fe through partial melting in the mantle, 

variations in δ57Fe are expected (Sossi et al., 2016; Teng et al., 2013; Williams et al., 2009). 

Recorded pyroxenite and peridotite Fe isotope composition highlights variability of Fe isotopes of 

mantle xenoliths (Beard and Johnson, 2004; Craddock et al., 2013; Weyer and Ionov, 2007; 

Williams and Bizimis, 2014; Williams et al., 2009). This variability in mantle xenoliths can 

potentially translate in MORB chemistry (Craddock et al., 2013; Poitrasson et al., 2013). Whilst 

partial melting in the mantle adds a systematic shift of up to 0.05‰ in melts, dependent on the 

degree of melting, and ca. 0.02‰ towards lower δ57Fe in residual mantle (Foden et al., 2018; Nebel 

et al., 2015), it remains unclear to which degree mantle heterogeneity, resultant from melt depletion 

and re-enrichment, plays into the observed variations in MORBs.  



Chapter 5  

 
108 

 

Table 5.1 – Major and trace element and iron isotope data of the Gakkel Ridge basalts (whole rock) and 
volcanic glasses (VG). Λ1 and λ2 – calculated after O’Neill (2016); 1 – estimated from Gale et al. (2013) 
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The ultraslow-spreading Gakkel Ridge in the Arctic Ocean offers a unique opportunity to 

investigate the relationship between mantle source variability and magmatic evolution on Fe isotope 

signatures. The Gakkel Ridge is sourced by a heterogeneous mantle ranging from depleted to 

enriched sections (Blusztajn et al., 2014; Goldstein et al., 2008; Stracke et al., 2011), yet, as to its 

remote nature, is one of the least studied spreading ridges on Earth. Along-ridge spreading rates 

vary from 12 mm/a in the West to 6 mm/a in the East (Michael et al., 2003), placing it on the lowest 

end of the spectrum of global oceanic ridges, and thereby being an ideal location for the 

investigation of the influence of spreading rate on Fe isotopes. Variations in spreading rate are, in 

general, linked to different styles of magmatism caused by differences in mantle potential 

temperatures, rift geometry and kinematics (Dick and Zhou, 2014; Okino et al., 2002; Rubin and 

Sinton, 2007; Rubin et al., 2009; Sauter et al., 2004). The mantle beneath ultraslow-spreading ridges 

is colder promoting rapid melt transport through dikes from weak and small mantle upwelling cells 

(Brandl et al., 2016; Phipps Morgan and Ghen, 1993) into crustal levels, where melt migrates 

horizontally. Hence, during melt ascent, melt is not channelled through suboceanic magma lenses 

(or ‘chambers’), as has been promoted for global ridges elsewhere (O'Neill and Jenner, 2012). 

Potential variability in Fe isotope composition along the Gakkel Ridge with variable spreading rates 

and source heterogeneity can thus be placed into the context of crystal fractionation versus source 

composition.  

5.2 Methods 
Basalts analysed in this study originate from two different areas, which cover a spreading 

rate from 13 mm/a (Western Gakkel Ridge region) to 10.3 mm/a (Eastern Gakkel Ridge region). 

Twenty two basalts from the Western Gakkel Ridge region with known major and trace elements 

systematics and, in parts, radiogenic isotope systematics (chapters 3 and 4) have been chosen for 

this study. Additionally, thirteen basalts from the Eastern Volcanic Zone (EVZ) have been crushed 

in a ceramic jaw crusher, milled in an agate mill to fine powder and analysed for their major and 

trace element compositions. Data for major and trace elements are provided in chapter 4 

(Supplementary Data Table 4.1). A detailed description of the sample locality is given in Table 5.1. 

In brief, 0.5 g of sample powder has been admixed with 12:22 Li metaborate and lithium 

tetraborate flux. The mixture has been fused using a Claisse M4 fluxer. The fused sample disc has 

been analysed for their major element content using a PANanalytical Axios Advanced WDS X-ray 

fluorescence (XRF) instrument coupled with a 4000 W Rh X-ray tube at the School of Earth 

Sciences, University of Tasmania. Fragments of each fused sample discs have been mounted in 1-

inch epoxy plugs and measured for the trace element content using laser ablation inductively 

coupled plasma mass spectrometer (LA-ICP-MS) in the Isotopia Laboratory at the School of Earth, 

Atmosphere and Environment, Monash University. Forty-two trace element compositions have 
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been determined using an ASI RESOlution SE 193nm ArF excimer laser coupled to a ThermoFisher 

Scientific ICapQ. Spot size, repetition rate and energy density was set to 80 µm, 10 Hz and 3 J/cm2, 

respectively. Four to five spots were measured on each fragment. A single analysis comprised of 

20 s background signal, 30 s data acquisition and 20 s washout. For data reduction and control the 

reference glasses NIST 610, NIST 612, BCR2G and BHVO2G have been bracketed after blocks of 

twenty unknowns. BCR2G has been used as calibration standard. As internal calibration Si 

(determined by XRF) was used. Data has been acquired in a time-resolved analysis mode and were 

reduced using a Microsoft EXCEL spreadsheet developed at the Max Planck Institute for Chemistry 

(MPIC) Mainz, Germany (Jochum et al., 2007; Longerich et al., 1996). 

Iron isotope measurements (δ57Fe) have been carried out in the Isotopia facility at the 

School of Earth, Atmosphere and Environment at the Monash University, Australia. Circa 150 mg 

of each sample has been dissolved in a mix of concentrated HF:HNO3 (ratio 1:5) and left for 24 

hours on a hotplate at 100°C. After the digestion, the samples have been dried down three times, 

after adding three drops of concentrated HNO3 and two drops of weak HCl-HF mixture to break 

the silica-calcium bonding. The samples were taken up in 2 ml of 9M HCl and have been then 

centrifuged to separate insoluble sample material (e.g., remaining Ca-fluorides), before the 

chemical separation of Fe from the rock matrix. For the Fe purification an anion resin AG1-X-8 

resin (Bio-Rad 200 - 400 μm mesh) was used to remove the matrix using the chromatographic 

procedure of Sossi et al. (2015) and Cheng et al. (2014). The extracted Fe has been introduced into 

the Ar plasma using a Thermo Scientific quartz cyclonic spray chamber. All samples were analysed 

in 2 % HNO3 using a NeptunePlus MC-ICP-MS with 53Cr, 54Fe, 56Fe, 57Fe, 58Fe, 60Ni and 61Ni ion 

beams measured simultaneously on Faraday cups (L4, L2, L1, C, H1, H2, H4) at medium resolution. 

Basalt samples have been analysed using the standard bracketing method. All data is reported 

relative to the international Fe isotope standard IRMM-524A (Craddock and Dauphas, 2011), which 

isotopically identical to IRMM-014 and is given in delta notation:  

δXFe (IRMM-524A) = [(XFe/54Fesample)/(XFe/54FeIRMM-524A) -1)] x 1000; 

where XFe refers to 57Fe and 56Fe, respectively, and XFe/54FeIRMM-524A is calculated as average from 

the bracketing standard values. Instrumental mass bias was further corrected in each analytical 

session by using a Ni ICP standard solution using the exponential fractionation law and assuming 

equal mass biases of Fe and Ni. The Ni solution has been admixed to the sample prior to isotope 

analyses and has been adjusted to 5 ppm Fe and 15 ppm Ni resulting in a ~700 mV for 57Fe, 

respectively. Each sample has been measured for a minimum of three times. Iron isotopes are 

reported as δ57Fe and δ57Feprim in this study. δ57Fe corresponds to the measured value of the rock, 

whereas δ57Feprim is the corrected value that represents the composition of a primitive melt in 

equilibrium with mantle. A detailed description of the calculation for δ57Feprim is given in Sossi et 
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al. (2016) and Nebel et al. (2018). The uncertainty is given as 1sd (standard deviation) in this 

contribution. The reproducibility of the analysis has been tested by the analysis of BHVO2 and 

BCR2. BHVO2 yielded a δ57Fe of 0.18 ‰ ± 0.02 ‰ and BCR2 in a δ57Fe 0.05 ‰ ± 0.04 ‰, which 

is within analytical error to published literature values (Foden et al., 2018; Nebel et al., 2015). Data 

for each sample and reference material are given in Table 5.1.  

5.3 Results 

5.3.1 Major and trace elements  
The most primitive Gakkel basalts with the highest MgO values are also characterised by 

high Ni concentration (average Ni = 174 ppm), low TiO2 (average 1.30 wt %), V/Sc ratio (average 

ratio = 7.74), whereas the more evolved basaltic melts have high TiO2 values (average = 1.79 wt. %), 

higher V/Sc (average ratio = 8.90 wt. %) and low Ni concentration (average Ni = 126 ppm) (Figure 

5.1).  

 

Figure 5.1 - Major and trace element versus iron isotope composition. MORB data from Teng et al. (2013) and data 
from the Lau Basin (Nebel et al., 2018) are used as comparison for the Gakkel Ridge region. (a) MgO versus δ57Fe shows 
no correlation. Basalts from the WVZ plot from depleted to enriched δ57Fe, whereas SMZ basalts plot towards positive 
values extending the existing MORB data base. (b) CaO versus δ57Fe. Basalts from the Gakkel Ridge have a lower CaO 
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compared to MORBs globally. Slight difference between the WVZ, and SMZ and EVZ visible. Basalts from the WVZ show 
no correlation, whereas basalts from the SMZ and EVZ have a negative co-variation suggesting possible compositional 
changes in the source. (c) TiO2 versus Δ57Fe shows an increase with increasing Δ57Fe. (d) Δ57Fe decreases exponentially 
with decreasing Ni content. (e) V/Sc versus Δ57Fe shows a negative co-variation for Δ57Fe <0.04 ‰ and a positive co-
variation for Δ57Fe >0.04 ‰ suggesting an increase of pyroxene in the melt for basalts from the WVZ and the SMZ. 
Basalts from the EVZ plot scatter a 0.02 ‰ range showing no correlation. 

Apart from the classification of the Gakkel basalts in primitive and evolved magmas, all basalts 

have high Na8.0, which is the Na content of melts calculated at 8 wt.% MgO (Klein and Langmuir, 

1987). The Na8.0 values show a negative trend with Zr/Nb, which is an indicator for mantle fertility 

(Figure 5.2).  

 

Figure 5.2 - Zr/Nb versus Na8.0 and δ57Feprim. With decreasing Zr/Nb increases the degree of partial melting (Na8.0) (a) 
and δ57Feprim (b). Basalts from the SMZ have the lowest degree of partial melting linked to enriched mantle source (high 
δ57Feprim). In comparison, basalts from the EVZ tend have a low degree of partial melting, which could be linked to the 
slow spreading rate and its lower geothermal gradient causing focussed melting from a deeper melt pool compared to 
the WVZ basalts that show higher degree of partial melting. The EVZ basalts show a wide range of δ57Feprim related to 
an extreme heterogeneous source. It has to be noted that solely basalts with MgO < 8.0 wt. % were plotted and corrected 
for Na8.0.  

Figure 5.3 shows the REE pattern of basalts described as λ1 and λ2, where λ1 describes the 

shape of the REE’s and λ2 their curvature (O’Neill, 2016). Basalts from the WVZ show on average 

lower λ1 and λ2 values, compared to basalts from the SMZ displaying higher λ1 and λ2 values, 

meaning a slight depletion of LREE over HREE of the WVZ basalts. Basalts from the EVZ display 

low Na8.0, similar to the SMZ basalts, but show a larger variability in Zr/Nb, indicating 

heterogeneity of the MORB source. Overall, the EVZ basalts show intermediate REE pattern 

plotting between the λ1 and λ2 range of the WVZ and the SMZ basalts. 

5.3.2 Iron isotopes  
The iron isotope composition of the Gakkel basalts range in δ57Fe from +0.10 ‰ ± 0.01 ‰ 

to +0.31 ‰ ± 0.04 ‰ (Table 5.1), with basalts from the SMZ displaying, on average, more positive 

δ57Fe values with +0.22 ‰ ± 0.02 ‰ than basalts from the WVZ and the EVZ with δ57Fe values 

+0.17 ‰ ± 0.03 ‰ and +0.16 ‰ ± 0.02 ‰, respectively (Figure 5.4). In order to assess the spread 

of Fe isotopes from the Gakkel Ridge MORBs, our results were compared to global MORBs (Teng 

et al., 2013) and basalts from the Lau Basin (Nebel et al., 2018). This allows for a direct comparison 
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with MORBs from faster spreading ridges and back-arc basin mantle to investigate (i) the role 

spreading rate, tentatively related to suboceanic magma chambers (Rubin and Sinton, 2007) and (ii) 

mantle source heterogeneity, such as metasomatic overprint or melt depletion as commonly found 

in subduction zones.  

 

Figure 5.3 - Rare Earth Element (REE) pattern versus δ57Feprim. (a) λ2 versus λ1 shows that the WVZ basalts have 
lower values than basalts from the SMZ. Basalts from the EVZ plot between the WVZ and SMZ basalts. (b) Data show 
co-variation between λ1 and Δ57Fe. (c) and (d) show the dependence on δ57Feprim with λ1. Basalts from the WVZ and the 
MZ display an exponential increase with δ57Feprim, whereas EVZ shows no co-variation. The two grey vertical dashed 
lines indicate a comparison with the DMM (Craddock et al., 2013) and MORB (Teng et al., 2013). λ2 versus λ1 has been 
calculated using the method of O’Neill (2016). MORB data have been plotted for comparison and calculated from Jenner 
and O'Neill (2012). 
 

