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Chapter 1: INTRODUCTION

1. 1. Komatiites: Nomenclature and classification

This study covers two different aspects of komatiite petrogenesis: [1]
examination of petrologic and geochemical characteristics of selected komatiites and
evaluation of different petrogenetic models for their generation; and [2] determination
of initial Os isotopic compositions of the selected suite of komatiites in order to
further constrain the nature and extents of Os isotopic heterogeneity in the
Precambrian mantle. Accordingly, in the following sections, a broad overview is
presented describing the different types of komatiites and existing models for their
generation. Finally, at the end of this chapter, the objectives of this study and a broad
outlay of the dissertation are presented.

The term "komatiite" was introduced by Viljoen and Viljoen (1969 a, b) after
their discovery of a suite of highly magnesian extrusive rocks in the Komati River
valley in the Barberton Mountainland, South Africa. Detailed discussions on the
global distribution, compositional varieties, petrographic characteristics and
petrologic aspects of generation of komatiites may be found in Arndt and Nisbet
(1982a). In brief, komatiitic lavas have erupted mostly during ~3.3-2.7 Ga during the
Archean and less commonly at ~2 Ga during the Proterozoic. There are, however,
notable exceptions, such as the Mesozoic komatiites from Gorgona Island
(Echeverria, 1980) and those from the Permo-Triassic Emeishan greenstone belt in
NW Vietnam (Hanski et al., 2004). Komatiites were originally defined as a distinct
class of ultramafic rocks based on their high MgO contents (> 18 wt.%) in the

inferred parental magmas, distinctive field occurrences, such as chilled flow tops and



pillow-like structures, and unique "spinifex" texture (Arndt and Nisbet, 1982b).
Spinifex texture refers to random or parallel orientation of large plates, needles or
complex skeletal grains of olivine or clinopyroxene in a matrix typically of fine
skeletal grains of olivine, clinopyroxene and commonly devtrified glass (Arndt et al.,
1977a, 1977b; see Fig. 1.1). This texture forms as a result of large thermal gradients
in the erupted lavas due to rapid quenching, commonly in seawater (Shore and
Fowler, 1999). Spinefex textures are, however, not a diagnostic characteristic of
komatiites, as some picritic rocks also show this texture (Hanski and Smolkin, 1995).
Moreover, recent studies suggest that, although komatiites are commonly extrusive,
some Archean komatiites are likely to have been emplaced as shallow intrusives
(Houlé¢ et al., 2002; Cas et al., 2003; Arndt et al., in press) or at mid-crustal levels
(Parman et al., 1997; Grove et al., 1999). The less magnesian rocks (<18 wt.%) that
are often volumetrically dominant and ubiquitously associated with komatiites are
commonly called komatiitic basalts. The relationship between komatiites and
komatiitic basalts in a given outcrop is not always clear. These two rock types in a
single volcanic assemblage often exhibit vastly different rare earth element (REE)
patterns and isotopic characteristics, suggesting a different nature of their mantle
sources and/or petrogenetic processes for their generation (e.g., Hanski et al., 2001 ).
The chemical compositions (particularly MgO, FeO, SiO,, and Al,0O3) of
komatiites vary within wide limits from one suite of rocks to another and reflect a
'series' of rocks derived from variable ranges of compositions for parental magmas

(Arndt et al., 1998). Two broad chemical types of komatiites, however, have long



Fig. 1.1. Photomicrograph of a spinifex-textured komatiitc basalt under crossed

nicols. Long needles of olivine and clinopyroxene is set in a mostly devitrified glass.

The sample was collected from Alexo Township, Ontario, Canada.



been recognized (e.g., Nesbitt et al., 1979): [1] Al-undepleted or “Munro-type” and
[2] Al-depleted or “Barberton-type” komatiites (Fig. 1.2). Komatiites with nearly
chondritic Al,03/Ti0; ratios (~20; McDonough and Sun, 1995) are referred to as Al-
undepleted komatiites. Examples include komatiites from Alexo and Munro
Townships in the Abitibi greenstone belt, Canada. They also typically have
CaO/Al,O3 < 1 and flat chondrite-normalized (CN) heavy rare earth element (HREE)
pattern (e.g., Gd/Yben ~ 1). Al-depleted komatiites, on the other hand, have
subchondritic Al,O3/TiO, (typically 6-12) and characteristic HREE-depletion
(Gd/Yben > 1). The komatiites from the Komati Formation in the Barberton
Mountainland are typical examples of the Al-depleted type. In chapter 2, the major
element concentrations and Os isotopic characteristics of the Al-undepleted Alexo
komatiites are discussed.

As more major and trace element data for komatiitic rocks from both
Precambrian and Phanerozoic greenstone belts have become available, it is now
recognized that geochemical characteristics of some komatiites are not entirely
consistent with either of the types in the simple two-fold classification. For example,
the komatiitic rocks recently reported from the Commondale area in the Kaapvaal
craton, S. Africa have extremely low REE concentrations, yet significantly higher
silica contents than that at a given MgO level for other types of komatiites (Wilson,
2003). Also, the komatiitic rocks from the Jeesiorova area in the ca. 2 Ga Central
Lapland Greenstone Belt, northern Finland have subchondritic Al,O3/TiO; ratios (10-
13) similar to those in Al-depleted rocks, yet they have similar aluminum contents at

given MgO levels of the Al-undepleted komatiites (Fig. 1.2). The subchondritic
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Fig. 1.2. Plot of Al,O; vs. TiO, for high-MgO komatiites and komatiitic basalts of
different chemical types: [1] Ti-enriched komatiitic rocks from Finnish Lapland
(Hanski et al., 2001); [2] Al-undepleted komatiites from Alexo (Gangopahyay and
Walker, 2003) and Pyke Hill (unpubl. data) in the Abitibi greenstone belt, Canada;
and [3] Al-depleted komatiitic rocks from Mendon (Lahaye et al., 1995) and Komati
Formations (Parman et al., 2002) in the Barberton Mountainland, S. Africa. Note that
most of the Finnish rocks have Al,O3/TiO, ratios that fall between those of the Al-

depleted and Al-undepleted types.



AL O3/Ti0; ratio in the Jessiorova komatiites is a result of higher TiO, content than
that at a specific MgO level in both Al-undepleted and Al-depleted komatiites. These
distinctive chemical characteristic of Jessiorova komatiites led Hanski et al. (2001) to
construct a new scheme of classification for komatiites based on olivine-projected
molecular Al,03-TiO, relations. The Jessidrova komatiites, according to this scheme,
plot in the distinct field of “Ti-enriched” komatiites. It is shown in chapter 3, that the
Jessiorova komatiites, in addition to Ti, are also enriched in similarly incompatible
elements relative to both Al-depleted and Al-undepleted types. It is now also apparent
that the nearly contemporaneous komatiitic rocks from the Karasjok greenstone belt
in Northern Norway (Barnes and Often, 1990) and from the Onega plateau, Russia
(Puchtel et al., 1998) also belong to this “Ti-enriched” category. More examples of
this distinct chemical type of komatiite have recently been reported from the Abitibi
greenstone belt (e.g., see Sproule et al., 2002). Contrary to the traditional view of
komatiite occurrences (e.g., Sun, 1984), it is now also recognized that Al-undepleted,
Al-depleted and/or Ti-enriched komatiites can coexist in a single greenstone belt and,
in some cases, within a single volcanic assemblage (e.g., Kidd-Munro assemblage in
the Abitibi greenstone belt, Canada; Sproule et al., 2002). It is important to determine,
therefore, whether relatively high abundances of Ti are a primary feature of the
mantle sources for these rocks, or a result of: [1] lower degrees of melting; [2] higher
degrees of differentiation; [3] lithospheric contamination; or [4] different conditions
of melting (P-T-fO,) relative to the more common Munro- or Barberton-type

komatiites. In chapter 3, the petrologic, geochemical and combined Nd-Os isotopic



characteristics of the Jessidrova komatiites are discussed in relation to these
considerations.
1.2. Petrogenetic models for komatiites

A comprehensive historical view of different petrogenetic models for the
generation of komatiites may be found in Grove and Parman (2004). In brief, there
are currently two classes of competing petrogenetic models: plume-based models of
anhydrous melting in intraplate settings (e.g., Herzberg, 1992; Nisbet et al., 1993;
McDonough and Ireland, 1993) and subduction-related hydrous melting in supra-
subduction zone settings (e.g., Allégre, 1982; Parman et al., 1997; Grove et al., 1999).
Neither of these two models alone explains the complete spectrum of petrologic,
geochemical and isotopic characteristics of different chemical types of komatiites. It
is possible that different komatiite types were generated under these two contrasting
geodynamic settings (e.g., see Arndt et al., 1998; Grove and Parman, 2004).

The most widely accepted model for komatiite petrogenesis, so far, is the plume-
based model, which suggests that ultramafic magamas, such as komatiites and
picrites, are products of high degrees (up to ~50%) of partial melting of ascending
mantle plumes. This model is based mainly on high liquidus temperatures (> 1600°C)
of komatiites inferred from the results of anhydrous melting experiments of
peridotites (e.g., Green et al, 1975; Herzberg, 1992). The plume model suggests that
the Al-depleted and Al-undepleted komatiites that may coexist in a single greenstone
belt (e.g., in the Abitibi greenstone belt) are derived from different parts of a single
plume (e.g., Xie et al., 1993; Sproule et al., 2002). The subchondritic Al,03/TiO, and

HREE-depletion (Gd/Yben > 1) in Al-depleted komatiites have been suggested to



reflect a mantle source with residual majoritic garnet (Lahaye et al., 1995; Herzberg,
1995; McDonough et al., 1997), or separation of garnet from the magma during
differentiation in the deep (>400 km) mantle (Gruau et al., 1990; Blichert-Toft and
Arndt, 1999). Some geochemical characteristics, such as negative Nb, Zr and Hf
anomalies in the Al-depleted komatiites have been used to support this model (e.g.,
Lahaye et al., 1995). However, it is now recognized that the analyses of high field
strength elements (HFSE) are commonly fraught with uncertainties due to incomplete
dissolution of HFSE-rich phases in mafic-ultramafic rocks (e.g., Blichert-Toft et al.,
2004). Thus, some of the negative HFSE anomalies (particularly Zr and Hf) may be
analytical artifacts. Nevertheless, recent experimentally determined partition
coefficients for REE and other trace elements between majorite garnet and silicate
melt have been used to support the model of garnet fractionation for the generation of
Al-depleted komatiites (Corgne and Wood, 2004). On the contrary, the Al-undepleted
komatiites, according to this model, were derived from shallower parts of the mantle
plume (< 400 km) where garnet was not a fractionating phase. In chapter 2, the
combined Nd-Os isotopic characteristics of Al-undepleted Alexo komatiites have
been used to suggest their generation from convective upper mantle.

The high liquidus temperatures (Green et al, 1975) for komatiites that are inferred
based on assumed anhydrous melting of their mantle sources have long been
challenged, and as an alternative, some komatiites have been argued to be products of
subduction-related hydrous melting (e.g., Allegre, 1982; Parman et al., 1997; Grove
et al.,, 1999). Furthermore, the presence of magmatic water in some komatiites has

been documented in previous studies. For example, Stone et al. (1997) estimated H,O



contents of 1.2% from magmatic amphiboles of Boston Creek ultramafic flows. A
relatively smaller amount of water (~0.2 wt.%) was documented in melt inclusions in
komatiites from the late-Archean Reliance formation of Belingwe (McDonough and
Danyuschevsky, 1995). More recently, ion probe analyses of melt inclusions in early
fractionating Cr-spinels suggest a hydrous (0.8-0.9% H,O corresponding to ~24%
MgO) parental liquid for Belingwe komatiites (Shimizu et al., 2001). It is likely that
the estimates obtained from melt inclusions place lower limits on the H>O contents of
undegassed parental magmas prior to entrapment as inclusions. Recent experimental
studies (Asahara et al., 1998), however, suggest that addition of 0.5% H,O to mantle
peridotite does not significantly depress the volatile-free komatiite liquidus.
Accordingly, Shimizu et al. (2001) suggested a hydrous, yet high-temperature plume
origin for Belingwe komatiites. Moreover, relatively high contents of H,O in a plume
source may be derived from dehydrating oceanic crust during subduction and,
therefore, have an important bearing on the Os isotopic composition of plume-derived
magmas. For example, the mantle source for the Belingwe komatiites had a
suprachondritic initial Os isotopic composition (Walker and Nisbet, 2002). It is not
clear, however, whether the high abundance of H,O is derived from: [1] primordial
H,O in the Archean mantle; [2] dewatering of subducted oceanic lithosphere; or [3]
non-magmatic H,O (e.g., meteoric) introduced during emplacement of the lavas at
near-surface levels. In chapter 4, the two contrasting models are evaluated for the new
class of HREE-depleted, yet Ti-enriched komatiites from the Finnish Lapland.
Attempts have also been made to reconcile the two contrasting petrogenetic

models and to integrate them into a single model of impingement of mantle plume



upon subducting oceanic lithosphere (Kerrich et al., 1998; Sproule et al., 2002). This
hybrid model is based on the observation that boninite series rocks, that are typically
formed in modern arc settings, are intercalated with komatiites in several localities in
the Abitibi greenstone belt (Kerrich et al., 1998). The “interfingering” of plume-
derived rocks of komatiite-tholeiite association and the subduction-related boninite
series rocks, according to this model, suggests interaction of a mantle plume with a
subducting slab. Although such an argument is intuitively opportunistic and
“unappealing” (Grove and Parman, 2004), the possibility of interaction between
mantle plume and subducted slab cannot be categorically ruled out. However, some
relatively recent komatiites form part of lithologic associations that do not include
typical arc-related lavas. For example, the Mesozoic Gorgona komatiites are part of
the Carribean oceanic plateau, and their lithologic associations do not include arc-
related lavas, such as boninites (e.g., Echeverra, 1980; Arndt et al., 1997).
1.3. Secondary processes: Pitfalls and possible remedies

Petrologic, geochemical and isotopic studies suggest that Precambrian
komatiites, in general, were affected by secondary processes to varying degrees, such
as [i] surficial weathering; [ii] post-crystallization hydrothermal alteration; [iii]
greenschist to amphibolite facies metamorphism; [iv] seawater interaction; and [V]
assimilation of lithospheric components (e.g., Beswick, 1982; Jolly, 1982; Arndt et
al., 1989; Arndt and Lesher, 1992; Lesher and Arndt, 1995; Lahaye and Arndt, 1996;
Rollinson, 1999; Hanski et al., 2001). The degrees to which these secondary
processes have obliterated the characteristics of the mantle sources for komatiites

vary greatly from one suite of rocks to another. Also, the choice of samples is largely
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guided by the nature and objective of a particular petrologic, geochemical or isotopic
study. The present study is mostly focused on the use of Re-Os systematics of
komatiites, and, accordingly, this section (section 1.3) is devoted to addressing the
issues relating to careful selection of samples for Os isotopic study.

Deep drill core samples, if available, are preferred in order to minimize the
effects of surface weathering-related element mobility in the emplaced lavas (e.g.,
Puchtel et al., 2004a, 2004b). The vast majority of geochemical and isotopic studies
of komatiites, however, have utilized samples from surface flows of komatiitic lavas.
All of the komatiite samples used in the present study were collected from surface
outcrops. It is demonstrated in chapter 2 that carefully selected, least-altered
komatiite samples from surface flows can preserve the primary Re-Os elemental and
isotope systematics of emplaced lavas. Conversely, drill core samples used in the Os
isotopic study of komatites from Belingwe, Zimbabwe, have shown large-scale open-
system behavior, most likely due to hydrothermal alteration (Walker and Nisbet,
2002).

For the study of primary magmatic major and trace element characteristics,
the most commonly applied technique to evaluate secondary mobility of elements in
komatiites involves the use of olivine fractionation and accumulation trends for a
given suite of rocks (Arndt 1977a; Arndt, 1986). This method utilizes the fact that
olivine is the dominant fractionating mineral in most komatiitic magmas and,
accordingly, on plots of MgO versus least-mobile incompatible major element oxides
and trace elements (e.g., AL,O3, TiO,, Zr, Sm), linear trends with negative slopes are

normally observed. The linear trends, when projected back to the field for olivine
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compositions determined in the same suite of rocks, provides evidence for limited
mobility of the respective elements. Deviations from such olivine-control trends, on
the other hand, are commonly ascribed to post-magmatic mobility of a given element
due primarily to hydrothermal alteration and metamorphism. This criterion has been
used to evaluate the post-crystallization mobility of elements in rocks from Alexo and
Dundonald Beach in the Abitibi greenstone belt, Canada (chapters 2 and 3).

In a recent ion microprobe study of fresh clinopyroxene from the Barberton
komatites, a new approach was applied to evaluate the mobility of trace elements in
the whole rocks due to metamorphism (Parman et al., 2003). This method involves
determination of trace element concentrations of fresh clinopyroxene and calculation
of those in a projected clinopyroxene composition in equilibrium with the whole-rock
sample. The differences between the calculated and measured trace element
concentrations, according to this scheme, yield the percentage loss or gain of each
element. The study of Parman et al. (2003) suggested that REE were not significantly
mobile during the greenschist facies metamorphism of Barberton rocks. Similarly, the
komatiites from the Abitibi greenstone belt studied here (chapters 2 and 4) and also
those from the Jeesidrova area in the Finnish Lapland (chapter 3) were metamor-
phosed to greenschist facies. In each case, the relatively immobile behavior of REE
has been noted either in the present study or in previously published work on the
flows (e.g., Lahaye and Arndt, 1996; Hanski et al., 2001). The possible effects of
metamorphism on the Re-Os systematics of the Abitibi rocks are discussed in chapter

5.
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A previous oxygen isotope study of Pyke Hill komatiites (stratigraphically-
equivalent to the Alexo rocks studied here) suggests their interaction with ambient
seawater (Beaty and Taylor, 1982). The effects of hydrothermal alteration (induced
by seawater) on the major and trace element characteristics of komatiites may be
significant, and, as described above, can be evaluated using the olivine-control
criteria. However, seawater interaction might not have significantly modified the
initial Os isotopic compositions of komatiites, because ambient seawater most likely
had more than 3 orders of magnitude lower Os concentrations than those of the
erupted lavas (Sharma et al. 1997).

Evidence for crustal contamination in komatiites is provided by combinations
of lithophile element distributions (e.g., negative Nb anomalies; Perring et al., 1996),
LREE-enrichment (e.g., Lesher and Arndt, 1995), unradiogenic Nd isotopes and
radiogenic Pb isotopic compositions (Puchtel et al., 1996). The komatite flows from
the Alexo and Jeesidrova areas are well-characterized in terms of major and trace
elements, and lithophile element isotope systematics, and were suggested to have
undergone limited or no crustal contamination (e.g., Lahaye and Arndt, 1996). In the
absence of Nd and Pb isotopic composition of the Dundonald rocks, their key trace
element characteristics have been compared with some Precambrian komatiites for
which trace elements and lithophile element isotopic characteristics suggest
significant crustal contamination (chapter 4). Also, typical continental crust has about
2 orders of magnitude lower Os concentrations than in komatiitic parental magmas,

and, accordingly, the Os isotopic compositons of the komatiitic magmas may not
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necessarily be significantly modified even after relatively large degrees of crustal
contamination.

The interaction of the subcontinental lithospheric mantle (SCLM) and
presumably hotter asthenospheric melt is another process that can potentially modify
the Os isotopic composition of primary komatiitic melt derived from the
asthenosphere. This is because the SCLM is commonly observed to have
subchondritic '*’0s/'™0s as a result of prior Re depletion (e.g., Walker et al., 1989;
Rudnick and Lee, 2002). For example, the subchondritic initial Os isotopic
composition of the Al-depleted ultramafic flows from Boston Creek, Canada may
suggest their derivation dominantly from a SCLM-like mantle source that had
undergone prior melt depletion. In chapter 4, a combination of Os and Nd isotopic
characteristics is used to monitor the interaction between SCLM and asthenospheric
melts for the generation of Jeesiorova komatiites from the Finnish Lapland.

1.4. The application of the Re-Os system to the study of Precambrian komatiites

A comprehensive review of the Re-Os isotope system and its application to
high temperature geochemistry may be found in Shirey and Walker (1998). Only a
brief overview is presented here detailing the context in which the present Os isotopic
work of Precambrian komatiites was carried out.

The importance of Os isotopes ("*'Re > "0s+p; A =1.666 x 107 'yr",
Smoliar et al., 1996) as petrogenetic tracers has long been recognized (Allégre and
Luck, 1980). The potential of the '®’Re-'"*"Os isotope system as a tracer of processes
in planetary mantle stems primarily from a combination of the chalcophilic and

highly siderophilic nature of both Re and Os and their different compatibilities during
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mantle melting. Rhenium is preferentially partitioned into magmatic liquids, whereas
Os mostly resides in mantle minerals during low to moderate degrees of partial
melting of mantle sources. Because both Re and Os are highly siderophile elements, it
follows that these two elements partitioned nearly quantitatively into the metallic core
during its segregation in the early earth. Accordingly, it is now widely believed that
the Re and Os present in modern and ancient mantle-derived rocks were originally
derived from a 'late veneer' of chondritic materials added to the mantle following the
completion of core formation (e.g. Kimura et al., 1974; Chou, 1978; Sun, 1982;
Morgan, 1985; Meisel et al., 1996; but also see Jones and Drake, 1986; Brett, 1984
and McDonough, 1995 for alternative hypotheses). Thus, Os isotopic studies of
mantle-derived rocks, such as komatiites can provide insights into the nature of late
accreted materials, their distribution in different mantle reservoirs and the rate at
which they were added to terrestrial and possibly other planetary bodies.

Despite a generally chondritic relative abundance of all eight highly
siderophile elements [HSE: Re, Au and 6 platinum group of elements (PGE: Ir, Os,
Ru, Pt, Rh, Pd)], significant portions of the modern terrestrial mantle are
heterogeneous in terms of Os isotopic compositions. For example, the initial Os
isotopic compositions of present-day ocean island basalts (e.g., Reisberg et al., 1993,
Hauri and Hart 1993, Roy-Barman and Allegre, 1995) show large-scale variation (yos
is as high as +25; where yo is the percent deviation of '*’Os/'**Os of a sample from
the chondritic ratio at a given time). Also, the initial Os isotopic compostions of
different mantle domains, as sampled by abyssal peridotites (Martin, 1991; Snow and

Reisberg, 1995), ophiolites (Luck and Allegre, 1991; Walker et al., 1996; 2002),
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mantle xenoliths (Morgan, 1986; Walker et al., 1989; Chesley et al., 1999; Miesel et
al., 1996, 2001), ultramafic and related rocks (e.g., Walker et al., 1988; Hattori and
Hart, 1991; Foster et al., 1996, Walker and Stone, 2001; Puchtel et al., 2001a, 2001b),
and flood basalts (Horan et al., 1995; Allegre et al., 1999) collectively show either
chondritic Os isotopic composition or large range of positive deviations from the
chondritic Os isotopic evolution trajectory. The estimated Os isotopic composition of
the mantle sources for mid-oceanic ridge basalts (MORB), on the other hand, is
essentially chondritic (Walker et al., 1996; Brandon et al., 2000) or only slightly
subchondritic (Snow and Reisberg, 1995). Moreover, it is now clear that the primitive
upper mantle (PUM) has 70s/'%0s ratios (0.1296 + 0.0008) similar to the ranges
observed in ordinary and enstatite chondrites (Meisel et al., 1996, 2001). It is
important to determine, therefore, how and when the different portions of the earth’s
mantle developed the Os isotopic heterogeneities.

Different mechanisms have been proposed to explain the enrichments in '*'Os
of mantle sources relative to projected chondritic compositions. For example,
suprachondritic initial '"*’Os/"**Os for younger volcanic rocks, such as modern ocean
island basalts (OIBs) may reflect incorporation of recycled radiogenic oceanic crust
into their mantle source (Hauri and Hart, 1993; Reisberg et al., 1993; Fig. 1.3).
Alternatively, a core-mantle interaction model has been proposed to explain the
coupled '®’Os-"*°Os enrichments in Siberian flood basalts, Hawaiian picritic rocks
(Walker et al., 1995; Brandon et al., 1998, 1999) and also in komatiitic rocks from
Gorgona island (Brandon et al., 2003). This model, based on empirical estimates of

higher liquid-metal/solid-metal partition coefficients of Re and Pt than that for Os
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derived from magmatic iron meteorites, suggests that the separation of liquid outer
core from the solid inner core involved fractionation of Re/Os and Pt/Os ratios (Fig.
1.4). The putative suprachondritic Re/Os and Pt/Os ratios in the outer core, therefore,
would have led to radiogenic ingrowth of both '*’Os and '*°Os through geologic time.
The coupled enrichments in '®’Os and "*®Os in plume-derived lavas, according to this
model, suggest that the putative radiogenic outer core materials were entrained in
their mantle sources through physical admixture and/or isotopic equilibration at the
core-mantle boundary. Puchtel et al. (2001a) have suggested a similar possibility for
'%70s-enriched komatiites from the 2.8 Ga Kostomuksha greenstone belt.

Previous studies have also suggested that addition of lower mantle material
with a presumably enriched '*’Os and '*°Os (e.g., as a result of early differentiation in
a magma ocean) in a plume source can potentially produce isotopic enrichments
observed in some mantle derived rocks (Walker et al., 1997). Additionally, several
researchers (e.g., Morgan et al., 2001) suggested that the regional scale variations of
HSE compositions in different mantle domains may represent the original spatial
heterogeneity in the late veneer materials.

While the mechanisms discussed above can account for enrichment or
depletion in "*Os isotopes observed in different mantle domains, the evolution of
these compositions through geologic time is, so far, poorly constrained.
Understanding the origin, age and evolution of these heterogeneities requires
systematic studies of both ancient and modern mantle-derived rocks. Precambrian
komatiites are good candidates to this end, primarily for the following reasons: First,

komatiites have high Os abundance and low Re/Os ratios that result in minimal
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correction for measured '®’Os/'®*Os ratios to obtain the initial Os isotopic
composition of their mantle sources. Second, komatiitic lavas commonly have high
modal abundances of chromites that are relatively resistant to weathering and
alteration and have 2-3 orders of magnitude higher Os concentrations than whole
rocks. This, combined with typically low Re/Os ratios in chromites provides direct
means of determination of initial Os isotopic composition for the mantle sources for
host lavas. Third, komatiites are high degree partial melts from their mantle sources
and hence, the melting processes likely averaged local small-scale inhomogeneities.
Thus, unlike mantle xenoliths, komatiitic lavas are likely to have sampled relatively
large mantle reservoirs. Fourth, although komatiite melts are susceptible to crustal
contamination due to their high liquidus temperatures, their Os isotope systematics,
unlike basalts, remains relatively immune to relatively large degrees of crustal
contamination by typical low-Os crustal materials because most komatiite magmas
have up to 2 orders of magnitude higher Os concentrations than typical crustal
materials (Walker and Nisbet, 2001). Finally, most Archean and Proterozoic
komatiites are well characterized in terms of major and trace elements and lithophile
element isotope systems (e.g., Sm-Nd, Pb-Pb) and, therefore, a careful selection of
least-altered whole-rock samples from different flows prior to Os isotopic analyses is

possible.
1.5. Scope of the present work

The primary objective of this work was to examine the petrologic and
geochemical characteristics of selected suites of Precambrian komatiites and to

determine the initial Os isotopic compositions of their mantle sources in order to (a)
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characterize the Os isotopic heterogeneity in the Precambrian mantle and (b)
constrain petrogenetic processes for the generation of komatiites. To this end, the
following work was carried out for three suites of komatiites:

[1] ca. 2.7-Ga komatiites from the Alexo area in the Abitibi greenstone belt,
Canada. The chemical composition (major element oxides) and Re-Os isotopic
systematics of the Alexo flows were determined in this study (Chapter 2).

[2] ca. 2.0-Ga komatiitic rocks from Jeesidrova area in the Kittilid greenstone
Complex, Finland. The Re-Os systematics of these flows were examined and
integrated to a model for the generation of the rocks (Chapter 3).

[3] ca. 2.7-Ga komatiitites and komatiitic basalts from Dundonald Beach area
in the Abitibi greenstone belt, Ontario, Canada. The geochemical characteristics of
two separate flows were examined in relation to the existing models for the
generation of komatiites (Chapter 4).

[4] The Re-Os systematics of komatiites and komatiitic basalt units were
examined in order to determine the initial Os isotopic composition of the mantle
sources for these rocks (Chapter 5).

[5] Finally, based on the results obtained in this study and those from previous

studies, a comprehensive discussion is presented (Chapter 6).
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CHAPTER 2: Re-Os SYSTEMATICS OF THE ca. 2.7 Ga
KOMATIITES FROM ALEXO, ONTARIO, CANADA

[1. Published as: Gangopadhyay, A., and Walker, R. J. (2003) Re-Os systematics of
the ca. 2.7 Ga komatiites from Alexo, Ontario, Canada, Chem. Geol., 196: 147-162.

