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Zusammenfassung I

Zusammenfassung

1. Primire Magmen als Mantelsonden

'Primdre' Magmen sind solche, die durch partielles Aufschmelzen des oberen Erdmantels ge-
neriert werden und deren Zusammensetzungen nicht durch sekundire Prozesse (wie z.B. Kris-
tallisation, Kontamination, Magmen-Mischung, -Entmischung, oder -Entgasung) modifiziert
sind. Primdre Magmen sind fiir den Geochemiker von besonderem Interesse, da sie als Son-
den in den tiefen Erdmantel dienen und damit zur Kartierung von Gréf3e und Charakter von
Mantelheterogenitdten herangezogen werden konnen. Der Nachweis des "priméren' Charakters
eines Magmas ist jedoch nicht immer eindeutig, da Magmen auf ihrem Weg von der Mantel-
quelle zur Erdoberfliche modifiziert werden konnen (z.B. O'Hara (1968), Thirlwall, (1997)).
Studien an Ozeaninselbasalten haben dennoch den Vorteil, dass die Schmelzen eine ver-
gleichsweise diinne, hochschmelzende, und kompositionell dhnliche Kruste passieren, und
damit die Ausmafe einer moglichen Kontamination geringer sind. Unser heutiges Bild der
Zusammensetzung, Grofe und Verteilung von Mantelheterogenitdten basiert deshalb weitge-
hend auf den Studien an primitiven Ozeaninselbasalten. Die Untersuchung langlebiger radio-
aktiver Nuklide wie z.B. 87Rb, 147Sm, 238U, 235U, 22Th und "*"Re ist dabei von besonderem
Vorteil, da die Tochterisotope dieser Nuklide bei Schmelz- oder Kristallisationsprozessen
nicht signifikant fraktioniert werden. Der isotopische 'Fingerabdruck' der Quellregion im
Erdmantel wird somit wéhrend einer Schmelzbildung auf das Magma iibertragen und bleibt
wihrend folgender Kristallisationsprozesse unveréndert. Um oberfldchlich eruptierte Basalte
als Mantelsonden zu verwenden, muss man allerdings sichergestellt werden, dass das Magma
nicht durch andere Magmen (oder Nebengesteine) verschiedener isotopischer Zusammenset-

zung kontaminiert wurde.

Schon die ersten Bestandsaufnahmen radiogener Isotope an Ozeaninselbasalten zeigten die
langzeitliche Heterogenitét des Erdmantels auf (z.B. Faure & Hurley (1963), Hedge & Walt-
hall (1963), Gast et al. (1964)). Nachfolgende detaillierte Studien von z.B. Hart et al. (1973),
Schilling (1973), Zindler et al. (1979) und Poreda et al. (1986) belegten den fundamentalen
geochemischen Unterschied zwischen Mantelschmelzen, die an den mittelozeanischen Rii-
cken zu Tage treten (mid-ocean-ridge basalts: MORB), gegeniiber solchen, die von sogenann-
ten 'hot spots' oder Manteldiapiren stammen. Der 'verarmte' Charakter der Mantelquelle von
MORB-Schmelzen wurde auf ein einfaches Modell zuriickgefiihrt, in welchem die Mantel-

quelle eine frithere Schmelzextraktion erfuhr, die zur Bildung der kontinentalen Kruste fiihrte
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(z.B. Hofmann (1988)). Da wéhrend einer Schmelzbildung die in den Mantelphasen inkompa-
tiblen Elemente bevorzugt in die Schmelze partitionieren, wird der Mantel an inkompatiblen
Spurenelemente abgereichert, was langzeitlich auch zu 'verarmten' isotopischen Signaturen
filhrt. Die variable geochemische Signatur von Ozeaninselbasalten wurde demgegeniiber
durch Mischung von verarmtem oberem Mantel mit 'primitivem' Mantel erklart (DePaolo &
Wasserburg, 1976), (O'Nions et al., 1979), (Allegre et al., 1979). Weitere Studien zeigten
aber, dass auch andere Mantelkomponenten an der Bildung von Ozeaninselbasalten beteiligt
sein miissen, die gegeniiber dem 'primitiven' Mantel angereichert sind (z.B. O'Nions et al.
(1977), Richardson et al. (1982), White & Hofmann (1982), Stille et al. (1983), Roden et al.
(1984), Roden et al. (1994), Woodhead & McCulloch (1989), White & Hofmann (1982),
Palacz & Saunders (1986), Wright & White (1987), Farley et al. (1992), Palacz & Saunders
(1986), Nakamura & Tatsumoto (1988), Woodhead (1996)). Zindler & Hart (1986) zeigten,
dass sich die gesamten Isotopensignaturen des ozeanischen Mantels auf die Mischung von
vier prinzipiellen Endgliedern zuriickfiihren lassen: Verarmter MORB-Mantel (DMM), sowie
drei angereicherte Endglieder EM1, EM2 und HIMU. Die Interpretation der angereicherten
Endglieder basiert auf der Idee, dass subduziertes Material regeneriert und in die Quellregio-

nen (Manteldiapire) der Ozeanbasalte inkorporiert wird (Hofmann & White, 1982).

Wie oben beschrieben, beruht die Systematik der Mantelheterogenititen auf der Vorausset-
zung, dass die den Studien zugrunde liegenden Laven 'primédr' sind, d.h. unkontaminierte
Mantelschmelzen reprisentieren. Demgegeniiber haben Studien an kontinentalen Intraplatten-
vulkaniten immer mit isotopisch und an inkompatiblen Spurenelementen angereicherten
Komponenten zu rechnen, wie sie zweifellos im subkontinentalen lithosphérischen Mantel
(SCLM) als auch in der kontinentalen Kruste zu finden sind. So fiihrten z.B. Halliday et al.
(1988) und Halliday et al. (1990) eine positive 206pp/2%*ph-Anomalie in Gesteinen der Came-
roon Volcanic Line (CVL) auf die Interaktion primdrer Magmen mit einer metasomatisch
iiberpragten Lithosphére zuriick. Lee et al. (1996) erbrachten in einer Studie von Mantelxeno-
lithen der CVL eindeutige Belege fiir deren langzeitlich angereicherten Charakter. Uberdies
belegen Daten von Marzoli et al. (1999) die Interaktion einiger kontinentaler CVL-Magmen

mit kontinentaler Kruste.
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2. Ziel dieser Arbeit

Die in dieser Studie analysierten Laven und Megakristalle des Biu und Jos Plateaus (nordliche
CVL, Abb. 1.2) iiberdecken einen groB8en Teil der isotopischen Heterogenitidt der CVL (Abb.
1.1). Die Bestimmung der Ursachen der Heterogenitit der Magmen des Biu und Jos Plateaus
sollte also Riickschliisse auf die Genese der gesamten CVL erlauben. Eine Moglichkeit zur
Identifikation oberflachennaher Kontamination einer Suite von Laven bietet der Vergleich der
isotopischen Zusammensetzung der Laven mit kogenetischen phenokristischen oder xe-
nokristischen Phasen, die im Mantel kristallisierten. Die Laven des Biu und Jos Plateaus ent-
halten zahlreiche 'Megakristalle' homogener Zusammensetzung bis ~5 cm Grofle. Als Mine-
ralphasen treten Klinopyroxen (cpx), Granat (gnt), Ilmenit, Plagioklas, sowie untergeordnet
Amphibol, Spinell, Phlogopit, Olivin, Zirkon und Korund auf. Die Untersuchungen der Gene-
se von Megakristallen und die sich daraus ergebenden Aussagen iiber die Beschaffenheit des
Erdmantels ist Gegenstand der vorliegenden Arbeit. In Kapitel zwei wird zunéchst die geneti-
sche Relation der Megakristalle mit ihren Wirtsmagmen aufgezeigt, wihrend sich Kapitel drei
mit der Isotopensystematik von Megakristallen und Laven des Biu und Jos Plateaus befasst.
Als Ergebnis der Studie ist festzuhalten, dass die kontinentale Signatur in Laven des ozeani-
schen Sektors der CVL, vormals als EM1-Quellkomponente (Lee et al., 1994), oder LOMU-
Komponente interpretiert (Douglass ef al., 1999) (LOMU: low p = niedriges **U/***Pb, das
langzeitlich zu niedrigen *°°Pb/***Pb-Verhiltnissen fiihrt; im Gegensatz zu HIMU), auch
durch oberflichennahe Assimilation krustalen Materials erkldrt werden kann. Moglicherweise
geschah dies durch Assimilation kontinentaler Sedimente, oder Assimilation von Blocken
kontinentalen Materials, die in der ozeanischen Lithosphire wihrend des kontinentalen

Bruchs im Mesozoikum als "Treibgut' zuriickblieben.

3. Methodik

Um die Megakristalle als Sonde zur Wirtsmagmenchemie im oberen Mantel zu verwenden,
muss zunichst deren Verwandtschaft im Erdmantel aufgezeigt werden. In der Literatur wur-
den verschiedene Modelle zur Genese der Megakristall diskutiert. Einerseits kommen die Mi-
neralphasen der Megakristalle auch in assoziierten ultramafischen Mantelxenolithen vor und
konnten damit von disaggregierten Peridotiten abstammen (Irving, 1974), (Righter & Carmi-
chael, 1993). Sie konnten ebenso einer fritheren magmatischen Phase entstammen, die lter ist
als der Vulkanismus, der sie schlielich an die Erdoberfliache transportierte (Liotard et al.,

1988), (Capedri et al., 1989), (Davies et al., 2001). Der iiberwiegende Teil der Autoren
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schldgt jedoch eine kogenetische Relation zwischen Megakristallen und Wirtsmagma vor
(Green & Ringwood, 1967), (Binns, 1969), (Binns ef al., 1970), (Frisch & Wright, 1971),
(Wilkinson, 1975), (Irving & Frey, 1984), (Jones, 1987), (Moore, 1987), (Geist ef al., 1988),
(Wilkinson & Hensel, 1991), (Hops et al., 1992), (Liu et al., 1992a), (Liu et al., 1992b),
(Nasir, 1995), (Schulze et al., 2001). Die oben genannte Kontroverse basiert dabei zumeist
auf dem Vergleich von Spurenelementkonzentrationen und/oder der isotopischen Zusammen-
setzung von Megakristallen und ihrem Wirtsmagma. Eine Interpretation basierend auf petro-
logischen und petrographischen Indizien erscheint jedoch erfolgversprechender, da Magmen

nach Kristallisation der Megakristalle kontaminiert werden konnen.

4. Diskussion — Herkunft der Megakristalle

Die Laven des Biu und Jos Plateaus enthalten zahlreiche Mantelxenolithe. Es besteht daher
die Moglichkeit, dass die Megakristalle disaggregierte Phasen solcher Gesteine sind. Die
Hauptelementchemie der Megakristalle, sowie deren systematische Kovariation (Abb. 2.4-
2.7) sind in Ubereinstimmung mit der Kristallisation der Megakristalle aus einem sich entwi-
ckelnden Magma (Putirka et al., 1996), (Bultitude & Green, 1971), (Putirka, 1998), (Johnson,
1998), (Hart & Dunn, 1993), (Green et al., 2000), (Rocholl et al., 1996), (Hauri et al., 1994),
(Dunn, 1987), (Skulski et al., 1994). Abschiatzung der Kristallisationsbedingungen der Mega-
kristalle aufgrund von Phasenbeziehungen, thermodynamischer und geothermobarometrischer
Modelle (Bultitude & Green, 1971), (Krogh, 1988), (Putirka, 1997), (Hirschmann et al., 1998)
ergeben Driicke von 17-23 kbar und Temperaturen von ca. 1400°C, die deutlich iiber den
Temperaturen typischer Mantelxenolithe liegen (Nixon, 1987). Dariiber hinaus zeigen die
Spurenelementmuster von Klinopyroxenen aus Pyroxeniten oder Peridotiten des Biu Plateaus
signifikante Unterschiede zu Klinopyroxen-Megakristallen (Abb. 2.8). Die magmatischen
Temperaturen und kompositionellen Unterschiede zwischen Megakristallen und pyroxeniti-
schen/peridotitischen Phasen schlieBen eine Herkunft der Megakristalle von disaggregierten

Xenolithen aus.

Die Megakristalle des Biu und Jos Plateaus konnten auch einer fritheren Phase magmatischer
Aktivitit entstammen und mechanisch in ihr Wirtsmagma inkorporiert worden sein. Dies setzt
jedoch eine Speicherung der Megakristalle in kiihlerem Lithosphdrenmaterial voraus.
Verwachsungen von cpx- und gnt-Megakristallen zeigen jedoch magmatische Texturen und
Temperaturen. Anzeichen einer thermischen Reequilibrierung, wie sie in Pyroxenitxenolithen

oft beobachtet werden (in Form von z.B. Rekristallisation, chemischer Zonierung oder Entmi-
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schungslamellen in Klinopyroxen (Sautter & Harte, 1988), (Sautter & Harte, 1990), (Sen &
Jones, 1988), (Wilkinson & Stolz, 1997)), fehlen in den Megakristallen. Nimmt man fiir die
Temperatur der umgebenden Lithosphédre eine durchschnittliche Temperatur von ~1000°C an
(Lee et al., 1996), so ergibt die Modellierung der Diffusionsprofile an cpx/gnt-Kontakten
(Abb. 2.11) eine Abkiihlzeit der Megakristalle von nur ~500 Jahren. Somit lassen sich die
Megakristalle eindeutig der magmatischen Aktivitit des Biu und Jos Plateaus (<5.35 Ma
(Grant et al., 1972), (Fitton & Dunlop, 1985)) zuordnen.

Da die krustale Méachtigkeit in den untersuchten Gebieten nur etwa 30 km (oder ca. 9 kbar)
betriagt (Poudjom-Djomani et al., 1995), die primitiven Megakristalle aber Driicke von 17-23
kbar anzeigen, fand die Kristallisation der Megakristalle im subkontinentalen lithosphérischen
Erdmantel statt. Die Grof8e und chemische Homogenitit der Megakristalle legen eine Entste-
hungsgeschichte in relativ groflen, langsam abkiihlenden Magmenkammern nahe. Die rasche
Verarmung der kompatiblen Spurenelemente in cpx ldsst sich mittels fraktionierender Kristal-
lisation aus dem Magma erkléren (Abb. 2.13a). Die Laven selbst zeigen jedoch nicht das er-
wartete Muster einer fraktionierenden Kristallisation. Die relativ geraden Mischungslinien
(Abb. 2.15) sind eher durch Mischung von primdren Schmelzen mit ihren fraktionierten Deri-
vaten zu erkldren. Ein integriertes Modell der Megakristallgenese wird vorgeschlagen, in dem
ein primidres Magma in die subkontinentale Lithosphére intrudierte und dabei die Megakris-
talle kristallisierte. Die Mischung von priméren Schmelzen mit den fraktionierten, megakris-
tall-fithrenden Derivaten und der Aufstieg zur Erdoberfliche erfolgte durch einen erneuten
Puls von Magma aus der tiefgelegenen Magmenquelle. Da die Granat- und Plagioklasme-
gakristalle schnell von einem primitiveren Magma resorbiert werden (Brearley & Scarfe,
1986), (Canil & Fedortchouk, 1999), (Donaldson, 1985), fand die Mischung der primérer

Schmelzen mit ihren entwickelten Derivaten kurz vor der Eruption statt.