Figure 5.4 highlights that the iron isotope composition of the Gakkel MORBs spread twice 

as much as previously reported MORBs. These variations are low compared to basalts from the Lau 

Basin, which range by 0.4 ‰ (Nebel et al., 2018), and global arc basalts with variations of 0.5 ‰ 

(-0.19 ‰ ± 0.03 ‰ to +0.31 ‰ ± 0.09 ‰, Foden et al., 2018). During the magmatic ascend from 

the source to the crust, crystal fractionation, predominantly olivine from primitive melts, will result 

in a melt residue that is potentially more oxidised and isotopically modified. As melt fractionates 

en route to surface, the ratio of ferrous (Fe2+) versus ferric (Fe3+) iron decreases, and the physical 

removal of a preferential Fe2+-species is accompanied by increasing δ57Fe (Teng et al., 2008; Teng 

et al., 2013; Weyer, 2008; Weyer and Ionov, 2007; Williams et al., 2004). To correct for this 

fractionation, to asses source variability, as outlined in section 5.2, olivine is incrementally added 
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to the melt until a composition that is in chemical equilibrium with a mantle of Mg# = 74 is achieved. 

This not only allows an approximation for the true Fe isotope nature of the melts at mantle depth 

(δ57Feprim), but also creates a calculated measure for isotope fractionation through crystal 

fractionation, expressed here as Δ57Fe (Δ57Fe = δ57Fe - δ57Feprim; Nebel et al., 2018; Sossi et al., 

2016). Results show that the most primitive basalts (MgO ~10 wt.%) exhibit a low Δ57Fe = 0.02 ‰, 

and that the more evolved (MgO ~7 wt.%) basalts yield expectedly higher Δ57Fe of > 0.04 ‰; with 

the EVZ hosting the most primitive basalts and SMZ – WVZ the more evolved ones (Figure 5.2).  

5.4 Discussion 
Iron isotope retain a memory of magmatic processes that effects melts en route to the 

surface (Nebel et al., 2018; Teng et al., 2008; Teng et al., 2013; Weyer, 2008), linking traditional 

major and trace element geochemistry 

with Fe isotopes offers additional 

insights into magmatic differentiation 

processes. In the following the effect of 

fractional crystallisation and source 

variability on Fe isotope composition 

will be discussed.  

 

5.4.1 The effect of fractional 

crystallisation on Fe isotope 

composition 
To discuss the effect of 

fractional crystallization of the basalts, 

we differentiate between evolved and 

primitive basaltic melt. As described in 

the results section, a higher Δ57Fe (> 

0.04 ‰) represents a more evolved melt, 

meaning that olivine has been removed 

from the melt. By removing olivine from the system, the fractionated melt inherits more ferric iron 

and develops a positive δ57Fe and consecutively a higher Δ57Fe. On the other hand, basalts with low 

Δ57Fe (< 0.04 ‰) are interpreted to reflect a more primitive melt. Primitive melts are further 

characterised by a high Mg# (Shaw et al., 2010). Figure 5.5 shows that basalts with a low Δ57Fe, in 

particular the EVZ basalts and partially the SMZ basalts, have a high Mg#. Both (Δ57Fe and Mg#), 

however, show an inverse correlation with increasing spreading rate, suggesting that fractional 

crystallisation has a greater influence on the Fe isotope composition at faster spreading ridges 

Figure 5.4 - Comparison of δ57Fe from different locations and 
tectonic settings. The colour coding indicates the differences 
between each segment, location and tectonic setting. The δ57Fe of 
MORB composition, calculated from Teng et al. (2013), and 
depleted MORB mantle (Craddock et al., 2013) are given as a 
reference. Lau Basin data is from Nebel et al. (2018) and island arc 
data is from Foden et al. (2018). 

 

 



Chapter 5  

 
115 

 

compared to those with a slower spreading rate (Figure 5.5). Hereafter, we elaborate the differences 

in Δ57Fe in relation to different spreading rates (ultraslow and slow).  

 

Figure 5.5 - Spreading rate dependency on Δ57Fe and Mg#. (a) Δ57Fe co-varies positively with increasing spreading 
rate, whereby magmatic processes at a spreading rate from 15 mm/a should be similar to the results from the WVZ. (b) 
Mg# decreases with increasing spreading rate suggesting an increase in magmatic differentiation. Changes in magmatic 
processes are visible within a spreading-rate variability of 3 mm/a.  

Spreading ridges > 15 mm/a are characterised by a high magmatic activity, higher mantle 

potential temperature and mid-crustal magma chambers (Brandl et al., 2016; Rubin and Sinton, 

2007). Even though the spreading rate at the WVZ is slightly lower, basalts from the WVZ show 

characteristics of such fast spreading regimes, such as higher magmatic activity, thick oceanic crust 

and potential existence of a magma lens in mid-crustal levels. Seemingly, this translates into Fe 

isotopes, where WVZ basalts indicate a much stronger control of crystal fractionation (Δ57Fe > 

0.04 ‰; lower Mg#) than basalts from the EVZ and the SMZ. The WVZ ridge segment is also 

characterised by a high magmatic activity (Michael et al., 2003; Schmidt-Aursch and Jokat, 2016). 

We, therefore, suggest that melts at the WVZ travel through a mid-crustal magma lens or crystal 

zone, as suggested by Bennett et al. (2019), en route to the surface (Figure 5.6 profile A – A’). The 

higher magmatic activity at the WVZ could be further related to higher mantle temperatures beneath 

the ridge segment, which in turn increases melt production and promotes the formation of a magma 

chambers (Rubin and Sinton, 2007; Schmidt-Aursch and Jokat, 2016). Within a magma chamber 

crystal fractionation is accompanied by magmatic recharge and magma mixing (O'Neill and Jenner, 

2012). Even though continuous magma recharge and homogenisation occurs in these chambers, the 

higher Δ57Fe of > 0.04 ‰ indicate that crystal fractionation is a dominant process and that melts are 

tapped at various stages of this process.  

Basalts with a Δ57Fe of < 0.04 ‰ are linked to a spreading rate slower than < 12 mm/a and 

occur in areas of low magmatic activity. The latter is typical for ultraslow-spreading rates (Dick et 

al., 2003; Michael et al., 2003; Rubin and Sinton, 2007), because of colder thermal upper mantle 

conditions (Bown and White, 1994; White et al., 2001). The cooler mantle thermal conditions 

causes the formation of a permeability barrier in deeper levels (i.e., in the upper mantle), where 
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melts may be pooled (Wanless et al., 2014). From there the melt can ascend rapidly to the crust 

with minor crystal fractionation or wall-rock-interaction (Figure 5.6 profile B-B’). The rapid melt 

transport suggest that primitive magma compositions can be preserved (Figure 5.6 profile B-B’). 

Notable is that basalts from the EVZ show high Mg# and no co-variation of trace elements (V/Sc; 

Figure 5.1e) with the degree of fractionation (Δ57Fe). We therefore suggest that the Fe isotope 

compositions of the EVZ basalts closely resemble those of their mantle source with only minor 

crystal fractionation, wall-rock-interaction, and most critically no homogenization in suboceanic 

magma slurries.  

Two basalts, one at 20°E and one at 30°E outlie from their respective ridge segment. The 

first sample at 20°E is from the SMZ (PS 59 251-4; Δ57Fe = 0.01 ‰) and shows high Mg#, Ni, TiO2 

and V/Sc ratio (Figure 5.1). The high Mg# and Ni content reflects a primary melt composition with 

a source having a higher modal amount of olivine. Titanium and V are preferably incorporated in 

pyroxene. The higher TiO2 content and V/Sc suggest a higher modal amount of pyroxene. We 

interpret this sample to reflect the composition of a cumulate such as an olivine-rich gabbro. 

Cumulates typically occur in magma chambers or in small local magma lenses (Figure 5.6 profile 

B - B’) at lower crustal level (Ross and Elthon, 1993). Melt ascending from lower crustal levels to 

the surface does not undergo much crystal fractionation or wall rock interaction, due to a rapid melt 

transport. The latter would explain the low Δ57Fe of 0.01 ‰, calculated for this sample. The second 

sample from the EVZ at 30°E shows a higher degree of fractionation (Δ57Fe > 0.04 ‰) and generally 

plots within the WVZ basalt range (Figure 5.1). The area around 30°E could be linked to an 

occurrence of a melt lens or crystal mush zone in crustal levels (Bennett et al., 2019), which 

increases Δ57Fe (as suggested for WVZ basalts).  

5.4.2 Mantle source variability at the Gakkel Ridge 
As briefly discussed in the section above, crystal fractionation affects the iron isotope 

composition by 0.01 ‰ to 0.06 ‰. The iron isotope composition of the Gakkel MORBs, however, 

range over 0.2 ‰. The broad δ57Fe range suggest that the isotope variability must be inherited from 

a heterogeneous mantle source. To discuss the effect of source heterogeneity in the context of 

radiogenic isotope systematics, the samples are separated into two different regions, based on Sr 

and Pb isotopes (Goldstein et al., 2008). The first region is the Western Gakkel Ridge region, 

comprised of the WVZ and the SMZ, and the second region is the Eastern Gakkel Ridge region, 

solely comprised of the EVZ. 

5.4.2.1 The Western Gakkel Ridge region  
Basalts from the WVZ and the SMZ differ in their major and trace element compositions 

(Figures 5.2 and 5.3), which may be related to mantle source heterogeneity. The WVZ basalts have 

a slightly low Na8.0, lower δ57Feprim and are slightly depleted in LREE compared to basalts from the 
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SMZ. Co-variations of REE pattern with δ57Feprim, the latter being the isotope signature of the 

mantle source, suggest that neither olivine nor pyroxene fractionation affects LREE/HREE 

composition of the basalts. Instead, the data suggest that the differences of the REE pattern are 

inherited from the mantle source. Dick and Zhou (2014) suggested that a high Na8.0 reflects source 

depletion by pre-existing partial melting events. Figure 5.2 indicates co-variations between 

decreasing Na8.0 and decreasing Zr/Nb. Combined, it is inferred here that the SMZ samples the most 

depleted mantle source, whereas the WVZ contains a more fertile, ordinary MORB source.  

 

Figure 5.6 - Simplified model (after Brandl et al., 2016; Nebel et al., 2015) of the upper mantle beneath the Western 
Gakkel Ridge region. Basalts from the SMZ (red dots) sample a metasomatic enriched mantle domain, as suggested in 
chapter 3 it is possible that the SMZ resemble a fossil mélange diapir, from a pre-existing subduction zone in this area 
120 Ma, whereas basalts from the WVZ sample upwelling mantle from a pre-existing back-arc basin (chapter 3). Two 
profiles in the upper part of the figure represent the melting process beneath the ridge segment. Profile A-A’ shows a 
transect through the WVZ. Based on findings from this contribution, the profile shows a mid-crustal magma chamber that 
formed due to higher magmatic activity. Within the magma chamber homogenisation and crystal fractionation occurs 
which affects the iron isotope composition. Instead, profile B – B’ represents the magmatic process for the EVZ and the 
SMZ. See text for further explanation. It has to be noted that the crustal thickness in the sketches between A – A’ (thick 
crust – 4 to 7 km) and B – B’ (thin crust - ~1.5 km) is different, because of difference in magmatic activity. 

The isotopically heavy δ57Feprim (> 0.15 ‰) in the SMZ and the WVZ basalts exceed values 

for other MORB samples outside analytical scatter and are thus due to an enrichment of heavy Fe 

isotopes in the mantle. Whilst mantle depletion, as indicated by Na8.0 and Zr/Nb lowers the Fe 
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isotope signatures of the mantle (Foden et al., 2018; Nebel et al., 2013; Nebel et al., 2018), 

enrichment in heavy Fe isotopes requires a physical component added to the mantle source of the 

basalts, and signals a direct disconnect between the two parameters. The effect of partial melting, 

even for very low degrees, is too small to elevate primitive melts to > 0.05 ‰. This is also true for 

more oxidised mantle sections, where higher Fe3+, which is considered to be more incompatible 

during mantle melting than Fe2+ (Canil et al., 1994; O'Neill et al., 2018), is more prevalent.  

A solution to this conundrum and a feasible scenario for heavy Fe isotopes in the mantle 

are pyroxenites (Williams and Bizimis, 2014). Experimental and field studies have shown that small 

modal amounts (< 4 %) of pyroxenite within a MORB source can significantly affect the trace 

element budget of extracted melts, in particular LREE (Hirschmann and Stolper, 1996; Lambart et 

al., 2013; Pertermann and Hirschmann, 2003; Warren, 2016). Hence, it is inferred here that 

pyroxenite is the reason for the elevated LREE in basalts with elevated δ57Feprim. 