2. The material presented in this chapter reprents both my analytical work and
primarily my own interpretation]

Abstract
The Re-Os isotope systematics of a suite of komatiitic flows from Alexo

Township, in the Abitibi greenstone belt, Ontario were examined in order to
characterize the partitioning behaviors of Re and Os during the generation and
subsequent differentiation of komatiitic magma, and also to determine the initial Os
isotopic composition of the late-Archean mantle source of these rocks. This suite of
komatiites was suitable for these objectives because of their high Os concentrations,
>~1 ppb, and low '*"Re/"**Os ratios (ranging between 0.4 and 2.4). The Re-Os isotope
results for whole rock komatiites and chromite separates yield a model 3 isochron age
of 2762 + 76 Ma. This age is in general agreement with previously determined U-Pb
ages of zircons from associated felsic units and also with Sm-Nd and Pb-Pb isochron
ages of these flows. This suite of Alexo komatiites, thus, demonstrate relatively
limited mobility of Re and Os at the whole-rock scale, even after large-scale
alteration and ambient lower greenschist facies metamorphism. The initial Os isotopic
composition (187Os/]880s(1) = 0.1080 + 0.0012) obtained from the regression is
essentially chondritic (yos = -0.1 £ 1.0). Our results, therefore, suggest an absence of
any large-scale deviation in initial Os isotopic composition of the mantle source of
these komatiites relative to the putative chondritic composition of the

contemporaneous convective upper mantle.

22



For these komatiites, Os was moderately compatible with the mantle residue
(D™ ™ _ 2. 1), whereas Re was incompatible (Dge ~0.20). These D’s are
consistent with those previously estimated for other Archean komatiites (e.g. Walker
et al., 1988). The apparent Do” V¢ and Dy meivid iy Alexo komatiites are 1.7
and 0.66, respectively. Our results, therefore, suggest that Os is slightly compatible
whereas Re is moderately incompatible in olivine or a coprecipitating phase during
magmatic differentiation of komatiitic liquids. The concentrations of Re and Os in
Alexo komatiites are also comparable to those reported for komatiites from other
greenstone belts. The apparent magmatic behaviors of both Re and Os in the whole-
rock komatiites indicate that the Re-Os elemental systematics are primary features of
these rocks.

The Os isotopic results obtained for the Alexo komatiites, combined with
those from the spatially associated Munro Township komatiites (e.g. Walker et al.,
1988; Shirey, 1997), suggest a source for komatiites in the southern volcanic zone of
the Abitibi greenstone belt that was dominated by Os with a chondritic isotopic
composition. Also, the Os isotopic results, combined with previous Nd and Pb
isotopic results, are consistent with derivation of the komatiites from either the
contemporaneous convective upper mantle or a deep mantle source with isotopically
similar characteristics. These results imply that, if the chondritic Os isotopic
composition of the mantle sources for the komatiites were set by a chondritic “late
veneer”’, most late accretion and subsequent homogenization within the mantle must

have occurred prior to their eruption at ~2.7 Ga.

Keywords: Os isotopes, Abitibi, Alexo, komatiites, plumes.
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2.1. INTRODUCTION

The "*Re-""Os isotope systematics ("*'Re > '®"0s + 73 A =1.666 x 107 'yr!;
Smoliar et al., 1996) of materials derived from young mantle plumes show that
plumes tap mantle reservoirs with significant heterogeneity in terms of Os isotopic
compositions. For example, modern ocean island basalts (Reisberg et al., 1993, Hauri
and Hart 1993, Roy-Barman and Allegre, 1995), Phanerozoic flood basalts (Horan et
al., 1995; Allegre et al., 1999) and ultramafic rocks (Walker et al., 1999) show a large
variability in initial Os isotopic compositions with yos ranging between 0 and ~ +25
(where o, is the percentage deviation in '*’0s/***Os from the projected chondritic
composition at a given time). In contrast, the Os isotopic composition of the modern
convecting upper mantle is within the range of chondritic meteorites (yos ranging
between about —3 and +1; Snow and Reisberg, 1995; Brandon et al., 2000; Walker et
al., 2002). Thus, many young plume sources are considerably more radiogenic than
the modern convecting upper mantle. One important question, therefore, is how and

when the plume sources developed the observed Os isotopic enrichments.

Os isotopic heterogeneities in the terrestrial mantle, indeed, can be traced as
far back as late Archean. For example, some Archean ultramafic systems, e.g., Munro
Township komatiites in the 2.7 Ga Abitibi greenstone belt (Walker et al., 1988;
Shirey, 1997) and ore-bearing sulfides from Kambalda in Western Australia (Foster et
al., 1996) show broadly chondritic initial Os isotopic compositions. In contrast, there
are significant deviations from projected chondritic compositions for other late
Archean mantle sources. For example, the Boston Creek komatiites of the Abitibi

greenstone belt were derived from a source with subchondritic '*'Os/'®0s (Walker
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and Stone, 2001), whereas the sources of the komatiites from Kostomuksha, Russia
(Puchtel et al., 2001a) and Belingwe, Zimbabwe (Walker and Nisbet, 2002) were

suprachondritic.

Understanding the origin, age and evolution of the Os isotopic heterogeneities
in the terrestrial mantle requires systematic studies of both ancient and modern
mantle-derived rocks. Precambrian komatiites are good candidates to study the
development of Os isotopic heterogeneities in plume sources because of their high Os
abundance, low Re/Os ratios and relatively robust preservation of initial Os isotopic
composition during alteration and low-grade metamorphism (e.g. Walker et al.,
1988). Furthermore, at least some komatiites are believed to be derived from mantle
plumes (Herzberg, 1992; Nisbet et al., 1993; McDonough and Ireland, 1993) and
represent high-degree partial melts of their mantle sources. Hence, the melting
processes likely removed local small-scale isotopic inhomogeneities in the source
during their generation. Although the high eruption temperatures of komatiitic melts
make them susceptible to crustal contamination, the high Os abundances in most
komatiite magmas can preserve the original Os isotopic composition of the mantle
sources, even after a relatively large degree of contamination by typical low-Os
crustal materials (e.g. Walker and Nisbet, 2002). Furthermore, crustal contamination
for these rocks can be monitored by other isotope systems, such as Sm-Nd and Pb-Pb,
which are much more sensitive to crustal assimilation (e.g., Puchtel et al., 2001b).
Additionally, there are many Archean and Proterozoic komatiites that are well

characterized in terms of major and trace elements and other lithophile element
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isotope systems and, therefore, a careful selection of least altered whole-rock samples

from different flows prior to their isotopic analyses is possible.

Here we present the Re-Os isotope systematics and major and selected trace
element characteristics of a suite of ca. 2.7 Ga komatiite flows from Alexo Township
in the Superior Province, Ontario, Canada. Two factors guided the choice of our
samples: [1] The Alexo flows are precisely dated at 2700-2727 Ma (e.g. Nunes and
Pyke, 1980). Therefore, a comparison between these ages and those obtained from
Re-Os isochron is possible; and [2] Some of these rocks have abundant chromites that

allow a precise determination of the initial Os isotopic composition of the flows.

2.2. SAMPLES AND ANALYTICAL METHODS

Eight whole-rock samples and three chromite separates from the komatiite
flows were analyzed. The textural characteristics of these rocks include both spinifex
and massive (textural types are detailed in Table 2.1). Olivine occurs mainly in two
different modes: [1] relatively large subhedral to euhedral cumulate crystals; and [2]
long plates or laths (£ clinopyroxene needles) defining spinifex texture. Minor
secondary opaque oxides (magnetite) are also present along fracture planes of olivine
crystals. Olivine is partially chloritized in some samples with spinifex texture.
Samples with high modal abundances of cumulate olivine are typically mostly
serpentinized. The cumulate olivines in these samples are mostly subhedral. The
glassy matrix is generally devitrified.

All whole rock samples were collected from outcrops. The samples were first
crushed into mm-sized pieces and cleaned with Milli-Q™ water repeatedly under

ultrasonic bath for at least one hour. The freshest unaltered pieces were handpicked
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Table 2. 1: Whole rock major element oxides (recalculated on anhydrous basis) and
selected trace element data for the Alexo komatiites.

Sample Alx-1 Alx-2 Alx-3 Alx-4 Alx-5H Alx-5W  Alx-6 Alx-26
Texture Cumulate Random Plate  Basal Cpx-  Komatitic Cumulate Chevron
spinifex spinifex cumulate spinifex basalt spinifex

SiO; (Wwt%) 4543 45.66 45.64 44.63  44.63 47.73 43.77 45.47

TiO, 0.19 030 031 0.20 0.16 0.59 0.25 0.32
ALOs 370 6.31 6.41 3.84 3.69 11.26 5.17 6.44
Fe,05* 830 11.09 10.93 8.72 9.17 11.75 13.24 11.13
MnO 0.14 0.18  0.18 0.14 0.17 0.19 0.22 0.16
MgO 40.20 30.21 29.86 39.54  39.83 11.62 31.37 30.16
CaO 1.66 557 5.0 2.65 1.39 17.04 5.40 5.99
Na,O 0.00 047 027 0.00 0.00 0.09 0.11 0.24
K,O 0.01 0.11 0.08 0.00 0.00 0.01 0.02 0.06
P,0s 0.01 0.02 0.02 0.01 0.01 0.04 0.02 0.02
Total 99.64 9992 9940 99.73  99.05 100.32 99.57 99.99
Mg#* 091 0.84 0.84  0.90 0.90 0.66 0.82 0.84
CaO/ALO; 045 0.88 0.89  0.69 0.38 1.51 1.04 0.93
CaO/

(CaO+ALO;) 031 047 047 041 0.27 0.60 0.51 0.48
ALO;/TiO, 195  21.0 20.7 19.2 23.1 19.1 20.7 20.1
TiO,/P,05 19 15 155 20 16 14.75 12.5 16
Trace elements (ppm)

Cr 1703 2456 2383 1757 3671 840 2679 2280
Ni 2218 1650 1680 2268 1957 199 1068 1557

*Fe,05 as total Fe;

¥Calculated as mole% MgO/(MgO + FeO) with 90% of total iron as FeO.
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and dried in an oven at approximately 60°C for about an hour. These pieces were then
ground with an agate mill. The powders were carefully mixed and homogenized.
Different aliquots of the same whole-rock powder were used in major and trace
element, and isotopic analyses of each sample. The chromite separates were obtained
from Eero Hanski (Geol. Surv. of Finland) and Igor Puchtel (Univ. of Chicago; also
the whole rock sample, Alx-26). X-ray fluorescence (XRF) analyses of major and
trace elements of the komatiites reported here were performed with a Siemens MRS-
400 multi-channel simultaneous X-ray spectrometer at the University of
Massachusetts.

The chemical separation techniques for Re-Os analyses employed in this study
have followed previously published work (Shirey and Walker, 1995; Cohen and
Waters, 1996). In brief, approximately 2-3 g of whole-rock powders were added to ~
3g of concentrated HCI and 6g of concentrated HNO3 and frozen into Pyrex™ Carius
tubes. Unlike the whole-rock powders, relatively smaller amounts of chromites (Table
2.2) were used due to their limited available quantities. Appropriate amounts of
separate '"’Os and ' Re spikes were added and the tube was subsequently sealed and
heated at 240°C for at least 12 hours. Sample digestion for chromites lasted at least
24 hours to ensure complete dissolution. Unlike the whole-rock powders, mixed
90s-'%Re spikes were used for the chromite separates. Osmium was separated by
solvent extraction into carbon tetrachloride and subsequently transferred into high-
purity concentrated HBr (Cohen and Waters, 1996). The final purification and pre-
concentration for Os was accomplished via microdistillation in a conical Teflon™

vial. Rhenium was recovered from aqua regia via anion exchange techniques (Morgan
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Table 2.2: Rhenium and Os isotopic and compositional data' for the whole-rock
Alexo komatiites and primary chromite separates. Total analytical uncertainties,
except where noted in parentheses, are +0.3% for '""Re/'™0Os and +0.1% for
%70s/"%80s (26%) for both whole rocks (WR) and chromites (CMT.).

Samples  Sample’ Sample  Re Os 205 "0s/'™0s  "*Re/'™0s Yos
types  weight (ppb)  (ppb) (ppb)
(2
Alx-1 WR 2.00 0.2519 2,572  1.05 0.13138 0.4722 +1.0+0.2
Repl.* WR 3.00 0.2391 2597 1.06  0.13041 0.4438 +1.3+0.2
Alx-2 WR 2.00 04136 1911 0.78 0.1561(3) 1.047 -1.2+0.4
Alx-3 WR 3.01 0.4834 1.609 0.65 0.17521 1.456 -1.3£0.4
Alx-4 WR 2.00 0.2892 3315 136  0.1261(2) 0.4203 -1.6+0.2
Repl . WR 3.00 0.2479 3390 1.39  0.1252(5) 0.3522 +0.5+0.5
Alx-5H WR 3.01 0.2256 1.055 043  0.15601 1.034 -0.7+0.3
Cm-ASc CMT. 0.074 09355 1339 548 0.12135 0.336(20)  -2.4+1.0
Repl. CMT. 0.107 0.8502 11.58 4.74 0.12640 0.354(15) +1.5+0.8

Cm-ASb CMT. 0408 0.6312  9.048 3.70 0.12542)  0.336(12) +1.4+0.8
Alx-5W°  WR 200 07275 0451 0.18 0.4992(2)°  8.148(32) +7.1+2.8

Repl. WR 3.01 0.7510 0.405 0.16  0.5550(6) 9.442 +2.4+£1.8
Alx-6 WR 2.00 0.3508 0.704 0.28 0.2232(4) 2.433 +0.6=0.7
Repl. WR 3.01 0.3478 0.727 0.29 0.21865 2.332 +0.8+0.5
Alx-26 WR 3.01 0.4143 1.877 0.77  0.1615(5) 1.068 +2.9+0.6

Alx-26c CMT.  0.122 05204 2742 112  0.1131(3)°  0.0913(56) +0.6:0.6

'All Os analyses (except where marked with asterisks) were accomplished using a
Faraday cup, whereas Re analyses were performed with an electron multiplier.

*WR = whole rock; CMT. = chromite.

3Calculated values at the Re-Os regression age of 2.76 Ga. The chondritic '*’0s/"**Os
at 2.76 Ga is calculated to be 0.10810, based on average '°'Re/'**Os ratio of
chondrites and initial '*"0s/"**0s (T = 4.558 Ga) for early Solar System materials
(ITTA 1irons) of 0.40186 and 0.09531, respectively (Shirey and Walker, 1998). A
=1.666 x 10 'yr" (Smoliar et al., 1996).

*Repl. = replicate analyses of different aliquots from separate powder splits.
*Komatiitic basalt; the rest of the whole-rock samples are high-MgO komatiites.
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and Walker, 1989). The analytical blanks for Re and Os were 7.6 = 1.7 pg and 2.5 +
1.0 pg (n = 4), respectively, and are negligible compared to their concentrations in
most samples. The blank contribution, however, was substantial (>6%) for some of
the Re analyses of chromites. The isotopic compositions of the blanks were natural
for Re and had '®’0s/"**0s of 0.3130 + 0367 (n = 4). All data were corrected for
blanks and the isotopic and concentration data in Table 2.2 reflect the corrected
values. The uncertainties in blanks are reflected in respective uncertainties for
isotopic and concentration data in Table 2.2. The external reproducibilities for Os
analyses, as determined from multiple analyses of comparable amounts of standard,
were better than +0.2% on the electron multiplier and £0.1% on the Faraday cup. The
Re analyses of all samples were performed with an electron multiplier and the
reproducibilities of standard analyses were typically better than £0.2%.

The isotopic compositions of Re and Os were obtained using negative thermal
ionization mass spectrometry (Creaser et al., 1991; Volkening et al., 1991). The mass
spectrometric procedures followed in this study have been discussed in Walker et al.
(1994) and Morgan et al. (1995). Samples with high Os abundances were analyzed
with Faraday cups under static mode (using a Sector 54 mass spectrometer), whereas
those with relatively low abundances of Os and/or Re were analyzed with electron

multiplier using a 12" NBS mass spectrometer.

2. 3. RESULTS
Detailed discussions of the geochemical characteristics of the Alexo flows
may be found in Arndt (1986), Lahaye et al. (1995) and Lahaye and Arndt (1996). In

brief, the komatiites are highly magnesian (MgO up to 40.2 wt%, Table 2.1) and
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typically have CaO/Al,O3; < 1 (with the exception of a komatiitic basalt, Alx-5W).
The rocks show uniform Al,O3/Ti0O,, TiO,/P,Os (and also Sr/Y and Zr/Y ratios, not
reported here) ratios, suggesting apparently unaltered whole-rock compositions. All
of the whole rocks have chondritic Al,O3/TiO; ratios of 19 to 23, similar to Al-
undepleted komatiites from Tisdale Township (Fan and Kerrich, 1997) and Munro
Township (Arndt, 1977; 1986), also of the Abitibi belt.

The Re and Os concentrations and isotopic data are given in Table 2.2.
Whole-rock Re and Os concentrations vary between 0.239 to 0.751 ppb and 0.405 to
3.390 ppb, respectively. The highest concentration of Re and the lowest concentration
of Os are found in the komatiitic basalt (Alx-5W). The concentrations of Os in the
chromite separates, on the other hand, are much higher (9 to 27 ppb) with typically
low "*"Re/'®*0Os ratios (0.09 to 0.35).

Based on a comparative study of different komatiite terrains, Nisbet et al.
(1993) concluded that random spinifex komatiites most closely represent parental
liquid compositions. If true for the Alexo flows, then parental magmas (represented
by Alx-2 random spinifex) had ca. 30 wt% MgO (Mg# 0.84) and Os and Re
concentrations of approximately 1.9 and 0.4 ppb, respectively. The major and trace
element characteristics of our sample Alx-2 are in good agreement with the assumed
Alexo parental liquid composition, represented by sample M666 obtained from a
larger dataset of Arndt (1986). Major element characteristics (Table 2.1), consistent
with 30 wt% MgO, including 6 wt% Al,Os, 45 wt% SiO, and a CaO/(CaO+AlL0O3)
ratio of 0.41-0.47 for Alexo komatiites, all correspond to about 50% partial melting at

a pressure of ~5 GPa or ~160 km (Herzberg, 1992).
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The Re-Os data for whole-rock komatiite samples, excluding the two data
points for komatiitic basalt Alx-5W, and chromite separates were regressed via a least
squares fitting routine (Ludwig, 1998; Fig. 2.1). The model 3 age of 2762 + 76 Ma is
in general agreement with the more precise U-Pb zircon ages of 2725 + 2 Ma and
2702 + 2 Ma for the underlying and overlying felsic units, respectively (Nunes and
Pyke, 1980; Corfu, 1993). Also, our Re-Os regression age is within uncertainties of
Sm-Nd isochron age of 2752 + 87 Ma and the Pb-Pb isochron age of 2690 + 15 Ma
for these flows (Dupre et al., 1984). However, the MSWD value for our regression is
high (112). The possible causes of the high MSWD value are discussed below. The
initial "*’0s/'™®*0s obtained from the regression (0.1080 + 0.0012) is essentially
chondritic (yos = -0.1 £ 1.0). The two data points for komatiitic basalt, Alx-5W, when
included in the regression calculation, result in a relatively more precise, yet
significantly older age of 2790 + 23 Ma with similarly high MSWD value (103). The
initial "¥"0s/'*0s ratios of the regressions in both cases, however, are identical and
chondritic (yos= -0.1 = 1.0). Note that the duplicate analyses for this sample do not
overlap within the analytical uncertainties (yos = +3.4 + 2.8 versus —2.0 + 1.8)

suggestive of modest, post-magmatic open-system behavior.

2. 4. DISCUSSION

2. 4.1. Distribution and magmatic behavior of Re and Os

The importance of isolating secondary processes and demonstrating magmatic
behavior of both Re and Os in the study of Os isotopic compositions of ancient
komatiite source mantles cannot be over-emphasized. Precambrian komatiites, in

general, have undergone different combinations of secondary processes: [i] surficial
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Fig. 2.1. Re-Os isotope diagram for whole rock komatiites and chromite separates
from Alexo flows: [A] The uncertainties in calculated yos values of the samples and
their replicates, plotted against '*’Re/'®0s. The two solid horizontal lines mark the
upper and lower limits of calculated yos values at 2.76 Ga, based on uncertainty in the

initial "’0s/'**0s obtained from the Re-Os regression, as shown in the lower diagram
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weathering; [ii] post-crystallization hydrothermal alteration; [iii] low- to medium-
grade metamorphism [iv] seawater interaction; [v] assimilation of crustal component
(+ fractional crystallization); and [vi] contamination by lithospheric mantle. The
degrees of these secondary processes vary from one suite to another. In this section,
we consider distributions of Re and Os in Alexo komatiites, and compare them with
those in komatiites from other greenstone belts in order to evaluate whether or not the

distribution patterns were generated via a magmatic origin.

The whole rocks show a primary control of olivine over the abundance of Ni,
defined by a straight line, when regressed on a plot of MgO versus Ni (Fig. 2.2). This
apparent olivine control line is, however, parallel but shifted towards lower values of
Ni relative to that obtained by Arndt (1986). This shift is likely a result of two points
on our plot with significantly lower values of Ni concentrations relative to other
whole rocks at similar levels of MgO. Although there is a significant scatter about the
apparent olivine control line, it projects back to the approximate field of olivine
compositions obtained for Alexo flows (Arndt, 1986). Similarly, the field for MgO
contents and Cr concentrations of these olivines are also plotted (Fig. 2.2). It is not
clear, however, whether Cr concentrations are primarily controlled by late-
fractionating Cr-spinels, as there is one sample (Alx-5H) with significantly higher Cr
at similar MgO (~40 wt.%, Fig. 2.2). The dashed arrow, on the other hand, shows the
effect of olivine accumulation. The apparent straight line (dashed arrow) joining the
Alexo parental magma composition and Cr concentrations of olivine in Alexo flows
similarly extends back to the approximate MgO-Cr field of olivine in Alexo

komatiites (Arndt, 1986). It is likely, therefore, that olivine accumulation in the
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Fig. 2.2. A positive correlation between MgO and abundances of Ni in Alexo whole
rocks, shown by the solid line, suggests that Ni concentration is primarily controlled
by olivine fractionation — accumulation. The shaded rectangular box is the
approximate field of olivine in Alexo lavas (Arndt, 1986). Note that the apparent
olivine control line projects back to this olivine field. The line with short dashes is the
apparent olivine control line in Arndt (1986) and the negative numbers (e.g. —10, -20
etc.) indicate the percentages of olivine fractionation in the Alexo komatiites, and are
extrapolated beyond 40%. Similarly, the positive numbers (e.g. +20) are percentages
of olivine accumulations (Arndt, 1986). The dashed arrow shows the effect of olivine
accumulation, based on the approximate range of MgO and Cr (empty box) in olivine
in Alexo flows (Arndt, 1986). Also note that Alx-5H is the only cpx-spinifex

cpx/melt

komatiite and has the highest concentrations of Cr, consistent with high D¢,
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samples with ~40 wt.% MgO was accompanied by an increase in Ni concentrations
and a corresponding decrease in Cr concentrations. This interpretation is consistent
with olivine being the only major fractionating phase in Alexo flows (Arndt, 1986).
Such an apparent olivine control, therefore, suggests a relatively well-preserved
nature at the whole—rock scale of our suite of samples. Also plotted on Fig. 2.2 are the
calculated proportions of olivine fractionation (Arndt, 1986). The basaltic komatiite
(Alx-5W) is likely to have undergone more than 50% of olivine fractionation,
whereas the rocks with ~40 wt.% MgO have accumulated approximately 40%
olivine. Our suite of Alexo samples, therefore is representative of a large

differentiation sequence.

There is a positive correlation between concentrations of Os and Ni for the whole
rocks (Fig. 2.3). Nickel is partitioned into olivine during magmatic differentiation
and, hence, its covariance with Os suggests that a significant fraction of Os resides
either in olivine or in a coprecipitating minor or trace phase. Based on microprobe
data of core and rim compositions of olivine in the assumed Alexo parental liquid
(sample M666), Arndt (1986) estimated Dy; ®™V"4 at 2.0 + 0.1. Using this value
for DyVine/iavid oives o calculated Do n944 of 1.7 + 0.1, This DoV yalue
is consistent with the one obtained in a previous study of the same komatiites
(Do ™™t _1 8; Briigmann et al., 1987). This suggests that Os was moderately
compatible in olivine during magmatic differentiation of Alexo komaiites.

Alternatively, the Os may be highly compatible in sulfide inclusions trapped in

olivine, as suggested by Lahaye et al. (2001). The calculated Dg, °"""4" (0.6), in
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Fig. 2.3. The concentrations of Os and Re in Alexo whole rocks are plotted against
Ni. The two solid lines are the best-fit linear regressions through the Os and Re
concentration data against Ni. The D values for Os and Re, as shown on the plot, are

calculated from the slopes of these lines.
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contrast, indicates that Re was moderately incompatible during crystal-liquid

fractionation.

The concentrations of both Re and Os are considerably higher in the chromite
separates relative to their host komatiites (Table 2.2). The concentrations, however,
vary significantly even within different aliquots of the chromite splits from the same
host rock. In addition, the Re and Os abundances in the present set of samples are not
primarily controlled by Cr concentrations (Fig. 2.4). This observation is consistent
with a lack of correlation between Os and Cr concentrations in Munro Township
komatiites (Walker et al., 1988). Therefore, an uneven distribution of Os in
chromites, combined with an inverse relation between the concentrations of Os and
Cr in the whole rocks suggests that Os is more likely hosted in sulfide inclusions
within Cr-spinels, rather than spinel lattices, as a positive correlation would be likely
in the latter case.

For some komatiite suites (e.g., Walker and Nisbet, 2002), Re shows variable
degrees of mobilization during weathering, hydrothermal alteration or low-grade
metamorphism. For the Alexo rocks, however, a positive linear correlation between
Re concentration and alumina content in the whole-rocks is consistent with a constant
distribution coefficient during magmatic differentiation (Fig. 2.5). Alumina is
normally immobile during alteration and its concentration increases as a function of
higher degrees of magmatic differentiation. The positive linear correlation obtained
for our Alexo samples, therefore, suggests that Re experienced very limited mobility

at the whole-rock scale during post-crystallization alteration. The magmatic behavior
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Fig. 2.5. Plot of Re concentrations (ppb) and Al,O3 contents (wt.%) in these whole-
rock Alexo komatiites. A positive correlation between Re and ALO; in these
komatiites is consistent with their similar incompatibilities in magmatic liquids.
Rhenium is susceptible to weathering and alteration whereas, Al is relatively
immobile. This plot, therefore, suggests an absence of significant mobility of Re in

the Alexo samples.
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of both Re and Os in these rocks is, therefore, consistent with several elemental
covariation diagrams (Figs. 2.2 — 2.5). It is important to note that the komatiitic basalt
(Alx-5W) is highly differentiated yet shows magmatic characteristics cogenetic with
other samples in the present suite (e.g., Fig. 2.5). It is likely, therefore, that the
komatiites and the highly differentiated komatiitic basalt were derived from the same

batch of magma.

The concentrations of MgO and Os in Alexo komatiites, along with those for
other komatiite whole rock data have been plotted in Fig. 2.6. The relatively higher
concentrations of MgO in three Alexo komatiites are due to high modal abundances
of cumulate olivine in those samples. Concentrations of Os in Alexo komatiites are,
however, similar to those in other komatiites. In general, there is a positive correlation
between the concentrations of Os and MgO (between approximately 25 and 10 wt.%).
Similarly, Os concentrations and Re/Os ratios in Alexo komatiites fall within the
ranges observed in other komatiites (Fig. 2.7). The mantle source of the Alexo
komatiites was, therefore, typical in terms of the above geochemical parameters and

comparable with other komatiites.

The bulk distribution coefficients for Re and Os between the komatiite melt and
the mantle residue have been calculated based on the assumptions that: [1] Alx-2
random spinifex komatiite (with Os and Re concentrations of 1.9 and 0.4 ppb,
respectively) is representative of the Alexo parental magma, and [2] the komatiites
were generated by 50% equilibrium batch melting from a fertile mantle source with
Re and Os concentrations of 0.3 and 3 ppb, respectively (Morgan et al., 1986). Our

estimate of 1.9 ppb for the Os concentrations of Alexo parental magma is in good
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Fig. 2.6. The MgO contents (wt%) and Os concentrations in whole rock Alexo
komatiites are compared with those from other selected plume-related ultramafic
lavas. The three samples of Alexo rocks in our study with ~40 wt% MgO have high
modal abundance of cumulate olivine. Data sources: komatiites from Song Da,
Vietnam (Hanski et al., 2002); komatiitic and picritic flows from Gorgona island and
Curacao, Colombia (Walker et al., 1999); mafic-ultramafic sill from Onega, Russia
(Puchtel et al., 1999); Munro komatiites from Abitibi, Canada (Walker et al., 1988);
Boston Creek komatiites, Canada (Walker and Stone, 2001); Kostomuksha

komatiites, Russia (Puchtel et al., 2001).
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Fig. 2.7. Plot of Re/Os versus Os. The range of Re/Os relative to Os in the Alexo
komatiite suite is within the ranges observed in other komatiites. Data sources as in
Fig. 6 with additional data from Belingwe komatiites, Zimbabwe (Walker and Nisbet,

2002).
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agreement with that independently estimated from the KAL-1 standard (1.8 + 0.1
ppb; Puchtel and Humayun, 2000). The assumed extent of melting is in agreement
with separate estimates based on experimental results (Herzberg, 1992) and
geochemical considerations (~45% of Arndt, 1986). The calculated D values for Re
and Os are 0.2 and 2.1, respectively. The D value of 2.1 for Os is consistent with that
obtained by Walker et al. (1988) for Munro Township komatiites (Dos of 1.9
assuming 26% melting). Similarly, the Gorgona komatiites were interpreted to yield a
D value of 1.5 with somewhat lower degrees of melting (20%; Walker et al., 1999).
Our D values, therefore, suggest that Os was moderately compatible, whereas Re was

incompatible in the mantle residue during the generation of Alexo komatiite magma.