5. Aussagen iiber lithosphirische Kontamination in der Genese von CVL-Lavas anhand

von Strontium-, Neodym-, Blei- und Osmiumisotopen

Die Strontium- und Neodym-Isotopensystematik der Laven und Megakristalle in Abb. 3.1
erlaubt keine Unterscheidung der zwei moglichen Kontaminanten kontinentale Kruste (CC)
und angereicherter Mantel (EM), da die jeweiligen Mischungstrajektorien in die gleiche Rich-
tung weisen. Die Basalte des Biu und Jos Plateaus kdnnen jedoch aufgrund ihrer kombinierten
Sr, Nd und Pb-Isotopenvariation in zwei verschiedene Mischreihen aufgeteilt werden, wobei

das gemeinsame Endglied (Komponente A) durch **°Pb/*'Pb ~19.82, **’Pb/***Pb ~15.64,
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208pp/29ph ~39.53, eng ~7.0 und *’Sr/*°Sr ~0.70290 charakterisiert ist (Abb. 3.3). Das zweite
Endglied (Komponente B) wird am besten durch den isotopisch angereichertsten cpx-
Megakristall reprisentiert, wobei die Megakristalle den Trend der Laven (*°Pb/***Pb bis
20.33, O’Pb/2**Pb bis 15.69, ***Pb/**Pb bis 40.35, exg bis 6.0 und *’Sr/**Sr bis 0.70310) iiber-
lappen und ausdehnen. Megakristalle des Jos Plateaus definieren dabei andere Mischungsvek-
toren als solche des Biu Plateaus. Alle Laven mit **Pb/***Pb <19.82 lassen sich als Mischung

von Komponente A mit maximal ~7% lokaler Pan-Afrikanischer kontinentaler Kruste model-

lieren (Abb. 3.6 und 3.7).

Zur Klirung der Herkunft der Komponente B sollte insbesondere das Rhenium-Osmium-
System aufgrund des isotopischen Kontrastes zwischen radiogener Kruste und unradiogenem
Mantel hilfreich sein. Da fiir die Magmen mit ***Pb/?*'Pb >19.82 kein korrelierter Anstieg der
%70s/'%0s-Verhiltnisse zu erkennen ist (Abb. 3.2b), kann die Beteiligung kontinentaler
Kruste an den Trends zu radiogenen **°Pb/***Pb-Verhiltnissen ausgeschlossen werden. Dies
ist in Ubereinstimmung mit den Ergebnissen der Thermobarometrie, die zeigen, dass die Me-
gakristalle im Mantel kristallisierten. Ein HIMU-artiges Mischungsendglied kann ebenfalls
aufgrund divergierender isotopischer Zusammensetzung ausgeschlossen werden (Abb. 3.3).
Alternativ dazu wird vorgeschlagen, dass die Komponente B eine lithosphdrische Mantel-
schmelze reprisentiert. Dies wird unterstiitzt durch +konstante '*’Os/'®Os-Verhiltnissen in
Magmen mit *°Pb/***Pb >19.82 (Abb. 3.2b), sowie durch direkte Hinweise auf isotopisch
angereicherte Lithosphére unterhalb des Biu Plateaus (Lee et al., 1996).

Die systematische Variation der Isotopendaten ldsst weiterhin vermuten, dass kontinentales
Krustenmaterial auch in der Genese von einigen Ozeaninseln der CVL von Bedeutung gewe-
sen ist (Abb. 3.3). Ausgehend von der These, dass die CVL als Ganzes eine gleichformige,
homogene Quellregion besitzt, legt diese Studie eine gleichermalen oberflichennahe Konta-
mination der ozeanischen Laven nahe. Andere publizierte Befunde fiir oberflichennahe Kon-
tamination von Ozeaninselbasalten, wie z.B. paldozoische bis proterozoische Zirkone in
Gabbro-Bohrkernen des mittelatlantischen Riickens (Pilot et al., 1998), bzw. Funde von pra-
kambrischem Gneiss (Belyatsky et al., 1997), sowie unterkretazischer Sedimente in der Nihe
des Riickens (Bonatti ef al., 1996) unterstiitzen diese These. Douglass et al. (1999) schlugen
delaminierten SCLM als Ursache fiir niedrige **°Pb/***Pb-Verhiltnisse in mittelatlantischen
Basalten vor. Da die isotopische Zusammensetzung dieser hypothetischen LOMU-
Komponente in der Verlingerung einer Mischungslinie von Komponente A durch die Zu-

sammensetzung von kontinentaler Kruste zu liegen kommt, konnte die LOMU-Signatur prin-
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zipiell auch durch Assimilation kontinentalen Materials begriindet werden. Vorldufige Ergeb-
nisse aus der Osmiumisotopie von Gesteinen der ozeanischen CVL (Gannoun et al., 2001)
lassen jedoch noch keine eindeutige Zuordnung zu. Die von Lee et al. (1994) vorgeschlagene
EM1-Komponente in der Genese ozeanischer CVL-Basalte kann ebenfalls als Assimilation
oberflichennaher Sedimente oder Assimilation von krustalen Blocken interpretiert werden,
die wihrend des kontinentalen Bruchs im Mesozoikum in der ozeanischen Lithosphére als

"Treibgut' zuriickblieben.
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Abstract

Lavas of the Biu and Jos Plateau, northern Cameroon Volcanic Line (CVL), contain
abundant genetically related megacrysts of clinopyroxene, garnet, plagioclase, ilmenite and
subordinately amphibole, spinel and apatite. P, T-estimates of crystallization for the primitive
group of clinopyroxene and garnet megacrysts are 17-23 kbar and ~1400°C. Because crustal
thickness in these areas is only ~30 km (or ~9 kbar), megacrysts formed within the subconti-
nental lithospheric mantle. Lavas of Biu and Jos Plateau do not reflect simple fractionation or
equilibrium crystallization products, but instead reflect mixing between primary melts and
their fractionated derivatives shortly before eruption. Because megacrysts grew within the
lithospheric mantle and are unaffected by crustal contamination, study of the isotopic charac-
teristics of megacrysts and host lavas provides insights into processes that affected the magma
composition after formation of the megacrysts. Strontium, neodymium, lead and osmium iso-
tope systematics of lavas and megacrysts allows to distinguish between two contamination
paths of the primary magmas. The first is characterized by both increasing **Pb/***Pb (19.82
to 20.33) and ¥'Sr/**Sr (0.70290 to 0.70310) and decreasing exg (7.0 to 6.0), and involves ad-
dition of an enriched SCLM-derived liquid. The second contamination path is characterized
by decreasing *"°Pb/***Pb (19.82 to 19.03), but also increasing *’St/**Sr (0.70290 to 0.70359)
and decreasing eng (7.0 to 4.6), and involves addition of up to 7% bulk continental crust. Iso-
tope systematics suggest that continental crust also was involved in formation of some lavas
from the oceanic sector of the CVL. Assuming that the line as a whole shares a common
source, this study proposes that the continental signature seen in the oceanic sector of the
CVL is also caused by shallow contamination, either by continent-derived sediments or by
rafted crustal blocks that became trapped in the oceanic lithosphere during continental

breakup in the Mesozoic.
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CHAPTER 1: INTRODUCTION

1.1. 'Primary' magmas as probes to the mantle

'"Primary’ magmas are those formed by partial melting of the upper mantle, the compo-
sition of which have not been modified subsequently by differentiation processes. Clearly, it
is of great petrogenetic significance to be able to recognize primary magma compositions as
these may be useful as probes to the mantle to learn about mantle heterogeneity. However, it
may be difficult to prove the primary character of erupted intraplate lavas, because primary
magmas may be modified by e.g. fractional crystallization, crustal contamination, magma
mixing, liquid immiscibility and volatile loss on their way to the surface (e.g. O'Hara, 1968).
Studies of oceanic intraplate volcanoes often neglect lithospheric contamination based upon
three reasons: the lithospheric cover on which they erupt is much thinner, the crust has a
higher solidus, and it is compositionally similar to melts of the mantle. Our present picture of
the composition, size and distribution of mantle heterogeneities therefore is mainly based
upon the study of primitive OIBs. The importance of radiogenic isotopic variations in that
picture is that they frequently survive the chemical fractionation events which accompany the
formation and evolution of magmas. Thus, during partial melting, the magma will inherit the
isotopic composition of its source, and this will remain constant during subsequent fractional
crystallization processes, provided that the magma does not become contaminated by interac-

tion with isotopically distinct wall rocks or other batches of magma.

1.2. Aims and approach of this work

Petrogenetic modeling of continental intraplate magmas bears the additional problem
of distinguishing between enriched mantle source components derived from mantle plumes as
opposed to those which undoubtedly exist within the subcontinental lithosphere. For example,
Lee et al. (1996) provided evidence that portions of the lithosphere beneath the Cameroon
Volcanic Line (CVL) are isotopically enriched. Moreover, there is also clear isotopic evi-
dence for interaction with the continental crust in some CVL lavas of the continental sector
(Marzoli et al., 1999). Figure 1.1 shows a collection of published Sr-Nd isotopic compositions
of the more primitive rocks of the CVL along with our own analyses of rocks from Biu and

Jos Plateau, northern Nigeria.
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Fig. 1.1: Collection of Sr-Nd isotopic compositions of the more primitive rocks (MgO >5 wt%) from
the oceanic and continental CVL along with data for megacrysts. Data compiled from Halliday et al. (1988),
Halliday et al. (1990), Lee et al. (1994), Marzoli et al. (1999), Marzoli et al. (2000) and this work. Rocks from
the Biu and Jos Plateau span much of the range of CVL lavas as a whole. Isotope systematics may be explained
by mixing between a DMM (depleted MORB mantle) component and a CC (continental crust) and/or EM (en-

riched mantle) component.

CVL magmas are isotopically heterogeneous in Sr-Nd isotope space. Evidently, there
is considerable overlap between compositions of continental and oceanic sector lavas, al-
though the continental sector extends to somewhat lower exg. It is unclear whether the hetero-
geneity observed in the more primitive magmas is related primarily to heterogeneity in the
asthenospheric source region of the lavas and represents mixing of a depleted and a more en-
riched endmember, or if part of this heterogeneity is due to melt interaction with continental

lithospheric mantle, or melt interaction with continental crust.

Lavas from Biu and Jos Plateau analyzed in this work span much of the isotopic het-
erogeneity found in CVL magmas as a whole. Therefore, determining the source of isotopic
heterogeneity in the Biu and Jos Plateau lavas should provide insight into processes affecting
CVL magmas as a whole. One way of constraining the role of shallow contamination in a
suite of lavas is to compare the isotopic composition of the lavas with cogenetic phenocrystic
or xenocrystic phases that precipitated within the mantle. Lavas from Biu and Jos Plateau

contain abundant megacrysts of clinopyroxene (cpx), garnet (gnt), plagioclase (plag) and il-
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menite (ilm), and subordinate megacrysts of amphibole (amph), spinel (sp), zircon (zr), co-
rundum (cor), phlogopite (phlo) and olivine (ol). In the following chapter, petrologic and
petrographic evidence is presented, which shows that at least cpx and gnt megacrysts precipi-
tated from recent CVL magmas within the lithospheric mantle. In chapter three, the isotopic
compositions of the host lavas and the megacrysts are compared to constrain the role of
magma contamination within the SCLM, crustal contamination and magma mixing in the
genesis of Biu and Jos Plateau lavas, and by inference, in the CVL as a whole. The main con-
clusion drawn from this work is that the continental signature seen in the oceanic sector of the
CVL, which was previously interpreted as an EM1 source component (Lee et al., 1994), or
'LOMU' component (Douglass ef al., 1999), may also be caused by shallow contamination,
either by continent-derived sediments or by rafted crustal blocks that became trapped in the

oceanic lithosphere during continental breakup in the Mesozoic.

1.3. Geologic setting

1.3.1. The Cameroon Volcanic Line (CVL): Hot spot track or 'hot line'?

Although ~90% of present-day volcanic activity is concentrated within or adjacent to
zones of plate divergence or convergence, volcanism also occurs at locations far from plate
boundaries. The 'hot spot' or 'mantle plume' model for oceanic intraplate volcanism, first pro-
posed by Wilson (1963) and developed by e.g. Morgan (1971), Hofmann & White (1982),
Zindler & Hart (1986), Molnar & Stock (1987) and Wolfe et al. (1997), involves a relatively
stationary magma source in the mantle over which the oceanic plate moves. Ultimately, this
creates a chain of volcanoes moving away from the hot spot in the direction of seafloor
spreading. Such an age progression is clearly documented for e.g. the Hawaiian chain. To
date, an increasing number of intraplate volcanic centers have been ascribed to hot spots.
Burke & Wilson (1976) identified a global pattern of not less than 122 hot spots, active during

the past 10 Ma, within both the oceanic and continental plates.

The Cameroon Volcanic Line (CVL) is the only known intraplate alkaline province
which straddles a continental margin. The CVL comprises a genetically related series of Ce-
nozoic intraplate volcanoes that extends for 1600 km from the island of Pagalu in the South
Atlantic Ocean to the continental interior of West Africa (fig. 1.2). There are 12 main vol-
canic centers which range in age from 30 Ma to present (Fitton & Dunlop, 1985) and 17 ano-

rogenic ring complexes in the continental sector with ages ranging from 66 to 30 Ma (Fitton,
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1987), (Kraml ef al., 2001). The northern end of the continental part of the CVL is marked by

the Cenozoic volcanics of the Biu Plateau, Nigeria.
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Fig. 1.2: Geological map showing the eruption ages of the major volcanic centers of the Cameroon
Volcanic Line and the Gulf of Guinea (adapted from Fitton & Dunlop (1985) and Dautria & Girod (1987)). Ages
compiled from Fitton & Dunlop (1985), Halliday et al. (1990), Lee et al. (1994) and Ngounouno et al. (1997).
The Jos volcanics are shifted ~400 km to the NW of the line axis and are usually not included in CVL magma-
tism. However, no occurrence of continental Cenozoic volcanism (black areas in lower right insertion) has been
recorded west of the Jos Plateau. Sample locations are indicated as black (Biu Plateau) and white star (Jos Pla-

teau).
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Magmatism of the CVL cannot be a simple expression of the African plate sliding
over a fixed mantle hotspot because there has been no systematic change in the focus of
magmatism for 30 Ma and plio/pleistocene volcanism younger than 5 Ma is dispersed all
along the line (e.g. Pagalu, Bioko, Mt. Cameroon, Jos and Biu Plateau). Fitton (1980) showed
that basaltic rocks in the oceanic and continental sectors are geochemically and isotopically
(Sr, Nd) similar and suggested that a line or zone of hot asthenospheric mantle is upwelling
underneath the CVL, forming the source magmas without any substantial involvement of the
overlying lithosphere. Given that the CVL deep mantle source is of elongated rather than
punctual shape, the occurrence of contemporaneous oceanic and continental alkaline volcan-
ism within a single province makes the CVL a unique area in which to study the differences,

if any, between the suboceanic and subcontinental mantle sources for alkali basalt.

In a combined Nd, Sr, Pb and O isotopic study, however, Halliday et al. (1988) found
a distinctive *°°Pb/***Pb-anomaly focused at the CVL continent/ocean boundary (c.0.b.),

which diminishes over a distance of 400 km to either side (fig. 1.3).
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Fig. 1.3: Map showing the definition of the continent/ocean boundary region. The mean ***Pb/***Pb of

the <10 Ma lavas is given for each locality (taken from Halliday et al., 1990).



Introduction 6

Halliday et al. (1990) attributed this HIMU-signature (high p = high **U/***Pb, lead-
ing to time-integrated high “°°Pb/**'Pb) to be inherited from relatively recent U/Pb-
fractionation during impregnation of the uppermost mantle by the St. Helena hot spot, be-
cause a) the authors did not find significant differences in the range of **’Pb/**'Pb between
individual CVL volcanic centers, suggesting a 'young' fractionation and b) the c.0.b., as in-
ferred from plate reconstructions (Fitton, 1980), was directly underlain by the St. Helena
plume at ~125 Ma when the Equatorial Atlantic opened. To account for the increase in U/Pb
and Ce/Pb, while maintaining uniform Ba/Ce and Ce/U ratios in the mesozoic CVL litho-
sphere, Halliday et al. (1995) proposed a source region of the metasomatic agent that contains
small amounts of residual sulfide (plus amphibole and phlogopite). Sulfide is thus far the only
mantle phase known with high partition coefficients for lead (Shimazaki & Maclean, 1976),
and therefore may fractionate U/Pb ratios, if sulfide remains in the melt residuum (for sulfide
capacity of silicate melts see e.g. Wendlandt (1982), Mavrogenes & O'Neill (1999) and
O'Neill & Mavrogenes (2002)). In summary, the observed Pb-isotope heterogeneities of CVL
magmas were proposed to be derived from remelting of variably metasomatized lithosphere

rather than reflecting primary asthenospheric source heterogeneities.