The source for the pyroxenitic assemblages with increased δ57Fe remain enigmatic. Clear 

is that metasomatic, likely melts or fluids must have enriched the MORB source in Fe3+. Melting of 

these enriched mantle domains resulted in more positive δ57Fe than ordinary mantle. Metasomatic 

enrichment of the mantle must have occurred prior to mid-ocean ridge genesis, since heavy iron 

isotope signatures are not only prevalent in the SMZ but also the WVZ. Spreading rate is, however, 

not related to this feature, but rather associated to magma lenses that are seemingly not capable of 

erasing them. 

5.4.2.2 The Eastern Gakkel Ridge region 
The Eastern Gakkel Ridge regions appears more heterogeneous in δ57Feprim than the WVZ 

and the SMZ. The iron isotopes composition of the EVZ ranges between +0.06 ‰ to +0.24 ‰, 

confirming the heterogeneous character of the mantle below EVZ ridge segment from other studies 

(Liu et al., 2008; Wanless et al., 2014). The variation in δ57Feprim does not only occur along the 

entire ridge segment, but also in samples from a single dredge. At 61°E, the iron isotope 

composition ranges from DMM-like values to highly enriched mantle values, implying that 

chemical heterogeneities also exist on a smaller scale (km - range). Magma mixing and mingling 

in suboceanic chambers or lenses potentially erases such heterogeneity (Rubin et al., 2009), such 

as for basalts from faster spreading segments (> 12 mm/a).  

Intriguing is that previous studies (Liu et al., 2008; Stracke et al., 2011) reported mantle 

sections that are extremely depleted at approximately 65°E. Melt-depleted mantle at convergent 

margins extends towards negative δ57Fe (< +0.05 ‰). Basalt from the EVZ, however, do not show 

such light values in δ57Feprim. It remains unclear why this signature is not reflected in Fe isotopes, 

but such depletion is either also of localised nature, a rather unusual, rare find or do not contribute 

substantially to melt extruded at the ridge above (Byerly and Lassiter, 2014). Alternatively ultra-
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depleted mantle lithologies are more abundant, but with very spatial limitations and no effect on 

δ57Fe.  

5.5 Conclusion  
This study assesses the effect of magmatic differentiation and mantle source heterogeneity 

on the Fe isotope composition of MORBs from the ultraslow-spreading Gakkel Ridge. We draw 

the following conclusions: 

(1)  Crystal fractionation (monitored though Δ57Fe) affects the δ57Fe by at least ~ 0.04 ‰ 

at faster spreading rates (> 12 mm/a). This process is ascribed here to the development 

of magma chambers in mid-crustal levels, where melt undergoes magma mixing and 

fractionation (Brandl et al., 2016; Rubin and Sinton, 2007). At ultraslow-spreading 

regimes with < 12 mm/a, δ57Fe of basalts are mainly affected by its MORB source.  

(2) Mantle source variability (on large and small scale) effects the iron isotope composition 

causing a larger variability in δ57Fe, which is also reflected in trace element abundances 

and is not entirely erased through magma chamber processes.  

(3) Gakkel Ridge basalts extend the existing MORB database towards heavier values and 

demonstrate that MORB sources contain enriched mantle components (such as 

pyroxenite), which contribute to geochemical variation (especially REE) as suggested 

in previous studies (Byerly and Lassiter, 2014; Hirschmann and Stolper, 1996; 

Rosenthal et al., 2018). However, more detailed studies are required to further elucidate 

the role of pyroxenites in the source of MORB and their relation to Fe isotope 

systematics.  
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This image reflects saturation differences, such as between basalts. Is the basalt S-saturated or S-
undersaturated?  
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Abstract  
Ocean floor lavas from mid-ocean ridges are generally considered to be S-saturated. 

Sulfide saturation in mantle-derived melts is dependent on the melt generation (pressure, 

temperature) and the melt chemistry; in particular Fe content, the degree of melting and 

possibly mantle source depletion. Sulfur saturation of erupting ocean floor lavas has long 

been proposed to be affected by magmatic differentiation. Whether this occurs along a 

liquid line of descent or in suboceanic magma reservoirs remains unknown. Here, sixteen 

basalts from the ultraslow-spreading Gakkel Ridge in the Arctic Ocean, have been 

analysed for their platinum group element (PGE) concentration, of which nine were 

chosen for stable S isotope analysis with the aim to test if near-primitive MORBs are S-

saturated. Ultraslow-spreading ridges produce rare, near-primitive MORBs (defined here 

with MgO > 8.5 wt.%) that supposedly have not been affected by magma reservoir 

processes. Our data show that the concentration of I-PGE (Ru-Ir) in near-primitive melt 

increases towards 8.5 wt.% MgO and then decreases along with magmatic differentiation, 

coincidental with a sharp drop in Cu concentration. It is proposed that primitive melts 

below the MgO threshold of 8.5 wt.% are sulfide undersaturated and that the increase in 

I-PGE concentration attributes to dissolution of monosulfides en route to the surface. 

More evolved erupting lavas appear to have reached S saturation, which is proposed here 

to be promoted by S incubation in steady-state magma chambers. This scenario is in line 

with a sudden drop in the Cu concentration, plausibly triggered by the segregation of Cu-

sulfide phases at S saturation. We conclude that primitive magmas that rise to the surface 

are likely S-undersaturated, at least at the ultraslow-spreading Gakkel Ridge. Sulfide 

saturation, however, is achieved in more evolved MORBs with an S content at sulfide 

saturation similar to other MORB, proposed here to be associated with recharge-

fractionation magma lenses, as observed in some Gakkel lavas. 



 

 



Chapter 6  

 
127 

 

6.1 Introduction 
Magma erupting along mid ocean ridges are generally considered to be sulfide saturated 

(Keays, 1995; Reekie et al., 2019). The saturation in sulfur stems from the fact that mantle melts 

can solely dissolve ca. 350 ppm S at a pressure of ca. 3 GPa at sulfide saturation (termed sulfide 

content at sulfide saturation; SCSS) (Mavrogenes and O’Neill, 1999). At a lower pressure of ca. 1 

GPa, which is the presumed pressure range for the MORB genesis, and a degree of melting of ≤ 

20% primitive melts can presumably saturate in sulfur that originates from a mantle with ca. 200 - 

250 ppm S (Lorand, 1990; O'Neill, 1991). During magma ascent, a drop in pressure and increasing 

Fe content through olivine fractionation will supposably elevate the SCSS (Jugo, 2009; O’Neill and 

Mavrogenes, 2002; Smythe et al., 2017; Wykes et al., 2015). It remains unclear if the degree of 

fractionation and the associated increase in incompatible S is sufficient to keep melts S-saturated 

to counterbalance the elevated potential at SCSS. The latter process, however, seems plausible and 

likely, because of the S-saturated nature of MORB. At present, it is not known whether the S 

saturation is a function of suboceanic magma reservoirs, in which fractionation, replenishment and 

evacuation can act as an S incubator, or not.  

Platinum group elements (PGE) are siderophile elements and in the absence of free metal 

have a highly chalcophile character (Bézos et al., 2005; Jenner, 2017; Patten et al., 2013). Together 

with other chalcophile elements (e.g., Cu, Se, Te), this group of elements are sensitive to the 

removal of sulfides in melts and are a potential tracer for sulfide saturation along a liquid line of 

descent (Ding and Dasgupta, 2018; Lee et al., 2012; e.g., Lissner et al., 2014). In the Earth’s mantle, 

PGE’s are preferably incorporated in iron-sulfides, tellurides, selenides or forming platinum group 

minerals (PGM); and can be divided in two sub-groups:  I-PGE (Ir – PGE: Os, Ir, Ru) and P-PGE 

(Pt – PGE: Pt, Pd) (Barnes et al., 2015; Becker et al., 2006; Fiorentini et al., 2010; Fiorentini et al., 

2011). During partial melting of the mantle, I-PGE are more compatible than P-PGE and are 

preferentially retained within the mantle source and incorporated into residual sulfides, PGM 

(Lorand et al., 2008) or PGE-rich alloys as inclusions in e.g., Cr-spinel (e.g., Ballhaus, 1995; Fleet 

and Stone, 1991; Lorand et al., 1999; Park et al., 2012), whereas P-PGE become enriched in the 

melt (Bézos et al., 2005). The decoupling of PGE’s during mantle melting and MORB petrogenesis 

has been the focus in a range of studies (e.g., Bézos et al., 2005; Dale et al., 2008; McDonough and 

Sun, 1995; Palme and O'Neill, 2014). However, the complex geochemical behaviour of I- vs P-

PGE and their affinities for sulfides vs silicates (Fleet et al., 1996; Fleet and Stone, 1991; Peach 

and Mathez, 1993), external parameter such as temperature, pressure, oxygen fugacity (fO2), sulfur 

fugacity (fS2) and sulfur availability in the mantle (Ding and Dasgupta, 2017; Ding and Dasgupta, 

2018; Fleet and Stone, 1991; Jugo, 2009; Smythe et al., 2017; Williams et al., 2018; Wykes et al., 
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2015), and ultimately prior melt depletion add further complexity causing substantial variations in 

PGE distribution that are, in combination, not well constrained.  

In this study, we aim for an improved understanding of PGE behaviour during early MORB 

petrogenesis, with focus on ultraslow-spreading ridges and possible variable MORB sources. Rare, 

dredged seafloor basalts from the remote ultraslow-spreading Gakkel Ridge (6 - 15 mm/a) have 

been investigated for their PGE systematics complemented with S isotopes in selected samples. The 

ridge is known to be sourced by a heterogeneous mantle source (D’Errico et al., 2016; Goldstein et 

al., 2008; Liu et al., 2008; Stracke et al., 2011; Warren and Shirey, 2012) and with along-ridge 

variations in magmatic activity (Dick et al., 2003; Michael et al., 2003). Samples investigated here 

have previously been analysed for their major and trace elements, radiogenic isotopes (Sr, Pb, Hf) 

and Fe isotope systematics, making these rocks an ideal suite to investigate different aspects of S 

saturation. 

6.2 Geological setting 
The ultraslow-spreading Gakkel Ridge in the Arctic Ocean extends for 1200 km from the 

northeast coast of Greenland to the northwest coast of Siberia and is one of the youngest and least 

studied mid-ocean ridges on Earth (Dick et al., 2003). The spreading ridge started to open up at 

around 60 to 30 Ma ago when the continental plates Eurasia – Arctic and Greenland - Svalbard 

started to break apart (Alvey et al., 2008; Shephard et al., 2013). The Gakkel Ridge is divided in 

three different segments, the Western Volcanic Zone (WVZ), the Sparsely Magmatic Zone (SMZ) 

and the Eastern Volcanic Zone (EVZ) (Michael et al., 2003). The WVZ is characterised by a higher 

magmatic activity linked to a faster spreading rate (12 mm/a), whereas the SMZ and the EVZ have 

a low magmatic activity related to slower spreading rate ranging from 11 mm/a to 6 mm/a, 

respectively (Michael et al., 2003).  

Besides changes in spreading rate and magmatic activity the Gakkel Ridge is separated into 

two chemically distinct areas (Goldstein et al., 2008), the Western and the Eastern Gakkel Ridge 

region. The Western Gakkel Ridge region (WVZ, SMZ) is characterized by more evolved MORBs 

displaying MgO content of 9.0 – 6.5 wt.% (Gale et al., 2014). Trace element and radiogenic isotope 

systematics show elevated Ba/Th and high radiogenic 87Sr/86Sr and 208Pb/204Pb ratios linked to re-

enrichment events in the upper mantle region (Goldstein et al., 2008 and chapter 3). MORBs from 

the Eastern Gakkel Ridge region (EVZ) have primitive MgO values (~ 9.0 to 10.5 wt.%; Gale et 

al., 2014) and thought to result from congruent mantle melting (Wanless et al., 2014). Hafnium, Os 

and Pb isotope studies on abyssal peridotites of the Eastern Gakkel Ridge region suggested that the 

mantle has been affected by depletion and re-enrichment event that occurred 2 Ga (Liu et al., 2008; 

Stracke et al., 2011; Warren and Shirey, 2012).  
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6.3 Methods 
Basalts of known major and trace element, as well as radiogenic isotope composition have 

been dredged from the ocean floor during five individual expeditions to the Arctic Ocean: Polarstern 

59, Polarstern 66, PS 86, Polarstern 101 and Healy 102. Sixteen basalts were chosen for PGE 

analysis showing unusual high and low Ba/Th, Sr, Pb and Fe isotope signatures of each individual 

ridge segment from different locations. In total, twenty volcanic glasses from all three ridge 

segments combined were analysed for major/minor and trace element compositions of which 9 

volcanic glass samples with highest and lowest sulfur concentration have been chosen for S-isotope 

analysis.  

6.3.1 Major element, trace element and S content of the volcanic glass  
Major and minor (S) element concentration of the twenty volcanic glass fragments, 

mounted in one-inch epoxy resin discs, were determined using an Electron Microprobe Jeol JXA 

8530F (Hyperprobe) at the Commonwealth Science and Industry Research Organisation (CSIRO) 

in Melbourne. The analyses were performed using an acceleration voltage of 15 kV, an emission 

current of 70 µA and a beam current of 11 nA. The beam diameter was set to 20 µm. The major 

and minor elements were measured using four different crystals: LIF (Fe, Mn), PETJ (P, Ti and K), 

AI (Na, Mg, Al and Si) and PETM (S). Ten to 12 spots were measured on each sample. The 

calculated average of all measured spots has been taken as the sulfur content of the volcanic glasses. 