2.4.2. Preservation of Re-Os isotope system of Alexo komatiites

The present study has important implications for the degree of preservation of
Re-Os isotope system at the scale of whole rocks and minerals in komatiite lavas. The
high MSWD value (112) obtained for our regression indicates significant scatter
outside of estimated analytical uncertainties. Possible causes that might have
contributed to the excess scatter about the regression are: (a) differences in the ages of
the samples; (b) variation in initial 870s/'%80s ratios; (c) the assigned analytical
uncertainties have underestimated the actual uncertainties in the corrected isotopic
ratios; and (d) limited open-system behavior of Re and/or Os in these rocks.

Although the samples include multiple flows within a small area, the data are
consistent with magmatic behavior of both Re and Os in the samples, which, in turn,
is indicative of a cogenetic suite. In addition, no large differences in the ages of

ultramafic rocks from the Abitibi Greenstone Belt, in general, and Alexo, in
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particular, have, so far, been recorded. As mentioned earlier, the age of Alexo flows
is precisely known from U-Pb zircon dating of overlying and underlying units, and
includes a restricted range between 2700 and 2727 Ma (Nunes and Pyke, 1980).
Moreover, new high-resolution U-Pb zircon ages along with compilation of previous
geochronological data strongly suggests that the southern Abitibi greenstone belt
represents an autochthonous stratigraphy with the dominantly volcanic assemblages
ranging in age from 2697-2750 Ma (Ayer et al., 2002). It is, unlikely, therefore, that
differences in ages of the rocks have contributed to the high MSWD value.

The actual variations in initial "*’Os/"**Os ratios of the samples are likewise
unlikely, but cannot categorically be ruled out. Komatiites, in general, are believed to
be generated through high degrees of partial melting from their mantle sources. As a
result, it is likely that the high degrees of melting (~50%) that generated the Alexo
parental magma would have removed small-scale differences, if any, in initial
'870s/'*¥0s ratios of the source. Significant variations in the initial "*’Os/"**Os within
a single suite of the Mesozoic Gorgona komatiites, however, were reported by Walker
et al. (1999).

The whole rocks as well as the chromites have very high concentrations of Os
(Table 2.2) and had minor blank contributions in the total Os analyzed for these
samples. Also, most of the Os analyses were performed with Faraday cups with high
precision (typically 0.05% 2c) under static analytical mode. The total analytical
blanks for both Re and Os, and also the external reproducibility on Re and Os

standards, are well within the ranges we have obtained in our laboratory over the
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years. It is unlikely, therefore, that any significant analytical uncertainties have
remained unaccounted for in our regression calculation.

The high MSWD value may most likely be a result of minor open-system
behavior in the Re-Os isotope systematics in our samples. This is because the Abitibi
rocks, in general, are significantly altered and metamorphosed dominantly to
greenschist facies that locally reach up to amphibolite facies (Jolly, 1982). The Alexo
flows, however, had undergone prehnite-pumpellyite grade of metamorphism
(Lahaye et al., 2001 and references therein). The signature of alteration is
documented in Lahaye and Arndt (1996) and also in our petrographic study of these
rocks. For example, most of our samples have undergone secondary replacement of
olivine by serpentine, oxidation of olivine to magnetite and devitrification of glass.
There is, however, no apparent correlation between isotopic characteristics of our
whole rocks and their degrees of alteration, as suggested by studied petrographic
characteristics. Nevertheless, as noted earlier, duplicate analyses of the basaltic
komatiite sample (Alx-5W), yield yos values that are outside of the analytical
uncertainties of each other (+7.1 + 2.8 versus +2.4 £+ 1.8; Table 2.2). The scatter may,
therefore, be due to limited open-system behavior as a result of low-grade
metamorphism and/or hydrothermal alteration. Note, however, that the elimination of
the two points slightly increases the MSWD value of the regressions (103 to 112).
Nonetheless, there is evidence for minor open-system behavior in Pb-Pb system of
these rocks. For example, using the ISOPLOT program (Lugwig, 1998), we have
recalculated the *°’Pb->"°Pb isochron regression of Alexo komatiites, based on the

data in Table 2.1 of Dupre et al. (1984). The age we have obtained from the model 2
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regression is similar but has slightly larger uncertainty (2692 + 34 Ma) relative to that
of Dupre et al. (1984) (2690 + 15 Ma). The MSWD value of the isochron, although
unspecified in Dupre et al. (1984), is also high (77). As noted by Dupre et al. (1984),
the spread in U/Pb, however, was most likely caused by post-magmatic hydrothermal
alteration. Therefore, it is possible that the same hydrothermal alteration event has
contributed to the minor open-system behavior of the Re-Os isotope system of our
samples. Also, similar excess scatters about Re-Os regressions have been documented
in previous studies of ancient komatiites. For example, Puchtel et al. (1999) have
reported an MSWD value of 108 for their Re-Os regression for Onega plume-related
lavas even with relatively larger degrees of analytical uncertainties (+ 0.5% for both
870s/"*80s and "*"Re/'®0s ratios).

The apparent magmatic behaviors of both Re and Os, and preservation of a
reliable isochron for the Alexo rocks suggest that the Re-Os isotope system offers a
relatively robust tracer of mantle processes related to this ultramafic magmatic
system. This is in contrast to the Rb-Sr system, which is usually compromised due to
post-crsytallization secondary processes (e.g., Walker et al., 1988). The apparent
resistance of the Re-Os system to the secondary processes, combined with high
concentrations of Os in chromites and also moderate compatibility of Os in olivine
suggest that these elements were mostly concentrated in trapped inclusions within
olivines, chromites and possibly other trace phases, and were relatively immobile

during mineral replacements at the whole rock scale.
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2.4.3. Implications of a chondritic initial Os isotopic composition for the Alexo

mantle source

It is now widely believed that the ultimate source of Re and Os in modern and
ancient mantle derived rocks was a ‘late veneer’ of chondritic material added to the
mantle following their presumed nearly quantitative removal during core formation
(e.g. Kimura et al., 1974; Chou, 1978; Morgan, 1985; Morgan et al., 2001). If true for
the Alexo mantle source, the chondritic initial "*’Os/"®*Os for these rocks implies that
sufficient late accretion and subsequent homogenization of the mantle source of these
rocks must have occurred prior to the time of their crystallization at 2.7 Ga and since
had not undergone any long-term fractionation of Re/Os or '*’Os enrichment. Such a
chondritic Os isotopic evolution of the mantle source for Alexo komatiites is
consistent with chondritic Os isotopic compositions of even older mantle-derived
systems, such as 3.8 Ga spinel peidotite from West Greenland and ~3.5 Ga komatiites
from the Pilbara region of Western Australia (Bennett et al., 2002). The essentially
chondritic initial "*’Os/'®Os for Alexo is also consistent with that previously reported
from spatially associated Munro Township komatiites (Walker et al., 1988; Shirey,
1997). Combined, these results may suggest an absence of any large-scale Os isotopic
heterogeneity in the southern volcanic zone of the Abitibi greenstone belt. Similar
chondritic initial "*’0s/'®Os ratios have also been reported for komatiites from ~2.7
Ga Norseman-Wiluna Belt (Foster et al., 1996) and ~2.8 Ga Ruth Well komatiites in
Australia (Miesel et al., 2001a), and komatiitic basalts from ~2.5 Ga Vetreny belt in
the Baltic shield (Puchtel et al., 2001b). Collectively, these results indicate the

presence of a chondritic mantle source in several areas worldwide at the end of the
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Archean. Also, the chondritic initial '*’Os/ 880s for Alexo komatiites is consistent
with the generally chondritic evolution of Proterozoic and Phanerozoic upper mantle
(e.g., Snow and Reisberg, 1995; Brandon et al., 2000; Walker et al., 1996; 2002).

The chondritic initial Os isotopic composition for Alexo komatiites (yos = -0.1
+ 1.0), within uncertainties, overlaps with the Os isotopic evolution trajectories for
both hypothetical primitive upper mantle (PUM: Meisel et al., 2001b) and convective
upper mantle (Snow and Reisberg, 1995; Brandon et al., 2000; Walker et al., 2002),
projected back at the eruption age of these lavas at ~2.7 Ga. In other words, the
source of Alexo komatites, based on our Os isotopic results, is indistinguishable from
the contemporaneous convective upper mantle. The Nd-isotopic compositions of
Alexo flows, on the other hand, unequivocally record a long-term depletion in LREE
(eng = 2.4 £ 0.5; Dupre et al.,, 1984). Also note that this initial Nd isotopic
composition, within uncertainties, overlaps with the depleted mantle trajectories of
DePaolo (1981) and Goldstein et al. (1984) at 2.7 Ga. The initial Nd isotopic
composition of these komatiites is, therefore, consistent with their derivation from a
mantle reservoir with a long-term depletion in LREE. A LREE-depleted, relatively
shallow mantle source for Al-undepleted komatiites, such as those from Alexo and
Munro Townships, is also consistent with a flat HREE pattern, common absence of
HFSE anomaly (e.g. Xie et al., 1993; Kerrich and Xie, 2002) and estimated depth of
melting at ~160 Km (Herzberg, 1992), all suggesting the absence of either majorite or
pyrope garnet signature.

As suggested by our estimated D values, Os is slightly compatible, whereas

Re is moderately incompatible during high degrees of mantle melting. Hence, LREE-
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depletion as a result of prior extraction of melt could potentially generate a Re/Os
ratio in the residue that would be lower than that in the unmelted source mantle. It is,
therefore, interesting to note that the depleted Nd isotopic composition is not
accompanied by evidence for long-term depletion in Re/Os. Similar decoupling of Os
and Nd isotopes may be found in other Archean komatiites. For example, the
komatiites from Munro Township record a depleted [1d isotopic comsposition ([Ing =
+2 to +3) and yet also have chondritic initial Os isotopic composition (Walker et al.,
1988). Also, such an isotopic decoupling is found at a much larger scale of crust-
mantle differentiation. The convective upper mantle records progressively higher
degrees of depletion in terms of Nd isotopic composition through geologic time
(DePaolo, 1981; McCulloch and Bennett, 1994) and yet may have evolved through a
broadly chondritic Os isotopic trajectory (Snow and Reisberg, 1995; Brandon et al.,
2000; Walker et al., 1996; 2001).

The apparent lack of correlation between the Re-Os and Sm-Nd isotope
systematics in these Archean komatiites may indicate any combination of the
following possibilities: [a] the degree of prior melting was too low to generate
resolvable Re depletion and yet sufficient to reflect on Nd isotopic record; [b] a
fortuitous change in the partitioning behavior of Re and Os, possibly as a result of
different melting conditions and abundance of other phases (such as sulfide) in the
Early Archean mantle that did not allow resolvable fractionation of Re from Os; and
[c] sufficient late accretion occurred subsequent to the extraction of melts that caused
the depletion in Nd/Sm ratio so that the observed chondritic Os isotopic composition

of these mantle sources essentially represents that of the late veneer.
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2. 5. SUMMARY

[1] Alexo komatiites demonstrate apparent magmatic behavior of Re and Os
in the whole rocks. The concentrations of Re and Os in these rocks are comparable
with those in both Precambrian and Phanerozoic komatiites from elsewhere. Our
calculated bulk distribution coefficients for Os and Re between the Alexo parental
magma and the mantle residue are 2.1 and 0.2, respectively. These D values,
therefore, suggest that Os was slightly compatible in the mantle residue, whereas Re
was moderately incompatible during the melting of Alexo mantle source. Similarly,
our calculated partition coefficients for Os and Re between olivine and the
fractionating liquid are 1.7 and 0.66, respectively. These K4 values, therefore, suggest
that Os was slightly compatible, whereas Re was moderately incompatible during the
fractionation of Alexo parental magma. The moderate compatibility of Os in olivine
may suggest preferential entrapment of Os in sulfide inclusions within olivine and/or
incorporation of Os in olivine crystal structures.

[2] Re-Os regression of these rocks yields an age of 2762 + 76 Ma. This age is
in general agreement with the U-Pb zircon ages of associated felsic units (2710-2717
Ma; Nunes and Pyke, 1980; Corfu, 1993). Our Re-Os regression age is also in
agreement with Pb-Pb (2690 + 15 Ma) and Sm-Nd isochron ages (2752 + 87 Ma)
obtained in a previous study of these lavas (Dupre et al., 1984). The high MSWD
value (112) obtained for the Re-Os regression suggests modest degrees of mobility of
Re and/or Os during post-crystallization alteration and low-grade metamorphism.

[3] The initial "*’Os/"**Os obtained from our regression (0.1080 + 0.0012) is

essentially chondritic (yos =-0.1 £ 1.0). The chondritic initial Os isotopic composition
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for Alexo rocks is consistent with that obtained for spatially associated komatiites
from Munro Township (e.g., yos = +0.1 + 1.5 for Pyke Hill komatiites; Shirey, 1997).
The initial Nd isotopic composition of Alexo (eng ~ +3.8; Lahaye et al., 1995) and
Munro Township (exg = +2 to +3; Dupre et al., 1984) komatiites, on the other hand,
unequivocally reflect LREE-depleted mantle sources for these rocks. Combined, the
chondritic initial Os isotopic composition for the source of Alexo komatiites is
indistinguishable from the contemporaneous convective upper mantle.
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CHAPTER 3: Origin of Paleoproterozoic Komatiitic Rocks
From Jeesiorova, Kittila Greenstone Complex, Finnish
Lapland

[1. Submitted as: Gangopadhyay, A., Walker, R. J., Hanski, E., and Solheid, P.,

Origin of Paleoproterozoic komatiitic rocks from Jeesiorova, Kittili Greenstone
Complex, Finnish Lapland, J. Petrol. (in revision).

2. This is my original work. However, Fig. 3.2 was provided to me by Eero Hanski
(now at the University of Oulu, Finland). The whole rock major and trace element
data used here are taken from Hanski et al. (2001). I prepared sections 3.2, 3.3 and
part of 3.4 based on my reading of Hanski et al. (2001) and some details that E.
Hanski provided to me. I also prepared section 3.4.2 based on the details of analytical
techniques for Mdssbauer spectra provided to me by P. Solheild.]

Abstract

Komatiites from the Jeesiorova area in the ~2 Ga Kittild Greenstone Complex
in Finnish Lapland have subchondritic Al,O3/TiO, ratios, similar to those in Al-
depleted komatiites from the Barberton Mountainland, South Africa. The Jeesiorova
komatiites, however, are distinct in that their Al abundances are (a) higher than those
at given MgO contents of Al-depleted rocks, yet (b) similar to those in the Al-
undepleted komatiites from elsewhere. In addition, the Al and Ti contents of
chromites in the Jeesidrova komatiites are distinctly higher than in chromites found in
Al-depleted komatiites. Consequently, the Jeesidrova komatiites were likely Al-
undepleted, but rich in Ti relative to typical Al-undepleted komatiites. Some similarly
incompatible elements, including Eu, Gd, Zr and Hf are also enriched to about the
same extent in these rocks. Neither majorite fractionation in the source of the
komatiites nor hydrous melting in a supra-subduction zone setting is likely to have
produced these komatiites. The high concentrations of Ti and similarly incompatible
elements in the Jeesiorova rocks may have resulted from contamination of their

parental melt via interaction with Ti-rich metasomatic mineral assemblages in the
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lithospheric mantle or enrichment of the source in Ti and similarly incompatible
elements by addition of basaltic melt to their mantle source. Preferential incorporation
of Ti-rich phases would likely have led to a collateral enrichment of Nb that is not
observed in these rocks. The Re-Os isotope results for chromite separates from the
Jeesivrova rocks yield an average initial "*’Os/"**Os of 0.1131 + 0.0006 (267 yos = 0.1
+ 0.5). These results, coupled with an initial exg of ~+4, indicate that melt parental to
the komatiite likely had minimal chemical interaction with ancient lithospheric
mantle. If the source of the komatiites was enriched in a basaltic component, the
combined Os-Nd isotopic results limit the enrichment process to within
approximately 200 Ma prior to the formation of the komatiites. The Os-Nd isotopic
composition of these rocks is consistent with their derivation dominantly from the
contemporaneous convective upper mantle.
KEY WORDS: Komatiites; Re/Os isotopes; chromites; Ti-enrichment; HFSE; mantle
geochemistry
3.1. INTRODUCTION

Komatiites have been divided into two broad chemical types, Al-undepleted
(with near-chondritic Al,O3/TiO, ratios of ~20) and Al-depleted (subchondritic
Al,O3/Ti0; ratios of typically ~11: Nesbitt et al., 1979). Komatiites from Alexo and
Pyke Hill in the Abitibi greenstone belt, Canada, are typical examples of the Al-
undepleted type (also termed “Munro-type”), whereas those from the Komati
Formation in the Barberton Mountainland, South Africa, are examples of the Al-
depleted type (also known as the “Barberton-type”). The komatiitic rocks from the

Jeesiorova area in the Central Lapland Greenstone Belt, northern Finland are distinct
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from these two types of komatiites in that they have subchondritic Al,O3/TiO, ratios
(typically ~10-13) similar to those in Al-depleted rocks, yet compared with the latter,
they have significantly higher aluminum contents at given MgO levels (Fig. 3.1A).
Moreover, the aluminum contents in the Jeesidrova rocks are similar to those of Al-
undepleted komatiites at given MgO contents. However, they have significantly
higher TiO; contents at specific MgO and Al,Os levels than either Al-depleted or Al-
undepleted komatiites from elsewhere (Fig. 3.1B). This combination of distinctive
bulk chemical characteristics of the Jeesiorova rocks prompted construction of a new
classification scheme for komatiites using olivine-projected molecular Al,03-TiO,
relations (Hanski et al., 2001). The Jeesidrova rocks, according to this scheme, plot in
the distinct field of “Ti-enriched” komatiites. Aluminum-depleted, Al-undepleted
and/or Ti-enriched rock types can coexist in a single greenstone belt and, in some
cases, within a single volcanic assemblage (e.g., Kidd-Munro assemblage in the
Abitibi greenstone belt, Canada: Sproule et al., 2002). It is important to determine,
therefore, whether the apparent Ti-enrichment is a feature of the mantle source, and if
so, what the implications of Ti enrichments are for the nature of the source and
petrogenetic processes involved in their genesis.

Here we compare and contrast the petrologic, geochemical and isotopic
characteristics of the Jeesiorova komatiites with the well-studied Munro and
Barberton type komatiites in order to assess the origin of the Finnish rocks. We
present electron microprobe data for chemical compositions of chromites from the

Finnish suite of rocks, and use them in conjunction with the Fe’*/ZFe ratios of
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Fig. 3.1. (A) Plot of whole-rock MgO versus Al,O3 contents (wt.%) of the Jeesiérova
komatiitic rocks. For comparison, Al-undepleted and Al-depleted komatiites from
Canada and South Africa are also plotted. Data sources: Alexo (Gangopadhyay and
Walker, 2003) and Pyke Hill (Fan and Kerrich, 1997, combined with new
unpublished data (n = 7) in the Abitibi greenstone belt, Canada; Komati (Lahaye et
al., 1995; Parman et al., 2003) and Mendon (Lahaye et al., 2003) in the Barberton
Mountain Land, S. Africa. All data are volatile-free values. Note that the ALO;
contents in the Jeesiorova rocks are significantly higher than in the Al-depleted
Barberton rocks and are similar to those at given MgO contents in the Al-undepleted
Abitibi rocks. (B) Plot of MgO versus TiO; contents in the same suites of rocks as in
(A). This plot shows that the Jeesidrova rocks appear significantly enriched in TiO,

relative to both Al-undepleted and Al-depleted rocks at a given MgO content.
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selected chromite separates obtained from Mdssbauer spectra in order to constrain the
redox state of magmas during the generation of these rocks. Additionally, we present
high-precision Re-Os isotope data obtained for chromites in order to determine the
initial Os isotopic composition of the mantle source for this chemically distinct type
of komatiite. The initial Os isotopic composition, combined with previous
determinations of the Nd isotopic composition for the same suite of rocks (Hanski et
al., 2001) are used to evaluate the possible roles of contamination by (a) crustal
materials, (b) Ti-rich metasomatized lithospheric mineral assemblages and (c)
recycling of oceanic crust in the generation of these rocks. Finally, we use previously
published major and trace element data for the same suite of rocks (Hanski et al.,
2001) and lay out the pros and cons of several petrogenetic models for the generation
of these rocks.

3.2. GEOLOGICAL SETTING AND ROCK TYPES

Samples were collected from the Jeesiorova area, located in the southern part of the
Kittild Greenstone Complex, Central Lapland (Fig. 3.2A). Detailed discussions of the
stratigraphic subdivisions, major rock types of the Kittild Greenstone Complex, and
their petrologic and geochemical characteristics may be found in Lehtonen et al.
(1998) and Hanski et al. (2001). In brief, the Kittild Greenstone Complex is part of an
approximately 400-km-long belt, which runs through Finnish Lapland and extends to
the Karasjok greenstone belt in northern Norway (Barnes and Often, 1990). The
entire belt contains abundant, highly-magnesian volcanic rocks whose parental
magmas varied in chemical composition from LREE-depleted komatiites to LREE-

enriched picrites (Hanski et al., 2001). A characteristic feature of the belt is the
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presence of ultramafic volcaniclastic rocks that vary from agglomerate-like deposits
to fine-grained, laminated tuffs (Saverikko, 1985; Barnes and Often, 1990).Komatiitic
rocks also occur as massive lavas, pillow lavas, and associated pillow breccias.

The Jeesiorova komatiites are found in a zone which is ~15 km long and 4 km
wide (Fig. 3.2A). These rocks belong to the Savukoski Group together with the
underlying pelitic metasedimentary rocks. A fault zone, called the “Sirkka line”,
separates the Savukoski Group rocks from younger (~2.0 Ga) basaltic metavolcanic
rocks and metasedimentary rocks of the Kittild Group that crop out on the NE side of
the Jeesidrova area. The clastic metasedimentary rocks of the Sodankyld Group are
the oldest (2.3 Ga) rocks in the area, whereas the youngest supracrustal rocks are
represented by the quartzites and conglomerates of the ~1.88 Ga Kumpu Group,
which lie unconformably on the rocks of the Savukoski and Kittild Groups.

Drill cores through the lower contact of the komatiite-bearing lava succession
in the Jeesidrova area show that the volcanic sequence was deposited on a 20-m-thick
unit of cherts and carbonate rocks that are underlain by black schists. The volcanism
started with 20 m of tholeiitic lavas that were followed by volcaniclastic komatiites
(50 m) and finally overlain by massive komatiitic lavas (>100 m). The total thickness
of the volcanic rocks is difficult to estimate but may reach several hundreds of
meters.

The bedrock in the part of the Jeesiorova area (Fig. 3.2B) is dominated by
olivine-phyric komatiitic rocks. Due to limited outcrops, individual lava flows cannot
be delineated. There are, however, zones of cumulate-textured komatiites that likely

represent lower parts of thick lava flows. Komatiitic rocks also occur as pillow lavas
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with the pillow size varying from 0.2 to 1 m. Various mafic rocks are interbedded
with ultramafic rocks (Fig. 3.2B). The mafic rocks include LREE-depleted tuffs and
dolerites. There are also mafic amygdaloidal lava flows, marked as tholeiites in Fig.
3.2A, which are moderately LREE-enriched and probably not genetically related to
the associated komatiites.

3.3. SAMPLES

The samples examined in this study are all komatiites collected from outcrops
(Fig. 3.2B), and are well-characterized in terms of major and trace elements, and Sm-
Nd isotopes (Hanski et al., 2001).

Whole-rock samples were first crushed into mm-sized pieces. The freshest
unaltered pieces were ground with a steel pan. Different aliquots of the same whole-
rock powder were used in major and trace element, and isotopic analyses of each
sample.

The mineral separates (chromite, clinopyroxene, and sulfide) were obtained
using standard crushing, milling, concentration table, and heavy liquid techniques.
Separation of large quantities of chromites was possible due to their relatively large
grain size and well-preserved nature (low magnetic susceptibility). After removing
the most magnetic fraction with a hand magnet, the chromite separates were divided
into different fractions, depending on the alteration of chromite (presence of
magnetite rim) and using different current settings in a Frantz™ magnetic separator.
Likewise, for sulfide separates, we obtained a fraction dominated by pentlandite,
whereas the other fractions were mixtures containing pyrrhotite, pentlandite, and

chalcopyrite.
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3.4. ANALYTICAL TECHNIQUES

Details of whole-rock chemical analyses of the komatiites have been reported
elsewhere (Hanski et al., 2001). In brief, whole-rock XRF data for major and minor
element abundances were obtained using a Phillip PW 1480 spectrometer at the
Geological Survey of Finland (GSF) and a Phillips PW 1410 spectrometer at the
University of Tasmania (UT). The concentrations of rare earth elements and other
trace elements were determined by inductively coupled plasma mass spectrometry
(ICP-MS) using a Perkin-Elmer Sciex Elan 5000 instrument at the GSF and an HP
4500 instrument at the UT. The whole-rock major and trace element data of Hanski et
al. (2001) are supplemented by two additional samples (10C-PPR-97 and 314-LVP-
86) and are all presented here as an appendix (Appendix 3.1).
3.4.1. Electron Microprobe

The chemical compositions of chromites (Table 3.1) from selected samples
were determined using a Cameca Camebax SX50 microprobe at the Geological
Survey of Finland. The analytical conditions included an accelerating potential of 25
kV, a sample current of 47 nA, and a beam diameter of 1 um. Representative
microprobe analyses of chromites are presented in Table 3.1.
3.4.2. Mossbauer Analyses

Mossbauer spectra were collected for 5 selected chromite separates at the
Institute for Rock Magnetism at the University of Minesota, Minneapolis. The
chromite separates were crushed and approximately 20-30 mg of powder was
dispersed in powdered sugar in a 12-mm-diameter sample holder. The spectra were

collected at room temperature using a constant acceleration transmission spectrometer
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Table 3.1: Representative microprobe analyses of chromites from the Lapland
komatiites. All analyses were obtained from the core of equant grains.

Sample: 13-EJH  6.2- 12C- 17-EJH  10C- 12D- 8-PPR-  10D- 12-PPR
-97 EJH-97 PPR-97 -97 PPR- PPR- 97 PPR- -97
97 97 97

SiO, 0.11 0.14 0.06 0.07 0.05 0.05 0.06 0.08 0.10
TiO, 0.40 0.44 0.58 0.47 0.60 0.69 0.75 0.51 0.55
Al,O4 13.98 13.16 14.54 13.55 13.45 14.93 16.04 13.39 13.82
Cr,05 47.43 51.13 50.90 49.67 50.96 48.92 44.92 54.23 52.33
V,0; n.d. n.d. n.d. n.d. n.d. n.d. 0.24 0.11 0.17
Fe,05 8.53 5.58 6.01 7.03 6.38 6.75 9.23 4.70 543
FeO 16.06 15.93 11.57 15.86 13.31 12.12 14.78 10.19 11.18
MnO 0.14 0.12 0.07 0.12 0.00 0.06 0.25 0.09 0.21
MgO 11.64 11.78 14.91 11.89 13.66 14.50 13.00 15.73 15.05
CaO 0.10 0.02 0.00 0.03 0.01 0.01 0.02 0.00 0.01
CoO 0.03 0.03 0.03 0.03 0.03 0.02 0.00 0.02 0.00
NiO 0.16 0.15 0.22 0.18 0.19 0.22 0.23 0.23 0.23
ZnO n.d. n.d. n.d. n.d. n.d. n.d. 0.07 0.03 0.03
Total 98.57 98.48 98.90 98.89 98.64 98.26 99.59 99.31 99.11
Cr#! 0.695 0.723 0.701 0.711 0.718 0.687 0.653 0.731 0.717
Mg#2 0.564 0.569 0.697 0.572 0.647 0.681 0.611 0.733 0.706
Fe’'# 0.106 0.070 0.073 0.087 0.079 0.083 0.113 0.057 0.066
Fe*'/sFe? 0.27 0.21 0.28 0.16 0.22

*Fe,05 and FeO were distributed based on calculations assuming stoichiometry.

n.d. = not determined.

Following calculations are in atomic proportions: 'Cr# = Cr/(Cr+Al); “Mg# = Mg/(Mg+Fe*"); *Fe*'# =
Fe’'/( Fe’*+Cr+Al).