In a study of three islands of the oceanic sector of the CVL (Principe, Sdo Tomé and
Pagalu) Lee et al. (1994) found evidence for an age progression of the oldest lavas erupted on
each island, consistent with the motion of the African Plate. Lee et al. (1994) explained the
observed space-time variations in isotopic ratios by the gradual incorporation of a HIMU
component into a common source, which was suggested to be best represented by the island
of Pagalu. Because the inferred DMM/EM1 components were interpreted to be homogenized
differently in different islands, Lee et al. (1994) suggested that each island is supplied by in-
dividual plumes sharing a common origin, and proposed a new model where the CVL origi-
nates from a sublithospheric enriched 'hot zone', periodically fed and melted by deep mantle
plumes. Hafnium isotope data of Ballentine et al. (1997) suggests that the CVL basalts were
derived from a mantle source that was basically uniform over its whole length based on their
isotopic homogeneity, but upon which a symmetrical pattern of enrichment has been super-
imposed. The authors argued that the heterogeneity in Pb isotopic composition was not the
result of variable incorporation of HIMU components in the mantle source, therefore contra-
dicting the model of Lee et al. (1994). Whatever the role of the lithospheric mantle in the

genesis of CVL magmas may be, there is clear isotopic evidence for interaction with the con-
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tinental crust in some CVL lavas of the continental sector (Marzoli ef al., 1999), and it is not

clear if and to what extent primitive magmas are also affected by lithospheric processes.

1.3.2. The source of CVL magmatism

Recent investigations connect the upsurge in hotspot volcanism on the African plate

with its significant deceleration to 20 +£1 mm/a since 19-30 Ma (O'Connor et al., 1999) which

may be due to the beginning collision with the Eurasian continent at 38 Ma (Silver et al.,

1998). According to England & Houseman (1984), this is approximately the critical speed at

which a transition from heat transfer via large scale circulation to heat transfer via thermal

plumes rising from the lower boundary layer occurs (cf. fig. 1.4), therefore giving an explana-

tion for the onset of CVL activity at that time.
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Burke (2001) proposed a plate-wide shallow mantle convection system to account for
the regular spacing of CVL 'swells', which presumes complete arrest of the African plate.
However, the difficulty in constraining African plate motions is the precise dating of the onset
of volcanism in a particular magmatic province, which may or may not be in accordance with
a migrating plate (Marzoli et al., 2000). Ebinger & Sleep (1998) proposed a single plume im-
pact beneath the Ethiopian plateau and subsequent sublithospheric 'channeling' of plume ma-
terial as explanation for the onset of Cenozoic magmatism throughout central Africa. In sum-
mary, however, all previous work suggests that the whole CVL shares a common deep source,

variably modified by shallow sublithospheric and/or lithospheric processes.

1.3.3. The Benue Trough

The Benue Trough forms the major part of a NE-SW trending sedimentary basin, 50-
150 km wide, which extends for over 1000 km from the Niger delta to Lake Chad (cf. table
2.1). Its northern end is y-shaped, formed by the E-W trending Yola rift and the north trending
Gongola rift. It is part of the West and Central African Rift System (Fairhead, 1988), (Popoft,
1988), whose origin is linked to the opening of the Equatorial Atlantic, which in turn was initiated
in the latest Jurassic (Niirnberg & Miiller, 1991). The Benue trough has been interpreted as a
failed arm of a RRR triple junction (Burke & Dewey, 1974), or the faulted arm of a RRF system
(Popoff, 1988). More recent data suggest a more complicated origin where transtensional tecton-
ics appear to have dominated the evolution of the trough from the Aptian to present, except for major
compressional episodes of short duration in the Santonian and at the end of the Cretaceous

(Benkhelil, 1989).

The main features of the Benue trough are a thick layer up to 6500 m of cretaceous sedi-
ments, a broad positive gravity anomaly attributable to Moho uplift, and associated Mesozoic to
early Cenozoic magmatism, which can be divided into two principal domains. In the Northern
Benue, magmatism is characterized by transitional alkaline and tholeiitic basalts and some dis-
persed peralkaline acidic rocks with ages ranging from 147-106 Ma (Maluski et al., 1995). The
Southern Benue shows two additional episodes with alkaline intrusive rocks of 97-81 Ma age,
and alkaline intrusions followed by tholeiitic subvolcanoes of 68-49 Ma age (Maluski et al.,
1995). Maluski et al. (1995) suggest that the Mesozoic to Cenozoic magmatism of the Benue
Trough constitutes a step in a general N to S direction from the Mesozoic alkali ring complexes of
the Jos Plateau which were emplaced at ~170 Ma (Dickin et al., 1991), to the Cenozoic volcanism of

the CVL. In a subsequent paper of Coulon et al. (1996), the isotope systematics of Benue trough
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basalts were explained by mixing of EM1, DMM and HIMU components, similar to the work of
Lee et al. (1994) and thus linked to the genesis of the CVL, whereas involvement of continental
crust in the genesis of the lavas was considered insignificant. In the Northern Benue magmatism
restarted in the Miocene with intrusion of trachyte-phonolite plugs which have been dated by

Grant et al. (1972) between 22-11 Ma and proceeded with the magmatic province of the Biu Plateau.

1.3.4. The Biu and Jos Plateaus

Samples of basalts and megacrysts were collected from the Biu and Jos Plateau in Ni-
geria (cf. symbols in fig. 1.2). The Biu Plateau defines the end of the NNW branch of the conti-
nental CVL and is also situated at the structural and topographic divide between the Benue and
Chad basins. Although the Jos Plateau is usually not assigned to CVL volcanism because of its

offset to the line axis, it has a similar volcanic history and geochemistry.

According to Turner (1978), the Biu Plateau mainly overlies basement rocks (see
chapter 2.1.4), whereas to the W and N, basalts of the Biu Plateau have spread over creta-
ceous sediments, mainly arkosic Bima sandstone. The Biu Plateau was constructed in three
stages during two periods of volcanism: 1) An early fissure type eruption and 2) formation of
relatively large tephra ring volcanoes and building up of localized thick lava piles (up to 250
m) in the southern part of the plateau. Lavas of this plateau building stage range in composi-
tion from hypersthene-normative basalt to basanite and K/Ar-ages range from 5.35 to 0.84 Ma
(Grant et al., 1972), (Fitton & Dunlop, 1985). Extensive weathering and laterite formation
suggests a break period after this episode. 3) Resumption of igneous activity with formation
of over 80 NNW-SSE aligned cinder cones with similar chemistry to earlier basalts. A rough
estimate of the age of the last magmatic period is <50,000 years based on diffusional con-
straints of He in mantle xenoliths of the CVL (Barfod et al., 1999) and >25,000 years based
on pollen dating of maar sediments from the Biu Plateau (Salzmann, 2000). Although the
younger volcanoes of the Biu Plateau are prominent landscape features, individually they are
only small volcanic structures. Many of them are quite typical cinder cones, examples include
some of the most prominent peaks: Pelamabelu and Ga Tila. Others are broader and lower
with wide flat crater floors corresponding more closely to tuff cones and rings (e.g. Miringa),

or cut into country rock below general ground level (maars, see pic. 1-3).

As with the Biu Plateau, volcanic activity of Jos Plateau (located approximately 400

km to the NW of the central CVL axis, cf. fig. 1.2) occurred during two periods and thus the
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basalts have been divided into an earlier and more recent group (McLeod ef al., 1971). There
are no isotopic age determinations available for the older basalts, however, Wright (1976)
suggests a palaeocene age, roughly synchronous with the Benue Trough folding and uplift.
The more recent activity formed a group of 22 cinder cones. Radiometric K-Ar ages (Grant et

al., 1972) suggest, unlike on the Biu Plateau, continuous volcanism between 2.1 - 0.9 Ma.

1.3.5. The basement

The Biu Plateau lies mainly on granite, gneisses and charnockitic rocks of the Pan-
African basement complex of Nigeria, and on the cretaceous Bima sandstones of the Benue trough
in the north and west. Radiometric ages of Nigerian basement rocks have been presented by
e.g. Dickin ef al. (1991), Dada (1998), Van Breemen et al. (1977) and Kroner et al. (2001).
They cluster around 3.5, 3.1-3.0, 2.7-2.5, 2.1-1.8 Ga and a main tectonometamorphic imprint
on most crystalline rocks of the Nigerian basement in Pan-African (~600 Ma) times. Protolith
Nd model ages may reflect mean crust residence ages with contributions from juvenile material
and reworked older Archaean crustal components when there is no independent indicator of a major

crustal formation event at that time.

The Jos Plateau is underlain by anorogenic ring complexes with peralkaline to subalu-
minous granites of Mesozoic ages (~170 Ma, Dickin et al. (1991)). Average crustal residence times
of these rocks based on Sm/Nd isotope analyses yield ~1.8 Ga, consistent with other basement model
ages. Two granulite enclaves from the CVL analyzed by Halliday et al. (1988) yield model ages of 1.47
and 2.09 Ga, which are within the same range as the Jos Plateau samples and therefore suggest a
similar basement. However, the Sr isotope composition of the inclusions is less radiogenic, pos-

sibly because they represent Rb-depleted lower crust (Dickin ez al., 1991).

1.4. Appendix: Glossary of mantle components

The long-term chemical heterogeneity of the Earth's mantle was demonstrated by the
earliest surveys of radiogenic isotopes in oceanic basalts (Faure & Hurley, 1963), (Hedge &
Walthall, 1963), (Gast et al., 1964). Subsequent detailed studies revealed several fundamental
geochemical differences between mantle-derived magmas erupting at ridges and hot spots

(e.g. Hart et al. (1973), Schilling (1973), Zindler et al. (1979), Poreda et al. (1986)). These
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differences were consistent with a fairly simple model, in which the source of mid-oceanic
ridge basalts (MORBs) had a prior history of melt extraction to form the continental crust
(CC), whereas the variable geochemistry of ocean-island basalts (OIBs) was explained by
mixing of the depleted upper mantle (DMM) with 'primitive' mantle (DePaolo & Wasserburg,
1976), (O'Nions et al., 1979), (Allegre et al., 1979). This conceptual model essentially defines
three different reservoirs. Primitive mantle is identical to the bulk silicate Earth (BSE), which
is the bulk Earth composition minus the core. Continental crust is the product of melt extrac-
tion from a portion of the original primitive upper mantle, which left the depleted upper man-

tle as the third reservoir.

However, further survey work on hot spots revealed a large number of distinct hot spot
components, which could be circumscribed by a small number of mantle end-members with
enriched geochemical signatures (e.g. White (1985), Zindler & Hart (1986), Allegre et al.
(1987)). Zindler & Hart (1986) showed that the entire isotopic database for the oceanic mantle
could be described by the DMM and three enriched components (EM1, EM2, HIMU), with all
other compositions created by mixing. Hart (1988) reviewed the possible mixing relationships
between these various components. The interpretation of the isotope and trace element charac-
ter of the enriched mantle components is centered around the hypothesis that subducted mate-
rial 1s recycled and incorporated into the sources of ocean island basalts (mantle plumes), as
proposed by Hofmann & White (1982). The heterogeneities in OIBs may thus originate from
different types of recycled materials in their sources. For example HIMU (HIMU: high p =
high Z*U/**Pb, leading over time to high *°°Pb/***Pb ratios) is often attributed to recycled
oceanic crust. Pelagic and/or terrigeneous sediment appears often to be subducted along with
the oceanic crust, supposedly giving rise to the enriched 'flavors'’ EM1/EM2. Varying
amounts, types, and ages of subducted sediment may be responsible for some of the geo-
chemical variety displayed by plumes. A compilation of the trace element compositions of
mantle components and average continental crust, along with their composition in Sr-Nd-Pb

isotope space is given in fig. 1.5 (taken from Hofmann (1997)).
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compatibility and normalized to primitive-mantle concentrations, in average continental crust, average MORB,
and three types of OIB: average Mauna Loa (Hawaii), average Tristan and Inaccessible Island representing EM1,
and Tubuai representing HIMU islands. b-d) Isotopic compositions of MORB and OIB, with extreme HIMU,
EMI1 and EM2 samples marked in red, brown and yellow colors, respectively. HIMU samples are arbitrarily
defined by having *Pb/***Pb >20. Also marked are the compositions of the 'primitive mantle' (PRIMA) and the
proposed common mantle components of most plumes 'FOZO' and 'C'. The solid line labeled 'geochron' marks
the locus of possible primitive mantle values assuming an overall age of the mantle of 4.50 Ga. UCC and LCC
mark average compositions of upper and lower continental crust, respectively (taken from Hofmann (1997) and

references therein).

Work on mantle xenoliths and peridotite massifs from the continental lithosphere re-
vealed an alternative origin for enriched components. Melt-fluid-rock interactions (so-called
mantle metasomatism) can create enriched compositions whose current (or time-evolved) iso-
topic compositions resemble many of the enriched mantle end-members (cf. Morris & Pasteris
(1987), Menzies & Hawkesworth (1987), Nixon (1987) and references therein). However,

recent studies have shown that the osmium isotope composition of the SCLM is quite differ-
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ent from that of mantle plumes (for a recent review of the Re-Os isotope system, see Shirey &
Walker (1998)). Because mantle plumes come in several geochemical varieties, it is possible
that both mechanisms operate. Indeed, other as yet unknown processes may be involved as

well.
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CHAPTER 2: ORIGIN OF MEGACRYSTS IN VOLCANIC ROCKS OF THE CVL

2.1. Introduction

One way of constraining the role of shallow contamination in a suite of lavas is to
compare the isotopic composition of the lavas with cogenetic phenocrystic or xenocrystic
phases that precipitated within the mantle. Lavas from Biu and Jos Plateau, northern CVL,
contain abundant megacrysts of clinopyroxene (cpx), garnet (gnt), plagioclase (plag) and il-
menite (ilm), and subordinate megacrysts of amphibole (amph), spinel (sp), zircon (zr), co-
rundum (cor), phlogopite (phlo) and olivine (ol). In this chapter, petrologic and petrographic
evidence is presented, which shows that at least cpx and gnt megacrysts precipitated from
recent CVL magmas within the lithospheric mantle, and constrains the role of magma mixing

in the genesis of lavas from the Biu and Jos Plateau.

2.2. Results

2.2.1. Volcanic rocks of Biu and Jos Plateau

Major element, trace element and isotope data were obtained for 27 volcanic rocks
from the younger Biu Plateau suite, 4 rocks from the older, plateau-building suite of the Biu
Plateau, and 5 rocks from the younger Jos Plateau suites (see tables B.7. and B.19.). Analyti-
cal accuracy and precision is reported in tables B.8., B.18., B.20. and B.21. Only the younger
suites of the Biu and Jos Plateau contain xenoliths (peridotites, pyroxenites and crustal rocks,

see pic. 4-6) and megacrysts.

In the discrimination diagram of Le Bas et al. (1986), most Biu and Jos Plateau rocks
are classified as basalts and include both nepheline- and hypersthene-normative compositions
(fig. 2.1). The older plateau-building rocks of the Biu Plateau range from basanites to
trachybasalts. In contrast, the younger volcanics have more variable chemistry ranging from
basanites to phonolites. Figure 2.2 shows covariations of the major elements plotted versus

MgO.
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Fig. 2.1.: Total alkali versus silica discrimination diagram of Le Bas et al. (1986). Triangles: Biu young
lavas, diamonds: Biu old lavas, squares: Jos lavas, grey dots: melt inclusions found in Biu ilmenite megacrysts.
Most rock samples (literature and own data) are alkaline basalts. Both younger Biu and Jos Plateau lavas show

fractionation paths towards phonolite. Phonolites carry inclusions of mantle xenoliths, suggesting phonolite

evolution within in the mantle (Irving & Price, 1981).
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Fig. 2.2: Covariation of major elements of Biu and Jos Plateau rocks plotted vs. MgO. Coding as in fig.