Uncertainty is given in 1σ. Major and minor element data is provided in Table 6.1.  

 The trace element composition of the volcanic glass were determined in the Monash 

Isotopia Laboratory at the School of Earth, Atmosphere and Environment. Fourty-three trace 

elements (Na, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Mo, Cs, 

Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Pb, Th and U) were analysed 

using an ASI RESOlution SE 193nm ArF excimer laser coupled to ThermoFisher Scientific 

ICapTQ (RF power = 1548 W; ablation cell gas flow = 550 ml/min He + 0.05 ml/min N2; nebulizer 

gas flow = 1.0049; auxillary gas flow 0.7718 L/min Ar). The oxide production (ThO+/Th+) rate was 

kept < 1 % and the Th/U (determined on NIST 610) was ~ 0.98. Five spots with a spot size of 80 

µm were set on each sample and were analysed using a repetition rate of 10 Hz and an energy 

density of 3.0 mJ (attenuator 50%). One single analysis comprised of 20 s background, 30 s ablation 

and 20 s of washout. Blocks of twenty unknowns were bracketed with a block of two to three 

analyses of NIST 610, NIST 612, BHVO2G, and BCR2G. BCR2G has been used for normalisation. 

To control the quality and reproducibility of the analysis, NIST 610, NIST 612 and BHVO2G has 

been used as reference material. Relative standard error (RSE) of Cu and REE for BHVO2G 

resulted in an uncertainty of 32 % to and < 2 %, respectively. The uncertainty of Cu is fairly large, 

but does not affect the trend shown in this study. The absolute deviation from the literature value  
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is on average 40 ppm (Jochum et al., 2005). However, data obtained during the analytical session 

is coherent with whole-rock basalt trace element data as discussed in chapter 2. Silica (determined 

by EMPA analysis) has been used as calibration standard. The laser ablation data was acquired in 

a time-resolved mode and reduced using an MS Excel spreadsheet developed at the Max Planck 

Institute for Chemistry (MPIC) Mainz, Germany. The data reduction method has been described by 

Jochum et al. (2007) and Longerich et al. (1996). Data and uncertainty is provided in the 

Supplementary Data Tables 6.1 and 6.2.  

6.3.2 Whole rock PGE analysis 
Sixteen samples from the Gakkel Ridge were analysed in two analytical sessions for their 

PGE concentration. Whole rock PGE (Os, Ir, Ru, Pd, Pt) were determined using a Ni-sulfide fire 

assay isotope dilution method as described by Park et al. (2012). Two grams of the whole rock 

sample powder has been admixed with, Ni, S and Na borax powder (S252-10, Fisher Scientific). 

The sample:Ni:S:Na-borax ratio was 10:1:0.5:10. All components were mixed thoroughly together 

and were spiked with a PGE-Re solution with 99Ru, 105Pd, 185Re, 190Os, 191Ir, and 195Pt. The admixture 

was fused in a preheated furnace at 1,100 °C for 20 min. Then, the quenched sample-Ni-sulfide 

beads were dissolved in 6M HCl and filtered through filter paper prior sample digestion in a mixture 

of concentrated HNO3 and concentrated HCl (aqua regia). After filtering, the solution was dried 

down to approximately 100 μl and taken up in 5 ml of 2 % HNO3 for ICP-MS analysis.  

The isotope analyses has been undertaken using a ThermoFisher Scientific ICapQ ICP-MS 

in the Korea Polar Research Institute, South Korea. The sensitivity of the instrument during the 

analysis was approximately 2.5 x 105 cps/ppb for mass 115. Oxide production rate represented by 

CeO/Ce was < 1.9 %. Isobaric interferences during the analysis have been determined by analysing 

single element solutions containing Ni, Cu, Zn, Co, Hf, Mo, Zr, and Ta. The effects of the molecular 

isobaric interferences have been subtracted using measured argide and oxide production rates. The 

correction was negligible for all PGE’s, but 61Ni40Ar and 62Ni40Ar interference on 101Ru and 102Ru, 

respectively was substantial for most samples mainly due to low Ru concentrations in the samples. 

The differences in Ru concentration before and after the correction range from 0.001 ppb to 0.031 

ppb. Osmium, Ir, Ru, Pt and Pd concentrations were determined by isotope dilution using 
190Os/189Os, 191Ir/193Ir, 99Ru/101Ru, 195Pt/194Pt and 105Pd/108Pd ratios, respectively. Ruthenium 

concentrations obtained using 99Ru/101Ru and 99Ru/102Ru are consistent with each other, exhibiting 

the validity of the interference correction.  

Procedural blanks were determined on sample-free mixture of Ni, S and Na borax breads 

using 2 g of Na-borax, 0.5 g of Ni and 0.25 g of S. The procedural blank has been determined by 

an average of three individual analyses and has been then subtracted from the sample data. Average 

procedural blanks is 12 pg Os, 6.4 pg Ir, 8.9 pg Ru, 172 pg Pt, 82 pg and Pd, 4.3 pg. Below 
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determination limit calculated by 2 standard deviation of procedural blanks are 11 ppt Os, 3 ppt Ir, 

5 ppt Ru, 69 ppt Pt and 17 ppt Pd for 2 g sample. To monitor the accuracy and precision of the 

analyses, reference sample TDB-1 was measured in each analytical session. The average PGE 

values for TDB-1 resulted in 0.080 ppb for Os, 0.073 ppb for Ir, 0.176 ppb for Ru, 5.034 ppb for Pt 

and 27.57 ppb for Pd which are in line with literature values (0.12 – 0.16 ppb for Os; 0.08 ppb – 

0.15 ppb for Ir, 0.2 ppb – 0.33 ppb for Ru, 3.7 ppb – 5.8 ppb for Pt and 20 ppb – 25 ppb for Pd; 

(Meisel and Moser, 2004; Peucker-Ehrenbrink et al., 2003; Plessen and Erzinger, 1998; Tagle and 

Claeys, 2005), although Os is slightly lower. Furthermore, duplicate analyses were measured for 

the following samples: HLY102 D011 – 19; HLY 102 D036 – 35; HLY102 D037 – 5; HLY102 

D038 – 6; PS59 – 251 -4 and yielded in a relative deviation of < 6% for Ru, Pt, Pd and < 30% for 

Ir and Os. Sample data and measured reference material values are given in Table 6.2. 

6.3.3 Sulfur isotope measurement 
Nine volcanic glass samples (4 from the WVZ, 2 samples from the SMZ and 3 samples 

from the EVZ) were processed using procedures similar to that described by Labidi et al. (2012). 

Circa 1 g of volcanic glass was thoroughly cleaned in an ultrasonic bath to remove any dust particles 

or iron oxides from the sample prior crushing to a fine powder (~ <63 µm) using a steel mortar and 

pestle. After crushing, the samples were weighed in and transferred into a Teflon Apparatus. Once 

in the apparatus, the samples were degassed with N2 for ~15 minutes. After degassing, the samples 

were acidified and digested in heated 10 ml of 3.2M CrCl2, 5 ml of 12M HCl, and 5 ml of 29M HF. 

The sulfides were released as H2S and trapped as Ag2S in an acidic AgNO3 trap solution. The 

captured Ag2S was then rinsed and centrifuged six times with Milli-Q water and dried overnight in 

an oven at 55 °C. Once dried, the samples were wrapped in aluminium foil and reacted with F2, in 

heated nickel tubes overnight, to produce SF6 (sulfurhexaflouride) The SF6 was then purified using 

a series of cryogenic techniques and a gas chromatograph.  

 Sulfur isotope compositions were determined using a dual-inlet ThermoFinnigan MAT gas 

source mass spectrometer in the Department of Geology at the University of Maryland, College 

Park. The sulfurhexaflouride was measured by monitoring SF5
+ ion beams at m/z of 127+, 128+, 

129+, and 131+. Each sample was analysed as nine sets of eight, each 26 second cycles, and 

normalized to bracketed analyses of a single reservoir of the reference material, IAEA-S1. 

Uncertainty on the measurements are estimated using the long-term uncertainty (2σ) of the IAEA-

S1 reference material: 0.3‰, 0.008‰, and 0.3‰ for δ34S, ∆33S, and ∆36S respectively. The data are 

reported relative to Canyon Diablo Troilite (CDT) using the calibration in Antonelli et al. (2014) 

and Dottin et al. (2018) for IAEA-S1: δ33S= -0.091 ‰, δ34S= -.401‰, δ36S= -1.558‰, Δ33S= 

0.116‰, Δ36S= -0.796‰. Data and uncertainties are provided in Table 6.1.  
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Table 6.1 – Major element concentrations and S isotope ratios of the volcanic glasses. 
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Table 6.2 – Trace element, isotope and PGE data of the Gakkel basalts. B.D.L – below detection limit; *Peucker-
Ehrenbrink et al. (2003); Plessen and Erzinger (1998);Tagle and Claeys (2005); Meisel and Moser (2004); 1 – data 
from chapter 3; 2 – data from chapter 5 
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6.4 Results 

6.4.1 Major elements and S content of the volcanic glasses 
Similar to whole-rock analyses, volcanic glasses from the Gakkel Ridge show a primitive 

character of the EVZ samples displaying a high MgO (average of 9.0 wt%) and a low FeO content 

(average of 8.24 wt.%) (Figure 6.1). The primitive character of the EVZ volcanic glasses is further 

reflected in their low S concentration ranging between 844 ppm to 977 ppm; conform to previous 

S analysis on a different sample set (Shaw et al., 2010). In contrary to the EVZ samples, volcanic 

glasses from the Western Gakkel Ridge (WVZ, SMZ) region display a slightly lower MgO (7.10 – 

7.97 wt. %) and slightly higher FeO (8.81 wt.% – 9.15 wt. %).  

The evolved character of the samples from the Western Gakkel Ridge region is also 

reflected in a higher S concentration (> 1000 ppm). From East to West the sulfur concentration in 

the basalts increases, which could be an effect of increasing crystal fractionation, because FeO 

increases and MgO decreases with fractionation (Figure 6.1). The S-MgO trend in Figure 6.1b 

further indicates that the basaltic melt was S-saturated en route to the surface, because all samples 

co-align with the sulfur content at sulfide saturation (SCSS), as calculated by Smythe et al. (2017). 

 

Figure 6.1 - Sulfur concentration versus FeO and MgO content of the volcanic glasses. (a) with increasing sulfur 
content FeO increases. Samples from the WVZ differentiate from the samples from the EVZ and SMZ. The dotted 
horizontal line marks the S concentration (1040 ppm), where sulfur-saturation occurred. This has been estimated from 
the Fe isotope systematics. (b) The measured volcanic glasses lie on the sulfur concentration at sulfide saturation (SCSS) 
line. SCSS has been determined by Smythe et al. (2017). Sulfur concentration increases with increasing fractionation. 
MORB data has been taken from Jenner and O'Neill (2012).  

6.4.2 Sulfur isotopes 
The sulfur isotope (δ34S) ratio at the Gakkel Ridge does not change significantly between 

the segments ranging from -1.0 ‰ ± 0.3 ‰ to +0.28‰ ± 0.3 ‰ with an average of -0.56 ± 0.3 ‰ 

(Figure 6.2). Sulfur isotopes from the Gakkel Ridge deviate on average by +1.0 ‰ from the depleted 

MORB mantle (δ34S = -1.44 ‰ ± 0.5 ‰; Labidi et al., 2012; Labidi et al., 2014; Labidi et al., 2013). 

Even though the difference in δ34S of volcanic glasses among the three Gakkel Ridge segments is 
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not significant, samples from the SMZ display a marginally heavier δ34S isotope signature (-0.27 ‰ 

± 0.3 ‰) than basalts from the WVZ (-0.72 ‰ ± 0.3 ‰) and the EVZ (-0.56 ‰ ± 0.3 ‰).  

6.4.3 Platinum group elements 
Whole rock PGE analysis shows a slight enrichment of Os in basalts from the WVZ and 

EVZ compared to global MORB. A few samples from the WVZ are slightly depleted in Ir, whereas 

samples from the EVZ show an inverse trend (Figure 6.3d). The data has been linked with iron 

isotopes of its source (δ57Feprim; values taken from chapter 5; Figure 6.4), which can serve as an 

independent measure for the diversity of the source of the melts and igneous differentiation, 

especially with respect to magma chamber processes. Our result indicate a slightly different 

behaviour of I-PGE (Ir-Ru) with decreasing δ57Feprim (Figure 6.4a and 6.4b). Figure 6.4a shows a 

constant Ir concentration between δ57Feprim = +0.25 ‰ and +0.15 ‰, whereas for δ57Feprim < +0.15 ‰ 

the Ir content in basalts slightly increases. Ruthenium shows an inverse trend. Between δ57Feprim of 

+0.25 ‰ and +0.15 ‰ Ru slightly increases and for δ57Feprim < +0.15 ‰ Ru shows constant values 

(Figure 6.4b). P-PGE, however, show no changes with δ57Feprim (Figure 6.4d). 