*determined through Mdssbauer analyses.
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with a ’Co in Rh matrix source and an activity of approximately SmC. The spectra
were fit with 4 doublets and 2 sextets using a least squares fitting routine. The
hyperfine parameters as well as peak area and width were allowed to float with no
bounds enforced. Three of the samples, 12-PPR-97, 10C-PPR-97 and 6.2-EJH-97
have significant amounts of a magnetically ordered phase with the hyperfine
parameters consistent with magnetite. Of the 4 doublets that were fit for all of the
samples, three can be assigned to Fe’" with isomer shifts above 0.63 mm/s and
quadrupole splitting above 1.2 mm/s, and one can be assigned to Fe’" with isomer
shift ranging from 0.16-0.45 mm/s and quadrupole splitting between 0.53-0.86 mm/s.
Although some ambiguity exists due to the 3 overlapping Fe*" doublets, the overall
area assignment to Fe*" is not affected excepting only the relation between the Fe**
doublets. The Fe*'/Fe’" ratios were calculated from the paramagnetic doublets as
defined above. In order to calculate the Fe’'/SFe ratios of paramagnetic iron, we
excluded the iron in the magnetite. Assuming stoichiometry, magnetite can be
expressed as Fe’ [Fe?'Fe’"]0, with the tetrahedral site containing only Fe’ and the
octahedral site containing equal contents of Fe*" and Fe’". The ferric/ferrous ratios of
selected chromite separates obtained through analyses of Mdssbauer spectra are also
included in Table 3.1.
3.4.3. Re-Os Isotope Analyses

The chemical separation techniques for Re-Os analyses employed in this study
have followed previously published work (Shirey and Walker, 1995; Cohen and
Waters, 1996). In brief, approximately 3g of whole-rock powder was dissolved in

reverse aqua regia, and frozen and equilibrated with spikes in sealed Pyrex™ Carius
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tubes. The tubes containing whole-rock powder were heated at 240°C for at least 24
hours, whereas those with mineral separates (chromite, clinopyroxene and sulfide) for
at least 48 hours to facilitate complete digestion. Osmium was separated by solvent
extraction into carbon tetrachloride and finally transferred into concentrated HBr
(Cohen and Waters, 1996). The final purification for Os was accomplished via micro-
distillation. Rhenium was recovered from aqua regia via anion exchange column
chemistry (Morgan and Walker, 1989). The total ranges in analytical blanks for Re
and Os were 1.2-6.4 pg (excluding one outlier with 12.7 pg of Re) and 1.3-6.9 pg
(n=6), respectively, and are negligible compared to their concentrations in most of the
whole-rock samples. The blank contribution, however, was substantial (typically
between 2 and 10%) for some of the Re analyses of chromites. The isotopic
compositions of the blanks were natural for Re and '*’Os/"**Os varied between 0.135
and 0.223 (excepting one outlier with 0.319). All data were corrected for blanks and
the isotopic and concentration data in Table 3.2 represent the corrected values. The
uncertainties in blanks are reflected in respective uncertainties for isotopic and
concentration data in Table 3.2. The external reproducibility on standard analyses for
Os and Re were typically better than £0.1 and +0.3%, respectively.

The isotopic compositions of Re and Os were obtained using negative thermal
ionization mass spectrometry (Creaser et al., 1991; Volkening et al., 1991). The mass
spectrometric procedures followed in this study have been discussed in Walker et al.
(1994) and Morgan et al. (1995). Samples with high Os abundances (whole-rock,
chromite and sulfide) were analyzed with Faraday cups in the static mode (using a

Sector 54 mass spectrometer), whereas those with relatively low abundances of Os
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Table.3.2: Re and Os concentrations and isotope data for the whole-rock komatiites
and mineral separates

Samples Re Os "Re/™0s  0s/™0s  yol(T)" Model
(ppb)  (ppb) ages
(Ga)
Whole-rocks:
8-PPR-97 0.5715 2.734 1.011 0.15978 +10+0.3
10D-PPR-97 0.7815 4.788 0.7885 0.14789 +6.6+0.5
12-PPR-97 0.5438 6.166 0.4254 0.13638 +7.6+0.2
12C-PPR-97 0.8238 5.758 0.6905 0.14001 +2.6+0.2
6.2-EJH-97 0.9671 3.013 1.554 0.16351 -3.2+0.3
8-EJH-97 0.3341 1.284 1.266 0.20185 +40+0.5
12D-PPR-97 0.6362 5.135 0.5976 0.13628 +2.2+0.2
17-EJH-97 0.4132 2.345 0.8527 0.16111 +16+0.3
17A-EJH-97 0.8862 2.696 1.591 0.16322 -4.6+£0.3
313-3203 0.0590 1.389 0.2048 0.13190 +10+0.4
10C-PPR-97 0.5008 3.860 0.6256 0.13322 -1.440.2
Chromites:
10C-PPR-97 0.732 102.1 0.0345 0.11404 -0.2+0.2
Dupl’ 0.790 121.0 0.0314 0.11397 -0.1+0.1
Trpl® 1.18 77.41 0.0736 0.11520 -0.3£0.1
314-LVP-86 0.711 75.91 0.0451 0.11569 +1.0+£0.4
Dupl. 0.946 65.99 0.0689 0.11645 +0.9+0.5
8-PPR-97 0.433 84.53 0.0246 0.11371 -0.1+0.1
8-PPR-97-2 0.437 70.84 0.0296 0.11404 0.0+0.4
12C-PPR-97 0.471 161.9 0.0140 0.11342 -0.1£0.1
12D-PPR-97/2 0.722 2232 0.0156 0.11342 -0.1+£0.2
10D-PPR-97 0.887 53.80 0.0793 0.11556 -0.2+0.6
17A-EJH-97 0.901 84.46 0.0513 0.11368 -1.0£0.6
Clinopyroxenes:
10D-PPR-97 1.388 1.118 6.209 0.42027 +80
12-PPR-97" 2.178 153.4 0.0683 0.11812 +2.4
12D-PPR-97 0.2226 0.7118 1.520 0.19442 +25
17-EJH-97 0.6252 6.895 0.4374 0.13525 +6.2
17A-EJH-97 0.3711 0.9037 2.000 0.21212 +26
Dupl. 0.2935 0.4224 3.427 0.31007 +69
12C-PPR-97 0.9818 0.5503 9.007 0.49843 +63
Dupl. 0.8444 0.5233 8.134 0.48341 +77
Sulfides:
10C-PPR-97 59.56 2.942 156.5 4.8617 -624 1.8
Dupl. 59.73 4.730 80.47 2.6248 -258 1.8
10D-PPR-97 167.5 5.042 410.2 13.067 -1186 1.9
Dupl. 195.8 5.410 503.1 14917 -2410 1.7
12C-PPR-97* 270.1 6.176 2008 67.751 -2070 2.0

Note: [1] Total analytical uncertainties are 0.3% for "Re/'"™0s and 0.1% for '"'0s/'®*0s (20). For
clinopyroxenes, the uncertainties on '*'0s/'®0s ratios are +0.3% (20). [2] All Os analyses, except for
clinopyroxenes, were performed on a Faraday cup, whereas all Re analyses were accomplished using an electron
multiplier;[3] * = Pentlandite; ® = chalcopyrite; ¥ = clinopyroxene + chromite; [4] * = calculated values at the Re-
Os regression age of 2.056 Ga. The projected chondritic "*7Os/'*0s at 2.056 Ga is calculated to be 0.11300, using
the average 187Re/"880s ratio of chondrites and initial "*’Os/"**0s (at T = 4.558 Ga) for early solar system materials
(IIIA irons) of 0.40186 and 0.09531, respectively (Shirey and Walker, 1998), and A (**'Re—'¥0s + p) =
1.666x10 '' year! (Smoliar et al., 1996); [5] T Dupl. and ®Trpl. denote duplicate and triplicate analyses of
different aliquots of powder, respectively.
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(e.g., clinopyroxene) and/or Re (e.g., chromite) were analyzed with an electron

multiplier using a 12" NBS mass spectrometer.

3.5. RESULTS
3.5.1. Salient whole rock geochemical characteristics

The Jeesibrova komatiites have subchondritic Al,O3/TiO, ratios and
characteristic HREE-depletion (Gd/Ybcx > 1), similar to those typical of Al-depleted
komatiites (Lahaye et al., 1995). However, the Jeesiérova rocks have high
abundances of high-field strength elements (HFSE: e.g., Ti, Zr, Hf) relative to those
at a given MgO level of both Al-depleted and Al-undepleted komatiites (Fig. 3.1B;
also see Hanski et al., 2001). These elements, however, do not appaear as significant
positive anomalies in primitive mantle-normalized spidergrams (Figs. 3.3 A-B),
suggesting that the Jeesiérova komatiites also have elevated abundances of elements
with incompatibilities similar to those of Ti, Zr and Hf, such as the rare-earth
elements, Eu, Gd, Nd and Sm. For example, ratios of Ti to similarly incompatible
elements (e.g., Ti/Ti* = Ti/100°e5m * 31864 " calculated after McCuaig et al., 1994,
where all elements are normalized to primitive mantle) for the Jeesiorova komatiites
overlap with those for the Al-undepleted Abitibi komatiites (Lahaye and Arndt, 1996;
Fan and Kerrich, 1997) and also some Al-depleted komatiites (Lahaye et al., 1995;
Parman et al., 2003; Fig. 3.4). The higher relative abundance of Ti in the Jeesidrova
rocks is also accompanied by comparable degrees of relative enrichments in similarly
incompatible elements (e.g., Eu, Gd, Zr), as is evidenced by the absence of significant

positive Ti anomalies on a primitive mantle-normalized trace element variation
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the Jeesiordva komatiites. For clarity, the entire set of samples in Hanski et al. (2001)
are shown in two separate spidergrams (A-B).
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all the elements are normalized to primitive mantle: McDonough and Sun, 1995). The
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broad positive correlation between TiO, and Ti anomalies in the Finnish rocks.
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diagram (Fig. 3.3). In contrast to high concentrations of Ti and Zr, virtually all
Jeesiorova samples show negative Nb anomalies (Fig. 3.3).
3.5.2. Re-0Os concentrations and isotopic compositions

The Re-Os concentrations and isotopic composition data for the whole-rocks
and mineral separates (chromite, clinopyroxene and sulfide) are reported in Table 3.2.
The concentrations of Re and Os, and Re/Os ratios for all the sample types are plotted
in Figs. 3.5A-B. The abundances of both Os and Re vary over two orders of
magnitude (Fig. 3.5A). The Os concentrations are highest in chromite and lowest in
clinopyroxene separates.

The very high concentrations of Os, coupled with low Re concentrations in
chromite result in very low Re/Os ratios (Fig. 3.5B). Because of their low Re/Os
ratios and minimal correction of '*’0s/"**Os for age, chromites were used to precisely
determine the initial "*’Os/"**Os for these rocks. The weighted average initial ratio,
0.1131 + 0.0006 (20), corresponds to a yos of 0.1 + 0.5 at the 2.056 Ga age of
crystallization (Fig. 3.6A). The Re-Os isotope results for the chromites do not yield a
precise isochron due to the very limited spread in their '*’Re/'*Os ratios (~0.01-0.07;
Table 3.2) coupled with large uncertainties in Re concentrations.

The concentrations of Os in the whole-rocks are typically high, varying
between ~1.3 and 6.2 ppb. Similarly, the whole-rock Re concentrations are also high
(mostly above 0.5 ppb) relative to komatiites from elsewhere (e.g., Gangopadhyay
and Walker, 2003). The whole-rock samples mostly plot above a chondritic reference
isochron (Fig. 3.6B) and display a large variation in their respective calculated initial

Yos values (Table 3.2).
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Fig. 3.5. Plot of (A) concentrations of Re and Os (ppb) in whole rocks and mineral

separates (clinopyroxene, sulfide, and chromite) in the Finnish rocks. Note the

significantly higher Os concentrations in chromite and sulfide separates than in both

whole rocks and clinopyroxene separates. The sulfide separates typically have the

highest Re concentrations among all the sample types. (B) The Os concentrations of

the same samples are plotted against Re/Os ratios. Note the chromites have the lowest

Re/Os ratios, whereas the sulfides have the highest values of the ratio.
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'%70s/'**0s plot of the whole-rock komatiites and chromites from the Finnish

Lapland.

72



The sulfide separates have the highest Re concentrations and most of them
have very high Re/Os ratios (Fig. 3.5B). One pentlandite and one chalcopyrite
separate from sample 800-LVP-46 have very high Os concentrations of ~48 and 133
ppb, respectively. The sulfide separates give generally consistent Os model ages of
ca. 1.8 Ga. The model age is ~250 Ma younger than the Sm-Nd age of these rocks
(2056 + 50 Ma: Hanski et al., 2001). This suggests that the primary Re-Os elemental
systematics of the sulfides were disturbed ~250 Ma after their crystallization due to
secondary processes such as hydrothermal alteration and/or metamorphic resetting.
As a result, the sulfides give anomalous initial yos values for the magmatic formation
age (Table 3.2). It is not uncommon for the Re-Os system to display open-system
behavior in sulfide phases associated with komatiites (e.g., Luck and Allegre, 1984;
Walker et al., 1997; Shirey and Walker, 1995).

Clinopyroxene separates have both relatively high Os (> 0.5 ppb up to ~ 1 ppb
excepting one separate 17-EJH-97) and Re concentrations (up to ~ 1.4 ppb). Also,
clinopyroxene separates give highly variable initial yos values (ranging between +6
and +84). Most of the whole-rock and clinopyroxene separates in these rocks give
generally consistent initial Nd isotopic compositions (Hanski et al., 2001), whereas
the Re-Os isotope systematics of the same samples indicate large-scale open-system
behavior. This may be due to the presence of secondary sulfide inclusions within

clinopyroxene or sulfide impurities in our clinopyroxene separates.
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3.6. DISCUSSION
3.6.1. Are the Jeesiorova komatiites Al-depleted?

The Jeesiorova komatiites have Al,O3/TiO, ratios that are significantly lower
(typically between 10 and 13) than the near-chondritic value of ~20 reported for Al-
undepleted komatiites from Alexo (~19-23; Arndt, 1986) and Pyke Hill (~17-20; e.g.,
Pyke et al., 1973; Nesbitt and Sun, 1976) in the Abitibi greenstone belt. This could
result from low concentrations of Al or high abundances of Ti in the Jeesidrova
komatiites relative to the Al-undepleted Munro-type komatiites. Several aspects of
the Jeesidrova rocks, however, suggest that the parental liquids were not Al-depleted.
First, the bulk aluminum contents at given MgO levels of the Jeesidrova rocks are
significantly higher than in the Al-depleted Barberton rocks, and similar to (or even
slightly higher in some samples than) those in Al-undepleted Munro rocks (Fig.
3.1A). Second, the chromites in the Jeesiorova rocks have distinctly higher Al
contents than those in the Al-depleted komatiites from elsewhere (Barnes and Roeder,
2001; Fig. 3.7A). The chromites in the Finnish rocks are, on the other hand,
chemically similar to chromites from the Al-undepleted komatiites from Gorgona
Island (Echeverria, 1980) and Pyke Hill in the Munro Township (Arndt et al., 1977;
Fig. 3.7A). The similar Al contents of chromites in both Jeesidrova rocks and those in
Al-undepleted komatiites from Pyke Hill, Canada (Arndt et al., 1977), Vetreny,
Russia (Puchtel et al., 1996) and Belingwe, Zimbabwe (Zhou and Kerrich, 1992) are
also apparent in Fig. 3.7B. Combined, these characteristics suggest that aluminum
contents in the magmas parental to the Finnish rocks were more similar to those of

Al-undepleted, rather than Al-depleted rocks.
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Fig. 3.7. (A) Plot of trivalent cations (Al-Cr-Fe’) in chromites in Ti-enriched
Lapland rocks compared with Al-undepleted Munro (Arndt et al., 1977) and Gorgona
(Echeverria, 1980) rocks. The approximate positions of the fields of Al-depleted
komatiites (ADK) and boninites are shown after Barnes and Roeder (2001). The field
for arc-related picrites is based on data from Eggins (1993). This plot shows that the
chromites in the Finnish rocks have very similar cation contents in their M2 sites
when compared with the Munro and Gorgona rocks. Also, note that the Finnish
chromites have significantly lower Fe’" contents relative to the arc-related picrites
and also lower Cr contents compared to Al-depleted komatiites and boninites. (B)
Plot of Al,O; versus TiO, (mole%) in chromites from Lapland komatiites, compared
with those from Al-undepleted komatiites (Gorgona, Pyke Hill, Vetreny, and
Belingwe). A sizeable portion of the Lapland chromites have higher TiO; at a given
level of AlO; relative to the other two rock types. Data sources: Gorgona
(Echeverria, 1980); Pyke Hill (Arndt et al., 1977); Vetreny (Puchtel et al., 1996);

Belingwe (Zhou and Kerrich, 1992).
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Although the Jeesidrova komatiites have higher relative concentrations of Ti
and similarly incompatible elements, they also have subchondritic Al,O3/TiO; ratios
and are HREE-depleted (e.g., chondrite-normalized Gd/Yb >1), characteristics that
are similar to those commonly observed in Al-depleted komatiites (Lahaye et al.,
1995). Consequently, although it seems likely that the parental magmas were Al-
undepleted, it is still necessary to consider two models that are often cited for
production of Al-depleted komatiites.

Previous studies of Al-depleted Barberton-type komatiites (e.g., Lahaye et al.,
1995) have documented negative correlations between HREE depletions and
anomalies of some HFSE (e.g., Zt/Zr* = Zr/101°85™ * N2 MeCyaig et al., 1994).
These features have been explained to be a result of fractionation of the high-pressure
form of garnet (majorite garnet at > 14 GPa) in the deep mantle (Yurimoto and
Ohtani, 1992; Xie and Kerrich, 1994; Lahaye et al., 1995). This interpretation was
based on the close correspondence between variations in HFSE and HREE
concentrations in Al-depleted rocks, consistent with calculated majorite fractionation
trends using experimentally determined partition coefficients (Kato et al., 1988;
Yurimoto and Ohtani, 1992). The depletions in HREE and variations in HFSE versus
REE in the Jeesiorova rocks are plotted in Figs. 3.8 A-B. Calculated majorite
fractionation trends using published partition coefficients (Yurimoto and Ohtani,
1992) do not show correspondence with the natural variations of the respective
elements in the Jeesiorova rocks.

In addition to the above trace element characteristics, the Re concentrations of

the Jeesidrova komatiites are not accompanied by any evidence for majorite
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Fig. 3.8. Plots of HFSE anomalies (Ti, Zr and Nb) and other key trace elements in the
Finnish rocks compared with those for the same suites of Al-undepleted (Alexo and
Pyke Hill) and Al-depleted (Komati and Mendon) rocks as in Fig. 3.1. The HFSE
anomalies (Ti/Ti* as in Fig. 2; Zt/Zr* = Zr/10U°85™ * eND2, Npb/Np* = Nb/10@ 'og-2 -
1°g€)y were calculated after McCuaig et al. (1994). Also shown are the calculated
majorite fractionation trends (solid line with tick marks showing percentages of
majorite fractionation). The numbers next to each tick mark represent percentage

majorite/lia- yalues for each element are from Yurimoto

fractionation of majorite. The D
and Ohtani (1992). The reference lines for chondrite and PM (primitive mantle) are
after McDonough and Sun (1995). (A) Note the broad positive correlation between Ti
and Zr anomalies in the Finnish rocks. (B) Note the pronounced negative Nb
anomalies in the Finnish rocks. (C) Note that both the Ti/Zr and La/Sm ratios in the
Finnish rocks plot within the Munro-type rocks rather than Al-depleted Barberton
rocks. (D) The field of boninites is from Hickey and Frey (1982). The trace elements

ratios for the Finnish rocks plotted in all of these diagrams (A-D) are not consistent

with the calculated majorite fractionation trends.
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fractionation. Previous experimental study has suggested that Re is compatible in
garnet during mantle melting (Dg & /s ™l = 7 7. Righter and Hauri, 1998). If
generally true for majorite garnet, it is likely that, majorite fractionaton in the mantle
source for Jeesiorova komatiites would have led to significant depletion of Re.
Instead, the Re concentrations in virtually all the Jeesidrova samples (~500-900 pg/g;
Table 3.2) are higher than in Al-undepleted komatiites (e.g., ~300-400 pg/g in Alexo
komatiites: Gangopadhyay and Walker, 2003).

Collectively, trace element distribution patterns, as discussed above, suggest
that either (a) the D values considered for these models are not appropriate for the
Finnish rocks, (b) the assumption that the putative primitive mantle composition
represents the Jeesiérova mantle composition is not valid, or (¢) majorite fractionation
was not involved in the generation of these rocks. The first two possibilities cannot be
ruled out, but are considered unlikely because the D values and/or model starting
mantle parameters would have to be considerably different from those used in
previous studies (e.g., Lahaye et al., 1995) in order to account for the abundances of
the respective elements in the Jeesiorova komatiites. We conclude that majorite
fractionation in the deep mantle was likely not responsible for the combined
subchondritic Al,03/Ti0; ratios and HREE-depletions of the Jeesidrova komatiites.

In an alternative petrogenetic model, some of the petrologic and geochemical
characteristics of the Al-depleted Barberton komatiites have been explained in terms
of their possible origin through hydrous melting in supra-subduction zone settings
(e.g., Grove et al., 1999; Parman et al., 2003). For example, the negative correlation

between Ti/Zr and La/Sm ratios in komatiite chill margins and komatiitic basalts from
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Barberton has been shown to vary in a manner similar to that observed in Phanerozoic
boninites (Parman et al., 2003). This feature was interpreted by Parman et al. (2003)
to be a result of mixing between a silicate melt with high La/Sm ratio and a hydrous
fluid with high Ti/Zr ratio. There is little evidence to support a similar origin for the
Jeesiorova komatiites. For example, on a primitive mantle-normalized diagram of
La/Sm versus Ti/Zr, the Jeesidrova rocks plot within the field of Al-undepleted
Abitibi komatiites, rather than Al-depleted Barberton komatiites (Fig. 3.8C). The
trace element ratios do not show any evidence for mixing between hydrous fluids and
silicate melts compositionally similar to those that were suggested for the Barberton
rocks (Parman et al., 2003). Additionally, as can be seen on a primitive mantle-
normalized plot, the Finnish rocks, unlike boninites (Hickey and Frey, 1982), are
enriched rather than depleted in Ti relative to other transitional elements, such as V
and Sc (Fig. 3.8D).

In addition to whole rock trace element characteristics, the redox state of
Jeesiorova rocks is also unlikely to support their generation in what are typically
highly oxidized arc environments. The redox state for the Jeesidrova rocks were
estimated using Fe*"#’s and Fe’"/ZFe ratios of selected chromites determined through
microprobe and Mdssbauer analyses, respectively (Table 3.1). The Fe*# for the
chromites in the Jeesidrova rocks are compared with those and corresponding fO,
values in 1-atm experimental charges of Murck and Cambell (1986) and Roeder and
Reynolds (1991) with natural komatiitic lavas as starting materials (Fig. 3.9). The
entire range of Fe’#s of chromites in the Jeesidrova rocks corresponds

approximately to FMQ=1.4. This range in fO, values for the Jeesiorova rocks is also
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respective experimental runs. Note that the entire range of Fe’'#s obtained for
chromites in the Finnish rocks, as shown by the two horizontal lines, corresponds

approximately to FMQ=+1.4.
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consistent with that obtained for mafic-ultramafic lavas cited by Fisk and Bence
(1980), and Barnes (1986). It is, however, recognized that the conventional
microprobe analyses of chromites do not always yield accurate value of fO,, whereas
Fe’*/2Fe ratios of chromites determined through Mdssbauer analyses are potentially
more accurate for the purpose of oxygen barometry (e.g., Wood and Virgo, 1989).
For this reason, the Fe’"/ZFe ratios of selected chromite separates from the Finnish
rocks were determined by Mdssbauer analyses. The Fe’"/SFe values for five chromite
separates vary within a limited range of 0.16-0.28 that corresponds to fO, of -1.5 <
AFMQ < +0.7 (Parkinson and Arculus, 1999 and references therein). Thus,
microprobe and Mdssbauer analyses of chromites collectively yield an fO, for the
Finnish rocks of -1.5<AFMQ<+1.4. For comparison, arc-related lavas typically have
redox states that vary from ~FMQ to as high as ~FMQ+6 (as summarized in Lee et
al., 2003). In contrast, estimates for the oceanic mantle as sampled by MORB and
abyssal peridotites are typically ~FMQ to FMQ-2. Although the entire range of fO,
values obtained for the Jeesiorova rocks overlap with some relatively rare, least
oxidized arc rocks, they are lower than most arc-related rocks. Instead, the fO,
estimates for the Jeesiorova rocks are indistinguishable from those for the non-arc
oceanic mantle. The range of fO, values for the Finnish rocks is also indistinguishable
from the empirical estimates of fO, based on the whole-rock V systematics of the Al-
undepleted komatiitic basalts from Fred’s Flow in the Munro Township (Canil and
Fedortchouk, 2001) and, in general, with those for the Archean Al-undepleted

komatiites (Canil. 1999). This suggests that the redox states during the partial melting
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of sources for both the Al-undepleted Munro rocks and Ti-rich Finnish rocks were not
significantly different.
3.6.2. Are the Jeesiorova komatiites Ti-enriched?

As noted earlier, the TiO, contents in the Jeesiorova rocks are significantly
higher than those at a given MgO level of both the Al-depleted Barberton rocks and
the Al-undepleted Abitibi rocks (Fig. 3.1B). The TiO, contents of the chromites in the
Finnish rocks are also higher than those in chromites from Al-undepleted komatiites
with similar aluminum contents reported from Munro Township, Canada (Arndt et
al., 1977) and Vetreny, Russia (Puchtel et al., 1996; Fig. 3.7B). Combined, these
chemical characteristics suggest that the Jeesiorova rocks, when compared to the Al-
undepleted or Al-depleted komatiites, are enriched in Ti relative to Al.

Actual Ti enrichment relative to similarly incompatible elements (Eu, Gd) in
komatiites is, however, rare. For example, the entire range of Ti/Ti* in the Al-
undepleted and Al-depleted komatiites is 0.6-1.1, and that in the JeesiGrova rocks is
0.9-1.3 (Fig. 3.10). Nevertheless, elevated abundances of Ti, similar to those in
Jeesiorova rocks, are also found in komatiites from the presumed extension of the
Lapland complex in the Karasjok greenstone belt, northern Norway (Barnes and
Often, 1990), mafic-ultramafic lavas and sills (MgO ~14-30 wt.%) from the Onega
plateau in the SE Baltic Shield (Puchtel et al., 1998), and picritic rocks from Baffin
Bay, West Greenland (Clarke, 1970; Francis, 1985).

3.6.3. Higher relative Ti abundance as a feature of the mantle source
Based on consideration of the major and trace element characteristics of the

Ti-rich komatiites from the Karasjok greenstone belt, northern Norway, Barnes and
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Often (1990) concluded that the Ti-rich nature of the Norwegian rocks is unlikely to
be a result of (a) post-magmatic alteration, (b) crystal-liquid fractionation, (c) crustal
contamination or (d) lower degrees of melting. These possibilities for the Jeesiorova
rocks are briefly considered below.

First, it is possible that elevated abundances of some HFSE, such as Ti, Zr, Hf
could result from the loss of other elements or addition of HFSE during some stage of
alteration. However, the elements Ti, Zr and Hf are among the least mobile elements
during alteration of komatites (e.g., Arndt, 1994), and there are strong negative
correlations on plots of MgO versus TiO, (see Hanski et al., 2001), Zr and Hf in the
Jeesiorova rocks. This strongly suggests that Ti abundances were not significantly
affected during secondary alteration.

Second, precipitation of some phases in which Ti is incompatible (e.g.,
olivine, clinopyroxene) could potentially lead to high concentrations of Ti in
differentiated magmas. Based on petrographic observations and positive correlations
of whole-rock MgO with Ni, Cr (Appendix 1) and S concentrations (E. Hanski,
unpubl. data), it is likely that olivine, chromite and sulfide were the only early co-
precipitating phases in these rocks. Simple mass-balance calculations, using Cr
concentrations in the chromites (Table 3.1) and whole rocks (Hanski et al., 2001),
suggest that chromites and sulfides constitute only a minor fraction of the whole
rocks (<1 wt.%), and their crystallization could not have affected Ti abundances.
Olivine, the only major fractionating phase in these rocks, cannot contribute to higher

Ti concentrations of the Jeesidrova komatiites at a given MgO content of the Al-
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undepleted and Al-depleted komatiites. Consequently, crystal-liquid fractionation
cannot be responsible for the elevated abundances of Ti in these rocks.

The Jeesiorova parental magmas are also unlikely to have suffered a large
degree of contamination by old continental crustal materials. The LREE-depleted

143
nature and

Nd-enriched initial isotopic composition of the Jeesidrova rocks (exg
~+4) is consistent with their derivation from a source similar to the contemporaneous
depleted model mantle (DePaolo, 1981), suggesting that these komatiites were not
significantly crustally contaminated by typical continental crustal materials.