2.1. FeO* = total Fe as FeO. Progressive fractionation is proceeding from right to left.

Although the cinder cones are only small volcanic structures that produced <2 km? lava
(Turner, 1978), rock samples from a single location can be chemically heterogeneous. For ex-
ample, two samples from a single cone (Dam) are basanite and trachybasalt, respectively. Il-
menite megacrysts from a rock of basaltic trachyandesitic composition (Miringa) contain melt
inclusions of a more evolved trachyandesitic composition. This highlights the importance of

magma mixing processes in the genesis of the younger rocks.
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Typical primitive mantle (McDonough & Sun, 1995) normalized trace element pat-
terns for Biu and Jos Plateau samples are shown in fig. 2.3. Although all Biu and Jos rocks
(except the phonolite) have trace element patterns similar to typical ocean island basalt pat-
terns (cf. St. Helena basalt SH68 (Thirlwall, 1997) in fig. 2.3) with positive Nb and negative
Pb anomalies, they are overall more enriched in incompatible elements than typical OIB. The
melt inclusions found in ilmenite megacrysts are highly enriched in incompatible trace ele-
ments but depleted in the heavy rare earth elements, possibly indicating garnet fractionation in
the genesis of the melts. The phonolite pattern is most enriched, but shows large negative
troughs in phosphorus and titanium, pointing to fractionation of apatite and Fe-Ti-oxides. It
lacks, however, a negative europium anomaly, indicating that plagioclase was not a major

fractionating phase in phonolite genesis.
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Fig. 2.3: Primitive mantle normalized trace element patterns for rock samples of Biu and Jos Plateau,
along with a basanite pattern from St. Helena (Thirlwall, 1997), and the HREE depleted pattern of mean melt

inclusions found in Biu ilmenite megacrysts (solid line, no Rb and Pb determinations available).

Two samples seem to be affected by late-stage alteration because of their unusual low
U/Nb (Hilia 2), or low K/Rb (Hizshi), respectively. Excluding the two altered samples and the
phonolite, La/Yb, Zr/Nb, Ce/Pb and K/U ratios are similar for Biu and Jos lavas and range
from 17.6 — 63.8, 2.8 — 4.1, 23.5 — 38.8 and 6060 — 12200, respectively. While La/Yb and

Zr/Nb ratios are comparable to ratios reported for HIMU-type ocean island basalts worldwide
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(e.g. Sun & McDonough (1989), Weaver (1991), Thirlwall (1997)), Ce/Pb and K/U ratios are
highly variable and cover the full range from MORB to HIMU.

2.2.2. Megacrysts — major element systematics

Detailed chemical analyses of megacrysts from Biu and Jos Plateau are presented in
tables B.9.-B.17 and B.22. The megacryst-suite of Biu and Jos Plateau was described in detail
by Wright (1970) and Frisch & Wright (1971) and comprises chemically homogeneous crys-
tals of clinopyroxene (cpx), garnet (gnt), plagioclase (plag) and ilmenite (ilm) with diameters
of up to several cm, while crystals of olivine (ol), amphibole (amph), spinel (sp), apatite (apa),
zircon (zr) and blue corundum (cor) are extremely rare. Only ilmenite, spinel, zircon, corun-

dum and evolved compositions of cpx occasionally show planar faces.

The most abundant phase is a subcalcic titaniferous aluminous augite with poor cleav-
age, conchoidal fracture and a glassy appearance on freshly broken surfaces (pic. 7). Megac-
rysts as a whole define smooth trends in major element variation diagrams (fig. 2.4). In thin
section cpx megacrysts occasionally show signs of deformation and frequently channels of
fluid inclusions (pic. 8, 9). Furthermore, some contain small drop-shaped polyphase as-
semblages of Fe-Cu-Ni-sulfides (pic. 10, 11), which may or may not be orientated along crys-
tallographic planes. A preliminary EDS study revealed three different S-bearing phases,
namely pyrite, pyrrhotite and chalcopyrite. The sulfide grains are similar to the pyroxenite-
hosted sulfide suite described by e.g. Guo ef al. (1999) and are consistently interpreted as ex-
solution from monosulfide solid solution that was initially present as an immiscible sulfide
liquid during growth of the megacrysts. Frequently observed are intergrowths between cpx
and garnet in a magmatic cumulus texture (pic. 12, 13), whereas the range of chemical com-
positions of cpx and gnt in the intergrowths overlaps the range of compositions of cpx and gnt
found as solitary crystals (fig. 2.4). Only most evolved cpx compositions are sometimes inter-
grown with plagioclase and apatite (pic. 14). When in contact with the host melt, evolved cpx

compositions show breakdown reactions (pic. 15).
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Fig. 2.4: Covariation of Al,O; (a), CaO (b), Na,O (¢) and Cr,O; (d) with mg# of cpx megacrysts (mg#
= molar MgO/(MgO+FeQ)). Filled circles: Biu Plateau, open circles: Jos Plateau, triangles: cpx intergrown with
garnet, diamonds: cpx intergrown with plagioclase and apatite. Filled stars mark cpx from pyroxenite xenoliths,
open stars cpx from sp-lherzolite xenoliths. Megacrysts as a whole define smooth trends consistent with frac-
tional crystallization from an evolving magma. Individual grains, however, are chemically unzoned. In terms of
their major element chemistry, cpx derived from lherzolite xenoliths are different from megacryst cpx in their
overall higher mg#, and lower Al,O; and higher CaO. There is a compositional gap between cpx with mg# 85-70
and a group of evolved cpx with mg# of ~60, which are sometimes intergrown with plagioclase and apatite. Only
cpx with mg# lower than ~80 are sometimes intergrown with garnet, suggesting a kink in the CaO trend (stippled
line in b). Cpx from the Jos Plateau comprise the most primitive compositions and have somewhat higher Na,O

for a given mg# than Biu cpx.

Solitary crystals of garnet are solid solutions of pyrope (61-73 wt%), almandine (14-
23 wt%), grossular (5-10 wt%) and andradite (see chapter 2.2.4 for analyses of Fe’"). The
crystals display the same homogeneous nature as cpx, some of them have an identical sulfide
inclusion suite as cpx. Larger unfragmented pieces of several centimeters diameter are well
rounded by magmatic resorption and show reaction rims of usually <100 pm, which extend

into the crystal along cracks (pic. 16, 17).
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net that formed as exsolution in the pyroxenite has lower TiO, and higher MnO for a given mg#. The kink in

TiO, concentrations may be due to the onset of additional ilmenite fractionation. Few solitary grains of gnt with

mg# ~78

also show low TiO,, but their origin as exsolution cannot be proved.

Abundant ilmenite megacrysts are solid solutions of FeTiO; (54-65 wt%), MgTiO; (6-

15 wt%) and Fe,O3 (20-40 wt%) and often show planar faces (pic. 18). [lmenite that formed

as exsolution from cpx differs from megacrysts in its higher MgTiO; (24-34 wt%) contents.

Ilmenite is the only phase in which melt inclusions (evolved benmoreitic compositions) were

observed (pic. 19).
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Fig. 2.6: Ilmenite megacrysts in the ternary system hematite — geikielite — ilmenite.
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Plagioclase megacrysts are clear crystals of oligoclase to andesine with a mean of anys
(pic. 20). They often are rounded by magmatic resorption. Plagioclase intergrown with
evolved cpx defines the most calcic compositions, but is indistinguishable from larger solitary

crystals of up to several centimeters in size.

Ang,

Fig. 2.7: Plagioclase megacryst compositions in the high temperature system orthoclase (or) — albite

(ab) — anorthite (an). Triangles mark intergrowths with cpx.

2.2.3. Megacrysts — trace element systematics

Figure 2.8 shows the chondrite-normalized trace element concentrations for cpx and
gnt megacrysts. All of them were found to be chemically unzoned within error of trace ele-
ment analysis. The most primitive cpx compositions of Biu and Jos Plateau with mg# of 84-
75 are similar. Decreasing mg# of cpx is correlated with enrichment of the highly incompati-
ble elements, but heavy rare earth elements (HREE) show progressively fractionated patterns
with Tm, Yb and Lu below detection limit of the ionprobe. Figure 2.8 also includes patterns
of a cpx from a spinel-peridotite xenolith which is distinct from megacryst cpx in its more
depleted pattern, and a cpx from a pyroxenite xenolith which is similar in shape but overall
more enriched for a given mg# and has troughs in Ti and Nb concentrations. Both xenoliths

were brought to the surface along with the recent Biu Plateau volcanism.
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Fig. 2.8: Chondrite (McDonough & Sun, 1995) normalized trace element pattern of cpx (a) and gnt (b)
megacrysts measured by SIMS. Evolved cpx and gnt compositions have fractionated HREE with Tm, Yb and Lu
below DL for cpx. There is no detectable difference between the most primitive Biu and Jos Plateau megacrysts
which points to a common source magma. Lherzolite-derived cpx is markedly different from megacryst cpx in

its depleted pattern, pyroxenite-derived cpx shows higher trace element concentrations for a given mg# and rela-

tive depletions in niobium and titanium.
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2.2.4. Megacrysts — moessbauer spectroscopy

Calculations of Fe*" in e.g. cpx megacrysts based upon charge balance (Droop, 1987)
should generally handled with care because of the possible involvement of vacancies in the
cpx structure and/or imprecision in the microprobe determination of SiO, (McGuire et al.,
1989). McGuire et al. (1989) found uniformly high Fe’*/Fe, of 30 £3% in cpx megacrysts
from western Saudi Arabia, as opposed to what would be expected from low mantle oxygen
fugacities. Because precise determinations of Fe'™ are crucial in the application of Fe*"-Mg
exchange thermometers (e.g. the one of Krogh (1988) which was used in this study), we ana-
lyzed a suite of cpx and garnet megacrysts using moessbauer spectroscopy. The results are
given in tables B.9 and B.10. Figure 2.9 compares the results from moessbauer spectroscopy

with those calculated by charge balance.

Fe*'/sFe in cpx megacrysts Fe*'/SFe in gnt megacrysts
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Fig. 2.9: Comparison of Fe*'/Fe, in cpx (a) and gnt (b) megacrysts measured by moessbauer spectros-
copy with calculated values based on crystal charge balance (Droop, 1987). There is good agreement for evolved
cpx megacrysts. However, there is considerable scatter in the calculated data for more primitive cpx composi-
tions. There is practically no variation of Fe**/Fe,, in gnt megacrysts, in contrast to the results from charge bal-

ance calculations.

Indices of progressive fractionation such as e.g. decreasing mg# or increasing TiO, are
correlated with increasing Fe*" in cpx megacrysts, which may be used to calculate Fe** (and
Fe®) for any given cpx megacryst from Biu and Jos Plateau. Together with the absence of
significant variation of Fe*"/Fe,y in gnt megacrysts, accurate input values for thermobaromet-

ric equations may be derived.
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2.3. Discussion

2.3.1. Fe’" and calculation of temperatures

The high pressure experimental data on which thermobarometric equations are cali-
brated are mostly derived from runs in graphite capsules. Fe’"/Fe*” equilibrium of the experi-
mental charge therefore is buffered on the GCO oxygen buffer. In their subsequent inversion
of the data to thermobarometric expressions Putirka et al. (1996) and Krogh (1988) did not
apply Fe*"-corrections based upon the reducing nature of the GCO buffer and hence low con-
centrations of Fe*". Using the GCO calibration curve of Ulmer & Luth (1991), one calculates
log(fO,) = —6.8 at T = 1400°C and P = 20 kbar. Off-craton peridotites record a range of oxy-
gen fugacities during depletion of ~NNO to NNO-3 (Canil, 2002) (NNO = nickel-nickeloxide
oxygen buffer). Assuming a mean of NNO-1.5, 1400°C and 20 kbar this translates to log(fO.)
=—-6.7 (O'Neill & Wall, 1987), which is very similar to the experimental conditions of Putirka
et al. (1996) and Krogh (1988). It is concluded that the mentioned thermobarometric expres-
sions give accurate results for the more primitive cpx and gnt compositions without correcting
for Fe’*. However, this may not be true for the highly evolved cpx compositions with
Fe’/Feyy of as much as 35%. For example, taking the most evolved cpx/gnt intergrowth, one
calculates an uncorrected temperature of 1387°C at P = 20 kbar, which is similar to most
primitive cpx/gnt intergrowths. If correction for Fe’* is applied, the calculated temperature
decreases to 1097°C. Because we will show in a later section that the megacrysts are related
by fractional crystallization (which requires decreasing temperature, cf. fig. 2.10), we con-
clude that the Fe'-corrected results are more realistic for evolved megacrysts. However, no

correction for primitive megacrysts is applied.

2.3.2. Origin of megacrysts - cogenetic or exotic to their host magma?

Different models for the genesis of megacrysts in alkaline basalts and kimberlites have
been proposed and were summarized by e.g. Schulze (1987). Megacrysts could represent
xenocrystic phases derived from disaggregated peridotite-, pyroxenite-, or gabbroic xenoliths
(Irving, 1974), (Righter & Carmichael, 1993), or they could be magmatic phases from an ear-
lier magmatic event unrelated to the volcanism, which brought them to the surface (Liotard et
al., 1988), (Capedri et al., 1989), (Davies et al., 2001), or they could be genetically related to
their host lavas (Green & Ringwood, 1967), (Binns, 1969), (Binns et al., 1970), (Frisch &
Wright, 1971), (Wilkinson, 1975), (Irving & Frey, 1984), (Jones, 1987), (Moore, 1987),
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(Geist et al., 1988), (Wilkinson & Hensel, 1991), (Hops et al., 1992), (Liu et al., 1992a), (Liu
et al., 1992b), (Nasir, 1995), (Schulze ef al., 2001). Much of the discussion in literature was
based upon comparison of isotope systematics or trace element concentrations of lavas and
megacrysts. However, petrologic and petrographic evidence may be better suited to constrain
the origin of some megacryst suites, because i1sotopic compositions and trace element budgets
of the lavas may be modified subsequent to megacryst formation. In this section, these possi-

bilities are evaluated for the megacrysts of the Biu and Jos Plateau.

Lavas from the Biu and Jos Plateau contain abundant upper mantle xenoliths, raising
the possibility that associated megacrysts represent disaggregated phases of such peridotite
and/or pyroxenite xenoliths. However, megacryst major element compositions and their sys-
tematic covariations (cf. fig. 2.4 and 2.5) are consistent with crystallization from an evolving
magma (Putirka et al., 1996), (Bultitude & Green, 1971), (Putirka, 1998), (Johnson, 1998),
(Hart & Dunn, 1993), (Green et al., 2000), (Rocholl et al., 1996), (Hauri et al., 1994), (Dunn,
1987), (Skulski et al., 1994).

Temperatures calculated from primitive cpx-gnt megacryst intergrowths using the
formulation of Krogh (1988) at an assumed pressure of 20 kbar, yield high temperatures of
1429 £37°C. A change of +5 kbar in the pressure estimate translates into a shift of tempera-
ture of +30°/-56°C. The most evolved cpx-gnt megacryst intergrowth yields a Fe**-corrected
temperature of only ~1100°C (cf. fig. 2.10). This is comparable to ambient lithospheric tem-

peratures as recorded by spinel-lherzolite xenoliths from Biu Plateau (Lee ef al., 1996), which

yield a mean temperature of ~1000°C.