To test whether the geochemical behaviour of the PGE changes due to magmatic 

differentiation; Δ57Fe has been calculated (calculation described by Nebel et al., 2018; Sossi et al., 

2016), which provides the difference between the source (given as δ57Feprim) and the basalt (δ57Fe), 

which is used as an indicator for the degree of isotope fractionation. The I-PGE elements, Ir and 

Ru, increase with degree of fractionation (until Δ57Fe of < 0.04 ‰). For Δ57Fe values of > 0.04 ‰ 

Figure 6.2 - Comparison of sulfur isotope 
composition (δ34S) of different tectonic 
settings. The coloured squares represents 
different tectonic settings. Sulfur isotope 
composition of MORB from the three main 
oceanic basin are highlighted in grey. 
MORB data has been compiled from Labidi 
et al. (2012); Labidi et al. (2014); Labidi et 
al. (2013). In general, δ34S of MORBs 
ranges between DMM (Labidi et al., 2013) 
and chrondrite value (Gao and Thiemens, 
1993a; Gao and Thiemens, 1993b) 
highlighted as grey dashed vertical lines. 
MORB from the SMZ plot towards the 
upper boundary of MORB and lower 
boundary of Mariana back-arc basin 
basalts (BABB; Alt et al., 1993). Island arc 
lavas from the Mariana and Indonesian arc 
are plotted for comparison (Alt et al., 1993; 
de Hoog et al., 2001). 
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the I-PGE decrease (Figures 6.5a and 6.5b), whereas P-PGE show no changes. The observed 

differences between P-PGE and I-PGE could be either related to differences within the mantle 

source or to magmatic differentiation, which will be discussed further. 

 

Figure 6.3 - PGE (Os, Ir, Ru, Pt, Pd) pattern of the Gakkel basalts of all three ridge segments. (a) Western Volcanic 
Zone, (b) Sparsely Magmatic Zone, (c) Eastern Volcanic Zone and (d) shows the average of each ridge segment. All data 
has been normalized on primitive mantle values of McDonough and Sun (1995). MORB data compiled from Bézos et al. 
(2005) and Arevalo and McDonough (2010) has been plotted for comparison. 

6.5 Discussion 
Numerous studies reported geochemical behaviour of PGE in silicate/sulfide melt by 

changing different variables such as S concentration, source composition, fO2 and fS2 to investigate 

the geochemical behaviour of PGE during mantle melting (Ballhaus, 1995; Bézos et al., 2005; Fleet 

et al., 1996; Jenner, 2017; Jugo, 2009; Peach and Mathez, 1993; Reekie et al., 2019). Even though 

the S concentration in the mantle may affect the behaviour of PGE, basaltic melt that reaches the 

surface has a sulfur concentration ranging between 800 and 1100 ppm (Mavrogenes and O’Neill, 

1999). This content is approximately half of the sulfur concentration expected after 10 % of melting 

a fertile mantle source (Lorand et al., 2013; Luguet et al., 2003; Mavrogenes and O’Neill, 1999), 

but is roughly the amount of S at sulfide saturation (Smythe et al., 2017), whereas the other half 

may retain in the residual mantle (Keays, 1995).  
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Figure 6.4 – Platinum group elements versus Fe isotope composition. (a) and (b) shows a slight difference in elemental 
concentration of Ir and Ru in the source, here represented as δ57Feprim. Ir and Ru show an increasing trend towards 
values of the average MORB (Teng et al., 2013) and DMM (Craddock et al., 2013). (c) Pd/Ir versus δ57Feprim shows a 
negative trend towards DMM values, compared to Ir and Ru, suggesting chemical behaviour change between P-PGE 
and I-PGE or the enrichment of I-PGE. (d) Pt-Pd, in contrary, show no correlation with change of MORB source. Average 
MORB ratios (Pd/Ir and Pt/Pd) have been plotted for comparison and calculated from Bézos et al. (2005). Trendlines 
are drawn by hand. Uncertainty is given in 2sd. 

6.5.1 Effect of source composition on S isotopes 
The Gakkel Ridge is not only the slowest spreading ridge on Earth, but also depicts a large 

heterogeneity in its underlying mantle ranging from enriched to depleted areas. It is thus essential 

to investigate if mantle depletion with a known effect on PGE abundances in extruding melts is 

affecting the concentrations in Gakkel Ridge lavas. Chemical differences in the source beneath the 

Western Gakkel Ridge region are apparent from radiogenic isotope systematics (Goldstein et al., 

2008 and chapter 3), which may translate into differences in PGE concentrations in the basalts 

(Figure 6.4). The higher Fe isotope signature in basalts from the SMZ has been proposed to be 

linked to re-enrichment of the source during metasomatic overprint, as discussed in chapter 3. The 

source of this metasomatism is yet to be determined, but may be linked to crustal fluids.  

Slab-derived fluids from subducting oceanic crust, which promote re-fertilisation of the 

mantle wedge, are also a carrier of sulfur (Tomkins and Evans, 2015). In the mantle sulfur occurs 

in two different oxidation states S2- and S6+ and is mainly present in sulfides and sulfates (Hart and 

Gaetani, 2006; Jugo et al., 2005). At present, various studies used S-isotopes in conjunction with 

chalco- and siderophile element systematics to trace mantle metasomatism in mantle peridotites and 

island arc basalts (de Hoog et al., 2001; e.g., Giuliani et al., 2016; Rielli et al., 2018). Only a few 
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studies analysed S-isotopes in MORBs showing that δ34S in MORBs may reveal insights of core-

mantle differentiation processes (Labidi et al., 2014; Labidi et al., 2013) or potential recycling 

processes (Labidi et al., 2015). Samples from the Gakkel Ridge have an average δ34S of -0.56 ‰ ± 

0.3 ‰. Even though this value is distinct from chondrites δ34S = +0.4 ‰ ± 0.31 ‰ (Gao and 

Thiemens, 1993a; Gao and Thiemens, 1993b) and DMM δ34S = -1.4 ‰ ± 0.5 ‰ (Labidi et al., 2014) 

(Figure 6.2), the Gakkel basalts, however, plot within the range of global MORB samples. It is thus 

concluded that the metasomatic enrichment has not affected sulfides in the source of the Gakkel 

Ridge. 

 

Figure 6.5 - Pd-Ir ratio, Na8.0 and Cr versus REE pattern. The REE pattern is given as λ1 and represents the shape of 
the REE pattern. The calculation for λ1 is given in O’Neill (2016). The higher λ1 the more depleted are, the basalts in 
LREE and the lower λ1 is, the more enriched the basalt in LREE. Two separate trends are visible from the data, which 
are linked to two individual ridge segments the WVZ and SMZ. (a) Pd/Ir in the SMZ trend increases with decreasing λ1 
and for basalts in the WVZ, with increasing λ1 Pd/Ir increases. (b) WVZ and SMZ show inverse trends for the degree of 
melting Na8.0. Only basalts with a MgO <8 wt.% have been plotted (Klein and Langmuir, 1987) (c) Al2O3 shows same 
trends as for Pd/Ir, whereas the Cr concentration (d) co-varies with Na8.0. Both trends indicate that the source effects the 
MORB chemistry and magma chamber processes at faster spreading rate (>15 mm) diminish the source effect. MORB 
data from Jenner and O'Neill (2012). 

6.5.2 The effect of the MORB source on PGE concentration 
The opposing trend in iridium and ruthenium concentrations with increasingly lighter Fe 

and heavier Fe isotope, as shown in Figure 6.4, may not be related to source overprint, but to the 

degree of melting (Dale et al., 2008). Basalts from the SMZ, show, indeed a lower partial melting 
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degree (higher Na8.0) compared to WVZ basalts, as discussed in chapter 5. With increasing degree 

of melting Ru becomes first enriched and is then followed by Ir (Figures 6.4a and 6.4b). Such trends 

are not observed within P-PGE range (Figures 6.4c and 6.4d) and can be explained due to the 

difference in incompatibility between P-PGE and amongst I-PGE. To further test the behaviour of 

P-PGE and I-PGE, the Pd/Ir indicates an enrichment of P-PGE over I-PGE in basalts from the SMZ, 

which decreases towards depleted MORB mantle values (DMM, δ57Fe = +0.04 ‰; Craddock et al., 

2013).  

Different source chemistry can have further influence, not only on the partial melting 

degree, but also on unrelated elemental concentration of the basaltic liquid (Dick and Zhou, 2014; 

Rubin and Sinton, 2007; Standish et al., 2008; Sun and McDonough, 1989). Basalts from the SMZ 

show an enrichment in LREE (higher λ1), whereas the basalts from the WVZ show a depletion of 

LREE. During low degree partial melting (high Na8.0), LREE become slightly enriched due to 

higher incompatible behaviour over HREE (Figure 6.5b). Two different paths observed in Gakkel 

Ridge basalts, namely the SMZ trend and the WVZ trend (Figure 6.5). The SMZ trend is 

characterised by negative correlation of Pd/Ir and Al2O3; and a positive correlation with Na8.0 and 

Cr concentration. In contrast, basalts from the WVZ show the opposite trend.  

Irrespective of the variability in the source region of the PGE, it is clear that amongst the 

most primitive samples from the EVZ, Ir-Ru appear to slightly increase with increasing degrees of 

fractionation, until a sudden decrease at ca 8.5 wt.% MgO (Figure 6.6c).  

6.5.3 Sulfide saturated versus sulfide undersaturated MORBs 
The pattern of increase and sudden decrease of Ir-Ru with increasing magmatic 

differentiation is mirrored by the chalcophile element Cu (Figure 6.6). This is apparent by the 

degree of fractionation as monitored by MgO or the stable Fe isotope composition of the samples 

that undergo fractionation as a function of olivine removal (expressed as Δ57Fe). In chapter 5, it has 

been shown that Δ57Fe < 0.04 ‰ reflect olivine fractionation in the ultraslow part of the ridge (< 12 

mm/a) until 8.5 wt.% MgO. An increase in spreading rate appears to promote the development of 

magma lenses/magma chamber and with this crystal fractionation (Coogan and O’Hara, 2015; 

O'Neill and Jenner, 2012; Rubin and Sinton, 2007), which is reflected by Δ57Fe > 0.04 ‰. Figure 

6.7 illustrates schematically the melt migration process from the source region (No. 1) to the crust 

(No. 3 and No. 4).  

When melt rises from its parental source (No. 1), the melt inherits geochemical signatures 

of the ambient mantle, which will be carried in the melt to crustal levels. With increasing melting 

degree (lower Na8.0 values; Figure 6.6b) and melt migrating along grain boundaries, interstitial 

sulfides or platinum group minerals (Ir – Ru rich) can be completely exsolved in the upwards 
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migrating melt and may increase the sulfur and PGE content in the basaltic melt (No. 2). This 

process, however, is dependent on the available sulfur and oxygen fugacity of the source (Jugo, 

2009). Within the most primitive melts > 8.5 wt.% MgO, this process appears to be the most suitable 

to explain the increasing abundance of Ir-Ru in the melts. Such a dissolution of I-PGE can most 

plausibly counterbalance proposed formation of Ir-Ru rich phases such as laurite, which have been 

suggested to form during igneous differentiation. Primitive basalts from the EVZ form by congruent 

mantle melting (Wanless et al., 2014). Even though basalts from the SMZ show a slightly more 

evolved character than the EVZ basalts, it is expected that the melting mechanism is similar (No.1 

and No. 2), because of the slow spreading rate, low magmatic activity and the absence of big magma 

chamber. In areas such as the EVZ and the SMZ melt rises rapidly from its source to crust, 

potentially with little crystal fractionation reflected by low Δ57Fe (chapter 5) and variable PGE and 

Cu concentration in particular in basalts from the EVZ (Figure 6.7). Assuming that Gakkel Ridge 

melts are directly derived from the mantle without further interaction en route to the crust, no 

secondary magma chamber process would interfere with these melts. It appears that fractional 

crystallisation observed here in lavas with > 8.5 wt.% MgO (expressed through Δ57Fe < 0.04) is not 

sufficient to overprint the trend in increasing I-PGE (No.4). 

 

Figure 6.6 - Iridium, Ru and Cu versus Fe isotope systematics (Δ57Fe). The higher Δ57Fe the more olivine fractionates 
out and the more evolved becomes the basaltic melt. The dotted lines indicate the development of Ir (a), Ru (b) and Cu 
(d) concentration of MORBs with increasing differentiation process. Between Δ57Fe = 0.04 ‰ - 0.05 ‰, which equals a 
MgO content of < 8.5 wt.% (c), the basaltic melt becomes sulfide saturated allowing the formation Cu-rich sulfides, 
which may incorporate I-PGE’s (Ir and Ru) or promote the formation of Ir-Ru-rich alloys that segregate out of the melt 
and retain in the mantle or magma chamber/lenses. 
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Below this threshold, however, magma dynamics appear to change. Basalts with MgO < 

8.5 wt.%, predominantly melts from the WVZ ridge segment with higher magma production rate 

appear to have been sourced from a magma chamber/lens beneath the ridge (Michael et al., 2003; 

Schmidt-Aursch and Jokat, 2016). The point of a sudden drop in I-PGE and Cu concentration 

(Figure 6.6) has been tentatively associated with the fractionation of these phases in a sulfide phase 

(Li and Audétat, 2015; Patten et al., 2013). In other words, this appears to be the point of sulfide 

saturation (No. 3) and inevitably implies that melts prior to this point are sulfide undersaturated 

(No. 4).  