Finally, the enrichment in Ti in the Jeesiorova komatiites is also probably not
a result of lower degrees of partial melting of the mantle source than for the Munro or
Barberton type rocks. Higher Ti abundances in magmatic rocks as a function of
degrees of partial melting are normally accompanied by corresponding increase in
LREE/MREE ratios. For example, elevated Ti abundance in picrites from both
Hawaii and Finnish Lapland are accompanied by corresponding increases in Ce/Sm
ratios (Fig. 3.10). No such correlation is observed for the Jeesidrova komatiites, and
instead, the komatiite samples with the most elevated Ti concentrations (and also
highest Ti/Ti*) are the most LREE-depleted. Consequently, it is difficult to envision a
melting scenario in which the Ti-rich Jeesiérova rocks could have been produced
from an LREE-depleted mantle source, similar to that for the Munro komatiites, due
solely to lower degrees of melting. It is more likely that either the mantle source for

the Jeesiorova komatiites had higher relative Ti and other trace element

concentrations, and/or the primary Jeesiorova magmas underwent subsequent
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Fig. 3.10. Plot of primitive mantle (PM)-normalized Ce/Sm ratios versus Ti/Ti* in the
whole rocks of selected suites of magmatic rocks. Data sources are as in Fig. 1. Also
plotted for reference are picritic rocks in the Finnish Lapland (Hanski et al., 2001).
The fields of the Gorgona ultramafic rocks (MgO > 11 wt.%) and the Hawaiian
picrites are drawn after Révillon et al. (2000) and Norman and Garcia (1999),
respectively. The fields of Gorgona, Alexo and Pyke Hill, and Komati and Mendon
exclude one outlier from each of their respective datasets. The thick solid line,
excluding one outlier, defines the field for Jeesiérova komatiitic rocks of this study.
Note that the Finnish komatiites and those from Gorgona and the Abitibi greenstone
belt (Alexo and Pyke Hill) have similar degrees of LREE-depletion [(Ce/Sm)pm
ratios]. Also note that, in contrast to the picritic rocks from Hawaii and the Finnish
Lapland, the higher positive Ti anomalies in the Jeesidrova komatiites are not

accompanied by corresponding increases in (Ce/Sm)py ratios.
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selective enrichment in these elements en route to the surface. These possibilities are
discussed below.
3.6.4. Consideration of alternative petrogenetic processes

The high Ti concentrations of the Jeesidrova komatiites could have potentially
resulted from selective assimilation of Ti-rich phases by a komatiitic primary magma
with normal concentrations of Ti and similarly incompatible elements during ascent
of the magma through the lithosphere. The elevated Ti and Zr abundances in the
Jeesiorova komatiites are coupled with slightly suprachondritic Zr/Hf ratios (typically
42-46 relative to the chondritic value of 36; McDonough and Sun, 1995). Moreover,
the rocks show a broad positive correlation between Ti/Ti* and Zr/Zr*, and the
samples that have the highest values of Ti/Ti* also typically have the largest positive
Zr anomalies (Zr/Zr* up to 1.7; Fig. 3.9A). Some Ti-rich minerals (e.g., rutile,
armalcolite, loveringite) produced by metasomatism within lithospheric mantle, as
sampled by peridotite xenoliths extracted from sub-continental lithospheric mantle
(SCLM), commonly show high abundances of HFSE and also suprachondritic Zr/Hf
ratios (up to 58; Kalfoun et al., 2002). The very low modal abundances (40-200 ppm)
of these minerals can account for >50% of HFSE budgets in some whole-rock
peridotite xenoliths (Kalfoun et al., 2002). Ti-rich metasomatic mineral assemblages
(rutile, ilmenite, armalcolite) have also been documented in harzburgitic oceanic
mantle xenoliths from the Kerguelen Islands that are likely to have crystallized at
temperatures of ~1200°C, consistent with the relatively low melting temperatures for

these minerals (Grégoire et al., 2000).
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The possibility of selective assimilation of Ti-rich phases by low-Ti primary
melts in the generation of Ti-enriched Jeesiorova ultramafic magmas is consistent
with some experimental studies. For example, the dissolution rate experiments of
Wagner and Grove (1997) suggest that Ti-rich oxide minerals, such as ilmenite,
dissolve ~ 3 times faster than clinopyroxene in a typical mineral assemblage in the
lunar mantle. They inferred that some high-Ti lunar magmas were produced from
low-Ti primitive magmas via assimilation of ilmenite-rich assemblages at shallow
levels. Similarly, high-pressure and high-temperature melting experiments on
terrestrial picritic basalt compositions suggest that near-solidus melts produced from
armalcolite- (+ ilmenite)-bearing peridotites have very high TiO, contents (>20 wt.%;
Xirouchakis et al., 2001), consistent with preferential non-modal melting of Ti-rich
phases.

It might also be expected that significant interaction of parental melts with
SCLM would lead to a reduction in the initial '®’Os/'®Os of the magmas. This is
because it is commonly observed that SCLM has depleted '*’Os/'**Os relative to
contemporaneous convective upper mantle as a result of prior Re depletion (Walker et
al., 1989). For example, combined Os-Nd isotope characteristics have been used to
support up to ~50% contribution of lithospheric components in the generation of
~190 Ma Karoo picrites (Ellam et al., 1992). This interpretation was based on the
correspondence of the Karoo picrites on an Os-Nd isotope diagram with the
calculated mixing array plotting between the assumed plume (both high yos and eng)
and SCLM (depleted yos and low eng) end members. Another manifestation of such a

process is the ~2.7 Ga Al-depleted picritic rocks from Boston Creek (Abitibi
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greenstone belt) with strongly depleted initial Os isotopic composition (yos= -3.8+0.5;
Walker and Stone, 2001). The chondritic Os isotopes, combined with the depleted
mantle-like Nd isotopic composition of the Jeesidrova rocks, on the other hand, agues
against bulk mixing of large proportions of these components, as a mixing array
rather than uniform Nd-Os isotopic compositions for these rocks would be expected.

The uniform chondritic initial Os isotopic composition of these rocks may
suggest that either (a) Ti-rich lithospheric minerals were not involved, (b) insufficient
time between the metasomatic event(s) that produced the Ti-rich mineral assemblages
and the melting of the metasomatic minerals precluded significant enrichment or
depletion in '*Os relative to that of the contemporaneous lithospheric mantle, or (c)
Os concentrations in the putative Ti-rich mineral assemblages were significantly
lower than in the primitive Jeesiérova magmas. Consistent with the last possibility,
the Ti-rich phases (picroilmenite) in alkaline ultramafic magmas from Norseman-
Wiluna belt, Western Australia have very low concentrations of Os (0.02-0.03 ng/g;
Graham et al., 2002) that are 2 orders of magnitude lower than those in whole-rock
Jeesiorova komatiites (Table 3.2). In the absence of Os concentrations and isotopic
compositions of Ti-rich metasomatized mineral assemblages in xenoliths from
representative SCLM that the Jeesiorova magmas have traversed, the likelihood of the
last two possibilities, however, cannot yet be evaluated.

Alternatively, the high concentrations of Ti and similarly incompatible
elements, combined with their radiogenic initial Nd isotopic composition (eng ~+4:
Hanski et al., 2001) and LREE-depleted nature may have resulted from enrichment of

the mantle source by basaltic melt or incorporation of young recycled mafic oceanic
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crust (similar to MORB) into the mantle source for these rocks. This possibility is
also consistent with the higher average abundance of most incompatible elements of
the Jeesidrova komatiites relative to typical Al-undepleted and Al-depleted
komatiites. Furthermore, enrichment of peridotite source by mafic melt leads to
increase in Re concentrations, so this process could account for higher relative Re
concentrations in these komatiites. The high Re/Os ratios of the mantle source, over
time, would potentially lead to growth of suprachondritic '*’Os/***Os. Therefore, the
chondritic initial '*’Os/'®Os of the Jeesidrova rocks suggests that mafic enrichment
could not have occurred more than about 200 Ma prior to komatiite production (see
Walker et al., 1991).

Prior mafic melt enrichment, however, is not consistent with all aspects of the
Jeesiorova komatiites. For example, the presence of uniform negative Nb anomalies
in the Jeesidrova komatiites (Figs. 3.3 and 3.8B) cannot be readily reconciled with the
model of trace element enrichement via addition of basaltic melt or recycled oceanic
crust to their mantle source. Present-day MORB does not have negative Nb
anomalies, and, therefore, the possibility of recycling of oceanic crust would require
that the primary Jeesidrova asthenospheric melt possessed negative Nb anomalies to
begin with, a possibility for which there are no known analogs.

3.7. CONCLUSIONS

The Jeesiorova komatiites have subchondritic Al,O3/TiO, ratios and HREE-
depletion (Gd/Yben>1), similar to those typically observed in Al-depleted komatiites.
We have demonstrated that the subchondritic Al,O3/TiO, ratios in the Jeesiérova

rocks are not a result of depletion in Al, rather due to high concentrations of Ti at a
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given MgO content relative to both Al-undepleted and Al-depleted komatiites. The
Jeesiorova rocks also have overall high concentrations of incompatible elements
relative to the latter two types of komatiites. These rocks thus represent a chemically
distinct type of komatiite.

The whole rock major and trace element characteristics (e.g., absence of
depletion in Al corresponding to HREE-depletion), and redox state (~FMQ) derived
from chemical composition of chromite are not consistent with either of the two
petrogenetic models suggested for the Al-depleted rocks, majorite fractionation in the
deep mantle or subduction-related hydrous melting.

The high relative Ti and similarly incompatible element concentrations in
these rocks may suggest [1] preferential melting of Ti-rich metasomatized mineral
assemblage in the lithospheric mantle or [2] contamination of primary asthenospheric
melt by LREE-depleted young oceanic crust. The characteristic negative Nb
anomalies in Jeesiorova rocks, however, are not consistent with any of these models.
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CHAPTER 4: Geochemical evidence for anhydrous melting
for the origin of komatiites at Dundonald Beach, Ontario,
Canada

[1. To be submitted to Contrib. Mineral. Petrol. as: Gangopadhyay, A., Sproule, R.
A., Lesher, C. M., Walker, R. J., Houlé, M. G., and Piccoli, P. M., Geochemical
evidence for anhydrous melting for the origin of komatiites at Dundonald Beach,
Ontario, Canada].

2. Fig. 4.2 was provided to me by R. A. Sproule (Laurentian University, Sudbury,
Canada)].

Abstract

The major and trace elements of whole rocks, and chemical compositions of
primary igneous minerals (chromite and clinopyroxene) were examined for a suite of
cumulate and spinifex-textured komatiitic flows from the Dundonald Beach area in
the Abitibi greenstone belt, Ontario, Canada, in order to evaluate their possible origin
through subduction-related hydrous melting. These komatiites and komatiitic basalts
have near-chondritic Al,03/TiO, ratios (21-26 versus ~22) and chondrite-normalized
unfractionated heavy rare-earth element (HREE) pattern (Gd/Yben ~1), similar to
those in the Al-undepleted komatiites from the spatially associated Alexo and Munro
Townships. Unlike crustally contaminated komatiites from elsewhere, the degrees of
LREE depletion and the absence of significant negative Nb anomalies in the
Dundonald rocks (Nb/Lacy ~ 0.8-1) are similar to those of komatiites from Alexo and
Munro Townships, also of the Abitibi greenstone belt, that have unradiogenic Pb and
radiogenic Nd isotopic compositions. This suggests that the Dundonald parental
magma underwent minimal or no crustal contamination.

On a plot of Wo contents [Ca/(Ca+Mg+Fe”")] versus Mg# [Mg/(Mg+Fe*")] of

preserved clinopyroxenes, the Dundonald rocks cluster between the fields for those
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produced in an experimental study of Al-depleted komatiites under anhydrous and
H,0O-saturated conditions. Thus, the clinopyroxene compositions of Dundonald rocks
provide evidence neither against nor in favor of a hydrous nature of the Dundonald
parental magmas. However, the strong positive correlation between Ce/Ybcn and
H,O/Yb ratios, that is observed in N-MORB and Hawaiian plume-related rocks, amy
indicate a low H,O content (<0.04 wt.%) for the Dundonald rocks. Additionally,
chromites in the Dundonald komatiites have significantly lower Cr#, at a given Mg#,
than chromites in modern arc-related rocks, such as Phanerozoic boninites, suggesting

a relatively less refractory mantle source for the Dundonald komatiites.

Compositional homogeneity of the Al-undepleted komatiitic rocks of the
Kidd-Munro assemblage, extending over an area of ~180 x 12 Km?, contrast with
major compositional heterogeneity manifested over short distances for island arc
lavas. Combined, these geochemical characteristics of komatiitic rocks from the
Kidd-Munro assemblage suggest their derivation from an essentially anhydrous, non-

arc oceanic mantle.

4.1. INTRODUCTION

There are currently two contrasting petrogenetic models for the generation of
komatiites. According to the widely accepted plume-based model, komatiites are
products of high degrees of partial melting (30-40%) of ascending mantle plumes. In
the plume model, the Al-depleted komatiites (with subchondritic Al,O3/TiO; ratio of
~6-12), such as those in the early Archean Barberton Mountainland greenstone belt,
are generated via melting of essentially anhydrous mantle where majorite garnet is

either a residual phase after melting or it separates from the ascending magma in the
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deep mantle (> 14 GPa; e.g., Kato et al., 1988; Ohtani et al., 1989; Herzberg, 1992;
McDonough and Ireland, 1993). Consistent with this model, Al-undepleted komatiites
(with chondritic Al,O3/TiO; ratio of ~20), such as those from the Alexo and Pyke Hill
areas in the late Archean Abitibi greenstone belt, Canada are likely to be produced as
a result of partial melting of a mantle source in the shallow mantle (< 14 GPa) (Arndt,
1986; Campbell et al., 1989). This model of komatiite petrogenesis has been
subsequently challenged based on experimental studies of Al-depleted komatiites
under anhydrous and H,O-saturated conditions (Parman et al., 1997). The
experimental studies of Parman et al. (1997) have demonstrated that the
clinopyroxene produced under anhydrous versus H,O-saturated conditions have
distinctly different compositions, and the compositions of natural clinopyroxene from
the Al-depleted komatiites from the Komati Formation of the Barberton
Mountainland plot within the field of clinopyroxene produced under experimental
H,0O-saturated conditions. These observations, combined with some geochemical
similarities between Al-depleted komatiites and those for modern arc-related rocks,
such as Phanerozoic boninites, were used to suggest a subduction-related hydrous
melting origin for Al-depleted komatiites (Parman et al., 1997; Parman et al., 2003).
Attempts have also been made to suggest a subduction origin for Al-undepleted
komatiites from other greenstone belts, such as Abitibi greenstone belt (Grove et al.,
1999; Kerrich et al., 1998; Grove and Parman, 2004). Here we examine the major and
trace elemement characteristics of a suite of Al-undepleted komatiites from
Dundonald Beach in the Abitibi greenstone belt and the chemical compositions of

their primary igneous minerals (chromite and clinopyroxene). The geochemical
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characteristics of the Dundonald rocks are compared with stratigraphically-equivalent
Al-undepleted komatiites from spatially associated Alexo and Munro Townships, part
of the same Kidd-Munro volcanic assemblage, in order to evaluate the possibility of a
subduction-related, hydrous melting origin for Al-undepleted komatiites.
4.2. GEOLOGICAL SETTING

“Dundonald Beach” is locally referred to a glacially-exposed outcrop of
volcano-sedimentary rocks that covers approximately 150 x 60 m® area in the SW
part of the Dundonald Township, northern Ontario (Davis, 1999). These rocks are
part of the 2710-2719 Ma “Kidd-Munro assemblage” of ultramafic, mafic and felsic
volcanic rocks, exposed over an area of 180 x 12 km” that extends from the Kidd-
Creek area in the west to the Ontario-Quebec border in the east (Jackson and Fyon,
1991; Barnes et al., 1983; Barnes, 1985; Barnes and Naldrett, 1987; Nunes and Pyke,
1980; Barrie et al., 1999; Bleeker et al., 1999; Ayer et al., 2002). The volcanic rocks
in the Dundonald Beach area include volumetrically dominant basalts (~75%) with
relatively minor komatiitic rocks (~10%), calc-alkaline basalts to rhyolites (~10%),

and differentiated volcanics (~5 %: Barrie, 1999; Fig. 4.1).

The Dundonald Beach komatiites and komatiitc basalts have been the subject
of several recent studies (e.g., Davis 1997, 1999; Houl¢ et al., 2002; Cas et al., 2003).
According to these and other previous studies, the volcano-sedimentary succession in
this area is divided into three members (Fig. 4.1). Member IA is comprised of several
thin, undifferentiated, non-cumulate sills of komatiitic basalt, porphyritic komatiitic

basalt, komatiitic pyroxenite and intercalated graphitic argillaceous metasedimentary
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rocks (Davis 1997, 1999). Member IB consists of a differentiated, non-cumulate
komatiitic pyroxenite flow exhibiting a lower olivine-clinopyroxene cumulate zone, a
thick parallel acicular (“string-beef”) pyroxene spinifex-textured zone, a thin
randomly platy olivine spinifex-textured zone, and a very thin, very fine-grained,
upper “chilled” margin (Davis 1999). Member IC is comprised of multiple
differentiated cumulate komatiite flows/sills with thick lower olivine mesocumulate
zones and thin upper olivine spinifex-textured zones (Davis 1997, 1999, Houl¢ et al.,
2002). Fe-Ni-Cu sulfide mineralization is present at the base of several of the
komatiitic peridotites. One relatively rare structure, called peperite (or “egg-shell”)
that is commonly found in the graphitic argillites underlying the komatiitic basalts are
interpreted as resulting from intrusion of the komatiitic magmas into the
unconsolidated, water-saturated sediments (Houlé¢ et al., 2002; Cas et al., 2003). Thus,
although most komatiites in the Kidd-Munro assemblage are interpreted as lava flows
(e.g., Arndt et al., 1977; Arndt, 1986; Lahaye and Arndt, 1996), the Dundonald

komatiites show evidence for shallow-level intrusions (Arndt et al., in press).

The Dundonald Beach rocks are exposed on the southern limb of a large
anticlinal fold, and strike roughly east-west and dip steeply to the south (Davis,
1999). A shear zone runs roughly parallel to the contact between the komatiites and
the underlying felsic volcanic rocks. The Dundonald Beach rocks have been
metamorphosed to regional lower greenschist facies (Jolly, 1982), and are locally
faulted and/or sheared, but primary structures and igneous textures are generally well

preserved.
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All whole-rock samples examined here were collected from two complete
surface flows. One flow consists of a basal olivine-bearing cumulate zone and an
overlying platy and random spinifex-textured zone (from Member IC; labelled
Section A-A’ in Fig 4.1). The detailed section of this flow including sample locations
is shown in Fig. 4.2. The second unit is komatiitic basalt, composed of a basal
olivine-clinopyroxene cumulate zone, pyroxene spinifex, olivine spinifex and an
upper chilled margin (from Member IB). This flow is labelled Section B-B’ in Fig.

4.1, and the detailed section, including sample locations is shown in Fig. 4.2.

4.3. Analytical techniques

4.3.1. Major and Trace elements

The major element data were obtained by wavelength-dispersive X-ray
fluorescence spectrometry (WD-XRFS) of fused glass disks at the University of
Western Ontario. The concentrations of Ni, Cu, Co, Cr, V and Zn were determined by
WD-XREFS of pressed powder pellets. Other trace elements, including rare-earth
elements (REE) and highly incompatible lithophile elements, were determined by
inductively-coupled plasma mass spectrometry (ICP-MS) at the Ontario Geoscience
Laboratories following a 10-day, mixed-acid, closed-beaker digestion using the
method of Tomlinson et al. (1999). Comparison of routine sample replicates indicates
that major elements (>1 wt.%) are precise to within 2% of the amount present, minor
elements (1-0.1 wt.%) to within 5% of the amount present, and trace elements (<0.1
wt.%) to within 5-10% of the amount present. Furthermore, a comparison of data
obtained for trace elements analyzed by the Ontario Geosciences Laboratories (e.g.,

Sproule et al., 2002) with samples from the same outcrops from different studies (e.g.,

100



Komatiite

Komatiitic basalt

\? flow B, flow
O O
DUNBCH-6 ==L O

9m

)

_%&
\
)~ ~'| DUNBCH-5

5.4
m * -L

W em /f

4m DUNBCH-4 _4/
T)UNBCH-34 . }
Im]| .

v

More ol-rich
at the base

A

-

. \\

N

W

O

A 4

O %

S

Basal cumulate (ol)
of the overlying flow

L, DUNBCH-10
Pyroxene-spinifex
with elongate cpx
needles

DUNBCH-9

Gabbro with
cumulus plag

Gabbronorite

DUNBCH-8

Pyroxenite with
cumulate cpx

1.5m
@) i
" o | Ol-pyroxenite
DUNBCH-2 _ | T DUNBCH-7
A DUNBCH.I B ——_ Sheared base
N
OO e 0 [eee []]]]
Ohvmei Fine (ol)  Platy Gabbronorite with  Pyroxene-spinifex
nzieso— (; random olivine  cumulus cpx with elongate cpx
adeumulate  ginifex spinifex  +opx+ plag needles

Figure 4.2. Stratigraphic section of (A) the komatiite and (B) komatiitic basalt units

sampled in this study.

101



Arndt and Nesbitt, 1982; Xie et al., 1993; Fan and Kerrich, 1997; this study) yield
comparable results. The whole-rock major element oxides and trace element data are

presented in Table 4.1.

4.3.2. Microprobe analyses

The chemical composition data of olivine and chromite were obtained using
wavelength dispersive spectrometry (WDS) with a JEOL-8900 Superprobe at the
University of Maryland. Both chromite and clinopyroxene were analyzed with a 15
kV accelerating potential. A beam current of 50 nA with 1 p beam diameter was used
for chromite analyses, whereas the beam current and beam diameter for
clinopyroxene analyses were 20 nA and 5 p, respectively. The peak counting time
for clinopyroxene and chromite analyses was 10 s for most elements, and a counting
time of 20 s was allowed for Si, Ni and Co. External reproducibility was monitored
via analyses of synthetic standards routinely used in the laboratory. Finally, the
EPMA data were corrected using ZAF procedure. The composition data for chromite

and clinopyroxene are presented in Tables 4.2 and 4.3, respectively.

4.4. RESULTS

The Dundonald komatiites and komaiitc basalts have nearly-chondritic
Al,O3/TiO; ratios (21-26 versus ~22; McDonough and Sun, 1995) and chondrite-
normalized unfractionated HREE pattern (Gd/Yben = 0.9-1.1; Table 4.1). These
characteristics are similar to those in Al-undepleted komatiites from Alexo and Pyke
Hill (e.g., Lahaye and Arndt, 1996; Fan and Kerrich, 1997; Fig. 4.3), and are

generally consistent with those observed in Al-undepletd komatiites from elsewhere
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Table 4.1. Whole-rock major, trace and rare-earth element data for Dundonald Beach
suite of komatiitic rocks. All major oxides are recalculated on 100% volatile-free
basis (n.d. = not determined; - = below detection limits).

Komatiites Komatiitic basalts

Samples DUNBCH DUNBCH DUNBCH DUNBCH DUNBCH DUNBCH DUNBCH DUNBCH
-1 -2 -3 -4 -5 -6 -7 -8

Texture
Major oxides (wt.%)
SiO, 44.1 443 44.1 43.9 44.1 45.1 50.3 50.5
TiO, 0.14 0.14 0.15 0.46 0.43 0.38 0.55 0.64
AlLO; 33 35 34 11.1 9.5 8.4 11.7 14.6
Fe,0; 9.6 8.5 9.4 10.7 12.9 11.7 11.6 123
MnO 0.10 0.12 0.13 0.24 0.20 0.17 0.22 0.18
MgO 423 429 422 21.2 22.7 252 12.6 8.4
CaO 0.16 0.14 0.29 12.09 9.78 8.63 11.23 10.20
Na,O 0.00 0.00 0.00 0.00 0.00 0.00 0.97 2.06
K,O 0.00 0.00 0.01 0.00 0.00 0.00 0.75 1.06
P,0; 0.01 0.01 0.01 0.03 0.02 0.03 0.04 0.05
Cr,0; 0.31 0.29 0.31 0.29 0.40 0.42 0.16 0.05
LOI 12.45 12.75 12.35 4.84 5.57 6.29 2.26 1.92
Mg#! 0.90 091 0.90 0.80 0.78 0.81 0.68 0.58
ALO,/TIO, 24 26 23 24 22 22 21 23
CaO/AL 04 0.05 0.04 0.08 1.1 1.0 1.0 0.96 0.70
Trace elements (ppm)
Cu n.d. n.d. n.d. 27 24 30 52 68
Zn 30 33 36 72 81 69 75 84
Ni 2844 2659 2688 829 765 1082 118 70
Cr 1528 1546 1621 1823 2782 2585 1022 303
v 61 54 63 171 162 144 225 249
Zr 7.6 6.8 8.3 254 23.4 194 324 373
Nb n.d. n.d. n.d. 0.6 0.6 0.4 1 1.2
Y 29 2.8 33 11.8 10.1 8.4 14.1 16.1
Sr 44 3.3 52 3.6 4.1 3.5 87.4 139.8
Rb 1.57 1.83 2.09 0.59 1.36 1.87 22.38 34.22
Cs 0.72 0.79 091 0.41 0.72 1.04 0.45 0.40
Ba n.d. n.d. n.d. 12 n.d. n.d. 92 91
U 0.02 0.01 0.01 0.02 0.02 0.02 0.04 0.05
Co 101 103 96 77 85 90 56 47
Ta n.d. n.d. n.d. 0.19 0.21 0.20 0.22 0.23
Hf 0.2 0.2 0.2 0.7 0.7 0.6 0.9 1
Rare-earth elements (ppm)
La 0.31 0.25 0.22 0.73 0.64 0.51 1.27 1.49
Ce 0.58 0.54 0.64 2.20 1.86 1.54 3.52 4.18
Pr 0.12 0.11 0.11 0.40 0.36 0.31 0.60 0.71
Nd 0.70 0.76 0.68 2.35 2.00 1.71 3.26 3.88
Sm 0.31 0.28 0.24 1.03 0.98 0.68 1.26 1.58
Eu 0.12 0.14 0.14 0.53 0.25 0.19 0.51 0.55
Gd 0.41 0.40 0.45 1.48 1.37 1.12 1.96 2.20
Tb 0.08 0.07 0.08 0.28 0.27 0.22 0.35 0.40
Dy 0.53 0.49 0.53 1.96 1.78 1.38 2.47 2.68
Ho 0.11 0.11 0.11 0.44 0.41 0.34 0.53 0.58
Er 0.34 0.34 0.37 1.32 1.25 0.98 1.57 1.69
Tm 0.05 0.05 0.06 0.19 0.17 0.15 0.26 0.29
Yb 0.36 0.32 0.37 1.16 1.16 0.95 1.52 1.68
Lu 0.05 0.06 0.06 0.19 0.18 0.14 0.25 0.27
>REE 4.09 3.92 4.07 14.26 12.67 10.21 19.33 22.18
Ratios
(La/Sm)cn 0.62 0.56 0.57 0.44 0.41 0.47 0.63 0.59
(Ce/Yb)en 0.42 0.44 0.45 0.50 0.42 0.43 0.61 0.65
(Gd/Yb)cen 0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.1
(Nb/La)cx - - - 0.81 0.93 0.77 0.78 0.80
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Table 4.1 (continued)

Komatiitic basalts

Samples DUNBCH DUNBCH DUNBCH DUNBCH DUNBCH DUNBCH DUNBCH
-9 -10 -11 -12 -13 -14 -15
Texture
Major oxides (wt.%)
SiO, 47.8 479 44.0 442 49.2 48.7 49.2
TiO, 0.56 0.56 0.26 0.28 0.44 0.56 0.56
ALO; 12.7 12.0 6.4 6.4 10.2 13.7 13.3
Fe,05" 12.9 12.6 12.5 12.9 12.0 11.9 11.1
MnO 0.22 0.21 0.18 0.18 0.22 0.21 0.20
MgO 12.5 12.2 30.9 30.5 14.7 9.2 12.0
CaO 11.61 13.65 5.12 5.13 11.62 13.47 11.33
Na,O 0.36 0.01 0.02 0.02 0.73 0.15 0.38
K,O 1.10 0.74 0.00 0.00 0.74 1.93 1.89
P,0s 0.04 0.04 0.02 0.02 0.03 0.04 0.03
Cr0; 0.12 0.10 0.61 0.40 0.20 0.06 0.07
LOI 2.98 2.72 7.39 6.77 2.38 2.66 3.09
Mg#' 0.66 0.66 0.83 0.82 0.71 0.60 0.68
ALOs/TiO, 23 22 25 23 23 24 24
CaO/ALO4 091 1.1 0.80 0.81 1.1 0.98 0.85
Trace elements (ppm)
Cu 67 57 17 16 44 69 21
Zn 76 95 60 64 65 66 77
Ni 199 178 1412 1344 223 115 119
Cr 888 708 2936 1662 1139 327 400
\% 211 210 99 102 212 210 219
Zr 43 43 24 25 34 41 37
Nb 5 4 4 3 3 4 4
Y 18 19 12 12 17 18 18
Sr 84 53 13 13 77 91 108
Rb 13 5 7 7 25 8 15
Cs 0.67 0.43 1.02 0.79 0.73 0.52 0.73
Ba 90 5 14 n.d. 197 28 71
U 0.04 0.04 0.02 0.03 0.03 0.04 0.03
Co 60 61 117 121 67 56 56
Ta 0.22 0.23 n.d. 0.18 0.19 0.20 0.21
Hf 0.9 1 0.3 0.5 0.6 0.9 0.9
Rare-earth elements (ppm)
La 5.32 5.4 1.69 1.73 3 4.09 5.78
Ce 5.63 5.99 1.96 2.02 3.39 4.55 6.38
Pr 6.55 6.96 2.42 24 4.02 5.85 6.98
Nd 7.09 7.53 2.67 3.17 4.55 7.05 8.10
Sm 7.97 8.72 4.12 4.05 6.35 8.18 9.19
Eu 8.53 9.7 3.64 3.87 7.85 9.02 114
Gd 9.16 9.82 4.29 4.65 7.55 9.66 9.49
Tb 9.22 9.89 4.27 4.68 7.12 9.78 10.08
Dy 9.62 9.84 436 4.46 7.63 9.97 10.16
Ho 9.65 9.84 4.18 4.25 791 9.69 9.85
Er 9.62 9.83 3.73 498 7.94 10.3 9.97
Tm 9.88 10.24 4.09 5.14 7.29 10.12 9.88
Yb 8.88 9.32 4.72 4.72 7.39 9.07 9.13
Lu 9.80 9.55 443 5 8.01 9.80 9.47
YREE 18.72 19.70 7.74 8.37 13.53 18.10 20.46
Ratios
(La/Sm)cen 0.67 0.62 0.41 0.43 0.47 0.50 0.63
(Ce/Yb)en 0.63 0.64 0.41 0.43 0.46 0.50 0.70
(Gd/Yb)ey 1.0 1.1 0.9 1.0 1.0 1.1 1.0
(Nb/La)cn 0.78 0.77 0.74 0.96 0.83 0.81 0.72
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Table 4.2 Representative microprobe analyses of chromites from the Dundonald

Beach komatiites. All analyses are average of N analyses obtained from the cores of
equant grains.