A A}

Fig. 2.10: Covariation of cpx,
+plag, iim, apa

gnt and amphibole (potassian-titanian
pargasites) megacrysts in the Ca-Mg-
Fe quadrilateral. All Fe as FeO. Cod-
ydecreaqsi ing as before with intergrowths of
megacrysts connected by tie-lines. The
appearance of amphibole in the frac-
tionating assemblage is consistent with
an upper temperature limit of mag-

matic  amphibole of ~1250°C
(Huckenholz et al., 1992).
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In summary, the compositional differences between pyroxenite- or peridotite-derived
cpx/gnt and the megacrysts shown in fig. 2.4, 2.5, 2.6 and 2.8 and the range of magmatic tem-
peratures recorded in cpx/gnt intergrowths (fig. 2.10) preclude formation of the megacrysts

via simple xenolith disaggregation.

Because magmatism on both the Biu and Jos Plateau occurred in several time periods,
we also have to evaluate the possibility that megacrysts could be cognate to an older mag-
matic event (the 147-106 Ma event in the northern Benue, cf. chapter 2.1.2) and were me-
chanically incorporated into the recent volcanism which brought them to the surface. The
megacrysts preserve magmatic textures and temperatures and lack compositional zoning or
exsolution lamellae. The pyroxenite xenolith on the other hand is similar to those studied by
Sautter & Harte (1988), Sautter & Harte (1990), Sen & Jones (1988), Wilkinson & Stolz
(1997), in that it shows (in contrast to any megacryst) exsolution lamellae of gnt and ilm in
matrix cpx, strong diffusional gradients towards the lamellae, and a recrystallized metamor-
phic texture in parts of it (pic. 21,22). The temperature estimate for the cpx-gnt exsolution
interface in the pyroxenite of ~900°C represents a freezing temperature, because further cool-
ing to ~630°C is indicated by cpx-sp thermometry (Andersen et al., 1993). The history of this
pyroxenite xenolith is therefore interpreted as initial formation as cpx-sp-ilm accumulate from
a basaltic liquid and subsequent isobaric cooling from high initial temperatures down to am-
bient lithospheric temperatures. Such cooling leads to decreasing subsolidus aluminium- and
titanium-solubility in cpx (Herzberg, 1978), (Velz, 1999), (Sepp & Kunzmann, 2001), and
ultimately exsolution of an Al- and/or Ti-rich phase such as garnet and ilmenite, respectively.
Because recrystallization, diffusional gradients or exsolution are not observed in cpx
megacrysts, it rules out the possibility that the megacrysts were precipitated by an earlier
magmatic event and stored in cooler lithosphere before eruption to the surface with the recent

volcanism.

Although it is difficult to give an upper time limit for the development of exsolution
lamellae in cpx, similar Hawaiian xenoliths with a maximum age of the lithosphere of 90 Ma
do show exsolution lamellae (Sen & Jones, 1988). More time constraints can be deduced from
the length of diffusion profiles of magmatic cpx-gnt megacryst intergrowths (fig. 2.11 and
pic. 23). The observed Fe-Mg concentration gradient in cpx adjacent to gnt would have been
generated by keeping the assemblage at a lithospheric temperature of e.g. 1000°C (mean of
xenolith data from Lee et al. (1996)) in only a few hundred years and thus the gnt-cpx assem-

blage cannot have been stored after precipitation at ~1400°C (defined by the plateau concen-
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trations) for any significant amount of time in cooler lithosphere. A complete rehomogenisa-
tion of initially colder material on the other hand can be ruled out based on the magmatic tex-

ture and lack of zonation in very slow diffusing species such as Al in cpx.
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Fig. 2.11: Diffusion profile perpendicular to cpx-gnt interface. 2c-error bars (~0.8% rel.) calculated
from counting statistics of EPMA. The fitted profile is a simple error function and is only dependant on time and
the binary Mg-Fe interdiffusion coefficient D, which is itself a function of temperature. The observed gradient
can be generated by keeping the assemblage at 1000°C in only 500 years, whereas a change of 100° of the ambi-
ent temperature translates into a time factor of ~10. The plateau concentration is homogeneous throughout the
crystal (~2mm) and therefore was used to calculate the initial equilibration temperature of cpx-gnt. Since all
relevant species have lower diffusivities in cpx than in gnt (Dimanov & Sautter, 2000), it is sufficient to look at

cpx profiles for it is the rate limiting exchange partner.

In summary, it is concluded that the magmatic textures, temperatures and lack of zon-
ing or exsolution lamellae indicate that the cpx and gnt megacrysts do not derive from an
older period of CVL volcanism. Therefore, the megacrysts must be derived from magmas
related to recent (~5 Ma to present) magmatism on Biu and Jos Plateau. The sequence of
megacryst crystallization is deduced on the basis of major element covariations in fig. 2.4,

2.5, 2.7 and 2.10 and the systematics of mutual intergrowths shown in fig. 2.10 as

CpX = cpx +gnt = cpx £gnt, amph = cpx £gnt, amph, plag, apa, ilm.
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2.3.3. Where did the megacrysts grow — pressure estimates

Pressure estimates for crystallization of megacrysts are not easy to obtain because of
the lack of a suitable barometer. However, results from high pressure experiments provide a
matching sequence of crystallization with consistent major element compositions during frac-
tionation of a basanitic/alkali-basaltic composition at upper mantle pressures. The pMelts co-
de (Hirschmann et al., 1998) can be considered a parameterization of such processes that is
especially well calibrated in the pressure range between 10 and 20 kbar. Figure 2.12 shows a
simplified calculated phase diagram for one of the most primitive lavas erupted on the Biu
Plateau, which is similar to the experimental olivine nephelinite data of Bultitude & Green

(1971).

With increasing pressure (above ~12 kbar) cpx replaces ol as the first liquidus phase
for the liquid chosen. Based on the absence of olivine megacrysts and high Ni and Cr contents
of most primitive cpx compositions, it is concluded that crystal fractionation started in the
primary stability field of cpx which requires pressures greater than ~12 kbar. If fractionation
took place at pressures corresponding to that at the base of the crust, we expect initial frac-
tionation of olivine and consequently depletion of Ni in the liquid remaining (fig. 2.13). How-
ever, the observed high concentrations of Ni in most primitive cpx megacrysts in fig. 2.13 are
not consistent with a low pressure fractionation history. Olivine present as small phenocrysts
in the host lavas on the other hand crystallized most probably during and after eruption to the
surface because of expansion of the olivine stability field at shallower pressure. This is con-
sistent with calculated olivine/whole-rock temperatures of 1220 (—40/+20) °C (Putirka, 1997).
(Equilibrium between olivine and whole-rock was assumed if calculated equilibrium olivine
compositions (with KDOI/qu_(Mg—Fe) = 0.30 £0.03 (Roeder & Emslie, 1970)) matched meas-

ured olivine phenocryst cores).
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Fig. 2.12: Calculated phase diagram for a primitive Biu Plateau alkali basalt using the pMelts code
(Hirschmann et al., 1998). At pressures above ~12 kbar cpx replaces ol as the first liquidus phase. Dotted line
marks locus of possible P,T-pairs for one cpx-gnt intergrowth. Phases in parenthesis (left side) are calculated
near-solidus fractionation assemblages at 10, 15 and 20 kbar respectively. The crust-mantle boundary (Biu: 30
km, Jos: 28 km) is based upon gravity data (Poudjom-Djomani et al., 1995). Note that for cpx and gnt to be near-
liquidus phases they have to fractionate in the mantle. An adiabatic ascending path (arrow) will not saturate the
magma in cpx or gnt. Addition of 0.5 wt% water will lower the solidus by ~40°K (Green, 1973), whereas addi-
tion of CO, will expand the liquidus phase volume of gnt against that of diopside and is therefore similar to in-

creasing pressure (Adam, 1988).
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Fig. 2.13: MgO vs. Cr (a), Ni (b) and Yb (c) of cpx megacrysts. Symbols as fig. 2.4. The equilibrium
and fractional crystallization models are calculated based on the phase proportions as predicted by the
pMelts/Melts codes at 20 kbars (HP - pMelts) and 8 kbars (LP - Melts), respectively. Distribution coefficients
were taken from Zack et al. (1997), Johnson (1998), McKenzie & O'Nions (1991), Nikogosian & Sobolev
(1997) and Mysen (1978). Every point in the model curve represents 5° cooling while numbers refer to the per-
centage of solids crystallized. a) An equilibrium type crystallization will not yield the low concentrations of

compatible elements (Cr and Mg) in the liquid and corresponding cpx. We also plotted the concentrations in a
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steady state (RTF) magma chamber (O'Hara & Mathews, 1981), which for reasonable mass fractions of liquid
crystallizing (x) and escaping (y) in each cycle also predicts too high Cr-concentrations. b) LP fractionation
starts out with olivine (~18 wt%) and quickly depletes the liquids in Ni, which is inconsistent with high Ni con-
centrations in primitive cpx megacrysts. ¢) The sharp bend in the HP model curve of Yb marks onset of addi-
tional gnt-fractionation and therefore confirms the involvement of gnt in the fractionating assemblage (filled
triangles). A low pressure fractionation path without involvement of gnt will not deplete liquids and cpx in

HREE and therefore is inconsistent with the data.
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Fig. 2.14: Major element variations in cpx megacrysts versus cpx compositions predicted by the pMelts
code (Hirschmann et al., 1998) at 20 kbar assuming fractional crystallization. The trends predicted for mg# 85 —
70 are in good agreement with the variations observed in the megacrysts as a whole. The kink in CaO of cpx
megacrysts in a) arises from onset of additional gnt fractionation (and not because of coexistence of opx), con-
sistent with our data. However, the calculation assumes constant pressure, which may not be the case in nature.
This may also be the reason for the poor fit of the highly evolved cpx megacrysts intergrown with plagioclase
and apatite. Although there is no systematic experimental data for the stability of magmatic plagioclase in

evolved liquids, available data suggests that these megacrysts have fractionated at shallower depths of <15 kbar.
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Inspecting the phase diagram in fig. 2.12 further, we find that at higher pressures of
~17-20 kbar cpx is joined by garnet upon isobaric cooling. The depletion in heavy rare earths
of evolved cpx (fig. 2.8a) is consistent with concurrent fractionation of garnet. In addition,
major element compositions of more primitive cpx (and gnt, not shown) calculated by the
pMelts code are consistent with those measured in the megacrysts (dotted curves in fig. 2.14).
Combining the phase diagram with the locus of possible P, T-pairs of one cpx-gnt intergrowth
calculated with the thermometer of Krogh (1988), we can further specify the formation pres-
sure of that intergrowth to be greater than ~21 kbar (stippled line in fig. 2.12).

If we assume that most primitive cpx and basanitic melts found at the surface were in
equilibrium at some point in their history, we can also use the cpx-liquid geothermometer of
Putirka et al. (1996) and iteratively calculate a consistent P, T-estimate of 22 kbar and 1380°C
from the most primitive cpx compositions from Biu Plateau and a slightly higher estimate of
23 kbar and 1390°C from the most primitive Jos Plateau cpx megacrysts. This result is rather

insensitive to the exact melt composition as long as it is a primitive basanite or alkali basalt.

Although each of the above pressure estimates is dependant on certain model assump-
tions, the results are encouragingly mutually consistent. In each case, the pressure estimate for
the primitive gnt and cpx megacrysts is ~17-23 kbar. Because the crust-mantle boundary un-
derneath the Biu/Jos Plateaus is constrained from seismic data to depths of only 28/30 (£6)
km or 8/9 (£2) kbar (Poudjom-Djomani et al., 1995), this requires that the megacrysts grew
well below the crust/mantle boundary, and we can therefore take the megacrysts as probes of

melt evolution within the mantle.

Even though the liquid chosen in fig. 2.12 is not in equilibrium with mantle phases
such as ol and opx at high pressure, it can be derived from a primary liquid such as the picritic
basanite of Bultitude & Green (1971) by initial fractionation of ~10% olivine, which might be
deposited in deep dunite channels leading from the area of magma formation to a magma
chamber in the lithospheric mantle. This is consistent with slightly depleted Ni concentrations
in the basanitic magmas of ~300 ppm as compared to 400-500 ppm in hypothetical primary
liquids that are in equilibrium with typical mantle olivine with ~3000 ppm Ni. The origin of
some rare large crystals of olivine that were collected on the Biu Plateau, with high forsterite
contents (fog ¢), strong internal deformation textures and abundant melt and fluid inclusions,
is as yet unclear. They may, however, represent fragments of dunite melt channels of the

higher parts of the magma feeder system.
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Since the majority of experimental data is obtained either from near liquidus condi-
tions in basaltic systems or near solidus conditions in peridotitic systems there are few data
published on evolved liquids which might shed some light on the genesis of ilmenite, albite-
rich plagioclase, zircon and corundum (Guo et al., 1996a), (Guo et al., 1996b), (Sutherland et
al., 1998), (Sutherland & Fanning, 2001). Until a series of progressive experiments simulating
fractional crystallization is available, the calculated near solidus fractionation assemblages in

fig. 2.12 are relatively uncertain.

2.3.4. Further constraints on megacrysts growth

A liquid adiabatic ascending path with a typical dT/dz of ~1°K km™ (McKenzie &
Bickle, 1988) will not saturate the magma in any phase (arrow in fig. 2.12). We therefore
conclude that cpx and garnet cannot be derived by flow differentiation of a rising magma
unless significant heat is dissipated into the wall rock. However, the unzoned nature of the
megacrysts suggests derivation from a slow evolving or quasi-steady state magma chamber
(O'Hara & Mathews, 1981). For equilibrium or steady state RTF (periodically replenished,
periodically tapped, continuously fractionated) type crystallization we expect buffering of
compatible elements such as Mg, Cr and Ni at relatively high levels (e.g. Cr-concentrations
>200 ppm in evolved cpx, see fig. 2.13a). However, what we observe is strong depletion in

these elements in paths that are consistent with fractional crystallization.

Although pMelts modeling suggests that cpx precipitated by as much as 65% frac-
tional crystallization from a basaltic liquid (fig. 2.13 and 2.14), the megacrysts have to grow
homogeneously directly from the melt because of extremely long diffusional equilibration
times. The diffusional relaxation of an initially growth-zoned cpx of 5 cm in diameter for ex-
ample requires for the slow diffusing species aluminium ~220 Ma at 1350°C (after
Chakraborty & Ganguly (1991)'s formulation t.;~a*2D, and D(T) calculated with data from
Jaoul et al. (1991)). Although the effects of pressure, oxygen fugacity and H,O-activity on
Al-diffusion are still uncertain, the time scale is definitively larger than 5-10 Ma of recent
volcanism. The evidence for fractional crystallization (fig. 2.13) combined with the unzoned
nature of the megacrysts, suggests that megacrysts derived from relatively large (and therefore
slow cooling) magma chambers that formed within the subcontinental lithospheric mantle

during CVL volcanism.
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2.3.5. Contrasting crystallization/magma mixing histories deduced from mega-

crysts and lavas

In this section, we evaluate trace element budgets and distributions between melts and
fractionated phases in order to constrain the evolution of the host magmas. As already pointed
out, the megacrysts clearly follow high pressure fractionation trends. However, the lavas in
fig. 2.15 plot closer to straight binary mixing lines rather than to the constantly evolving lig-
uids modeled by high- or low-pressure fractionation. Possible evolved mixing endmember in
fig. 2.15 might be the phonolite or a melt similar to that found as inclusions in ilmenite me-

gacrysts.