 

Figure 6.7 - Schematic overview of the melting process and fractionation at the Gakkel Ridge. In the source region, 
melt begins to form in melt pockets between networks of minerals. When enough melt has been produced, melt becomes 
buoyant and migrates along grain boundaries (1) towards upper levels. During its ascend the melt volume increases 
(No.2) by assimilating the ambient mantle. The melt network originates from different source region and migrate in two 
possible ways towards the surface, either melt migrates directly to the surface (No.4) or the melt pools in magma 
chambers (No.3). If the latter is the case, magma recharge, mixing and fractionation takes place. Melt that migrates from 
its source region to crust exsolves interstitial mineral phases, such as sulfide. A complete dissolution of sulfide can lead 
to an increase in sulfur concentration of the melt, which recharges magma chambers. Within the magma chambers sulfide 
saturation can be reached promoting sulfide - silicate segregation, which in turn results in formation of sulfide (Cu-rich?) 
and the erupting magma will appear sulfur-saturated. If No.4 is the case, only little fractionation occurs, which does not 
strongly affect the S concentration of the magma, resulting in S-undersaturated melt.  
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In relation to most MORBs, it seems that magma chamber processes are capable of 

enhancing S contents in lenses through recharge, evacuation and fractionation. Sulfur is 

incompatible in most phases during early MORB liquid fractionation, so that an incubation in 

magma chambers is a natural process for an undersaturated liquid.  

It is likely that Cu-rich sulfide phases may form, because the partition coefficient of Cu 

increases if the melt becomes sulfide saturated during fractional differentiation (Reekie et al., 2019). 

I-PGE metals are then incorporated into the Cu-sulfides due to their chalcophile character or may 

form contemporaneous platinum group minerals (Ir-Ru rich) that form in the magma chamber. With 

ongoing crystallization in the magma chamber sulfide blebs can be interlocked in silicate minerals 

(Liu et al., 2009). Other studies suggest that fractional crystallization is key to keep magma 

saturated so that sulfides can precipitate (Holzheid and Grove, 2002). If Cu retains in Cu-rich 

sulfides within the magma chamber, and continuous sulfide formation and dissolution occurs within 

the magma chamber, then this would be a possible explanation for homogeneous Cu concentration 

in MORBs at around 77 ppm (Jenner, 2017). If most of the sulfur is consumed the partition 

coefficient of Cu decreases and Cu becomes incompatible again, enriching the melt with Cu (Lee 

et al., 2012) until recharge of magma chamber occurs, which may increase sulfur concentration to 

promote sulfur saturation and sulfide segregation.  

From the Gakkel Ridge samples it is, however, clear that without magma chamber 

processes, mantle derived melts may be S-undersaturated. If this situation is unique to the Gakkel 

Ridge remains to be determined. 

 

6.6 Conclusion  
This study shows that basalts from the Gakkel Ridge appear sulfide undersaturated and 

sulfide saturated, which has been explained by different MORB evolution paths. Sulfur-

undersaturated magma is linked to a direct melt transport from the source to the crust that is 

reflected by a primitive composition of the basalt (MgO > 8.5 wt.%), a low degree of fractionation, 

increase in Ir-Ru and Cu concentration. The latter has been explained by dissolution of 

monosulfides en route to surface. On the other hand, magma that undergoes magma chamber 

processes during the melt ascend become sulfide saturated, due to replenishment and fractionation 

within a magma reservoir. This observation is in line with a sharp drop in Cu and decrease in Ir-Ru 

concentration, which is possibly caused by segregation of Cu-sulfide at S saturation.  
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Supplementary Data Table 6.1 – Trace element data of the volcanic glasses from the Gakkel Ridge. Values are given 
in ppm. 

Sample 
Name 

PS59 
274-52 

PS59 
294-40 

PS59 
297-11 

PS101 
186 

HLY0102 
D61-11 

HLY0102 
D59-35 

HLY0102 
D50-30 

Segment EVZ EVZ EVZ EVZ EVZ EVZ EVZ 

TRACE ELEMENTS             
Na 23065 24954 20710 24622 26803 27580 26048 
Mg 47592 49556 52830 47954 52549 49850 49346 
Al 86398 86545 89172 85749 92782 90350 88906 
Si 239053 232738 230359 236516 235110 240817 236456 
Ca 74222 75186 74815 76882 79481 78375 78570 
Sc 34.2 33.1 35.7 32.1 31.1 33.1 32.0 
Ti 6705 8006 6308 8004 8765 10182 8353 
V 194 209 164 222 226 254 227 
Cr 327 588 286 339 332 312 309 
Mn 1286 1225 1355 1164 1203 1283 1147 
Fe 68917 66151 74562 61231 63812 67632 60550 
Co 44.2 42.0 49.4 38.5 41.6 41.7 39.5 
Ni 122 170 201 140 169 145 145 
Cu 114 102 114 95 89 88 88 
Zn 62 62 61 59 60 66 57 
Ga 16.4 17.2 15.8 16.4 17.9 18.6 16.8 
Rb 6.0 1.1 1.3 1.0 1.0 4.4 4.7 
Sr 108 158 157 173 225 224 212 
Y 24.7 28.0 24.9 25.9 26.9 30.5 25.9 
Zr 75 96 65 101 108 132 105 
Nb 1.0 2.0 2.6 2.4 2.7 6.8 7.6 
Mo 0.12 0.14 0.16 0.16 0.38 0.54 0.72 
Cs 0.23 0.01 0.01 0.00 0.02 0.07 0.04 
Ba 38.3 9.8 15.4 12.0 13.8 46.9 60.4 
La 3.21 3.05 2.57 3.51 4.22 6.60 6.24 
Ce 9.15 9.92 7.32 11.32 13.09 18.02 15.97 
Pr 1.49 1.71 1.22 1.89 2.11 2.74 2.39 
Nd 8.01 9.26 6.51 10.10 11.17 13.82 11.66 
Sm 2.50 3.13 2.24 3.15 3.59 4.09 3.37 
Eu 0.95 1.12 0.90 1.10 1.25 1.39 1.18 
Gd 3.46 4.00 3.25 3.98 4.30 4.94 4.05 
Tb 0.62 0.70 0.57 0.67 0.72 0.84 0.69 
Dy 4.32 4.85 4.23 4.61 4.89 5.47 4.67 
Ho 0.89 1.02 0.92 0.94 0.97 1.12 0.95 
Er 2.71 3.11 2.82 2.82 2.92 3.32 2.82 
Tm 0.38 0.43 0.40 0.38 0.40 0.47 0.40 
Yb 2.58 2.95 2.78 2.63 2.67 3.01 2.63 
Lu 0.39 0.45 0.43 0.39 0.42 0.45 0.39 
Hf 1.99 2.36 1.60 2.43 2.60 3.11 2.48 
Ta 0.07 0.12 0.17 0.15 0.19 0.45 0.46 
Pb 1.38 0.51 0.33 0.55 0.63 0.98 0.69 
Th 0.52 0.13 0.16 0.14 0.17 0.51 0.51 
U 0.13 0.05 0.06 0.05 0.07 0.17 0.17 
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Supplementary Data Table 6.1 – [continued] 

Sample 
Name 

HLY0102 
D51-15 

HLY0102 
D38-6 

HLY0102 
D36-35 

HLY0102 
D37-5 

PS59 
216-11  

PS59 
216 

HLY0102 
D8-12 

Segment EVZ SMZ SMZ SMZ WVZ WVZ WVZ 

TRACE ELEMENTS             
Na 25136 26739 26463 30654 24419 24854 23567 
Mg 51982 40414 42465 37372 45998 46339 45901 
Al 90303 81298 82693 81083 82320 84654 79184 
Si 233038 237407 243673 241398 237652 240542 239769 
Ca 78564 71328 71249 64324 77961 80051 74395 
Sc 31.4 32.2 33.2 31.3 35.5 35.9 34.7 
Ti 8464 8734 9320 10683 9317 9428 8974 
V 224 227 249 253 275 278 268 
Cr 307 276 268 197 299 305 300 
Mn 1160 1228 1257 1382 1347 1366 1310 
Fe 61622 64884 66891 73875 71602 72681 69991 
Co 40.5 35.4 37.3 35.3 40.4 40.8 40.6 
Ni 155 105 118 98 120 123 136 
Cu 88 86 84 64 99 99 94 
Zn 59 68 69 83 72 72 71 
Ga 17.6 16.7 17.6 19.1 17.8 17.8 17.1 
Rb 1.6 8.7 13.7 13.0 2.6 2.4 3.9 
Sr 214 150 184 164 149 155 144 
Y 25.6 31.2 30.5 38.0 32.4 32.7 30.9 
Zr 107.7 112.2 112.1 144.4 98.6 98.9 92.2 
Nb 4.05 7.86 8.88 12.72 2.59 2.66 2.94 
Mo 0.34 0.51 0.59 0.71 0.30 0.26 0.15 
Cs 0.01 0.14 0.20 0.18 0.03 0.04 0.04 
Ba 22.5 89.3 140.8 135.2 30.3 30.4 43.9 
La 4.77 6.30 6.93 9.61 3.66 3.64 3.48 
Ce 13.84 15.79 16.63 22.63 11.11 11.27 10.51 
Pr 2.15 2.39 2.45 3.25 1.92 1.91 1.78 
Nd 11.20 12.08 12.51 16.02 10.79 10.73 10.15 
Sm 3.24 3.60 3.67 4.57 3.56 3.58 3.36 
Eu 1.18 1.23 1.29 1.54 1.27 1.30 1.22 
Gd 4.12 4.66 4.77 5.82 4.81 4.81 4.52 
Tb 0.70 0.81 0.80 0.98 0.83 0.84 0.79 
Dy 4.62 5.52 5.43 6.80 5.77 5.88 5.55 
Ho 0.93 1.16 1.12 1.41 1.20 1.21 1.15 
Er 2.77 3.40 3.26 4.13 3.52 3.54 3.35 
Tm 0.39 0.46 0.45 0.56 0.48 0.50 0.46 
Yb 2.59 3.22 3.07 3.90 3.27 3.32 3.13 
Lu 0.38 0.49 0.46 0.59 0.49 0.50 0.47 
Hf 2.52 2.78 2.87 3.66 2.75 2.81 2.59 
Ta 0.27 0.46 0.55 0.77 0.17 0.18 0.19 
Pb 0.63 0.72 0.77 1.03 0.51 0.56 0.53 
Th 0.24 0.61 0.75 1.02 0.22 0.21 0.22 
U 0.09 0.16 0.19 0.27 0.07 0.07 0.06 
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Supplementary Data Table 6.1 – [continued] 

Sample 
Name 

HLY0102 
D26-9 PS86 67 

HLY0102 
D11-19 

PS59 
234-24 

PS66  
217-16  

PS86 
044 

Segment WVZ WVZ WVZ WVZ WVZ WVZ 

TRACE ELEMENTS           
Na 23747 24329 24528 23825 25214 24806 
Mg 44491 46720 44638 49011 40336 44911 
Al 78450 79804 81423 81103 80626 79797 
Si 235637 241162 235552 239189 238057 235543 
Ca 74669 75395 74197 76606 73141 71390 
Sc 35.5 35.5 34.0 34.7 34.7 33.8 
Ti 10299 9704 9308 9168 10841 9895 
V 293 287 262 267 292 270 
Cr 282 272 287 355 272 261 
Mn 1395 1367 1284 1303 1354 1291 
Fe 74856 73187 68593 69859 71966 69026 
Co 41.6 42.2 39.2 41.8 37.1 39.5 
Ni 110 125 114 153 91 134 
Cu 98 95 90 100 88 85 
Zn 76 75 69 68 77 70 
Ga 18.6 18.0 18.0 17.2 18.5 17.3 
Rb 1.6 4.2 7.3 2.7 8.1 8.5 
Sr 144 147 171 154 172 171 
Y 34.6 32.9 29.4 31.3 36.2 31.6 
Zr 109.6 101.8 98.8 99.1 126.4 108.4 
Nb 1.93 3.15 4.55 2.56 5.25 5.14 
Mo 0.19 0.15 0.20 0.31 0.49 0.39 
Cs 0.01 0.07 0.10 0.04 0.24 0.12 
Ba 20.8 47.5 71.1 29.4 80.2 89.7 
La 3.60 3.91 4.14 3.69 5.56 4.63 
Ce 11.47 11.66 12.24 11.22 15.66 13.28 
Pr 2.03 2.01 2.03 1.93 2.60 2.19 
Nd 11.44 11.05 10.97 10.60 13.88 12.11 
Sm 3.83 3.57 3.54 3.63 4.46 3.72 
Eu 1.34 1.30 1.24 1.26 1.58 1.32 
Gd 5.05 4.85 4.40 4.66 5.65 4.80 
Tb 0.89 0.84 0.77 0.78 1.02 0.84 
Dy 6.12 5.82 5.26 5.51 6.59 5.69 
Ho 1.27 1.20 1.06 1.14 1.42 1.18 
Er 3.83 3.59 3.24 3.41 3.99 3.46 
Tm 0.52 0.51 0.44 0.46 0.59 0.48 
Yb 3.57 3.35 3.02 3.18 3.86 3.21 
Lu 0.53 0.51 0.45 0.48 0.61 0.49 
Hf 2.80 2.78 2.60 2.62 3.55 2.94 
Ta 0.12 0.21 0.32 0.17 0.46 0.38 
Pb 0.54 0.60 0.59 0.56 1.27 0.66 
Th 0.17 0.26 0.29 0.21 0.76 0.34 
U 0.05 0.07 0.08 0.06 0.21 0.09 
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Supplementary Data Table 6.2 – Trace element data of the reference sample NIST 612 and NIST 610.  