Sample DUNBCH-2 DUNBCH-4 DUNBCH-5 DUNBCH-6 DUNBCH-9
Grain-1 Grain-2 Grain-1 Grain-2 Grain-1 Grain-2 Grain-1 Grain-2
Si0, 0.06 0.05 0.06 0.06 0.06 0.08 0.06 0.06 0.04
Ti0O, 0.31 0.26 0.38 0.35 0.43 0.34 0.34 0.42 0.44
AlL,Os; 1349 13.01 14.85 1456 16.09 14.04 13.85 14.88 149
Cr,O; 55.10 55.81 49.45 51.48 4733 5227 5254 49.67 50.06
Fe,O; 3.75 3.67 4.04 5.01 5.37 4.79 4.80 5.67 5.38
FeO 10.23 1047 20.74 13.33 1851 13.05 1248 14.55 14.75
MnO  0.17 0.16 0.24 0.19 0.23 0.18 0.21 0.19 0.19
MgO 1526 15.1 8.48 1333 10.03 1343 1375 1248 124
CaO 0.00 0.00 0.05 0.01 0.04 0.00 0.01 0.02 0.02
CoO 0.05 0.04 0.07 0.05 0.06 0.06 0.05 0.07 0.06
NiO 0.18 0.20 0.08 0.13 0.13 0.15 0.14 0.10 0.10
Total 98.60 98.77 98.44 98.50 98.28 98.39 9823 98.11 98.34
N 5 5 5 3 3 4 5 3 6
Mg# 0.73 0.72 0.42 0.64 0.49 0.65 0.66 0.60 0.60
Cr# 0.73 0.74 0.69 0.70 0.66 0.71 0.72 0.69 0.69
Fe*#  0.05 0.04 0.05 0.06 0.07 0.06 0.06 0.07 0.07
Fe"/ZFe ()25 0.32 0.21 0.34 0.28 0.33 0.34 0.34 0.33
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Table 4.2 (continued)

Sample DUNBCH-10 DUNBCH-11 DUNBCH-12
Grain-1 Grain-2 Grain-1 Grain-2 Grain-1 Grain-2
Si0, 0.06 0.06 0.05 0.07 0.06 0.05
TiO, 0.45 0.50 0.50 0.32 0.41 0.47
ALO; 1488 1552 1626 12.65 1449 16.01
Cr,O; 48.57 47.01 46.52 51.18 4839 48.87
Fe,O; 5.88 6.65 5.75 5.21 5.62 5.46
FeO 17.68 17.44 20.74 1992 20.73 14.58
MnO  0.20 0.21 0.24 0.25 0.23 0.22
MgO 10.49 10.68 8.74 8.86 851 12.64
CaO 0.13 0.16 0.00 0.02 0.03 0.01
CoO 0.06 0.07 0.18 0.07 0.08 0.06
NiO 0.09 0.13 0.11 0.06 0.09 0.14
Total 9849 98.43 99.09 98.61 98.64 98.51
N 4 3 5 3 5 4
Mg# 0.51 0.52 0.43 0.44 0.42 0.61
Cr# 0.69 0.67 0.66 0.73 0.69 0.67
Fe*#  0.07 0.08 0.07 0.07 0.07 0.07
Fe"/ZFe (23 0.34 0.27 0.26 0.27 0.34
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Table 4.3 Representative microprobe analyses of clinopyroxenes from the Dundonald
Beach komatiites. All analyses are averages of N analyses.

Sample DUNBCH-7 DUNBCH-13 DUNBCH-14
Grain- Grain- Grain- Grain-1 Grain- Grain-1  Grain-2  Grain-3  Grain-
1 2 3 2 4

SiO,  52.10 52.23 52,15 53,51 6235 5132 51.64 50.51 51.47
TiO, 0.15 017  0.17 0.13 0.09 042 0.32 044 0.19
AlLOs 342 340  3.05 297 246 2.0 2.96 295 323
Cr,0;  0.73 0.1 0.46 049 0.07 0.03 0.03 0.02 047
FeO* 646 632 773 6.99 8.82 14.64 12.72 17.68  6.80
MnO 028 025 031 026 026 042 0.36 048 0.20
MgO 1797 1850 17.78 17.80 13.03 13.24 14.90 12.28 17.87
CaO 16.90 16.66 16.56 18.31 12.08 17.63 17.27 15.74 18.46
Na,O 0.13 0.12  0.11 0.13  0.11 0.17 0.17 0.17 0.14
Total 98.14 98.16 9832 100.59 99.27 100.57 100.37 100.27 98.83
N 3 5 3 4 3 4 5 4 5
Wo 36.0 352 350 37.7 326 37.1 36.0 33.8  38.0
En 533 544 523 51.0 489 38.8 43.3 36.6  51.1
Fs 10.7 104 127 11.2  18.6 24.1 20.7 29.6 109
Mg# 832 839 804 81.9 725 61.7 67.6 553 824

Table 4.3 (continued)

Sample DUNBCH-15
Grain-1 Grain-2

Si0, 52.01 51.87
Ti0, 0.23 0.20
Al,O3 4.76 3.30
Cr,03 0.56 0.38
FeO* 6.97 7.52
MnO 0.32 0.19
MgO 16.74 18.17
CaO 18.92 17.97
Na,O 0.17 0.11
Total  100.68 99.71

N 5 5

Wo 39.7 36.6
Fs 48.9 51.5
En 11.4 11.9

Mg# 81.1 81.2
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Figure 4.3. Plot of Al,03/TiO, versus chondrite-normalized (CN) Gd/Yb ratios for
the Dundonald komatiites and komatiitic basalts. Also shown for reference, these
ratios for Al-undepleted komatites from the Alexo (Lahye and Arndt, 1996) and Pyke
Hill (Fan and Kerrich, 1997) localities in the Abitibi greenstone belt, Canada, Al-
depleted komatiites from Komati (Lahaye et al., 1995; Parman et al., 2003) and
Mendon (Lahaye et al., 1995) formations in the Barberton Mountainland, S. Africa,
and Ti-enriched komatiites from the Onega plateau (Puchtel et al., 1998) and the

Finnish Lapland (Hanski et al., 2001).
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(Nesbitt et al., 1979; Lahaye et al., 1995; Sproule et al., 2002). Also, the Dundonald
rocks are moderately LREE-depleted (La/Smen = 0.41-0.67; Ce/Yben = 0.42-0.70;
Table 1; Fig. 4.4). The total REE concentrations (XREE = 3.9-22.2 ppm) are
comparable to those in komatiites from Alexo and Pyke Hill at given MgO contents
(e.g., Lahaye and Arndt, 1996; Fan and Kerrich, 1997). There is a strong negative
correlation between Mg# (0.60-0.91: Table 4.1) and XREE. Also, the Dundonald
komatiites show consistent LREE-depletion, and flat MREE and HREE patterns (e.g.,
Gd/Yben ~ 1: Table 4.1).
4.5. DISCUSSION

The Dundonald Beach komatiites have undergone variable degrees of
hydrothermal alteration and greenschist facies metamorphism. Also, these rocks were
intruded into graphitic argillites, and thus the possibility of crustal contamination for
the parental magmas must be evaluated. We discuss below the influence of alteration,
crustal contamination and metamorphism on the geochemical characteristics of the
emplaced Dundonald lavas and the mineral composition of chromites.
4.5.1. Identification of the least-mobile elements

Previous studies have demonstrated the applicability of olivine-control trends
in identifying the least-mobile elements in a given suite of rocks (e.g., Arndt et al.,
1989; Lahaye and Arndt, 1996). This is possible because olivine is the dominant
fractionating phase in komatiites, and accordingly, linear trends with negative slopes
are normally observed on plots of MgO versus the least-mobile incompatible major
element oxides and trace elements (e.g., ALL,Os, TiO,, Zr, Sm). Deviations from such

olivine-controlled fractionation-accumulation trends are commonly ascribed to post-
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Figure 4.4. Chondrite-normalized REE pattern of the whole-rock Dundonald
komatiites and komatiitic basalts. These rocks show uniform LREE-depletion and flat
MREE and HREE patterns. The negative Eu anomalies and La-inflections in some
samples are most likely due to secondary alteration. The normalizing values for

chondrites are from McDonough and Sun (1995).
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magmatic mobility of the respective elements. Using the same criterion for the
Dundonald komatiites suggests that major elements, such as Si, Na, K and Ca, and
minor elements, such as Ba, Rb, Sr, U and Pb show significant mobility due to post-
crystallization alteration. The concentrations of these elements are, therefore,
excluded hereafter from further discussion of geochemical characteristics of these
rocks. In contrast, the effects of alteration in Dundonald rocks are minor on some
major element oxides, such as Al,Os and TiO, (Fig. 4.5). Using the same olivine-
control criterion suggests that the transitional elements, such as V, Cr, Co, Ni, Cu and
Zn, and other trace elements including high field strength elements (HFSE), such as
Zr and Hf, (Fig. 4.5) have remained relatively immobile on the whole-rock scale.
Also, on a chondrite-normalized REE plot, these rocks show very consistent LREE-
depletion and flat MREE and HREE patterns among all the samples, suggesting very
limited mobility of REE in these rocks (Fig. 4.4). The slightly negative Eu anomalies
in three samples of our suite may have been caused by hydrothermal alteration,
similar to, for example, those observed in spinifex-textured komatiites from
Anderson’s Flow in Belingwe, Zimbabwe (e.g., Zhou, 1994) and komatiitic rocks
from the Sula Mountain greenstone belt in the West African Craton (Rollinson,
1999). Similarly, the minor La inflections in a different set of three samples of
Dundonald rocks may also be a result of alteration (Fig. 4.4).
4.5.2. Evaluation of crustal contamination

The most compelling evidence for crustal contamination in a suite of
komatiites is provided by a combination of abundance patterns of lithophile elements,

such as enrichments in LREE and negative Nb anomalies, (e.g., Jochum et al., 1991;
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Lesher and Arndt, 1995; Perring et al., 1996) and their key lithophile element isotope
systematics (e.g., unradiogenic Nd- and radiogenic Pb-isotopic compositions;
Chauvel et al., 1985; Puchtel et al., 1996). The Nd or Pb isotopic compositions of the
present suite of samples have not yet been determined. Nevertheless, the degrees of
LREE-depletion and Nb anomalies in the Dundonald rocks are compared with those
reported for other Precambrian komatiites from North Caribou, NW Superior
Province (Hollings and Kerrich, 1999) and Vetreny Belt, Russia (Puchtel et al., 1996)
that show strong evidence for crustal contamination (Fig. 4.6). Unlike crustally
contaminated komatiites from the NW Superior Province and the Vetreny Belt, the
Dundonald rocks plot within the field of uncontaminated Alexo rocks. Also, on a
chondrite-normalized plot of La/Sm versus Ce/Sm, the degree of LREE-depletion in
the Dundonald rocks is within the range of those for uncontaminated Alexo (Lahaye
and Arndt, 1996) and Pyke Hill (Fan and Kerrich, 1997) komatiites. Thus, the
uniform LREE-depleted patterns of the Dundonald komatiitic rocks (Fig. 4.4) suggest
their derivation from a LREE-depleted mantle source with minimal or no subsequent
crustal contamination.
4.5.3. Effects of alteration and metamorphism on the chromite compositions
Several lines of evidence suggest that the chromites in the Dundonald rocks
have retained their primary magmatic mineral-chemical compositions:
[1] The chromite microphenocrysts in these rocks are typically euhedral crystals with
sharp grain boundaries and do not show ubiquitous magnetite rims.
[2] The Dundonald rocks were metamorphosed to regional lower greenschist facies

conditions (Jackson and Fyon, 1982; Davis, 1999). Metamorphosed chromites
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Figure 4.6. Chondrite (McDonough and Sun, 1995)-normalized (CN) Nb/La versus
La/Sm ratios for the Dundonald komatiites and komatiitic basalts are compared with
those for the crustally contaminated komatiitic rocks from North Caribu, NW
Superior Province (Hollings and Kerrich, 1999) and the Vetreny Belt, Russia (Puchtel
et al., 1996). Also shown for comparison is the field of stratigraphically-equivalent
komatiites from Alexo for which Nd and Pb isotopic compositions are strongly
indicative of an absence of significant crustal contamination (Dupré et al., 1984;
Lahye and Arndt, 1996). For reference, the average compositions of Archean mafic,
intermediate and felsic crusts are also plotted (Rudnick and Fountain, 1995). Note

that the Dundonald rocks plot within the field of Alexo komatiites consistent with
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commonly show more iron-rich compositions relative to their precursors in igneous
protoliths as a result of resetting of primary magmatic Fe-Mg exchange equilibria
during chemical interactions with silicates and carbonates (Barnes, 2000). The
chromite compositions in the Dundonald rocks plot within the field of chromites in
komatiites from elsewhere that have undergone greenschist facies metamorphism (not
shown), yet are likely to be in equilibrium with primary olivines at high igneous
temperatures (see Barnes, 2000).
[3] Alteration of primary chromites in komatiites typically involves oxidation and
formation of magnetite rims around Cr-rich cores. The oxidation increases Fe’" in the
trivalent cation site and consequently leads to an increase in Fe*"/Fe*”. The chromites
in these rocks show limited variability in Fe’*/ZFe (0.21-0.34; Table 4.2). Also, on an
Al-Cr-Fe’" ternary cation plot, it can be shown that the chromites have quite uniform
proportions of trivalent cations, consistent with an absence of significant post-
magmatic secondary alteration.
45.4. Hydrous versus anhydrous nature of mantle source for Dundonald
komatiites

Recent crystallization experiments on Al-depleted komatiite compositions
have shown that clinopyroxenes produced under H,O-saturated compared with
anhydrous conditions have distinctly different chemical compositions (Parman et al.,
1997). For example, clinopyroxenes crystallized under 200 MPa, H,O-saturated
conditions have a significantly higher wollastonite content [Wo = Ca/(Ca+Mg+Fe)] at
a given Mg# [Mg# = Mg/(Mg+Fe*")] than that of clinopyroxene produced at 0.1

MPa, under anhydrous conditions (Fig. 4.7). It was demonstrated that, on a plot of

115



© Dundonald Beach augite

S Experimentally-produced
200 MPa, auTteszzoo MPa, H.O-saturated
, -saturate
H,O-saturated a, H,U-s
— " " augite field B 0.1 MPa, anhydrous
,@ 40 | AA 6 _
g) o DUNBCH-14/1
A
< A/ o
~— o
o ' (+) (+)
; 35 ¢ © o DUNBCH-14/2 .
nlm (+) I
%\.r' ‘
, O ° DUNBCH-14/3 |
0.1 MPa, anhydrous DUNBCH-13/2
| augite field
30Huxu"1““1““1““1Huxuuxu“x““
95 90 85 80 75 70 65 60 55 50

Mg# (augite)

Figure 4.7. Plot of Wo contents [Ca/(Ca+tMg+Fe®")] versus Mg# [Mg/(Mg+Fe),

mole%] for the core compositions of clinopyroxenes in the Dundonald rocks. Also
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Mg# versus Wo content of augite, the compositions of cores of preserved
clinopyroxenes from natural, Al-depleted komatiites from the Barberton
Mountainland, S. Africa plot within the field for experimentally produced augite
under H,O-saturated conditions (Parman et al., 1997). These two observations were
used to support a subduction-related hydrous melting origin for the Al-depleted
komatiites (Parman et al., 1997; Grove et al., 1999).

None of the analyzed compositions of core of preserved clinopyroxenes in the
Al-undepleted Dundonald Beach komatiitic basalt flow (Table 4.3) plots within either
the hydrous or anhydrous fields for experimentally produced clinopyroxene for Al-
depleted komatiites (Fig. 4.7). This suggests the following two non-exclusive
possibilities. First, bulk composition (Al-depleted versus Al-undepleted) of the
parental magma may have an additional influence on the Wo contents of the
crystallized clinopyroxene at a given Mg#, so that the experimental results obtained
for the Al-depleted rocks have only limited applicability in deciphering the H,O
contents of the fractionating magma for the Al-undepleted Dundonald komatiites.
Second, most of the Dundonald clinopyroxenes have Wo contents that are
intermediate between those corresponding to anhydrous and hydrous starting
compositions. It has not yet been demonstrated whether or not the Wo contents of
augite continuously increase as a function of increasing H,O contents of the
experimental starting materials. The unconstrained impact of bulk composition and
variable H,O content implies that the significance of the intermediate Wo contents for

the Dundonald rocks is currently not decipherable.
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In addition to high Wo contents of clinopyroxenes, some whole-rock trace
element characteristics of the Al-depleted Barberton rocks were shown by Parman et
al. (1997) to be similar to those in modern arc-related rocks, such as Phanerozoic
boninites. For example, the similarity in co-variations of Ti/Zr with La/Sm ratios in
boninites and those in Al-depleted komatiites were used to support a subduction-
related hydrous melting origin for the latter (Parman et al., 2003). The co-variations
in Ti/Zr and La/Sm ratios in the Dundonald Beach komatitic rocks are very similar to
those for Al-undepleted komatiites from the Kidd-Munro assemblage (e.g., Alexo and
Pyke Hill areas) that have previously been shown to be different from the
Phanerozoic boninites (see Fig. 3.6). Also, chromites from the Dundonald Beach
komatiitic rocks have significantly lower Cr# [Cr/(Cr+Al)] at a given Mg# than
chromites from boninites (Fig. 4.8). Lower Cr#’s are also observed in Al-undepleted
komatiites from Pyke Hill (Arndt, 1977), Gorgona island (Echeverria, 1980), and
Belingwe, Zimbabwe (Zhou and Kerrich, 1992), and Ti-rich komatiites from the
Finnish Lapland (Gangopadhyay et al., 2004), suggesting that magmas parental to the
Al-undepleted and Ti-enriched komatiites have lower Cr contents than those for
boninites, consistent with a more refractory source for the latter.

The relatively low Cr contents of chromites in Al-undepleted komatiites are in
contrast to the high Cr contents of their olivine. For example, the Al-undepleted
komatiites in the Kidd-Munro assemblage from the Munro Township have olivine
with Cr contents up to ~2300 ppm (Pyke et al., 1973). Experimental studies suggest
that ultramafic rocks with olivine containing > 2000 ppm Cr must have crystallized at

temperatures exceeding 1500°C under appropriate redox states (Murck and Campbell,

118



Al-undepleted komatiites:
© Dundonald Beach
B Pyke Hill
@ Gorgona
v  Belingwe

Ti-enriched komatiites:

1.0 LA R B B
I ¢ Finnish Lapland
09 f o -
~ i
) I Boninites
=
c 0.8 [ ]
o |
c 077 - 1
(&) r |
N’ [
3 06
S I
@) Al-undepleted and r ]
0.5 Ti-enriched komatiites ——@ @ ]
Gorgona ]
0‘4‘“1"“1““1‘“‘1““1““1““1““
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Mg# (chromite)
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enriched komatiites from the Finnish Lapland (Gangopadhyay et al., in revision).
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1986; Li et al., 1995). Such high temperatures of crystallization for the Al-undepleted
komatiites are in contrast to temperatures of ~1250°C of crystallization, that have
been estimated for crystallization of olivine in boninites (see Campbell, 2001). Thus,
chromite compositions in the Dundonald komatiites are most consistent with high
temperature crystalllization, which is in contrast to a low-temperature, hydrous
melting origin in a supra-subduction zone setting.

The uniform LREE depletion, and flat MREE and HREE patterns of the
Dundonald komatiitic rocks indicate their derivation from depleted mantle source.
The Nb/Y versus Zr/Y ratios of the komatiitic basalts generally plot within the field
for plume-related Icelandic basalts, whereas the komatiites plot within the field for N-
MORB (Fitton et al., 1997; Fig. 4.9). The compilation of a large dataset for N-MORB
and Icelandic basalts showed that the parallel array of high field-strength elements
(HFSE) on a discrimination diagram (Fig. 4.9) reflects their differences in mantle
source characteristics and that these variations are not functions of degrees of
melting, depletion of source due to prior melt extraction, crustal contamination or
secondary alteration (Fitton et al., 1997). If true for the mantle source(s) for the
Dundonald rocks, their HFSE systematics, combined with the REE pattern (Fig. 4.9)
suggest that the incompatible element distribution patterns of these lavas indicate
their derivation from sources similar to those of N-MORB and plume related basalts.

The uniform LREE-depletion, combined with unfractionated MREE and
HREE patterns of the Dundonald rocks are also in contrast to the typical LREE

enrichments and concave-up REE patterns observed in arc-related highly magnesian

120



Dundonald Beach:
© Komatiite unit
10 — ®  Komatiitic basalt unit . . -
i A Alexo
B Pyke Hill
® SongDa
LE
>_ . Iceland
~
®)
Z
0.1 - E
0.01

ZrlY
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rocks, such as boninites (e.g., Hickey and Frey, 1982). Thus, the similarity of the
HFSE/REE patterns of the Dundonald rocks with those for N-MORB and plume-
related basalts rather than subduction-related rocks, as discussed above, can be
utilized as a basis to place empirical constraints on the H,O contents of the mantle
source(s) for the Dundonald rocks. This is possible because previous studies have
shown that H,O behaves as an incompatible element, similar to La and Ce, during
melting of mantle sources for MORB and oceanic basalts (Michael, 1995;
Danyushevsky et al., 2000; Dixon and Clague, 2001). The similar degree of
incompatibility of H,O and, for example, Ce in submarine basaltic glasses sampled
away from subduction zones is manifested by a strong positive correlation between
their (Ce/Yb)cn and H,O/YD ratios, as shown in Fig. 4.10. Using this correlation, the
entire range of (Ce/Yb)cn ratios for the Dundonald komatiites and komatiitic basalts
(0.41-0.70) yield H>O/Yb ratios of ~200-400 that correspond to very low H,O
contents of < 0.04 wt.% (Fig. 4.10). Similarly, using this (Ce/Yb)cn versus HO/Yb
correlation, Hanski et al. (2004) estimated H,O contents of < 0.03 wt.% of the mantle
sources for the Permo-Triassic Al-undepleted komatiites from Song Da, Vietnam.
These essentially anhydrous mantle sources for the Al-undepleted komatiitic rocks
are not consistent with typical high estimates of H,O in subduction-related mafic-
ultramafic rocks (e.g., Kyser et al., 1986; Sobolev and Chaussidon, 1996;
Kamenetsky et al., 2002). We conclude that the major and trace element
characteristics of the whole rocks and the chemical composition of chromite and
clinopyroxene in the Dundonald komatiites are most consistent with the anhydrous

nature and high temperature of parental magmas generated in a within-plate setting.
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maximum H,O contents of <0.4 wt.%.
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4.6. CONCLUSIONS

The geochemical characteristics of the whole rocks and primary igneous
minerals (chromite and clinopyroxene) of the Al-undepleted komatiitic rocks at the
Dundonald Beach, that are part of the spatially extensive Kidd-Munro volcanic
assemblage in the Abitibi greenstone belt, Canada are consistent with their derivation
from an essentially anhydrous mantle source. For example, the Dundonald
clinopyroxenes, at a given Mg#, have Wo contents, that are intermediate between
those experimentally produced from Al-depleted komatiites under anhydrous and
H,O-saturated conditions, thus providing no clear evidence for either hydrous or
anhydrous melting origin for the Dundonald rocks. We suggest that the influence of
variable H,O contents on the clinopyroxene compositions of different chemical types
of komatiites should be further explored via additional melting experiments.

The uniform LREE-depletion, unfractionated HREE pattern and absence of
HFSE anomaly in the Dundonald komatiites contrast with concanve-up REE pattern
and characteristic HFSE anomaly, that are commonly observed in modern arc-related
lavas. Moreover, similar incompatibilities between Ce (or La) and H,O during mantle
melting, that have been reported for MORB and Hawaiian basalts implies an
essentially anhydrous mantle source for the Dundonald komatiites.
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CHAPTER 5: Re-Os systematics of komatiites and
komatiitic basalts at Dundonald Beach, Ontario, Canada:
Evidence for a complex alteration history and implications

of a late-Archean chondritic mantle source

[1. Submitted as: Gangopadhyay, A., Sproule, R. A., Walker, R. J., and Lesher, C.
M., Re-Os systematics of komatiites and komatiitic basalts at Dundonald Beach,
Ontario, Canada: Evidence for a complex alteration history and implications of a late-
Archean chondritic mantle source, Geochim. Cosmochim. Acta. (in review).

2. This is my original work. My original interpretation of the results were only
slightly modified in order to incorporate the co-authors’ comments].

Abstract
Re-Os concentrations and isotopic compositions have been examined in one

komatiite unit and two komatiitic basalt units at Dundonald Beach, which is part of
the spatially-extensive 2.7 Ga Kidd-Munro volcanic assemblage in the Abitibi
greenstone belt, Ontario, Canada. The komatiitic rocks in this locality record at least
three episodes of alteration of Re-Os elemental and isotope systematics. First, an
average of 40% and as much as 75% Re was lost due to shallow degassing during
eruption and/or hydrothermal leaching during or immediately after the emplacement
of these intrusive units. Second, the Re-Os isotope systematics of the rocks with
'87Re/'™0s ratios >1 were reset at ~2.5 Ga, most likely due to a regional metamorphic
event. Finally, there is evidence for relatively recent gain and loss of Re.

The variations in Os concentrations in the Dundonald komatiites yield a

solidlliquidy £ 9 4 consistent with those

relative bulk distribution coefficient for Os (Dos
obtained for stratigraphically-equivalent komatiites in the nearby Alexo area and in
Munro Township. This suggests that Os was moderately compatible during crystal-

liquid fractionation of the parental magma to the Kidd-Munro komatiitic rocks.

Furthermore, whole-rock samples and chromite separates with low '*’Re/"®*Os ratios
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(<1) yield a precise chondritic average initial '*’Os/"**Os ratio of 0.1083 = 0.0006 (yos
= 0.0 = 0.6). The chondritic initial Os isotopic composition of the mantle source for
the Dundonald rocks is consistent with that determined for komatiites in the Alexo
area and in Munro Township.

Our Os isotope results for the Dundonald komatiitic rocks, combined with
those in the Alexo and Pyke Hill areas suggest that the mantle source region for the
Kidd-Munro volcanic assemblage had evolved along a long-term chondritic Os
isotopic trajectory until their eruption at ~2.7 Ga. The chondritic initial Os isotopic
composition of the Kidd-Munro komatiites is indistinguishable from that of the
projected contemporaneous convective upper mantle. The uniform chondritic Os
isotopic composition for the ~2.7 Ga mantle source for the Kidd-Munro komatiites
contrasts with the typical large-scale Os isotopic heterogeneity in the mantle sources
for ca. 89 Ma komatiites from the Gorgona Island, and present-day ocean island
basalts or arc-related lavas. This suggests a significantly more homogeneous mantle
source in the Archean compared to the present-day mantle.