500

400

100

15
500 :
400 4
— 300 -
E
o
=Y
Z 200 -
100 -
0 1
15

MgO lig. [wt%]

Fig. 2.15: Variation of Cr (a) and Ni (b) vs. MgO of basalts from Biu and Jos Plateau. HP (20 kbar)
fractionation model involving phase proportions of cpx+gnt from pMelts, and LP (8 kbar) fractionation model
involving ol+cpx+sp from Melts. Symbols for lavas and distribution coefficients as before, gray star marks pho-
nolitic melt, open star marks melt inclusion in ilmenite megacryst. Liquids should quickly be depleted in com-
patible elements such as Cr and Ni in cpx and ol, respectively. However, the liquid lines of descent predicted
from the fractionation models are not observed. Instead liquids more closely follow straight mixing trajectories

from primitive melts to hypothetic evolved melts derived by fractional crystallization.
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To account for both the evidence for magma mixing and the enriched trace elements in
the host lavas, we propose a model in which magmas that carry megacrysts are mixtures of
primitive magmas similar to those inverted from most primitive cpx megacrysts and thereof
derived evolved melts, similar to the inclusions found in ilmenite megacrysts or those inverted
from most evolved cpx megacrysts. Mixing of evolved and primitive magmas and entrain-
ment of megacrysts may have occurred simultaneously as fresh batches of a deeply-sourced
primitive magma entered mantle magma chambers in the feeder system, triggering ascent and
eruption. Because all megacrysts are precipitating from a uniform magma they all lie on the

same major element fractionation trends, consistent with the trends observed in fig. 2.4 — 2.7.

Figure 2.16 shows chondrite-normalized (McDonough & Sun, 1995) rare earth ele-
ment patterns of Biu and Jos plateau lavas along with two calculated trace element patterns of
melts in equilibrium with measured cpx trace element concentrations. For the primitive cpx
composition, we minimized the effect of cpx major element composition on trace element
distribution by using the D-set of Johnson (1998), where the experimental P, T-conditions (20-
30 kbar, 1310°-1470°C) match the forming conditions of the megacrysts and more important,
synthesized cpx major element compositions are indistinguishable from megacryst cpx. Be-
cause of the lack of a suitable set of distribution coefficients for the most evolved cpx, we
used calculated D/ jer (REE) according to Wood & Blundy (1997)'s model ¢ (which calcu-
lates DP*/je1r from cpx crystal composition, pressure and temperature). For an estimation of
P.q and T,q, we assumed that the most evolved cpx is in equilibrium with melts similar to the
ilmenite inclusions, and calculated 13.6 kbar and 1160°C using the model of Putirka et al.
(1996). This estimate is consistent with the temperature calculated from the most evolved
cpx/gnt intergrowth which yields ~1100°C. The resulting set of distribution coefficients for
the most evolved cpx compositions is a factor of ~2.5 higher than the set of Johnson (1998)
and is associated with errors of —40/+67% (Wood & Blundy, 1997). For the final inversion to
melt concentrations, we have to consider the errors introduced by the uncertainty of P and T,
and errors from SIMS measurements of cpx megacrysts. However, except for La and Ce the
patterns of melt inclusion and inverted evolved cpx are similar and therefore consistent with
the initial assumption of equilibrium between them. Moreover, the model suggests that the
whole spectrum of cpx compositions may be derived from the spectrum of melt compositions

observed.
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Fig. 2.16: Trace element patterns of Lavas from Biu and Jos Plateau, along with inversions of primitive
and evolved cpx trace element concentrations to melt concentrations with appropriate sets of distribution coeffi-
cients. Stippled line: calculated melts from cpx mg# >80, dotted line: calculated melt from evolved cpx mg#
~60. The range of REE patterns of Biu and Jos Plateau rocks may be explained by mixing between primitive
melts similar to those inverted from primitive cpx megacrysts and thereof derived evolved melts similar to the

inclusions found in ilmenite megacrysts.

2.3.6. Constraints on the timing of magma mixing processes

Brearley & Scarfe (1986) conducted dry dissolution experiments on garnet in alkali
basalts of similar compositions as samples reported here, and found a breakdown reaction rim
(gnt > ol+opx+sp+gl) with a dissolution rate of gnt of 1.67x10” cm/sec at 1300°C and 12
kbar. It follows that at conditions similar to a basaltic magma chamber at the base of the crust,
a gnt of 5 cm in diameter is dissolved in only 3.5 days, whereby hydrous conditions enhance
gnt melting even more (Canil & Fedortchouk, 1999). The same argument might be derived
from dissolution experiments of plagioclase in a basaltic liquid (Donaldson, 1985). Therefore,
storage of a mixed magma containing megacrysts at the base of the crust is unlikely. How-
ever, the model presented here allows magmas to show signs of crustal assimilation (via ad-
mixing of a portion of liquid that evolved at the base or in the crust) and to contain easily
fusible components such as garnet and plagioclase megacrysts, if mixing of the differently
evolved liquid components and their phenocrysts occurs directly prior to eruption to the sur-

face.
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2.3.7. Constraints on garnet/melt distribution coefficients

Calculated distribution coefficients (D®"*/gn() of cpx/gnt megacryst intergrowths from
this work are shown in fig. 2.17 together with calculated distribution coefficients according to
Harte & Kirkley (1997)'s scheme based on subsolidus equilibrated 'eclogite'-xenoliths from
Roberts Victor kimberlite pipe in South Africa, which predicts D"/ for the REE, Ba, Sr, Y
and Zr from the molar calcium distribution coefficient DCpx/gm (Ca*). Included is the set of

distribution coefficients derived from Johnson (1998)'s experiment on 1921 Kilauea basalt at

1430°C and 30 kbar.
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Fig. 2.17: Measured D/, from intergrowths (black) compared to calculated D’s according to Harte &
Kirkley (1997) (gray) and D’s from Johnson (1998) (black, stippled) experiment. Error bars are propagated 1c-

errors from SIMS analyses.

Harte & Kirkley (1997) and Green et al. (2000) pointed out that there is a discrepancy
for some elements in mineral-mineral partitioning behavior between supersolidus experimen-
tal data sets (e.g. the set of Johnson (1998)) and subsolidus equilibrated natural rocks, in that
there is a tendency for D"/, patterns to be 'flatter’ in the presence of melt. Van Westrenen et
al. (2000) suggested that the ideal ionic radius ry and Young’s modulus Ex of gnt can be influ-
enced by the presence and structure of a coexisting melt, and that therefore no model is avail-
able to predict D#"/ e from crystal composition alone. Although the calculated equilibration

temperatures of megacryst intergrowths are ~300°C higher than those of the xenoliths studied
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by Harte & Kirkley (1997), we calculate a similar D/, (Ca*) leading to similar patterns of
D®/gn.. This is consistent with the suggestion that the temperature dependency of D®*/qy is
insignificant (Harte & Kirkley, 1997), (Rocholl et al., 1996). If the flatter D/, pattern was
caused by the presence of melt, as suggested by Van Westrenen et al. (2000), it is concluded
that the assemblage has to reequilibrate after complete crystallization or withdrawal of the
remaining melt. However, our megacryst assemblage shows no sign for reequilibration as e.g.
chemical zonation or metamorphic textures. An alternative explanation for 'flat’ D®/gy pat-
terns are microscopic melt inclusions in experimentally produced garnet which lead to ele-
vated D"/ for the very incompatible elements in garnet. Given that D/, does not differ
significantly between published data sets (Hart & Dunn, 1993), (Hauri et al., 1994), (Johnson,
1998), (Velz, 1999), this in turn leads to lower D/

However, a possible test for the accuracy of D™/ data sets is to compare the con-
centrations of incompatible elements in a series of progressively fractionating megacrysts
with those modeled by the phase proportions predicted by the pMelts code (fig. 2.18) and the
different sets of Dmin/melt. Figure 2.19 shows measured trace element concentrations of cpx
megacrysts along with those modeled using the D/, data of Johnson (1998) and D®"/ i
data of Zack et al. (1997).

100 i , ,

90 [Comp. A .

80 [0.5% H,O -

70 P=20kb0r |
frac. cryst.

60 -

grams of phases

0 —
1200 1250 1300 1350 1400 1450

Temperature [°C]

Fig. 2.18: Phase proportions fractionating from a primitive Biu Plateau basalt predicted by the pMelts
code for the conditions given (Comp. A is a mean of the basalts 'Jigu Maar', 'Wiga', 'Etum', 'Tila Strom' and 'Biu
4'. The significance of Comp. A will be discussed in chapter 3 based upon isotope systematics). The amount of
water added mainly controls the liquidus temperature, but does not change the proportion of cpx/gnt signifi-

cantly. Each point represents 5°C cooling. At each step, trace element concentrations for the phases in equilib-
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rium with the remaining liquid are calculated and subtracted from the liquid (stepwise fractionation). Major
element variations of cpx calculated from this model and cpx found as megacrysts have been compared in fig.

2.14. Modeled major element compositions of garnet are also consistent with those found in the megacrysts.
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Fig. 2.19: Comparison of trace element concentrations in cpx megacrysts (coding as before) and con-
centrations calculated using D"/, of Johnson (1998). Additional models for Cr, Ni and Yb are given in fig.
2.13. There is good agreement for cpx with 17 — 11.5 wt% MgO (i.e. mg# 85 — 70). The bad fit for the highly
incompatible elements in evolved megacrysts with ~9 wt% MgO may have several reasons. Partition coefficients
may be higher for cpx in equilibrium with evolved liquids, or the system gained incompatible elements during
progressive crystallization (e.g. through assimilation of enriched wall-rock derived liquids, which will be dis-
cussed in the next chapter). Although the model predicts a kink in the yttrium fractionation path, this is not ob-
served in the megacrysts, which suggests that the bulk distribution coefficient for Y was always <1. This may be
because of the modeled fraction of garnet is too high, or a too high D=/, (Y). Megacrysts also suggest a
slightly higher D/, (Cr) (see fig. 2.13a) compared to values published in literature. Cpx megacrysts from the
'Gumja' volcano (gray crosses), are more enriched in the heavy REE, possibly indicating fractionation at a higher
level without involvement of garnet. This assumption is consistent with the lack of gnt in the 'Gumja' megacryst

suite (cf. table A.1).
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In summary, the trace element systematics (except for yttrium) of more primitive cpx
with mg# 85 — 70 are consistent with the distribution coefficients and phase proportions used.
Figure 2.20 applies the same scheme for gnt megacrysts to check for consistency of two dif-
ferent sets of D®/pe, one calculated based upon equilibrated garnet pyroxenites from
Kakanui, New Zealand (Zack et al., 1997), and the other experimentally derived (Johnson,
1998).

A T T
o5l | tA {110
05 4T 7]
= i @) 1%° _
E 04 1 F g E
= 0000 @) =
L 1t o d70 S
§ 03 g o 000 agy” 1>
02 11 |
00 ‘ol oo Qs
0.1F O O b o oooooooo 4
ool v NN I P
4 — T —T— — T —TT— 20
A | |

Nd [ppm]
N
R AR RS
(@)
%D
IS
Yb [ppm]

0000004 0°
l oocoOOOOQ@ | A O Ooooo 5
Sp©
o+

ol v i T 0

SPA T T — 71— 2000

4| 4

- 4 1500

E 3} E @ =
Q.
& - o 1000 &
&2 5

. i
ooooooooOWOO%Q
A
b(%o
s 2800

ol v v

MgO gnt [wt%)]

20 + 1

Dy [ppm]

MgO gnt [wt%)]

Fig. 2.20a: Comparison of measured trace element concentrations in gnt megacrysts (coding as before)
and concentrations calculated using D"/ of Zack et al. (1997). There is general good agreement between
observed and predicted concentrations. Cerium concentrations in gnt are close to detection limit of SIMS and
therefore introduce more scatter in the calculation. The yttrium distribution coefficient (3.08) is too high, leading
to calculated excess concentrations in most primitive gnt megacrysts and a decreasing fractionation pattern. Our

data suggests a lower D"/, (Y) coefficient of ~2.
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Fig. 2.20b: Comparison of trace element concentrations in gnt megacrysts and concentrations calcu-
lated using D®"/,,; of Johnson (1998). Distribution coefficients for the heavy REE are similar in both sets (cf.
fig. 2.17). However, distribution coefficients for highly incompatible elements are too high and inconsistent with

our data.

In summary, our data suggests that experimentally derived D®"/;o;; tend to give too
high values for the highly incompatible elements. This leads to overestimations in concentra-
tions of theses elements in most primitive megacrysts and steeper fractionation patterns. A
change in the ratio of cpx/gnt in the fractionating assemblage will only change the slope of the
pattern, however, it will not change its starting point. We therefore propose that the use of
D/ derived from subsolidus equilibrated gnt-pyroxenites (e.g. Zack et al. (1997), Harte &
Kirkley (1997) or the set derived from this study) provides more realistic results in trace ele-
ment modeling of highly incompatible elements, provided that the temperature dependence of

partitioning may be neglected.

2.4. Conclusions

We have shown based on chemical and diffusional constraints that primitive cpx and
gnt megacrysts are genetically related to recent CVL lavas that brought them to the surface,

though they may not be directly cognate to their host lava. Lavas do not reflect simple frac-
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tionation or equilibrium crystallization products, but instead reflect mixing of primitive and
evolved batches of magma shortly before eruption. An especially interesting result of such
mixing is that magmas with near 'primary' features (i.e. high mg#, Ni, Cr, containment of per-
idotitic xenoliths) can be significantly enriched in trace elements without significantly chang-
ing their major element compositions. Such mixing complicates efforts to infer the degree of

partial melting or source enrichment by inversion of lava trace element compositions.

Garnet-melt distribution coefficients derived from equilibrated cpx/gnt intergrowths
and a set of D/, may be more reliable than experimentally derived D#"/ . data. However,
the model presented here is based upon the cpx/gnt phase proportions predicted by the pMelts
code of Hirschmann et al. (1998). It is clear that such a model cannot replace the insights
from a series of high-pressure experiments simulating fractional crystallization, because
thermodynamic data of the phases and their mixing properties involved in the pMelts code
(especially minor phases such as plagioclase, spinel, ilmenite, apatite, etc.) are insufficiently
constrained. Although such experiments have been accomplished (Kunzmann, pers. comm.),

the results are as yet not published.
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CHAPTER 3: THE ROLE OF CONTINENTAL CRUST AND LITHOSPHERIC MANTLE
IN THE GENESIS OF CAMEROON VOLCANIC LINE LAVAS: CONSTRAINTS FROM
ISOTOPIC VARIATIONS IN LAVAS AND MEGACRYSTS FROM THE BIU AND JOS

PLATEAU

3.1. Introduction

Figure 3.1 shows a collection of published Sr-Nd isotopic compositions of the more
primitive rocks of the CVL along with our own analyses of rocks from Biu and Jos Plateau,
northern Nigeria (tables B.19 and B.22). Marzoli et al. (1999) pointed out that there is iso-
topic evidence for the involvement of continental crust in the most evolved silicic volcanoes
of Oku, Bambouto and Ngaoundéré, which have *’Sr/**Sr as high as 0.705-0.714. We there-
fore restricted the compilation in fig. 3.1 to lavas with MgO >5 wt%. The magmas are iso-
topically heterogeneous in Sr-Nd isotope space with ¥'Sr/*Sr ranging from 0.7028 to 0.7038
and eng ranging from 7.5 to 2.5. Evidently, there is considerable overlap between composi-
tions of continental and oceanic sector lavas, although the continental sector extends to
somewhat lower eng. It is unclear whether the heterogeneity observed in the more primitive
magmas is related primarily to heterogeneity in the asthenospheric source region of the lavas
and represents mixing of a depleted and a more enriched endmember, or if part of this hetero-
geneity is due to melt interaction with continental lithospheric mantle, or melt interaction with
continental crust. One way of constraining the role of crustal contamination in a suite of lavas
is to compare the isotopic composition of the lavas with cogenetic phenocrystic or xenocrystic
phases that precipitated in the mantle. We have argued in chapter 2 that the megacrysts from
the Biu and Jos Plateau are genetically related to recent CVL volcanism. Given that the
megacrysts record the isotopic composition of the magma from which they formed, compari-
son of the isotopic compositions of magmas and megacrysts allows us to evaluate subsequent

modifications of the magmas after formation of the megacrysts.

Only six megacrysts from lavas of the CVL (three of cpx, two feldspars and one gar-
net) have been previously analyzed (Halliday et al., 1990), (Lee et al., 1996). Lee et al
(1996) suggested that these megacrysts were derived through fractional crystallization from
earlier underplated CVL lavas that had assimilated lower continental crust. This conclusion
was mainly drawn from the isotopic composition of a single gnt megacryst. However, as dis-

cussed in chapter 2, this conclusion is inconsistent with estimates of the pressure of formation
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of the gnt megacrysts, which indicates that the megacrysts grew well below the crust/mantle

boundary.