E
le

m
en

t NIST 612   NIST 610 

Average 
(n = 22) 

RSE 
(%) 

Literature 
value  

Relative 
error 
(%) 

  Average 
(n = 22) 

RSE 
(%) 

Literature 
value 

Relative 
error 
(%) 

Na 108541 3274 101635 6.4  105931 0.5 102300 3.5 

Mg 65 3 68 -4.9  502 0.7 610 17.7 

Al 11068 279 10744 2.9  10588 0.5 11626 8.9 

Si 337024 0 337024 0.0  323001 0.0 323001 0.0 

Ca 91989 2313 85049 7.5  87981 0.6 81475 8.0 

Sc 42.7 1.0 39.9 6.5  318 1.9 455 30.1 

Ti 375 18 44 88.3  - - - - 

V 39.6 1.4 38.8 2.1  459.2 0.7 450.0 2.0 

Cr 42.0 1.3 36.4 13.3  470.5 0.7 408.0 15.3 

Mn 40.7 1.5 38.7 5.0  470.6 0.8 444.0 6.0 

Fe 54.4 2.9 51.0 6.3  493.9 0.9 458.0 7.8 

Co 36.4 1.0 35.5 2.6  423.7 0.6 410.0 3.4 

Ni 44.3 2.5 38.8 12.3  510.8 1.0 458.7 11.4 

Cu 50.2 1.5 37.8 24.8  577.4 1.0 441.0 30.9 

Zn 30.1 1.7 39.1 -29.8  372.6 0.8 460.0 19.0 

Ga 38.5 1.5 36.9 4.2  458.6 0.7 433.0 5.9 

Rb 31.6 1.1 31.4 0.8  421.0 0.8 425.7 1.1 

Sr 83.0 3.2 78.4 5.5  542.5 0.8 515.5 5.2 

Y 43.8 1.6 38.3 12.5  519.2 0.7 462.0 12.4 

Zr 43.0 1.6 37.9 11.9  498.3 0.8 448.0 11.2 

Nb 42.8 1.3 38.9 9.2  517.8 0.7 465.0 11.4 

Mo 39.9 1.2 37.4 6.4  448.9 0.8 417.0 7.6 

Cs 42.7 1.5 42.7 -0.1  369.1 0.7 366.0 0.8 

Ba 41.5 1.6 39.3 5.2  471.7 0.8 452.0 4.4 

La 37.8 1.4 36.0 4.8  464.7 0.5 440.0 5.6 

Ce 40.7 1.5 38.4 5.6  487.7 0.6 453.0 7.7 

Pr 40.6 1.8 37.9 6.7  485.2 0.5 448.0 8.3 

Nd 38.9 1.7 35.5 8.7  470.9 0.8 430.0 9.5 

Sm 40.6 1.6 37.7 7.1  486.2 0.7 453.0 7.3 

Eu 36.7 1.6 35.6 3.1  462.2 0.7 447.0 3.4 

Gd 40.7 1.9 37.3 8.3  476.3 0.9 449.0 6.1 

Tb 40.6 1.7 37.6 7.4  473.0 0.6 437.0 8.2 

Dy 40.0 1.9 35.5 11.2  483.1 0.8 437.0 10.5 

Ho 41.6 1.8 38.3 7.9  482.5 0.5 449.0 7.5 

Er 42.4 2.1 38.0 10.5  499.2 0.9 455.0 9.7 

Tm 40.9 1.7 36.8 10.0  471.6 0.6 435.0 8.4 

Yb 42.7 2.2 39.2 8.1  496.9 0.9 450.0 10.4 

Lu 41.4 2.1 37.0 10.6  485.6 0.6 439.0 10.6 

Hf 40.2 2.1 36.7 8.7  468.3 1.0 435.0 7.7 

Ta 43.6 1.8 37.6 13.8  533.1 0.5 446.0 19.5 

Pb 40.0 1.9 38.6 3.6  440.1 0.8 426.0 3.3 

Th 41.2 2.1 37.8 8.3  485.4 0.6 457.2 6.2 

U 38.9 1.9 37.4 3.8   466.2 0.7 461.5 1.0 

          
 



Chapter 6 – Supplementary Data Tables 

 
153 

 

Supplementary Data Table 6.3 – Trace element data of the reference sample BHVO2G. Values are given in ppm.  

E
le

m
en

t BHVO2G 

Average 
(n = 13) 

Literature 
value 

Relative error 
(%) 

Na 17635 17805 1.0 
Mg 44078 43001 2.5 
Al 73027 71978 1.5 
Si 241422 230448 4.8 
Ca 82522 81476 1.3 
Sc 32.0 33.0 3.0 
Ti 17360 16300 6.5 
V 323 308 4.9 
Cr 327 293 11.5 
Mn 1352 1317 2.7 
Fe 88463 87836 0.7 
Co 46.4 44.0 5.4 
Ni 139 116 19.8 
Cu 168 127 32.7 
Zn 99 102 3.4 
Ga 22.5 22.0 2.4 
Rb 9 9 1.0 
Sr 403 396 1.7 
Y 25.6 26.0 1.4 
Zr 170 170 0.2 
Nb 18.3 18.3 0.1 
Mo 4.2 3.8 10.9 
Cs 0.1 0.1 11.1 
Ba 133.5 131.0 1.9 
La 15.1 15.2 0.7 
Ce 38.1 37.6 1.2 
Pr 5.3 5.4 0.7 
Nd 24.9 24.5 1.8 
Sm 6.2 6.1 1.6 
Eu 2.0 2.1 2.6 
Gd 6.3 6.2 2.1 
Tb 0.9 0.9 0.3 
Dy 5.4 5.3 3.0 
Ho 1.0 1.0 0.2 
Er 2.6 2.6 2.0 
Tm 0.3 0.3 5.6 
Yb 2.0 2.0 1.9 
Lu 0.3 0.3 0.9 
Hf 4.5 4.3 4.0 
Ta 1.2 1.2 1.7 
Pb 1.8 1.7 6.6 
Th 1.2 1.2 1.5 
U 0.4 0.4 6.0 
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7.1 Introduction 
This thesis aims to better understand the processes that lead to the geochemical and isotopic 

diversity observed in MORBs. As addressed in the introduction, the chemistry of MORBs depends 

on its source, the degree of magmatic differentiation and wall-rock interaction. Two main aspects 

were addressed in this thesis, namely the source composition and the magmatic differentiation. In 

the following, I will synthesize the findings of the individual research chapters (chapters 3 – 6) and 

briefly discuss the implications for our general understanding of MORB formation. The discussion 

is therefore divided into two parts. Part I addresses recycling process within the upper mantle that 

create chemical and isotope distinct mantle domains, and part II focusses on the magmatic evolution 

of MORBs at ultraslow spreading ridges. All findings have been schematically summarized in 

Figure 7.1.  

PART I: Mantle heterogeneity reflected by radiogenic isotopes of MORBs 
Based on Pb and Sr isotopes (Goldstein et al., 2008), the Gakkel Ridge has been divided 

into two different regions, the Western Gakkel Ridge region (chapter 3), comprised of the Western 

Volcanic Zone and the Sparsely Magmatic Zone, and the Eastern Gakkel Ridge region, which 

comprises the EVZ (chapter 4). Basalts from both regions display elevated 87Sr/86Sr and 208Pb/204Pb 

isotope signatures akin to Indian-type mantle signature. Basalts from the Western Gakkel Ridge 

region inherit chemical characteristics of a subduction modified mantle. The latter is linked to a 

subduction event that occurred in the area 140 – 120 Ma ago, the conclusion based on 

palaeogeographic reconstructions (Alvey et al., 2008; Shephard et al., 2013) and is supported by 

seismic interpretations (Sokolov and Mazarovich, 2016) in the circumpolar region. Contrary to this, 

the mantle beneath the Eastern Gakkel Ridge region appears to have been polluted by a similar 

event, but at a different time. Osmium, Hf and Pb isotope studies on mineral separates from abyssal 

peridotites suggest that the mantle in the Eastern Gakkel Ridge region has been affected by a 

depletion event at ~2 Ga (Liu et al., 2008; Stracke et al., 2011; Warren and Shirey, 2012).  

The result from both chapters indicate that evidence for the geological events, which 

polluted the mantle can survive in the upper mantle for up to 2 Ga, and can be the cause for distinct 

isotopic signatures in basalts sourced from such a mantle (Indian-type mantle signature).  

7.1.1 Mantle convection and chemical heterogeneity 

Geochemically diverse mantle domains are interpreted to be the result of recycling 

processes into the mantle (Hofmann, 2014; White, 2015), which creates heterogeneities that range 

from thousands of kilometres (Hart, 1984; e.g., Meyzen et al., 2007) to that on a sub-kilometre scale 

(Agranier et al., 2005; Graham et al., 2006; e.g., Shirey et al., 1987; e.g., Standish et al., 2008).  
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Widom (2006) expressed that “the precise nature of this recycling process, including the 

ultimate fate of recycled crust and its influence on the evolution of Earth’s upper mantle remains 

unclear” and Hofmann (2007) raises the following questions: “What happens to the recycled 

oceanic crust? What happens when subduction ceases? Is it hidden somewhere beneath a continent 

or homogenised within the ambient mantle?”. At present, only a few studies have traced subduction 

modified mantle in MORBs (Andersen et al., 2015; Elliott et al., 2006), which provides a glimpse 

into what happens in the upper mantle after subduction ceased. However, most of the questions 

raised by Hofmann (2007) remain unanswered, which is partly due to lack of samples recording 

such geological events (Brunelli et al., 2018). 

The findings from the Western and the Eastern Gakkel Ridge region presented in this thesis 

provide additional insights into the recycling processes. Element concentration and isotope ratios 

in basalts from the Western Gakkel Ridge resemble the chemistry of a rear-arc and back-arc 

(Figures 3.2 and 3.4), suggesting that these basalts sample remnants of a fossil subduction zone, 

most likely that of a metasomatised mantle wedge (Figure 3.3). Recent subduction zone models 

indicate that mélange diapirs rise as blobs into the mantle wedge (Figure 3.3), where arc rocks 

originate from (Marschall and Schumacher, 2012; Nielsen and Marschall, 2017; Spandler and 

Pirard, 2013). After subduction ceases, the cold slab material sinks into the deeper mantle, which 

can then be detected by seismic tomography (e.g., Shephard et al., 2016; Sokolov and Mazarovich, 

2016). Conversely, the metasomatically enriched (mélange diapir) mantle wedge remains stagnant 

in the upper mantle due to its lower density compared to the ambient mantle. In case of the Gakkel 

Ridge, between subduction cessation at ~125 Ma (Figure 3.3) and the opening of the ridge occurring 

at around 50 Ma (Blythe and Kleinspehn, 1998), this mélange diapir was sheared and integrated 

into the source of the basalts from the WVZ and the SMZ. These findings suggest a time span of 

100 Ma between the commencement of subduction and the switch to divergent tectonics is 

insufficient to fully integrate a mélange diapir into the ambient mantle through mantle convection. 

Instead it is preserved as a large-scale heterogeneity that can be sampled by ocean floor basalts.  

In contrary to the findings from the Western Gakkel Ridge region, the Eastern Gakkel 

Ridge (chapter 4) region is extremely heterogeneous on the scale of km to mm- (Shaw et al., 2010; 

Wanless et al., 2014). Isotope studies show that the Eastern Volcanic Zone partially represents an 

ancient mantle of >2.0 Ga (Liu et al., 2008; Stracke et al., 2011; Warren and Shirey, 2012). These 

parts represent refractory mantle domains that experienced multiple depletion and enrichment 

events and reside within the upper mantle (Byerly and Lassiter, 2014; Liu et al., 2008). As discussed 

in chapter 4, these refractory mantle domains do not contribute to the chemical variety of MORBs, 

which could be either due to that the mantle components are too refractory (Byerly and Lassiter, 

2014), or they are volumetrically too small to contribute to the larger scale MORB chemistry. 

Additionally, elevated Sr and Pb isotopes (in comparison to Atlantic/Pacific MORBs; 
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Supplementary Figure 4.2) suggest that a similar pollution event, as in the Western Gakkel Ridge 

region, occurred at a different time and affected the mantle in the Eastern Gakkel Ridge region. At 

present this pollution can be traced by Sr and Pb isotopes over a larger time-scale.  

To conclude, the combined results show that large-scale homogenisation of the mantle 

requires large time spans (~2 Ga). Nonetheless, I conclude that smaller-scale heterogeneities can 

be preserved as metasomatically enriched domains and locally contribute to chemical variability in 

MORBs. 