5.1. INTRODUCTION

Petrographic and geochemical studies have shown that Precambrian
komatiites have undergone variable degrees of weathering, hydrothermal alteration
and metamorphism (e.g., Beswick, 1982; Jolly, 1982; Arndt et al., 1989; Arndt and
Lesher, 1992; Lesher and Arndt, 1995; Lahaye and Arndt, 1996; Rollinson, 1999;
Hanski et al., 2001). The effects of these secondary processes in some suites are
manifested by open-system behavior of Re-Os elemental and isotope systematics of

whole rocks, which, in some cases, yield inaccurate ages and large uncertainties in
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calculated initial *’Os/"**Os ratios of the emplaced lavas (e.g., Walker and Nisbet,
2002; Gangopadhyay et al., in revision). Thus, some of the previous Os isotopic
studies of Precambrian komatiites, for which the crystallization ages were known
from other radiogenic isotope systematics (e.g., Sm-Nd, Pb-Pb), have relied on Os-
rich, relatively well-preserved primary igneous minerals (e.g., olivine and chromite)
in order to determine initial Os isotopic compositions of host lavas (e.g., Walker and
Nisbet, 2002; Gangopadhyay et al., in revision). The nature and causes of open-
system behavior in the Re-Os system of whole rock komatiite samples, however, have
not been well documented. In this paper, we report the Re-Os concentrations and
isotopic compositions of whole rocks and chromite separates from a suite of ca. 2.7-
Ga komatiites and komatiitic basalts in the Dundonald Beach area in the Abitibi
greenstone belt, Ontario, Canada. We quantitatively estimate early losses of Re in our
suite of samples through comparison between measured Re concentrations and those
recalculated from correlation with the similarly incompatible, yet relatively immobile
major element Al, as observed in stratigraphically-equivalent, least-altered komatiites
in the Alexo and Pyke Hill areas. Finally, based on our Os isotopic results for the
Dundonald rocks and those previously obtained for komatiites from elsewhere, we
suggest the factors that should be considered when selecting komatiite samples for
future Re-Os isotopic studies.

Another objective of this study was to determine the initial Os isotopic
composition of the ~2.7-Ga mantle sources for these rocks. Compilation of the global
database for high-precision initial Os isotopic compositions of ultramafic rocks

suggests that during the early and mid Archean, the mantle sources for these rocks
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had generally chondritic 1870s/'*80s (Bennett et al., 2002; Wilson et al., 2003).
However, Os isotopic heterogeneities in the terrestrial mantle are clearly resolved by
the end of the Archean. For example, although the ~2.7 Ga mantle sources for
komatiites in the Alexo area of Dundonald Township and in Munro Township ~50
km to the east had essentially chondritic initial Os isotopic compositions
(Gangopadhyay and Walker, 2003; Shirey, 1997; Puchtel et al., 2004a), ferropicrites
of similar age in Boston Township, part of the 2723-2720 Ma Stoughton-Roquemaure
assemblage of the Abitibi greenstone belt, were derived from a source with a
subchondritic initial '*’0s/"™®Os ratio (yos = -3.8 + 0.8: Walker and Stone, 2001).
Also, nearly contemporaneous mantle sources for ultramafic flows at Kostomuksha,
Russia (Puchtel et al., 2001a), and Belingwe, Zimbabwe (Walker and Nisbet, 2002)
show significant positive deviations from the projected chondritic Os isotope
evolution trajectory. Thus, by the late Archean, portions of the mantle evidently
developed significant Os isotopic heterogeneities, yet the spatial scales of these
heterogeneities are largely unknown. The komatiitic rocks at Dundonald Beach
therefore also provide an additional point of comparison to other komatiites in the
Abitibi Greenstone Belt.
5.2. SAMPLES

The samples examined here were collected from the Dundonald Beach
outcrop, a mechanically- and hydraulically-stripped area covering approximately
150m x 60m, that is located in the SW part of Dundonald Township in northern
Ontario (Houl¢ et al., 2002). The geochemical characteristics of the komatiites and

associated magmatic Ni-Cu-PGE deposits and volcanogenic massive Cu-Zn sulfide
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deposits in the Dundonald Township have been reported by previous studies (e.g.,
Naldrett and Mason, 1968; Muir and Comba, 1979; Barnes et al., 1983; Barnes, 1985;
Barnes and Naldrett, 1987; Davis, 1997, 1999; Barrie et al., 1999). The U-Pb zircon
age of a dacite unit that is presumably near coeval with the komatiites in the
Dundonald Township is 2717.3 £+ 1.2 Ma (Barrie et al., 1999). This age is in excellent
agreement with U-Pb zircon ages (2717.7 = 1.1 Ma) for the bimodal komatiite and
rhyolite volcanic rocks in the Kidd Creek area 40 km west of Dundonald Township
(Bleeker et al., 1999). The Dundonald Beach komatiites are stratigraphically
equivalent to those exposed in the Alexo area and in Munro Township ~50 km to the
east, and are part of the spatially extensive (~180 km x 12 km) Kidd-Munro volcanic
assemblage, which ranges in age from 2719 to 2710 Ma (e.g., Nunes and Pyke, 1980;
Corfu and Noble, 1992; Bleeker et al., 1999; Ayer et al., 2002). The volcanic
assemblage of Dundonald Township includes volumetrically dominant basalts
(~75%) with relatively minor komatiitic rocks (~10%), calc-alkaline basalts to
rhyolites (~10%) and tholeiitic rhyolites (~5%: Barrie, 1999). Though relatively
minor, the abundance of komatiitic rocks in this assemblage exceeds all other

assemblages in the Abitibi greenstone belt.

The whole rock samples examined here were collected from three complete
surface units, which were originally interpreted to be extrusive (e.g., Muir and
Comba, 1979), but which Arndt et al. (in press) have shown to be intrusive. Samples
DUNBCH-1 through DUNBCH-6 were collected from one single (~10 m-thick)
komatiite unit, which is one of several differentiated cumulate komatiite units with

thick lower olivine mesocumulate zones and thin upper olivine spinifex-textured
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zones (Davis, 1997; 1999). Samples DUNBCH-7 through DUNBCH-10 were
collected from a single komatiitic basalt unit (Unit I). This ~9m-thick unit consists of
a lower olivine-clinopyroxene-(orthopyroxene) cumulate zone, a thick parallel
acicular (“string-beef”) pyroxene spinifex-textured zone, a thin random platy olivine
spinifex-textured zone, and a very thin, very fine-grained, upper “chilled” margin
(Davis 1997, 1999). Samples DUNBCH-11 through DUNBCH-15 were collected
from another single komatiitic basalt unit (Unit II). This ~25m thick unit is composed
of a basal peridotite, an overlying unit of peridotite with postcumulus pyroxene
oikocrysts, an overlying unit of skeletal-textured pyroxenite, and an uppermost
random pyroxene spinifex unit. The komatiites and komatiitic basalts in the
Dundonald Beach area have been metamorphosed to lowermost greenschist facies
and are locally faulted and/or sheared, but primary structures and textures are well
preserved. All of the interstitial glass has been converted to chlorite, most sulfides
have been recrystallized, most of the olivine has been pseudomorphed by serpentine
and magnetite, and some of the pyroxene has been pseudomorphed by chlorite.
However, some of the olivine, much of the pyroxene, and most of the chromite has
been preserved (Davis, 1997, 1999; Arndt et al., in press).
5.3. SAMPLE PREPARATION AND ANALYTICAL METHODS

The whole rock samples were crushed into mm-sized pieces using a ceramic
jaw crusher. The freshest pieces were cleaned with Milli-Q™ water in an ultrasonic
bath for ’2 h and were subsequently dried in an oven at 60°C for ~ 1 hour. These

pieces were then ground using an agate mill. The powders were carefully mixed and
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homogenized and separate aliquots of the same whole rock powder were used for

analysis of major and minor elements and Re-Os isotopes.

Chromite separates were obtained by crushing whole rock samples using a
ceramic jaw crusher, followed by separation of the ferromagnetic (magnetite) fraction
using a hand magnet. The residual, least-ferromagnetic fraction was ground to sub-
millimeter grain size using a conventional ceramic mill and a least-magnetic fraction
was separated using a Frantz™ magnetic separator with appropriate current settings.

Finally, the chromite fraction was purified using heavy liquids.

The major element data (Table 5.1) were obtained by wavelength-dispersive
X-ray fluorescence spectrometry (WD-XRFS) of fused glass disks at the University
of Western Ontario (Dr. C. Wu, analyst). Nickel and Cr concentrations were
determined by WD-XRFS of pressed powder pellets. Comparison of routine sample
replicates indicate that major elements (>1 wt.%) are precise to within £2% and that

minor elements (Ni, Cr) are precise within £5% of the amount present.

Chemical separations of Re and Os and analysis of Re-Os isotopes were
performed at the University of Maryland by the senior author. The chemical
separation procedures for Re and Os employed in this study have followed previously
published work (Shirey and Walker, 1995; Cohen and Waters, 1996). The analytical
blanks for Re and Os were 7.6 £ 1.7 pg and 2.5 + 1.0 pg (n = 4), respectively, and are
negligible (<0.5%) compared to their concentrations in most whole rock samples. The
Re blank contribution, however, was substantial (>6%) for some chromites. The

isotopic compositions of the blanks were natural for Re and had '*'0s/"**Os of 0.313
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Table 5.1. Whole rock major and selected trace element data for Dundonald Beach
suite of komatiitic rocks. All major element oxides are recalculated on 100% volatile-
free basis.

Komatiite unit Komatiitic basalt
unit |

Samples DUNBCH DUNBCH DUNBCH DUNBCH DUNBCH DUNBCH | DUNBCH DUNBCH

-1 -2 -3 -4 -5 -6 -7 -8
Major oxides (wt.%)
SiO, 441 443 441 439 441 45.1 50.3 50.5
TiO, 0.14 0.14 0.15 0.46 0.43 0.38 0.55 0.64
ALO; 33 35 34 11.1 9.5 8.4 11.7 14.6
Fe,05" 9.6 8.5 9.4 10.7 12.9 11.7 11.6 12.3
MnO 0.10 0.12 0.13 0.24 0.20 0.17 0.22 0.18
MgO 423 429 422 21.2 22.7 25.2 12.6 8.4
CaO 0.16 0.14 0.29 12.09 9.78 8.63 11.23 10.20
Na,O - - - - - - 0.97 2.06
K,O - - 0.01 - - - 0.75 1.06
P,Os - 0.01 0.01 0.03 0.02 0.03 0.04 0.05
Cr,0; 0.31 0.29 0.31 0.29 0.40 0.42 0.16 0.05
LOI 12.45 12.75 12.35 4.84 5.57 6.29 2.26 1.92
Mg#l 0.90 0.91 0.90 0.80 0.78 0.81 0.68 0.58
Al,O3/TiO, 24 26 23 24 22 22 21 23
CaO/Al, O3 0.05 0.04 0.08 1.1 1.0 1.0 0.96 0.70
Ni (ppm) 2844 2659 2688 829 765 1082 118 70
Cr (ppm) 1528 1546 1621 1823 2782 2585 1022 303
Table 5.1 (continued)

Komatiitic basalt unit I Komatiitic basalt unit 11
Samples DUNBCH DUNBCH | DUNBCH DUNBCH DUNBCH DUNBCH DUNBCH

-9 -10 -11 -12 -13 -14 -15
Major oxides (wt.%)
SiO, 478 47.9 44.0 442 49.2 48.7 49.2
TiO, 0.56 0.56 0.26 0.28 0.44 0.56 0.56
AlLO; 12.7 12.0 6.4 6.4 10.2 13.7 13.3
Fe,05" 12.9 12.6 12.5 12.9 12.0 11.9 11.1
MnO 0.22 0.21 0.18 0.18 0.22 0.21 0.20
MgO 12.5 12.2 30.9 30.5 14.7 9.2 12.0
CaO 11.61 13.65 5.12 5.13 11.62 13.47 11.33
Na,O 0.36 0.01 0.02 0.02 0.73 0.15 0.38
K,O 1.10 0.74 0.00 0.00 0.74 1.93 1.89
P,Os 0.04 0.04 0.02 0.02 0.03 0.04 0.03
Cr,0; 0.12 0.10 0.61 0.40 0.20 0.06 0.07
LOI 2.98 2.72 7.39 6.77 2.38 2.66 3.09
Mg#l 0.66 0.66 0.83 0.82 0.71 0.60 0.68
Al,O3/TiO, 23 22 25 23 23 24 24
CaO/Al, O3 0.91 1.1 0.80 0.81 1.1 0.98 0.85
Ni (ppm) 199 178 1412 1344 223 115 119
Cr 888 708 2936 1662 1139 327 400

*_ = below detection limits.
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+ 0.037 (n = 4). All data were blank corrected. The uncertainties in the compositions
of the blanks are reflected in the respective uncertainties for the isotopic and
concentrations reported in Table 5.2. The external reproducibilities on standard

analyses for Os and Re were typically better than +0.1 and £0.3%, respectively.

Osmium isotopic compositions were analyzed by negative thermal ionization
mass spectrometry (Creaser et al., 1991; Volkening et al., 1991) using the procedures
discussed in Walker et al. (1994) and Morgan et al. (1995). Samples with high Os
abundances were analyzed with Faraday cups in static analytical mode using a VG
Sector 54 mass spectrometer, whereas those with relatively low abundances of Os
were analyzed with an electron multiplier in dynamic mode using a 12" radius NBS

mass spectrometer.

The concentrations of Re were determined using a Nu Plasma multi-collector
inductively-coupled plasma mass spectrometer (MC-ICP-MS) using a static mode
and either Faraday cup or electron multiplier detectors (Belshaw et al., 1998). The
sample solution (in 2% HNOs3) was introduced to an Ar plasma using an Aridus®
desolvating nebulizer. The instrumental fractionation of "*’Re/"*’Re for the samples
was monitored and corrected via interspersed analyses of standards of comparable Re

concentrations.

5.4. RESULTS

The Dundonald komatiites and komatiitic basalts show strong olivine control
on Al,O3 and TiO, fractionation-accumulation trends (Fig. 5.1). These rocks have
near-chondritic Al,O3/TiO; ratios (21-26 vs. chondritic ratio of ~22: McDonough and

Sun, 1995), unfractionated chondrite-normalized heavy rare earth element (HREE)
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Table 5.2. Rhenium and Os concentration and isotope data for the whole rock
komatiites and komatiitic basalts, and chromite separates

Samples Re Os (ppb)  '"Re/™0s'  ¥0s/'™0s! Y0s(2.7Ga)>  Model
(ppb) age (Ga)

Samples from komatiite unit with '"’Re/"**0s < 1:

DUNBCH-1 0.3237 3.384 0.4610 0.1306 +0.8+0.5
DUNBCH-1A" 04391  6.392 0.3308 0.1231 -0.6+0.4
DUNBCH-1B 0.5367  7.038 0.3673 0.1250 -0.4+0.4

DUNBCH-2 0.1771  4.093 0.2082 0.1171 -0.9+0.4
Dupl.** 0.1439  3.715 0.1863 0.1169 -0.1+0.4
DUNBCH-2A 0.2830  9.610 0.1417 0.1158 +0.7+£0.4
DUNBCH-2B 0.3393  9.825 0.1662 0.1156 -0.5+£0.4

DUNBCH-3 0.1684  4.252 0.1906 0.1198 +2.3+0.4
Dupl. 0.1070  3.797 0.1356 0.1155 +0.6+0.3

DUNBCH-13 0.4021  2.438 0.7963 0.1441 -0.9+0.6

(KBU?)

Samples from komatiite and komatiitic basalt units with "*'Re/'**0s > 1:

DUNBCH-4 0.6125 0.3794 8.102 0.4473 -30.1 2.4
Dupl. 0.1912  0.3260 2.940 0.4378 +179 6.9

DUNBCH-5 0.5431  0.8623 3.082 0.2466 -3.0 2.6
Dupl. 0.3262  0.7522 2.123 0.2516 +42.1 4.2

DUNBCH-6 0.3618  0.5870 3.014 0.2394 -6.8 2.5
Dupl. 0.4348  0.6479 3.280 0.2383 -19.0 2.3

DUNBCH-7 0.7267  1.025 3.475 0.2624 -5.0 2.6

DUNBCH-8 0.7406  0.3204 11.86 0.6282 -22.1 2.6

DUNBCH-9 0.4886  0.4239 5.701 0.3310 -35.8 23
Dupl. 0.6024  0.6132 4.848 0.3126 -16.8 25

DUNBCH-10 0.4457  0.4354 5.057 0.3224 -16.6 25

DUNBCH-11 0.2535  0.3980 3.108 0.2244 -24.5 2.1

DUNBCH-12 0.2799  0.4415 3.096 0.2295 -19.4 2.2

DUNBCH-14 0.5507  0.3881 7.054 0.3724 -54.8 2.2

DUNBCH-15 0.3842  0.7376 2.540 0.2209 -3.8 2.6

"Bold faced sample numbers represent chromite separates from the corresponding whole rock sample.
** Dupl. = Duplicate analyses of separate powder splits.

'The total analytical uncertainties are £0.5% for '*’Re/"**Os and £0.3% for '¥0s/"**Os (26%) for both
whole rock and chromite separates.

*yos is calculated at the assumed age of 2.715 Ga for the crystallization of these rocks. This age is
based on U-Pb zircon ages of the volcanics associated with the stratigraphically-equivalent rocks from
Alexo and Pyke Hill (Ayer et al., 2002). The chondritic "*’Os/"**Os at 2.7 Ga is calculated to be
0.1084, based on average '*'Re/"**Os ratio of chondrites and initial '®’Os/'**0s (T=4.558 Ga) for early
solar system materials (IIIA irons) of 0.40186 and 0.09531, respectively (Shirey and Walker, 1998).
The decay constant (1) used here is 1.666 x 10™"" year” (Smoliar et al., 1996).

’KBU = komatiitic basalt unit; rest of the samples are from komatiite unit.
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patterns (Gd/Yben ~ 0.9-1.1) similar to Al-undepleted komatiites at Alexo and Pyke
Hill (e.g., Lahaye and Arndt, 1996; Fan and Kerrich, 1997) and to Al-undepleted
komatiites worldwide (e.g., Nesbitt et al., 1979; Lahaye et al., 1995; Sproule et al.,
2002).

There is a broad positive correlation between MgO and Os concentrations in
the whole rock samples from the komatiite unit (Fig. 5.2A). A similar positive
correlation is also observed in the komatiitic basalt unit. Two samples of cumulate
and spinifex rocks from the komatiitic basalt unit (DUNBCH-11 and DUNBCH-12),
however, do not plot on this trend. The trends for the komatiite and komatiitic basalt
units are roughly parallel, but the komatiitic basalts have higher Os concentrations at
a given MgO content (Fig. 5.2A). An analogous offset is also observed on a plot of
MgO versus Ir concentrations for komatiites from Pyke Hill, komatiitic basalts from
Fred’s flow, and tholeiitic basalts from Theo’s flow in Munro Township (Crocket and
MacRae, 1986). The olivine cumulate rocks (~43 wt.% MgO: Table 5.1) have the
highest Os concentrations (up to ~ 4.3 ppb). The Os concentrations in the more
fractionated rocks (Os ~ 0.3-0.9 ppb with MgO = 20-30 wt.%) overlap with those of
the komatiitic basalts (Os ~ 0.3-1.0 ppb with MgO < 15 wt.%). One komatiitic basalt
sample (DUNBCH-13) has an unusually high Os concentration of ~2.4 ppb for its
MgO content (14.7 wt.%; Table 1; Fig. 5.2A).

There is an overall increase in Re concentration with decreasing MgO content
in the whole rocks over the entire komatiite and komatiitic basalt fractionation

sequence (Fig. 5.2B). The olivine cumulate, spinifex and komatiitic basalt samples,
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however, when considered separately, show large scatter in Re concentrations even
within narrow ranges of MgO contents.

Whole rock samples with "Re/'™0s > 1 (DUNBCH-4 through DUNBCH-
15, except DUNBCH-13) show highly variable calculated initial '*’Os/"**Os isotopic
ratios (yos at 2.715 Ga varying between approximately -55 and +179: Table 5.2).
Some of the variability is due to error magnifications in the calculated initial
870s/"*80s ratios resulting from the relatively high Re/Os (Walker et al., 1994).
Nonetheless, most of the whole rock samples plot below a 2.715 Ga chondritic
reference isochron (Fig. 5.3A). The variable initial Os isotopic compositions cannot
be due to heterogeneity in the mantle source because most non-isochronous samples
yield unrealisitically low initial yos (< -16). Furthermore, such a large initial Os
isotopic variation would not be initially present in a single cooling unit. When four
samples with extreme values of calculated initial Yo (DUNBCH-4/Dupl., DUNBCH-
5/Dupl.,, DUNBCH-9 and DUNBCH-14) are eliminated from the regression
calculation of the Re-Os isotope results, the remaining 21 points yield a model 3
isochron age (Ludwig, 1998) of 2517 + 61 Ma and an initial '*’Os/'"®*Os ratio of
0.1079 £+ 0.0041 (Fig. 3A). This regression has high MSWD value of 83 and large
uncertainty for the initial Os isotopic composition calculated at 2517 Ma (yos = 0.0 £
4.1). This age is ~200 Ma younger than the probable crystallization age of the rocks.
The initial Os isotopic composition obtained from this linear correlation, therefore,
cannot be taken as that of the mantle source for the rocks.

The initial "*’Os/"**Os ratio of the mantle source for the Dundonald komatiites

was instead determined by regressing the calculated initial '*’Os/'**Os ratios (at 2.715
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Ga) of several cumulate rocks (DUNBCH-1, DUNBCH-2, DUNBCH-3), a komatiitic
basalt (DUNBCH -13), and the chromite separates (Fig. 5.3B). These samples are
appropriate for determining initial '®’Os/'®0s because they all have high Os
concentrations and low '®’Re/'®Os ratios (<1), and are therefore less susceptible to
isotopic resetting. The low Re/Os ratios also result in modest corrections for age and
limited sensitivity to Re gain or loss and Os loss. With one outlier eliminated from the
regression, the weighted average initial '®’Os/'®0s ratio of 0.1083 + 0.0006 (20)
corresponds to an initial yos = 0.0 = 0.6 (Fig. 5.3A). This indicates that the Os isotopic
composition of the mantle source for the Dundonald komatiites was essentially
chondritic, indistinguishable from the initial ratios determined for the sources of the
Alexo and Pyke Hill komatiites (Gangopadhyay and Walker, 2003; Shirey, 1997;
Puchtel et al., 2004a).
5.5. DISCUSSION
5.5.1. Calculation of primary Re concentrations in the emplaced lavas

In previous studies of Alexo and Pyke Hill komatiites, the preservation of Re-
Os isotope systematics of the emplaced lavas was demonstrated via the generation of
isochrons that yielded precise ages, consistent with those obtained from Sm-Nd and
Pb-Pb isotope systematics (Gangopadhyay and Walker, 2003; Puchtel et al., 2004a).
The closed-system behavior of the elemental Re abundances in these rocks is
manifested by a strong linear correlation between whole rock AlLO; and Re
concentrations (Fig. 5.4). This suggests that Re in the komatiites from Alexo and
Pyke Hill was similarly incompatible during the differentiation of their respective

parental magmas. In contrast to the Alexo and Pyke Hill rocks, the Dundonald Beach
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virtually all Dundonald rocks plot below the regression, suggesting large percentages



komatiites and komatiitic basalts show a large degree of scatter on a plot of Al,O;
versus Re concentrations (Fig. 5.4). Given that the Al concentrations in the same set
of samples of Dundonald rocks show a strong olivine control (Fig. 5.1A), the large
scatter is most likely due to mobility of Re rather than Al. For this reason, we
calculated the Re concentrations in the Dundonald komatiites based on the regression
for Al,O3-Re concentrations in the Alexo komatiites. Gangopadhyay and Walker
(2003) reported a linear correlation between Al,Os versus Re concentrations in the
Alexo komatiites of [Re] = 0.066*[Al,03] + 0.01 (r* = 0.98). This equation and the
AlLyO3 contents of each Dundonald rock were used to correct each Al-Re sample pair.
Because Re and Al have similar incompatibilities, yet the latter is less mobile, a
similar method is commonly used in altered peridotites in order to calculate initial
18705/'%80s ratios (Reisberg and Lorand, 1995; Rudnick and Lee, 2002 and references
therein). Also, Lahaye and Arndt (1996) followed a similar method for Alexo
komatiites, where whole rock concentrations of Al,Os; were used to evaluate the
mobility of other incompatible trace elements (including REE).

The Al,O3-Re regression for the whole rock Alexo komatiites projects back to
the field of olivine (Lahaye et al., 2001; Puchtel et al., 2004a), suggestive of a
primary magmatic correlation for the Alexo rocks (Fig. 5.4). It cannot be
demonstrated, however, whether or not the Dundonald emplaced lavas also had the
same Al,Os-Re linear correlation as Alexo rocks, as opposed to one with a steeper or
gentler slope. Nonetheless, given that both Alexo and Pyke Hill komatiites have
nearly identical Re/Al ratios, and the Dundonald rocks were presumably derived from

chemically very similar parental magmas, it is justifiable to assume that the
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Dundonald emplaced lavas also probably crystallized with an Al-Re correlation
similar to those for Alexo and Pyke Hill komatiites. Using this assumption, all of our
samples except DUNBCH-1, which plots above the trend, appear to have lost variable
amounts of Re. Average estimated Re loss is ~40%, but some samples may have lost
as much as ~75% Re. The amount of Re loss was as great in the Al-Re-rich, olivine-
poor (non-cumulate) samples as in the Al-Re-poor, olivine rich (cumulate) samples.
5.5.2. Constraints on the timing of open-system behavior of Re-Os systematics
The Dundonald komatiitic rocks show evidence for at least three episodes of
alteration of Re-Os elemental and isotope systematics of the emplaced lavas. Possible
mechanisms for these alteration events and their relative timing are discussed below.
The whole rock komatiites and komatiitic basalts with 'S'Re/'®*0s > 1
generally plot below the 2.7 Ga chondritic reference isochron, suggesting either post-
crystallization Re gain and/or Os loss. The positive correlation between MgO and Os
concentrations in the Dundonald komatiites and komatiitic basalts is common among
komatiites (e.g., Walker et al., 1999; Hanski et al., 2004; Puchtel et al., 2004b). Also,
our empirical estimate of bulk distribution coefficients of Os during the

differentiation of Dundonald lavas (Dgg " ¢4

) is well within the range of previous
determinations for least-altered Alexo and Pyke Hill rocks. Combined, these
observations suggest that Os was relatively immobile during the alteration of
Dundonald rocks, so the isotopic systematics are most consistent with Re gain
subsequent to crystallization. However, the Re concentrations in the whole rock

samples generally plot below the presumed magmatic Al-Re correlation, suggesting

Re loss from most samples (Fig. 5.4). The high percentages of Re losses indicated by
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the Al-Re plot (Fig. 5.4) and the more modest (maximum of ~6%) addition of Re
indicated by the Os isotopic data (Fig. 5.3) require at least two episodes of Re
mobility, a larger one at an early stage that would not significantly affect the Re-Os
isotope system, and a smaller one at a later stage that modestly affected the Os
isotopic systematics.

The variably large Re losses appear to have occurred at or soon after the time
of eruption of Dundonald lavas. One mechanism that could potentially be responsible
is volatility-related Re loss (e.g., Bennett et al., 2000; Lassiter, 2003), which is
consistent with the relatively large amounts of vesicles in these units, the large
amount of associated peperites, and the evidence for emplacement into
unconsolidated graphitic sediments (Davis, 1999; Houlé et al., 2002). The calculated
Re loss in whole rocks is as much as 75% relative to their presumed concentrations in
the emplaced lavas. The putative Re losses from the Dundonald rocks are similar in
magnitude to losses estimated for Hawaiian lavas that were inferred to have occurred
from subaerial or shallow-water flows (Lassiter, 2003), suggesting that this process
also occurs when magmas are emplaced into relatively deep-water, graphitic, sulfidic
sediments. This mode of emplacement contrasts with Alexo and Pyke Hill where
vesicular pillowed komatiitic basalts, hyaloclastite breccias, polyhedral jointing, and
O isotope data all suggest a shallow subaqueous environment of eruption (e.g., Arndt
et al., 1977; Beaty and Taylor, 1982).

Another potential cause of large degrees of Re loss is hydrothermal leaching
of Re immediately after emplacement. For example, Re and Os-rich sulfide phases

are commonly oxidized during hydrothermal alteration of abyssal peridotites and may
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cause mobility of Re (see Roy-Barman and Allégre, 1994). Also, interactions between
komatiites and hydrothermal fluids may produce high contents of halogen salts (e.g.,
Cl and Br: Appel, 1997) that can be removed by circulating seawater or hydrothermal
solution. Rhenium, and also likely Os, is highly soluble in Cl-rich hydrothermal
solutions (Xiong and Wood, 1999), and can therefore be potentially leached from the
komatiites during their hydrothermal alteration.

From the above discussion, it is apparent that the high percentages of Re
losses in the Dundonald rocks were largely coeval with their crystallization. This
would have had no significant effect on the Os isotope systematics, so the resetting of
Os isotope systematics must have occurred subsequently.