I ' ' lavas (MgO >5wt%)
oceanic A Biu young
/Con’rinen’rol 1 < Biuold
..... I~ Ot B Jos young
.......... N |
......... \
~~~~~~~~ megacrysts
™. | ¥ Biucpx
. A m | % Buplag
"""""""""""" | & Jos cpx
................ A
_______________ )
(I
)
2 I_ B —l B | |
0.7028 0.7030 0.7032 0.7034 0.7036 0.7038

87Sr/868r

Fig. 3.1: Collection of Sr-Nd isotopic compositions of the more primitive rocks (MgO >5 wt%) from
the oceanic and continental CVL along with data for megacrysts. Data compiled from Halliday et al. (1988),
Halliday et al. (1990), Lee et al. (1994), Marzoli et al. (1999), Marzoli et al. (2000) and this work. Triangles:
Biu young lavas, diamonds: Biu old lavas, squares: Jos lavas. Grey stars: Biu cpx megacrysts, crosses: Biu plag
megacrysts, black stars: Jos cpx megacrysts. Most lavas from St. Helena, Tubuai and Mangaia plot in the field
labeled 'HIMU'. Isotope systematics may be explained by mixing between a DMM (depleted MORB mantle)

component and a CC (continental crust) and/or EM (enriched mantle) component.

In the following section, the respective contributions of crustal contamination and as-
similation of subcontinental lithospheric mantle (SCLM) to the isotopic and trace element
variations of Biu and Jos Plateau lavas (and, by inference, in the CVL as a whole) are exam-
ined by means of the megacrysts. However, in order to distinguish and quantify the particular
contributions of continental crust and enriched SCLM to the genesis of lavas from Biu and
Jos Plateau, it is insufficient to consider Sr-Nd isotopes alone, because both contamination
vectors may be collinear in isotope space (cf. fig. 3.1). We therefore analyzed lead isotopes of
whole rocks and megacrysts, as well as osmium isotopes of a subset of 17 rock samples (table
B.19 and B.22). The Re-Os isotopic system provides an excellent tool for discrimination be-

tween continental crust and the SCLM. Unlike Sr, Nd and Pb isotopic compositions, which



Constraints on Lithospheric Contamination 59

may overlap in continental crust and the SCLM, there is a strong contrast in Osmium isotopes
between the continental crust and the SCLM as a result of the compatible behavior of Os dur-
ing mantle melting. Whereas continental crust generally has developed variable, but high
%70s/'"™0s ratios over time, the SCLM generally has complementary unradiogenic
1870s/'%80s ratios. Thus, if a melt is contaminated by old crust-derived material, it should
have an unusually radiogenic Os isotopic signature. In contrast, contaminants derived from

the SCLM should have unradiogenic Os isotopic compositions.

3.2. Results

3.2.1. Sr, Nd, Pb and Os isotopes of lavas and megacrysts

¥7Sr/*Sr ratios in lavas from the younger Biu Plateau range from 0.70286 to 0.70350,
lavas from the older Biu suite span a similar range from 0.70288 to 0.70334, while Jos Pla-
teau lavas are more radiogenic and range from 0.70317 to 0.70359. exq for Biu and Jos lavas
range from 4.7 to 7.4 and 4.6 to 5.2 respectively. Cpx and plagioclase megacrysts from the
younger Biu Plateau volcanics span a similar range in Sr-Nd isotopic composition to their
host lavas, with ¥'Sr/*Sr ranging from 0.70290 to 0.70328 and &yg ranging from 5.0 to 6.9
(n=14). Cpx megacrysts from the Jos Plateau are less enriched than their host lavas, but simi-
lar to Biu megacrysts with *’Sr/**Sr ranging from 0.70316 to 0.70321 and exg ranging from
5.6 t0 6.2 (n=4).

296pp/29pp ratios in lavas from the younger and older Biu Plateau overlap and range
from 19.03 to 20.33. **°Pb/***Pb in lavas from the Jos Plateau are more restricted and range
from 19.26 to 19.68. °’Pb/***Pb ratios in lavas from the younger and older Biu Plateau range
from 15.62 to 15.69. *’Pb/***Pb in lavas from the Jos Plateau are higher for a given
296pp2%ph and range from 15.65 to 19.67. **Pb/***Pb ratios in lavas from the younger and
older Biu Plateau range from 39.18 to 40.35, while lavas from the Jos Plateau range from
39.30 to 39.64. In contrast, megacrysts from both the Biu and the Jos Plateau range to more
radiogenic lead compositions than their associated host lavas. Biu megacrysts range from
20.05 to 20.90 in **°Pb/***Pb, 15.71 to 15.76 in *”’Pb/***Pb and 39.77 to 41.07 in ***Pb/***Pb
(n=10). Jos megacrysts range from 19.82 to 20.04 in **°Pb/***Pb, 15.67 to 15.70 in **’Pb/***Pb
and 39.56 to 39.79 in ***Pb/***Pb (n=3).

Osmium concentrations in the lavas vary from 9 to 133 pg/g (table B.19), and are typi-
cal of those found in OIBs (Shirey & Walker, 1998). Rhenium concentrations on the other
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hand vary from 17.5 to 146 ppt and are low when compared to average MORB (926 ppt) or
OIB (377 ppt) (Righter & Hauri, 1998). Cu/Re ratios are significantly higher than the primi-
tive mantle value of 1.07x10° (McDonough & Sun, 1995). Low Re concentrations and high
Cu/Re ratios might be related to degassing of subaerial erupted lavas, as suggested by Bennett
et al. (2000) for Hawaiian tholeiites. Re and Os concentrations do not correlate with silicate-
compatible elements such as Mg or Ni, or with chalcophile elements such as Co or Cu. This
indicates that there is no direct relationship between Os abundance and the degree of sample

differentiation. However, Re and Os concentrations are quite well correlated (r*>=0.6).

The measured "*’0s/"**Os ratios of the lavas range from 0.1232 to 0.2449. '*"Re/'*0s
ranges from 3.2 to 25.4. Given the young age of the rocks (5.35-0.84 Ma for older Biu Plateau
lavas, other samples <50,000 a), age corrections are generally small and within analytical re-
producibility. In "*’0s/"™®0s versus 1/[Os] space (fig. 3.2a), the volcanics do not form a sig-
nificant correlation. However, low concentrations (<30 ppt) are generally associated with the

highest '*’0s/'**Os ratios (from 0.1351 to 0.2449).
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Fig. 3.2: Results from Os analyses. a) shows the well-known broad trend to radiogenic Os with decreas-
ing Os concentration in the sample, commonly attributed to crustal contamination. b) shows the samples in Os-
Pb isotope space. Samples with very low Os concentrations (<30ppt) are coded in dashed symbols. Considering
the error range, samples with Pb/**'Pb <19.8 are negatively correlated with *’Os/'®0s, whereas samples with

206pp/2%Ph >19.8 do not show a significant trend.
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There is a broad correlation between '*’0s/'®Os ratios and **°Pb/***Pb (fig. 3.2b), with
radiogenic Os associated with unradiogenic Pb compositions. There is no detectable trend in
Os isotope composition in lavas with **Pb/***Pb >19.8. They range between 0.1254 and

0.1301 with a mean value of 0.1280, similar to typical mantle values.

Figures 3.3a-f show our results for lavas and megacrysts in plots of **’Pb/***Pb,
208Pb/2°4Pb, A7/4, AB/4, eng and Y7Sr/%Sr versus 2"°Pb/”**Pb. Rock samples from the Biu and
Jos Plateau fall within the fields for oceanic and continental CVL rocks previously reported
by Halliday et al. (1988), Halliday ef al. (1990), Lee et al. (1994), Marzoli et al. (1999) and
Marzoli et al. (2000). Samples with °°Pb/***Pb >19.8 lie close to the northern hemisphere
reference line (NHRL) as defined by Hart (1984). As far as can be concluded from the re-
stricted data set, megacrysts from a single location seem to form cluster on a general trend
towards enriched compositions. For example, all four cpx and three plag megacrysts analyzed
from the 'Miringa' volcano plot within a narrow range only slightly greater than analytical
uncertainty. The isotope trends defined by the megacrysts as a whole overlap with basalt iso-
tope data but extend to considerably more long-term enriched compositions. However,
megacrysts are different from typical 'HIMU' compositions like St. Helena (SH), Tubuai (T)
or Mangaia (M), because of their higher 2**Pb/***Pb (fig. 3.3b, d) and *’St/**Sr (fig. 3.3f) ra-

tios for a given “*°Pb/***Pb.
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Fig. 3.3: Results in combined isotope spaces along with literature data for oceanic and continental CVL
rocks with MgO >5wt%. Also shown are compositions of typical 'HIMU' basalts from St. Helena (SH), Tubuai
(T) and Mangaia (M); and a mean of literature data for local continental crust (gray cross labeled CC). a)
Megacrysts (cpx: stars, plag: crosses) extend to more radiogenic Pb isotopic compositions than associated host
lavas (squares: Jos, triangles: Biu young, diamonds: Biu old) and lie close to the present-day NHRL. The heavy
dashed line gives location of the NHRL at 147 Ma, calculated using a simple two-stage model starting 4.43 Ga
ago with Canyon Diablo lead and p'=9.26. Internal differentiation at ~1.77 Ga accounts for the NHRL. Thin
dashed line represents an isochron of 147 Ma age. b) Source of megacrysts evolved with similar k (=*Th/**U)

than NHRL, and therefore is different from typical 'HIMU' compositions like St. Helena, Tubuai or Mangaia.
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Fig. 3.3 cont.: Same data as in a and b, but in the delta notation of Hart (1984), which represents the
vertical deviation of a given data point in **’Pb/***Pb (c¢) and ***Pb/***Pb (d) from the NHRL multiplied by a
factor of 100.
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Fig. 3.3 cont.: In Pb-Sr (e) and Pb-Nd (f) isotope space, the megacrysts extend the trend formed by the
magmas with **Pb/”**Pb >19.8. Other lavas are displaced towards the composition of Pan-African continental
crust. We have used the megacryst data in figures 3.3 a-f to divide Biu and Jos Plateau rocks into two sets with
different coding in the following discussion. Lavas that lie on a mixing trajectory from 'A' to 'B' are coded in

open symbols, whereas lavas that do not overlap with megacryst compositions have solid symbols.
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3.3. Discussion

3.3.1. Data arrays in Sr-Nd-Pb isotope space

In principle, the data in figures 3.3a-f can be divided into two linear arrays defined by
three mixing endmember. The junction of both arrays is defined by a cluster of lavas with
*Pb/Pb ~19.82, *"Pb/***Pb ~15.64, **Pb/*"*Pb ~39.53, exg ~7.0 and *’St/*°Sr ~0.70290.
We will refer to this composition in the following discussion as component 'A'. CVL lavas
with similar composition have mantle-like 8'*0 values of ~5.5%o (Halliday ez al., 1988). The
second endmember (component 'B') is best represented by the most radiogenic cpx megacryst
of each plateau. An important observation from fig. 3.3a-f is that the megacrysts extend the
array defined by the lavas to considerably higher **°Pb/***Pb, *Pb/***Pb, ***Pb/***Pb,
%7S1/*®Sr and lower eng. Another observation is that cpx megacrysts from Biu and Jos Plateau
do not overlap in all isotope systems. Jos cpx megacrysts are characterized by a lower

20°pp/2%ph for a given eng and *’Sr/*°Sr when compared to Biu megacrysts (fig. 3.3¢ and f).

All Biu and Jos Plateau rocks with 2°°Pb/***Pb <19.8 seem to fan out to a composition
which lies within literature data for Nigerian basement rocks (granulites, gneisses, migmatites
and granites analyzed by Halliday et al. (1988), Dickin et al. (1991) and Dada et al. (1995)).
Megacrysts do not plot on this trend. Interestingly, this third endmember (component 'C'),
which is best represented by Pan-African continental crust, also seems to have affected CVL
ocean islands with ages of oldest exposed rocks as little as 4.8 Ma (Pagalu). In the following

section, we evaluate the nature of these three components.

3.3.2. Evidence for SCLM involvement in the genesis of Biu and Jos Plateau lavas

As pointed out above, the megacrysts extend to more radiogenic lead compositions
than their host. In principle, this might be related to radiogenic ingrowth after formation of the
megacrysts. However, cpx and plagioclase megacrysts from a single volcano are indistin-
guishable in lead isotope composition. Because of their very low U/Pb-ratios, radiogenic in-
growth of 2*’Pb and *"°Pb is negligible in plagioclase megacrysts. Therefore, the lead isotope
compositions of cpx and plagioclase reflect the source composition of the magma from which
they grew. As a result, we conclude that either the megacrysts grew from melts that had been
contaminated by a radiogenic component, or the lavas were contaminated with an unradio-

genic component after megacryst crystallization.
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There is evidence for an AFC (combined assimilation-fractional crystallization) proc-
ess in the lavas lying along the trend from component 'A' to 'B!, i.e. in lavas with °°Pb/***Pb
>19.8. Correcting the MgO concentrations (as index of fractionation) of two samples for ol-
accumulation (fig. 3.4a), the magmas show good correlations between decreasing MgO and
increasing *"°Pb/***Pb (fig. 3.4b) and decreasing enq respectively (fig. 3.4c). This suggests the

temporal AFC progression proceeded from 'A' to 'B' and not vice versa.
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Fig. 3.4: Evidence for AFC in the basalts with ***Pb/***Pb >19.8. a) While most samples lie on a high-
pressure cpx control line, two samples have elevated Ni concentrations, consistent with late-stage olivine accu-
mulation. Assuming that cumulus olivine has 3000 ppm Ni and 49.8 wt% MgO, we calculate 14.5 and 2.8 wt%
accumulation, which will not change the isotopic composition of the magmas. The MgO-corrected correlations
are consistent with assimilation of a high **°Pb/***Pb (b) and low &xq (¢) component, while MgO decreases due to

fractionation of cpx.
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We therefore suggest that the isotopic trends observed for lavas with “°°Pb/***Pb >19.8
reflect a mixing process between a 'primary' melt with lower **°Pb/***Pb of ~19.8 (component
'A") and liquids parental to the megacrysts (component 'B"), which had higher ***Pb/***Pb, but
which are not sampled at the surface in their original composition. Below, we evaluate
whether this component derived from the SCLM, from assimilated continental crust, or from

mixing with plume-derived 'HIMU' melts.

To determine the origin of component 'B', it is instructive to study Os isotope sys-
tematics of the lavas. Whereas the SCLM and thereof derived melts on average should have
subchondritic to chondritic '*’Os/'**Os ratios, mantle plumes may have more radiogenic Os
isotopes due to long-term recycling of Re-enriched oceanic crust. For example, typical
'HIMU' basalts from Mangaia have mean initial ¥70s/'"%0s of 0.1492 (Hauri & Hart, 1993).
Average continental crust on the other hand is highly radiogenic (e.g. 16 loess samples as
proxy for eroded upper continental crust from China, Europe and South America have
8705/ 0s of ~1.05 (Peucker-Ehrenbrink & Jahn, 2001)). Assimilation of either SCLM,
'HIMU' or continental crust therefore should lead to different trends in '*’Os/'**Os when plot-
ted versus indices of magma differentiation. Figure 3.2b shows that '*’Os/"**Os ratios of lavas
with °Pb/***Pb >19.8 scatter around typical mantle values of 0.125-0.129. Because we ob-
serve no trend towards high '®’Os/"**0s, we rule out the possibility that component 'B' is
crustally derived. This is also consistent with P,T-estimates for the crystallization of the

megacrysts (chapter 2), which are well below the crust-mantle boundary.

Component 'B' also does not appear to be a typical 'HIMU' liquid, because megacryst
compositions are significantly different from the latter in their higher ***Pb/?**Pb and *’Sr/**Sr
for a given “Pb/**Pb (fig. 3.3b, 3.3f). Therefore, we propose that the trend observed be-
tween component 'A' and 'B' is due to assimilation of isotopically enriched SCLM or a
SCLM-derived melt or fluid. To explain the isotopic offset between lavas and megacrysts, we
propose that batches of a deep-sourced magma of composition 'A' emplaced in different
depths of the SCLM, and concurrently assimilated enriched SCLM-derived liquids or fluids
while fractionating the megacrysts. Megacrysts and evolved melts were subsequently mixed