7.1.2 Indian-type mantle/DupAl anomaly and other complexities 

As addressed in chapter 1, the Indian-type mantle signature in ocean floor basalts is 

characterized by elevated Th/U (high 208Pb/204Pb) and radiogenic Sr isotope ratios. These elevated 

isotope ratios can only be obtained by a source that became enriched in Th, Sr and Rb (= parent 

nuclide of 87Sr), which results in a higher radiogenic isotope signature over time due to radioactive 

decay of the parent isotope. Different theories exist explaining the Indian-type mantle isotope 

signatures. It is possible that subcontinental lithospheric or plume-infused mantle becomes 

integrated into the MORB source, which results in elevated radiogenic Sr and Pb isotope signatures 

(e.g., Goldstein et al., 2008; le Roux et al., 2002; Mahoney et al., 1989). A further model suggests 

that recycled oceanic crust is a cause for an Indian-type mantle signature (Rehkämper and Hofmann, 

1997). 

The former scenario has been proposed for the Gakkel Ridge (Goldstein et al., 2008). In 

contrast, the findings from chapters 3 and 4 suggests an alternative model for distinct radiogenic 

isotope signatures at the Gakkel Ridge. Element enrichment (Ba, Sr, Th; Figures 3.2 and 3.4; 

Supplementary Figures 3.1 – 3.3) and depletion patterns (Zr/Nb; Supplementary Figure 3.1b) favour 

the existence of a metasomatic enriched mantle domain underlying the Western Gakkel Ridge and 

causing the Indian-type mantle signature in the basalts. In this model mantle enrichment took place 

by Si-rich fluids, transporting mobile elements (Ba, Sr, Th) originating from a subducting oceanic 

crust (Figures 3.3). The excess Th decayed over time to 208Pb and caused a higher 208Pb/204Pb (Th/U; 

Figure 3.4). 

This model could also be applied elsewhere, where elevated 208Pb/204Pb and 87Sr/86Sr have 

been observed. Examples are the Australian Antarctic Discordance, a seafloor depression along the 

Southeast Indian ridge between Antarctica and Australia, which has previously been linked to fossil 

subduction zone at around 130 Ma (Gurnis and Müller, 2003), or in back-arc lavas along the 

Western Pacific plate margin (Nebel et al., 2007), which are related to an active subduction zone. 

In both cases metasomatized mantle would explain the observed isotope ratios. 
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Figure 7.1 – Schematic overview of all findings from this thesis. The sketch illustrated two cross-sections of a MORB 
representing two different melt migrations paths (left: direct magma ascend; right: melt migration through mid-crustal 
magma chamber). Magma that erupts directly from its source region appears sulfur-undersaturated and is commonly 
found at spreading rate < 12 mm/a, whereas magma that migrates through a magma lens/chamber is sulfur-saturated 
and commonly found at spreading rates > 12mm/a, as defined here. In addition, the heterogeneity of the upper mantle is 
highlighted by different phases and its crystal size is exaggerated. Areas showing sulfide, spinel and Th-rich minerals 
represent the metasomatic enriched domains in the mantle. Melting (blue dotted line) these enriched areas results in 
elevated Sr and Pb isotope signatures (high Th/U). Area with almost no additional mineral phases represent solely the 
depleted MORB mantle (DMM). On this note, the model on the left also shows in parts oceanic crust, but is in parts 
interrupted, representing outcropping abyssal peridotites. Furthermore, the crustal thickness of the left and right model 
is different, defining the characteristics of ultraslow spreading ridge (left) and slow spreading ridge (right).  
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PART II: Magmatic differentiation in MORBs 
Only few studies have addressed the iron isotope systematics of ocean floor lavas from 

spreading ridges (Nebel et al., 2018; Sossi et al., 2016; Teng et al., 2013), but all show a large range 

in isotopic compositions (0.5 ‰ range in arc lavas, Foden et al. (2018); 0.4 ‰ in back-arc basin 

lavas, Nebel et al. (2018), and 0.2 ‰ in MORBs, Teng et al. (2013). Since these large isotopic 

ranges in MORBs cannot only be attributed to fractionation, compositional variation of the source 

must have a strong control on iron isotopes too. It is however unclear to which extent a 

heterogeneous mantle contributes to iron isotopic variations in MORBs.  

The presented iron isotope data in conjunction with trace element data suggests two distinct 

magmatic differentiation patterns in basalts from the Gakkel Ridge (rapid ascent versus temporary 

storage in magma chambers), which show different effects of the mantle source on iron isotopic 

variation. Here, Δ57Fe (Δ57Fe = δ57Fe - δ57Feprim) is used as a proxy for the degree of isotopic 

fractionation that occurs between the source (δ57Feprim) en route to surface (δ57Fe). Rapid ascent 

from the source region to the crust (Figures 5.6 and 7.1 left), which is typical for ultraslow spreading 

ridges with spreading rates < 12 mm/a, is characterised by basalts with primitive melt composition 

(Figure 5.5) and little isotopic fractionation (Δ57Fe < 0.04 ‰, Figures 5.1 and 5.5). The iron isotope 

composition of these basalts show a broad range in δ57Feprim suggesting that the chemistry of the 

basalt from ultraslow spreading ridges are mainly defined by their mantle source. In contrary to this, 

magma that rises from its source region through the magma chamber en route to surface (Figures 

5.6 and 7.1 right), typical for slow spreading ridges with spreading rate > 12 mm/a, are more 

evolved (Figure 5.5) and much stronger affected by fractionation with Δ57Fe > 0.04 ‰ (Figures 5.1 

and 5.5). The chemistry of these basalts is more defined by crystal fractionation and magma mixing 

than the mantle source, which is partially reflected in a lower variability of δ57Fe (Figure 5.4).  

These observations are in line with platinum group element systematics (Chapter 6). 

Platinum group elements are highly siderophile elements with a chalcophile character and are 

divided into two sub-groups: I-PGE (Ir, Os, Ru) and P-PGE (Pd, Pt). In general, I-PGE are more 

compatible and preferentially remain in the mantle during partial mantle melting compared to P-

PGE (Bézos et al., 2005; Lorand et al., 2008). Data show that with increasing magmatic 

differentiation (Δ57Fe = 0.01 – 0.04 ‰), I-PGE concentration in basalts increases, represented by 

basalts from the SMZ and the WVZ (Figure 6.7), and then decreases with continuous differentiation 

(Δ57Fe > 0.04 ‰), mainly represented by basalts from the WVZ (Figure 6.7). The turning point is 

in line with a dramatic drop in Cu concentration (Figure 6.7c), suggesting that at Δ57Fe = 0.04 ± 

0.005 ‰ sulfide saturation is reached. At sulfide saturation, sulfides start to segregate out and 

incorporate Cu due to its strong chalcophile affinities. This process is reflected by a sudden drop in 

Cu. In case of the Gakkel Ridge, the data suggests that these processes occur within a magma 

chamber, which also leads to the conclusion that basaltic melts that migrate en route to surface 
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through magma chambers become sulfide saturated, which is shown in the WVZ basalts (Figure 

6.8). Magma that rapidly ascends from the upper mantle source to the crust without any interaction 

in magma pools are sulfide undersaturated, as represented by basalts from the SMZ and the EVZ.  

This finding is in contrast to previous studies which suggested that MORBs form under 

sulfide saturated conditions (Li and Ripley, 2005; Reekie et al., 2019; Smythe et al., 2017) and only 

a few suggested MORBs are sulfide undersaturated and then become sulfide saturated (Reekie et 

al., 2019). My findings suggest that the ascending melt is sulfide undersaturated and stays sulfur-

undersaturated if the magma rises rapidly from the source region to crust, because crystal 

fractionation is not as effective to change the sulfur content of a MORB. However, if the melt 

ascends through a magma chamber, in which crystal fractionation effects positively the sulfur 

content of the magma, then the magma becomes sulfide saturated.  

In conclusion, Fe isotope systematics can be used as a tool to define different magmatic 

evolutions (directly or interactions with mid-crustal magma chambers) in ocean floor basalts, and 

shows that Fe isotope variabilities in MORBs is affected by the mantle source, which in turn affects 

the chemistry of the basalts. In conjunction with PGE systematics, the geochemical behaviour of I-

PGE and P-PGE can reveal insights into sulfide saturation process in MORBs.  

7.2 Outlook 
Further research should test the hypotheses, how a mélange diapir can survive in the upper 

mantle and its effect on the chemical composition of MORBs with respect to its isotope 

geochemistry; and/or how to form sulfide undersaturated basaltic melts. To find answers for some 

of these questions an interdisciplinary approach using geodynamic modelling, experimental 

petrology and isotope geochemistry needs to be applied.  

Geodynamic modelling: To test the concept of mantle convection and the development of 

the upper mantle after subduction ceased, a simple 2D subduction zone model could be developed 

to further understand the movement of a mélange diapir/mantle wedge in the upper mantle after 

slab break-off/subduction cessation.   

Experimental petrology: High-pressure and high-temperature experiments could be 

conducted using different raw materials and changing pressure conditions to experimentally test 

different melting mechanism, the likelihood of pyroxenite in the source of MORBs and the sulfide 

saturation in ocean floor lavas.  

Isotope geochemistry: Further iron isotope analysis of ocean floor basalts of known source 

composition (e.g., the East Pacific Rise, the Australian Antarctic Discordance and the Southwest 

Indian Ridge) could be used to better define the iron isotope variability related to mantle source. 

Other areas, such as the Southwest Indian Ridge, Central Indian Ridge or South Atlantic ridge can 
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be targeted to refine magma differentiation processes, with respect to magma chamber processes in 

MORBs, at spreading rates > 15 mm/a.  

Petrology (Gakkel Ridge): To better define the mantle heterogeneity at the Gakkel Ridge, 

dredged abyssal peridotites from the entire ridge could be mapped and linked to the MORB 

chemistry to (a) obtain a better overview of the mantle heterogeneity at the Gakkel Ridge and (b) 

to investigate the relationship between abyssal peridotites and MORBs, because it is thought that 

abyssal peridotites represent the residue of the MORBs.  

7.3 Conclusion 
This thesis investigates the geochemistry of MORBs from the ultraslow-spreading Gakkel 

Ridge in the Arctic Ocean to understand geochemical diversity in MORBs. Two different aspects 

were investigated: (1) source heterogeneity and (2) magmatic differentiation. 

To investigate the source composition of the underlying mantle, radiogenic isotope (Pb, Sr, Hf) 

signatures were linked with trace element systematics and showed the that the upper mantle records 

elemental signatures of fossil (125 Ma) and ancient (~2 Ga) geological events that chemically 

overprinted the pre-existing mantle composition. Mantle convection slowly integrates these 

enriched domains, over a time span of > 2 Ga, into the ambient mantle, creating large- and small-

scale heterogeneities. The heterogeneous mantle domains can be inherited in upwelling mantle 

beneath the mid-ocean ridge, creating chemical variety in ocean floor basalts, as discussed with 

respect to Fe isotope systematics.  

Iron isotope signatures and platinum group element concentrations have been used to define 

two different paths along which magma can ascend, either directly (represented by basalts from the 

SMZ and the EVZ) or through a magma chamber (as represented by basalts from the WVZ). Magma 

that rises rapidly from the source region to the crust is commonly observed at ultraslow spreading 

ridges with a spreading rate < 12 mm/a. The data obtained in this study shows that the chemistry of 

basalts are mainly affected by their heterogeneous mantle source rather than crystal fractionation, 

and appear sulfur-undersaturated. On the other hand, magma that migrates through mid-crustal 

magma chambers en route to the surface, tends to be sulfur-saturated and the chemistry is more 

affected by crystal fractionation than by the heterogeneous source, because of magma 

replenishment and magma mixing processes in mid-crustal magma chambers. These processes are 

common at faster spreading rate > 12 mm/a.  

Besides these findings, this thesis contributes to the understanding of mantle heterogeneity 

(DupAl signature) and mantle convection, Fe isotope systematics, and sulfur concentration in 

MORB. A summary of the key findings is presented below:  
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(1) Subduction modified mantle survives in the upper mantle for more than 125 Ma, creating 

large-scale mantle heterogeneities that can affect the chemistry of ocean floor basalts, as 

shown by basalts from the Western Gakkel Ridge region (Chapter 3).  

(2) An alternative model that subduction-modified (metasomatised) mantle is the origin for 

elevated 208Pb/204Pb and 87Sr/86Sr (Indian-type mantle signature/DupAl isotope signature) 

isotope signatures in ocean floor lavas has been suggested. 

(3) Iron isotopes systematics can be used to detect differences within magma differentiation. 

(4) Geochemical behaviour of I-PGE can be used as tool to differentiate whether basaltic 

magma is sulfur-undersaturated or sulfur-saturated 

To conclude, the geochemistry of MORBs is in fact dependent on a variety of factors such as 

the heterogeneity of the mantle source, degree of melting and fractional crystallization. None of 

these processes solely define the erupting basalt chemistry and cannot be viewed in isolation. With 

the development of new analytical methods and the improvement of technology in various fields of 

geosciences, further findings will shed more light into the formation of ocean floor basalts and 

recycling processes within the Earth’s mantle.  
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“The more I learn, the more I realize how much I don't know.” 

(Albert Einstein) 
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