The age of the dominant alteration event that disturbed the Re-Os isotope
systematics for the Dundonald rocks likely occurred at ~2.4-2.5 Ga, consistent with
both the Os model ages for most samples with high Re/Os ratios (Table 5.2) and the
errorchron results (Fig. 5.3B). This age may reflect the time of a regional
metamorphic event for the Kidd-Munro komatiitic rocks. The Alexo, Pyke Hill, and
Dundonald komatiitic rocks have all been regionally metamorphosed to lower
greenschist facies (e.g., Jolly, 1982), yet the Re-Os systematics of Alexo and Pyke
Hill rocks do not appear to be affected. The precise ages for metamorphism of the
Kidd-Munro rocks are largely unconstrained. For the Pyke Hill komatiites, U-Pb
zircon ages are in general agreement with their Pb-Pb isochron ages (e.g., Carignan et
al., 1995), which often record the last event of hydrothermal alteration or
metamorphic re-equilibrations of Pb isotopes in mafic-ultramafic rocks (e.g., Brévart

et al., 1986; Dupré and Arndt, 1990; Frei et al., 2004). In contrast, the Re-Os
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errorchron age of 2517 + 61 Ma obtained for the Dundonald rocks is, within
uncertainty, in agreement with the previously reported Pb-Pb isotope results for the
komatiitic basalts from Fred’s flow and tholeiitic basalts from Theo’s flow (2580 +
20 Ma and 2470 + 130 Ma, respectively) that crop out near Pyke Hill (Brévart et al.,
1986). The Pb-Pb isochron ages for the Fred’s and Theo’s flows that are ~200 Ma
younger than the adjoining Pyke Hill komatiites were also interpreted to reflect a
regional metamorphic resetting event (Brévart et al., 1986). Thus, it is possible that
the Re-Os isotope systematics of the Dundonald rocks were also reset at ~200 Ma
after the crystallization of the emplaced lavas.

Finally, there is also evidence for relatively late-stage, possibly recent
mobility of Re in the Dundonald rocks. For example, the two pairs of whole rock
samples (DUNBCH-5 and DUNBCH-6) and their corresponding duplicate analyses
yield negative slopes for their respective two-point Re-Os isochrons that can best be
explained by very recent Re loss or gain. Additionally, another two pairs of whole
rocks (DUNBCH-4 and DUNBCH-9) and their duplicate analyses yield significantly
younger two-point isochron ages of ~110 Ma and ~1.3 Ga, respectively. The
significance of these ages is not obvious, yet the ~1 Ga age for DUNBCH-4 is in
agreement with the previously obtained Rb-Sr errorchron age for the Munro
komatiites, which was interpreted to reflect a late-stage metamorphic event (Walker
et al., 1988).

5.5.3. Partitioning behavior of Os during differentiation of komatiitic lavas
On a plot of Os and Ni concentrations, the whole rock Dundonald komatiites

and komatiitic basalts define two distinct linear trends with similar slopes (Fig. 5.5).
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Fig. 5.5. Plot of Os and Ni concentrations in the Dundonald rocks are compared with
those from Alexo and Pyke Hill in the Abitibi greenstone belt (symbols as in Fig.
5C). The entire range of variations in Ni and Os concentrations in these rocks can be
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The Dundonald komatiites with high MgO and correspondingly high Ni concentra-
tions plot along a broad linear array together with those from Alexo (Gangopadhyay
and Walker, 2003; Puchtel et al., 2004b) and Pyke Hill (A. Gangopadhyay, unpubl.
data; Puchtel et al., 2004b). The entire range of Os and Ni concentrations for
komatiites from Alexo, Pyke Hill, and Dundonald Beach is best approximated with
linear regressions that yield Dos between 2 and 4 (Fig. 5.5). These Dos values are
consistent with those independently estimated for komatiites from Alexo and Pyke
Hill (1.7-2.8 and 3.8-7.1, respectively: Gangopadhyay and Walker, 2003; Puchtel et
al., 2004b) and are in general agreement with the compatibility of IPGEs (Ir, Os, Ru)
during mantle melting and magmatic differentiation in mafic-ultramafic system (e.g.,
Barnes et al., 1985; Briigmann et al., 1987; Lesher and Stone, 1996; Lesher et al.,
2001). Combined, these results suggest that Os is moderately to strongly compatible
during the differentiation of komatiitic lavas.

A compilation of Cr and MgO data for a variety of ferropicritic, Al-
undepleted, Al-depleted (Al,O3/TiO, of ~5-11: Walker and Stone, 2001), and Ti-
enriched (e.g., Sproule et al., 2002; Gangopadhyay et al., in revision) ultramafic rocks
suggests that olivine crystallizes in komatiitic (Sensu stricto) magmas, but that
chromite and olivine co-precipitate in komatiitic basaltic magmas (Fig. 5.6A). The
latter interpretation is consistent with the experimental results of Murck and
Campbell (1986) and Thy (1995), and with the empirical observations of Lesher and
Stone (1996) and Barnes (1998). Importantly, the same suites of samples that show
chromite fractionation/accumulation also show a broad positive correlation between

MgO and Os concentrations (Fig. 5.7B). The absence of any significant correlation
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Fig. 5.6. Plot of whole rock MgO (wt.%, anhydrous) and (A) Cr (ppm) and (B) Os
(ppb) in the Al-undepleted komatiites from Dundonald Beach (this study), Alexo
(Gangopadhyay and Walker, 2003), Pyke Hill (Puchtel et al., 2004b) in the Abitibi
greenstone belt, Song Da, Vietnam (Hanski et al., 2004), Vetreny, Russia (Puchtel et
al., 2001b) and Ti-enriched komatiitic rocks (Gangopahyay et al., in review) and Al-
depleted picritic rocks (Walker and Stone, 2001). The shaded rectangle is the
estimated parental magma composition for the Dundonald komatiites (Barnes, 1985).
The olivine composition is from Arndt, 1986. Note that the low-magnesian komatiitic
rocks (MgO < ~25 wt.%) show a strong positive correlation between chromite

fractionation (in Fig. 6A) and Os concentrations (in Fig. 5.6B).
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between MgO (at >25 wt.%) and Os concentrations for olivine-only fractionation,
combined with a positive correlation between MgO and Os concentrations for
olivinet+chromite fractionation (see Fig. 5.6B) suggests that chromite and/or co-
precipitating trace phase(s) play a significant role in controlling the partitioning
behavior of Os during crystallization in komatiitic basalts, but not in most komatiites.
Some studies have identified an early fractionating Os-rich trace phase(s) in high-
MgO komatiites, but the identity is, as yet, unknown (e.g., see Puchtel et al., 2004b).
Nevertheless, the consistent decrease in Os concentrations with chromite fractionation
in the different komatiite types is consistent with (a) the experimentally-determined
compatibility of IPGE in chromites (Capobianco and Drake, 1990; Righter et al.,
2004), (b) preferential partitioning of PGE into sulfide or accessory platinum group
minerals (e.g., laurite or alloys) included within chromite crystals (e.g., Sattari et al.,
2002; also see Mathez, 1999), (c) direct crystallization of laurite onto the surface of
chromite crystals (Bockrath et al., 2004), and (d) up to 2 orders of magnitude higher
Os concentrations in chromite separates than in the komatiitic host rocks
(Gangopadhyay and Walker, 2003; Gangopadhyay et al., in revision).

5.5.4. Factors influencing the selection of samples for Os isotopic studies of
Precambrian komatiites

Olivine cumulate portions of komatiite units from Dundonald Beach, although
strongly serpentinized, have the highest Os concentrations (Fig. 5.2) and yield
uniform chondritic initial Os isotopic compositions that are consistent with those
obtained from corresponding chromite separates (Fig. 5.3; Table 5.2). These generally
contrast with the significantly lower Os concentrations and highly variable calculated

initial yos in the less magnesian komatiites and komatiitic basalts (Table 5.2).
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Combined, these results suggest that Os was dominantly hosted within trace phases
(e.g., chromites or Os-rich inclusions within chromites) that were relatively immune
to secondary alteration at the whole rock scale of cumulate rocks. Also, the variable
calculated initial Os isotopic compositions are limited only to samples with high
'87Re/'™0s ratios (>1). This is largely due to the fact that, for a specific percentage
loss or gain of Re, an ancient sample with high initial '*’Re/"**Os ratio yields larger
deviation from the true initial Os isotopic composition than one with lower
187Re/"*®0s ratio (Walker et al., 1994).

The Dundonald komatiitic rocks have undergone pervasive hydrothermal
alteration, as evidenced by essentially complete serpentinization of olivine and high
values of loss on ignition (LOI up to ~13 wt.%; Table 5.1) for the whole rocks. Also,
there is a strong positive correlation between the whole rock MgO contents and LOI,
suggesting that the rocks with the highest modal abundances of cumulate olivine have
undergone the highest degrees of hydration. This is consistent with the near-total
serpentinization of olivine in the cumulate rocks. There is, however, no correlation
between the calculated Re loss or gain (as discussed above) and LOI in these rocks,
indicating that the mobility of Re was not solely caused by hydration of the rocks.

Consistent with the last interpretation, some of the Permo-Triassic komatiitic
rocks from Song Da, Vietnam (Hanski et al., 2004) show replacement of olivine by
iddingsite and serpentine, and yet record the unaltered Re-Os isotope systematics of
the emplaced lavas. Similarly, komatiites from Alexo also show petrographic
evidence for extensive serpentinization and oxidation of olivine and devitrification of

glass, yet exhibit closed-system Re-Os systematics of the emplaced lavas
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(Gangopadhyay and Walker, 2003). Conversely, komatiites from Belingwe,
Zimbabwe (e.g., Tony’s Flow and Onia’s Flow) are among the few Archean
komatiites hitherto reported that show well-preserved, polyhedral olivine phenocrysts
and microphenocrysts containing fresh glass inclusions (Nisbet et al., 1987). The
whole rock Re-Os systematics of these two flows show large-scale open-system
behavior (Walker and Nisbet, 2002). Collectively, these observations are consistent
with the fact that empirical estimates (Puchtel and Humayun, 2001; Bourton et al.,
2002; Bennett et al., 2002) and experimental determinations (Brenan et al., 2003;
Righter et al., 2004) suggest that both Re and Os are usually moderately to highly
incompatible in olivine in mafic-ultramafic rocks. Olivine is thus unlikely to be the
major host for Re and Os in the komatiitic rocks, and accordingly, the replacement
processes of olivine, in most cases, were probably not directly responsible for Re
and/or Os mobility at the whole rock scale.

Hydrothermal alteration of komatiites, however, can potentially result in
mobility of both Re and Os hosted in sulfide phases because the sulfide minerals in
komatiites (e.g., pentlandite, pyrrhotite, chalcopyrite, and pyrite) commonly have
high concentrations of both Os (up to ~18 ppb: Puchtel and Humayun, 2001) and Re
(up to ~270 ppb: Gangopadhyay et al., in revision) in komatiitic rocks. It has been
suggested that sulfides are oxidized to sulfates during serpentinization of abyssal
peridotites and that this may cause mobility of Os (cf. Roy-Barman and Allegre,
1994). Sulfide minerals are, however, present in typically very low abundances (<1%
by weight) in komatiitic rocks that are sampled away from magmatic sulfide ore

deposits (e.g., Barnes, 1985). Nevertheless, the Re-Os systematics of sulfide minerals,
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whenever present in sufficient quantities for mineral separation from magmatic rocks,
commonly show open-system behavior (e.g., Luck and Allegre, 1984; Shirey and
Walker, 1995; Walker et al., 1997; Gangopadhyay et al., in revision).

Collectively, the above considerations suggest that: [1] olivine cumulate
whole rocks and their chromite separates constitute the preferred set of samples for
the determination of initial Os isotopic composition of the mantle sources for
emplaced Precambrian komatiites; [2] textural preservation may not necessarily serve
as a useful guide in selecting Precambrian komatiites for Os isotopic studies; and [3]
caution must be taken to avoid sulfide impurities in primary mineral separates (e.g.,
chromite, olivine) in order to examine the magmatic Re-Os systematics of emplaced
komatiitic lavas.

5.5.5. Implications of a chondritic initial Os isotopic composition of the Kidd-
Munro assemblage

The chondritic initial Os isotopic composition for the mantle source for the
Dundonald rocks is consistent with that previously reported for the Alexo and Pyke
Hill komatiites (Gangopadhyay and Walker, 2003; Puchtel et al., 2004a). The
chondritic initial Os isotopic composition of the Dundonald rocks is also in agreement
with the long-term chondritic Os isotopic evolution of the modern terrestrial
convecting upper mantle (Snow and Reisberg, 1995; Brandon et al., 2000; Walker et
al., 1996; 2002). Furthermore, the initial Os isotopic composition of the ~2.7-Ga
mantle source for the Kidd-Munro komatiites, within uncertainties, is
indistinguishable from the projected Os isotopic trajectory of the primitive upper
mantle (PUM: Meisel et al., 2001). Thus, if the initial '®’Os/'®*Os ratios of the

Dundonald Beach, Alexo and Pyke Hill komatiites collectively reflect those of a
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mantle source for the entire Kidd-Munro volcanic assemblage, their uniformly
chondritic initial Os isotopic compositions suggest that this voluminous eruption
sampled a mantle source that had no prior history of significant Re-depletion or
resolvable '*’Os-enrichments with respect to the projected Os isotopic evolution
trajectory for PUM.

The uniform chondritic Os isotopic composition of the ~2.7 Ga mantle source
for the Al-undepleted komatiites from Kidd-Munro volcanic assemblage contrasts
with the subchondritic Os isotopic composition of the contemporaneous mantle
source for the Al-depleted Boston Creek ferropicrites in the 2723-2720 Ma
Stoughton-Roquemaure assemblage of the Abitibi greenstone belt (yos = -3.8 + 0.8;
Walker and Stone, 2001). The subchondritic initial Os isotopic composition of the
Boston Creek flows was interpreted to indicate their derivation dominantly from a
source [1] that underwent long-term prior depletion in Re, similar to SCLM (sub-
continental lithospheric mantle), or [2] from which a Re-rich phase, such as garnet
separated a significant time prior to the eruption of the lavas (e.g., Dg &metsilicate melt —
2.7: Righter and Hauri, 1998). Our Os isotopic results for the Dundonald rocks,
combined with those for the Alexo (yos =-0.1 = 1.0: Gangopadhyay and Walker,
2003) and Pyke Hill (yos = 0.6 = 0.2: Puchtel et al., 2004a) komatiites, on the other
hand, suggest very limited interaction between the typical mantle sources for these
komatiites and the SCLM. The chondritic Os isotopic composition of Al-undepleted
komatiites from the Kidd-Munro assemblage is indistinguishable from the normal

shallow convective upper mantle.
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As for Phanerozoic analogs, the uniform chondritic Os isotopic composition
of the Kidd-Munro komatiites is consistent with that recently reported for the Permo-
Triassic komatiites from NW Vietnam (Hanski et al., 2004). This suggests that
Phanerozoic komatiites, although rare, have tapped mantle sources with uniform
chondritic Os isotopic composition similar to those for late-Archean Kidd-Munro
komatiites. The uniform chondritic Os isotopic composition of the ~2.7 Ga mantle
source for the Kidd-Munro komatiites, however, contrasts with the highly
heterogeneous and variably '*’Os-enriched mantle sources for the Mesozoic Gorgona
Island komatiites (Walker et al., 1999), present-day ocean island basalts (OIB; yos up
to ~+25: e.g., Hauri and Hart, 1993) and modern arc-related mafic-ultramafic lavas
(e.g., Lassiter and Luhr, 2001; Woodland et al., 2002; Alves et al., 2002 and
references therein). This suggests a different nature of mantle sources and/or
petrogenetic processes for the generation of the Al-undepleted Kidd-Munro
komatiites versus those from Gorgona Island, modern ocean island basalts or arc-
related rocks.

5.6. SUMMARY AND CONCLUSIONS

The Re-Os systematics of the ca. 2.7 Ga komatiites and komatiitic basalts at
Dundonald Beach record a complex history of at least three episodes of alteration.
First, an average of 40% and as much as 75% of Re was lost from virtually all
samples due most likely to volatility-related shallow degassing and/or hydrothermal
leaching during or soon after the emplacement of magmas as shallow intrusions into
unconsolidated sediments. In the second phase of alteration, the Re-Os isotope

systematics of these rocks were reset presumably during a regional metamorphic
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event at ca. 2.5 Ga. Finally, some samples with high Re/Os ratios were affected by
relatively late-stage, possibly recent mobility of Re.

Despite these multiple stages of alteration, the olivine cumulate whole rock
komatiites and their chromite separates, owing to their high Os concentrations and
low Re/Os ratios, have preserved the original initial Os isotopic composition of the
emplaced magmas. This suggests that olivine cumulate whole rocks and their
chromite separates are preferred set of samples for the determination of initial Os
isotopic composition of mantle sources for altered Precambrian komatiites. The
olivine cumulate whole rocks and corresponding chromite separates in our suite of
Dundonald rocks yield a precisely chondritic average initial Os isotopic composition
(yos = 0.0 £ 0.6) for their mantle source. The chondritic initial Os isotopic
composition of the Dundonald rocks is consistent with that previously obtained for
the stratigraphically-equivalent komatiites from the Alexo and Pyke Hill areas that
together belong to the spatially-extensive Kidd-Munro volcanic assemblage in the
Abitibi greensonte belt. Combined, these results suggest that the voluminous
eruptions of the Kidd-Munro komatiitic rocks sampled mantle source(s), dominated
by Os with chondritic isotopic composition.

The uniformly chondritic Os isotopic composition of the mantle source for the
Kidd-Munro komatiites is in contrast to the variably radiogenic Os isotopic
composition of modern arc-related ultramafic lavas and sub-arc mantle xenoliths
(e.g., Woodland et al., 2002; Widom et al., 2003). The contrasting Os isotopic
composition of Kidd-Munro komatiites versus modern arc-related mafic-ultramafic

rocks suggests that [1] the Kidd-Munro komatiites formed in a non-arc (e.g.,
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intraplate: McDonough and Ireland, 1993) setting or [2] the processes responsible for
enrichments in radiogenic '""70s for modern arc-related lavas (e.g., transport of
radiogenic Os via Cl-rich hydrous fluid flux into the overlying mantle wedge:
Brandon et al., 1996; Widom et al., 2003) were either not operative at all in the
mantle source for these komatiites or the processes had only limited efficacy.
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CHAPTER 6: SUMMARY AND CONCLUSIONS

The major conclusions of this dissertation follow:

6.1. Geochemical constraints on the petrogenetic processes for komatiites from
Dundonald Beach, Canada and Jeesidrova, Finland

Chromites in the Dundonald komatiites have significantly lower Cr# than
Phanerozoic boninites at a given Mg#, suggesting relatively lower Cr concentrations
in the magmas parental to the Dundonald komatiites. The relatively lower Cr contents
presumed for the magmas parental to the Al-undepleted melts for the Dundonald
komatiites, combined with high Cr contents of olivine (~2300 ppm) reported in a
previous study of the stratigraphically-equivalent komatiites in Munro Township
(Pyke et al., 1973) suggest high temperatures of crystallization (>1500°C) for Al-
undepleted Kidd-Munro komatiites (Li et al., 1995), consistent with high degrees of
melting of an anhydrous mantle source.

In addition to the chemical compositions of chromite in the Kidd-Munro
komatiites, several lines of evidence suggest that the Dundonald komatiites were
derived from an essentially anhydrous mantle source. First, the uniform LREE-
depletion, flat MREE and HREE patterns, combined with Nb/Y-Zr/Y systematics of
the Dundonald komatiitic rocks are similar to those for normal mid-oceanic ridge
basalts (N-MORB) and ocean island basalts from Iceland (Fitton et al., 1997). These
geochemical similarities, combined with the strong positive correlation between
Ce/Yben and H,O/YD ratios observed in N-MORB (Danyushevsky et al., 2000) and
plume-related Hawaiian basaltic rocks (Dixon and Clague, 2001) were utilized to

infer extremely low H,O contents (<0.04 wt.%) for the Dundonald rocks. Thus the
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trace element characteristics of the Dundonald komatiites are most consistent with
their generation from an anhydrous mantle source that had undergone prior melt
extraction. Second, homogeneity in major and trace elements and initial Os isotopic
compositions of the Al-undepleted komatiites from the Kidd-Munro assemblage,
extending over 180 x 12 km® area, is in contrast to the ubiquitous radiogenic Os
isotopic compositions of arc-related lavas. Moreover, the major and trace element
compositions of the Al-undepleted komatiites from the entire Kidd-Munro
assemblage are also quite uniform. For example, the uniform LREE-depletion,
absence of significant HREE-depletion, and remarkably consistent initial Nd-Os-Pb
isotopic compositions of the Kidd-Munro komatiites are usually not observed at such
large spatial scales in island arc lavas (e.g., see Campbell, 2001). Combined, these
geochemical characteristics of the Kidd-Munro komatiites are consistent with
derivation from non-arc, presumably anhydrous, oceanic mantle sources.

The komatiites from the Jeesidrova area in Finnish Lapland have
subchondritic Al,O3/TiO, ratios (~10-13) similar to those for the Al-depleted
Barberton-type komatiites. The Jeesiorova rocks, however, are distinct in that they are
not Al-depleted, and are instead Ti-rich relative to both Al-depleted and Al-
undepleted komatiites from elsewhere. The HFSE-HREE characteristics of the
Finnish rocks are not consistent with their derivation through either of the two
commonly suggested petrogenetic processes for origin of Al-depleted komatiites,
namely, majorite fractionation in the deep mantle or hydrous melting in a supra-
subduction zone setting. Also, the redox state of the Jeesirova parental magma

(~QFM = 1.5) is not consistent with derivation from typically oxidized arc mantle.
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The high abundance of HFSE (e.g., Ti and Zr) and other similarly
incompatible elements in Jeesiérova komatiites, combined with their '**Nd-enriched
nature and uniform LREE-depleted pattern may suggest that [1] the primitive Lapland
magmas had assimilated Ti-rich mineral assemblages in the lithospheric mantle en
route to the surface, or [2] the mantle source for the Jeesiorova komatiites
incorporated LREE-depleted recycled mafic oceanic crust (similar to MORB). The
uniform negative Nb anomalies in these rocks, however, is not consistent with either
of these two possibilities.

6.2. The partitioning behavior of Re and Os during melting of mantle source
and differentiation of komatiitic lavas

Calculated bulk distribution coefficients (D™"“™!") for Os and Re between
the magma parental to the Alexo komatiites and the mantle residue are 2.1 and 0.2,
respectively. These D values suggest that Os was slightly compatible, whereas Re
was moderately incompatible during the melting of the Alexo mantle source.
Similarly, the calculated relative distribution coefficients (D*"¥""%) for Os and Re
between crystallizing phases and the fractionating liquid during the differentiation of
the Alexo lavas are 1.7 and 0.66, respectively. These D values are also consistent with
those determined for the stratigraphically-equivalent Dundonald Beach komatiites.
These D values suggest that Os was slightly compatible, whereas Re was moderately
incompatible in olivine or co-precipitating trace phase(s) (e.g., chromite, laurite)
during the fractionation of the magmas parental to the Al-undepleted Kidd-Munro

komatiites.
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6.3. Re-Os systematics of mantle sources of komatiites

The Al-undepleted komatiites from the Alexo area in the Abitibi greenstone
belt, Canada demonstrate apparent magmatic behavior of Re-Os elemental and
isotope systematics in the whole rocks. The Re-Os isochron of these rocks yields an
age of 2762 = 76 Ma, which is in general agreement with the U-Pb zircon ages of
associated felsic units, and Pb-Pb and Sm-Nd isochron ages obtained in a previous
study of these lavas. The initial '*’Os/"**Os obtained from the regression (0.1080 +
0.0012) is chondritic (yos = -0.1 + 1.0), and is consistent with that reported for the
spatially associated Pyke Hill komatiites (Shirey, 1997; Puchtel et al., 2004a). The
chondritic initial Os isotopic composition of the mantle sources for the komatiites
from Alexo and Pyke Hill areas are indistinguishable from the projected Os isotopic
composition for the convective upper mantle at the ~2.7-Ga. Additionally, the
radiogenic initial Nd isotopic composition of Alexo komatiites determined in
previous studies (eng ~ +3.8: Lahaye and Arndt, 1996) is in good agreement with the
Nd isotopic composition of the long-term evolution of the LREE-depleted convective
upper mantle. Thus, the combined chondritic initial Os isotopic composition and
radiogenic initial Nd isotopic composition of the Alexo komatiites suggest their
derivation from a mantle source that is indistinguishable from the contemporaneous
convective upper mantle.

The ca. 2.05 Ga Ti-rich komatiites from the Jeesidrova area in the Finnish
Lapland were derived from a mantle source with chondritic initial Os isotopic
composition (yos = +0.1 + 0.5). The chondritic initial Os isotopic composition,

combined with the depleted mantle-like initial Nd isotopic composition of these rocks
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suggest that the parental melts were likely to have been derived from either
contemporaneous convective upper mantle or a deep mantle source with similar long-
term LREE-depleted characteristics. Furthermore, the chondritic Os isotopic
composition of the mantle source for the Finnish Ti-rich komatiites suggests that Re
and Os (and, by inference, possibly other highly siderophile elements) were either not
significantly fractionated during the process(es) that led to high abundance of of Ti in
these rocks, or the process(es) was/were nearly coeval with the generation of the
Finnish komatiites. Puchtel et al. (1999) reported a similar uniform chondritic initial
Os isotopic composition for the Ti-rich lavas from the Onega plateau in the SE Baltic
Shield.

Similar to the Alexo komatiites, as discussed above, the mantle source for the
stratigraphically-equivalent komatiites from the Dundonald Beach area also had a
precisely chondritic average initial Os isotopic composition (yos = 0.0 + 0.6). Thus,
the uniform chondritic initial Os isotopic composition of the mantle sources for
komatiites from the Alexo, Pyke Hill and Dundonald Beach areas collectively suggest
that the voluminous eruption of the Kidd-Munro assemblage at ~2.7 Ga sampled a
homogeneous mantle source, with regard to Os isotopes, that had no prior history of
significant long-term Re depletion or enrichment in radiogenic '*’Os isotopes relative
to chondritic evolution. It is widely believed that the ultimate source of Re and Os in
the terrestrial mantle was a chondritic “late veneer” added to the mantle prior to ~3.8
Ga (see chapter 1). The uniform chondritic initial Os isotopic composition of these
rocks suggests that the “late veneer” component was well homogenized within the

mantle source of these spatially extensive lavas (~ 180 x 12 km?). The uniform
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chondritic initial Os isotopic compositions of the Kidd-Munro komatiites contrast
with the typically variably radiogenic Os isotopic compositions of Phanerozoic arc-
related mafic-ultramafic lavas (e.g., Lassiter and Luhr, 2001; Alves et al., 2002;
Woodland et al., 2002).
6.4. Implications for the origin and evolution of Os isotopic heterogeneity in the
terrestrial mantle

Resolvable Os isotopic heterogeneities have been documented in previous
studies of the mantle sources for both modern ocean island basalts (OIBs) and also
some ancient mantle reservoirs. For example, late-Archean komatiites from Alexo
and Munro Townships (Walker et al., 1988; Shirey, 1997; Gangopadhyay and
Walker, 2003) had chondritic initial Os isotopic compositions, whereas nearly
contemporaneous mantle sources for ultramafic flows from Boston Creek, Canada
(Walker and Stone, 2001), Kostomuksha, Russia (Puchtel et al., 2001a), and
Belingwe, Zimbabwe (Walker and Nisbet, 2002), show significant deviations from
projected chondritic Os isotopic evolution trajectory (Fig. 6.1). Due to the limited
prior number of data for diverse mantle-derived systems, it has not been clear whether
(a) the Precambrian mantle was dominantly chondritic, with a few enriched and
depleted mantle domains or (b) was characterized by widespread Os isotopic
heterogeneities. The Os isotopic results of the Alexo, Dundonald Beach and
Jeesiorova komatiites, combined with recent data obtained for older mantle derived
system, such as ~3.5-Ga komatiites from the Pilbara region of Western Australia
(Bennett et al., 2003) begin to suggest that significant portions of the Precambrian

mantle were dominated by Os with chondritic isotopic compositions. This, in turn,
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Fig. 6.1. Plot of high-precision initial yos for mafic-ultramafic rocks (determined in
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suggests that the systems displaying positive or negative deviations from chondritic
Os isotopic evolution trajectory are relatively rare and must therefore be attributable
to atypical mantle sources. For example, the subchondritic initial Os isotopic
composition for the ca. 2.7-Ga Boston Creek flows is the only known occurrence of a
long-term Re-depleted mantle source hitherto reported for ancient ultramafic rocks.
Walker and Stone (2001) attributed it to the derivation of the Boston Creek rocks
from a mantle source, that had undergone long-term Re-depletion, such as SCLM.
The presence of suprachondritic initial Os isotopic compositions of the mantle
sources for ultramafic rocks appears in the geologic record at as early as ~2.8 Ga, and
is also noted for other late-Archean and early-Proterozoic ultramafic rocks (e.g.,
Belingwe, Zimbabwe and Pechenga, Russia). Previous studies have attributed such
enrichments in radiogenic Os isotopes to core-mantle interaction or crustal recycling
in their mantle sources. The scarcity of such '*’Os-enriched Precambrian mantle-
derived systems argues against either widespread core-mantle interaction or crustal

recycling at the times most komatiites were generated.
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