back in a fresh batch of magma of composition 'A' and finally erupted at the surface. This
model is fully consistent with the model derived from major and trace element systematics in
chapter 2. Although the process envisaged is an AFC-type process, we do not see correlations
between isotopic composition of megacrysts of a single location and fractionation indices

such as mg# of cpx megacrysts. Rather, megacrysts of a single location seem to be buffered at
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a specific isotopic composition (cf. table B.22), implying isotopic homogenization within the

magma chambers.

We have shown above that cpx megacrysts from Biu and Jos Plateau do not overlap in
all isotope systems. However, the fact that primitive megacryst cpx compositions of Biu and
Jos Plateau have similar trace element patterns, strongly suggests a common source magma
for both areas. Therefore, the three Jos Plateau cpx megacrysts seem to define a different con-
tamination vector in combined Nd-Sr-Pb isotope space than Biu megacrysts. Assuming that
the process of megacryst genesis is similar in both areas, we propose that the lithospheric
mantle underlying the Biu Plateau is more radiogenic in Pb isotopes compared to Jos Plateau,
but similar in Sr-Nd isotopes. Additional analyses of peridotite xenoliths from Biu and Jos
Plateau should better constrain the regional variations in lithospheric composition beneath the

continental sector of the CVL.

3.3.3. Evidence for enriched lithosphere beneath the CVL

Evidence for a Mesozoic trace element enrichment of CVL mantle xenoliths was pre-
sented by Lee et al. (1996). However, the spatial pattern of enrichment displayed by CVL
xenoliths does not correspond to the pattern of CVL lavas shown in fig. 1.3. For example, the
xenoliths sampled from the c.o0.b., which are supposed to show the highest enrichment (be-
cause of high 20pp/2%ph of associated lavas), actually have the lowest 205pp/2%pp (<18).
Moreover, the most enriched xenolith with °°Pb/***Pb as high as 21.0 is a harzburgite xeno-
lith from the Biu Plateau, which defines the northern end of the CVL. In principle, this might
be related to disequilibrium between xenolith and thereof derived melt. However, diffusional
constraints for equilibration of Sr, Nd and Pb isotopes are such that Sr and Pb should be well
equilibrated in cpx of the xenoliths after ~150 Ma, while Nd might not be in equilibrium with
its enriched environment (Van Orman et al., 2001). Taking the data of Van Orman et al.
(2002) along with P,T-estimates of the xenoliths of 1000°C and 15 kbar, and spherical cpx
grain sizes of ~1 mm radius, we calculate that only 25.6% of the Nd in cpx has reached equi-
librium concentrations (Crank, 1975). However, the cpx analyzed by Lee et al. (1996) has Nd
concentrations equal to megacryst cpx and therefore represents a new grown or recrystallized
grain, most probably representative of the ambient isotopic composition. In summary, the
available xenolith data supports long-term metasomatic enrichment, but does not support the

spatial pattern proposed by Halliday et al. (1990).
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3.3.4. Models for the origin of enriched SCLM

Models for enrichment of SCLM as a result of underplated plumes or through me-
tasomatism by asthenosphere-derived melts have been previously proposed (e.g. Ringwood
(1982), Hawkesworth et al. (1984), Stein & Hofmann (1992), Halliday er al. (1995)).
Halliday et al. (1990) suggested that the high *°Pb/***Pb-anomaly focused at the CVL conti-
nent/ocean-boundary was derived from radiogenic ingrowth in the lithospheric mantle with
variable but high U/Pb over a time of ~125Ma. A better estimate of the timing of enrichment
of the lithosphere underlying the Biu Plateau might be 147 Ma, based upon the earliest period

of magmatic activity in the northern Benue Trough (Coulon ef al., 1996).

If the radiogenic Pb signature of the CVL was derived from a homogeneous litho-
spheric source that was variably fractionated in U/Pb at ~150 Ma, we would expect the pre-
sent-day samples to lie along a corresponding isochron in **Pb/***Pb - *’Pb/***Pb isotope
space. The 147 Ma isochron indicated in fig. 3.3a has a considerably shallower slope than the
NHRL which yields an apparent 'age' of ~1.77 Ga. The signature of low **’Pb/***Pb for a
given 2°Pb/***Pb is best expressed by the parameter A7/4 defined by Hart (1984) as the verti-
cal deviation in **’Pb/**'Pb from the NHRL multiplied by a factor of 100. The model of
Halliday ef al. (1990) predicts a trend towards lower A7/4 with increasing “*°Pb/***Pb.

Component 'A' and the enriched lithospheric component 'B', as represented by
megacryst compositions both cluster close to the NHRL, as seen on a plot of A7/4 versus
26pp2%pp (fig. 3.3c¢). If component 'B' were derived by 'young' fractionation from a starting
composition such as component 'A', we would expect for the most radiogenic megacryst a
A7/4 value of —6.0. However, this is not observed. Component 'B' might also be derived from
a starting composition with high A7/4, lying along the isochron specified in fig. 3.3c. How-
ever, no source rock with such composition has yet been recorded in CVL rocks. In summary,
we conclude that generation of the radiogenic lead isotope signature in the modern CVL litho-

sphere due to 'young' U/Pb fractionation is unlikely.

Another possibility is impregnation of the preexisting lithosphere with 'HIMU'-type
magmas derived from the fossil St. Helena hotspot, which at the time of opening of the South
Atlantic was located in the region occupied by the present continent/ocean boundary (c.0.b.).
However, as already pointed out by Halliday et al. (1990), there is a discrepancy between the
isotope data for typical 'HIMU' and other CVL lavas, in that the former have lower

298pb/2%ph and *’Sr/*°Sr for a given *°Pb/***Pb and do not form an appropriate mixing end-
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member for formation of the megacryst source magmas. We propose that impregnation by a
different type of 'HIMU' melt is responsible for the elevated isotopic signatures of the litho-
sphere. This metasomatizing agent is distinct from typical 'HIMU' in its higher A8/4 and
higher *’Sr/*Sr, requiring higher time-integrated Th/U and Rb/Sr ratios in the source. This

implies that 'HIMU' is more variable than previously suggested, and not a single 'component'.

3.3.5. Constraints on mixing relations from isotope systematics

The Pb and Os isotope systematics in the lavas with ***Pb/***Pb >19.8 also place con-
straints on the type of mixing. Due to much higher Os concentrations in mantle xenoliths
(~3000 ppt) than in the lavas, the Os isotope composition of contaminated lavas will rapidly
be controlled by the Os isotope composition of ambient SCLM. In contrast, assimilation of a
SCLM-derived liquid that has lower Os concentrations does not produce such rapid changes
in "*70s/"**0s. Figure 3.5a shows calculated mixing trajectories for both mixing scenarios
along with our measured data, assuming that average SCLM has '*’Os/"**0s = 0.113 (Shirey
& Walker, 1998). Whatever the Os isotope composition of the ambient SCLM may be, bulk
assimilation requires unreasonable large amounts of assimilation to account for the variation
in Pb isotopes, and is energetically unfavorable. We therefore propose that the mixing process

shown in fig. 3.5a is determined mainly by melt-melt mixing.
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Fig. 3.5: a) Plot showing possible mixing scenarios in Os-Pb isotope space for lavas with
26pp/2ph >19.8. Melt-melt mixing: Comp. 'A": Mean of lavas with [Pb]=2.71 ppm, [Os]=57.3 ppt,
26pp/2pb=19.82, "*70s/"**0s=0.1281. SCLM-derived melts: [Pb]=8.25 ppm from highly enriched glasses
found in spinel-peridotites as proxy for enriched SCLM melts (Yaxley et al., 1997), [Os]=57.3 ppt,
705/'%0s=0.113, *Pb/***Pb=21.0 (solid line) and 22.0 (dashed line). Bulk SCLM assimilation: [Pb]=0.16
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ppm, [Os]=3 ppb, isotopic composition as before. Dashed symbols mark samples with [Os] <30 ppt. Small
numbers refer to percentage of liquid assimilated. b) Plot of ***Pb/***Pb versus rubidium of crustally uncon-

taminated lavas.

Looking at trace element systematics of lithospheric contaminated lavas, we find posi-
tive correlations between isotopic composition and concentrations of large ion lithophile ele-
ments (LILE) such as e.g. rubidium (fig. 3.5b). The variations in Rb content could in principle
be related to passive enrichment due to megacryst fractionation, or to assimilation of a trace
element enriched liquid. Unless the concentration of a trace element in bulk assimilated wall-
rock is greater or equal to the concentration in the liquid, crystallization models limit the
maximum enrichment of that trace element in the liquid to 1/F. Major element modeling sug-
gests ~65% fractional crystallization of cpx, gnt +apatite, plagioclase to form the most
evolved cpx in the mantle (cf. fig. 2.13). This translates to a maximum enrichment in the lig-
uid (assuming D=0 in all phases) of 2.86. However, looking only at cpx megacrysts from a
single location (Miringa volcano), we find higher enrichment factors for Nb, La and Ce of
6.2, 4.7 and 5.7. Whereas bulk SCLM is characterized by low concentrations of incompatible
elements when compared to the basalts, lithospheric-derived melts or fluids, similar to the
melts commonly present as glasses in metasomatized mantle xenoliths (e.g. Chazot et al.
(1996), Yaxley et al. (1997), Yaxley & Kemenetsky (1999), Schiano & Bourdon (1999),
Coltorti et al. (2000)), may be highly enriched. A likely origin for the liquids parental to

evolved cpx megacrysts therefore is assimilation of an enriched lithospheric-derived liquid.

3.3.6. A quantitative model of SCLM assimilation?

Any quantitative approach to model assimilation of SCLM-derived liquids requires in-
put parameters for the concentration of trace elements in that liquid. Unfortunately the con-
centrations of Pb, Sr, Nd in bulk xenoliths and thereof derived liquid are largely uncon-
strained. Median Pb, Sr, Nd concentrations of 545 spinel lherzolite xenoliths reported in lit-
erature are Pb=0.16 ppm, Sr=17 ppm and Nd=1.11 ppm, similar to those commonly assumed
for 'pyrolite' (McDonough & Sun, 1995). The most enriched reconstructed CVL xenolith P3
of Lee et al. (1996) yet has lower concentrations. This might be related to trace elements that
are hosted in unrecognized interstitial glass films, or trace element-rich phases such as apatite
and phlogopite that have not been analyzed. However, the inversion to melt concentrations is

largely dependent on the initial xenolith mineralogy. Lamproites are thought to represent di-
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rect partial melts of old refractory mantle peridotite that was formerly enriched in incompati-
ble element bearing phases in the course of metasomatic processes (Bergmann, 1987). Al-
though lamproites have highly enriched trace element concentrations with Sr and Nd reaching
6600 and 500 ppm, they have variable but unradiogenic ***Pb/**'Pb ratios ranging from 16 to
18 (Bergmann, 1987). Such lamproite sources therefore evolved with low U/Pb, and provide
no suitable model for the CVL lithosphere. However, they call attention to the possibly ex-
treme trace element enrichment in lithospheric derived melts. Given these large uncertainties,
any quantitative model of assimilation of a SCLM-derived liquid seems questionable and is

therefore not attempted here.

3.3.7. Evidence for crustal contamination of Biu and Jos Plateau lavas

Removing the lavas that lie on a mantle mixing trend between primary composition 'A’
and the inferred lithospheric mantle contaminant 'B', the remaining samples form broad trends
pointing towards a third endmember characterized by high 87Sr/%Sr, low eng, low 2°°Pb/2**Pb,
high A7/4, high A8/4 and high '*’0s/"**Os (fig. 3.2, 3.3). Megacrysts with these compositions
have not been observed. We therefore suggest that the trend towards component 'C' observed
in the lavas was imposed on the magmas at shallower depths, after formation of the
megacrysts. This may be due to assimilation of very shallow SCLM or the continental crust.
Os isotopes provide a means for distinguishing the two possibilities. If the SCLM is responsi-
ble for the trends observed, we expect a trend towards lower or constant '*’Os/'**Os with in-
creasing *’St/**Sr or decreasing **°Pb/***Pb, respectively. Contamination with continental
crust on the other hand should lead to significantly higher '®’Os/'®Os. In fact, the latter ob-
servation is made in fig. 3.2b, indicating the involvement of crustal material. This is consis-

tent with the trend towards high A7/4 observed in fig. 3.3c.

Lead as a trace element is also a powerful indicator for crustal contamination due to its
high concentration in typical crustal rocks. Figure 3.6 shows a correlation in Ce/Pb vs. eng,
consistent with assimilation of continental crust. Mass balancing, assuming 7% crustal assimi-
lation, leads to changes of 26.7% in Ce/Pb, consistent with the data in fig. 3.6. Because of the
high niobium concentrations in Biu and Jos Plateau basalts, Nb/U or Nb/Th change by only
~7%, and therefore are no significant indicators for crustal contamination. Although the oc-
currence of small felsic fragments in thin sections of some lavas from both the Biu and Jos

Plateau also points to assimilation of continental crust, this cannot account for the isotopic
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trends towards component 'C' alone. Firstly, the felsic fragments constitute less than ~0.5% by
area in thin section, and secondly such contaminated rocks also fall on the crustally uncon-

taminated A-B trends in isotope space.
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Fig. 3.6: Sensitive indicators for crustal contamination such as Ce/Pb ratios versus gyq of Biu and Jos

Plateau lavas are consistent with assimilation of continental crust.

To quantify the amount of crustal contamination in the lavas, we used the mean com-
position of Nigerian basement rocks found in literature (Halliday et al., 1988), (Dickin et al.,
1991), (Dada et al., 1995), which is similar to mean upper continental crust (Taylor &
McLennan, 1995), but significantly more enriched in the REE. Sr, Nd, Pb and Os concentra-
tions of the uncontaminated endmember were taken as mean of type 'A' lavas. Mixing can
successfully be modeled via bulk rock assimilation. The results for Pb, Sr and Nd isotopes
given in fig. 3.7a-d are encouragingly consistent, with maximum mass of assimilated crust on
the order of ~7%. Nigerian basement rocks have not been analyzed for '*’Os/'**0s. However,
depending on the mean age of the basement rocks which range from 0.6 to 3.5 Ga (Dada,
1998), we expect considerably higher crustal '*’0s/'®*Os ratios than typical mantle values. A
matching trend consistent with the results presented in fig. 3.7a-d may be achieved assuming

1870s/"*¥0s of the crustal assimilant of ~0.6 (fig. 3.7¢).
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Fig. 3.7: a-d) Quantitative model of crustal contamination of composition 'A' using a mean literature

dataset for the composition of the local crust with [Sr]=351 ppm, [Nd]=66.7 ppm, [Pb]=21.4 ppm,
7S1/*08r=0.7256, eng=-16.2, *°Pb/**Pb=18.13, A7/4=15.1, A8/4=128. The results are mutually consistent in

combined Sr, Nd, Pb isotopic systems, with maximum amounts of ~7% assimilation. e€) Assuming [Os]=50 ppt

for average continental crust (Esser & Turekian, 1993), the Os data is best explained by assimilation of material

with "70s/'"®80s ~ 0.6.
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3.3.8. Implications for crustal contamination in the oceanic CVL

Interestingly, the trends displayed by our isotope data from samples of the continental
CVL towards high A7/4, A8/4, 87Sr/*°Sr and low eng for a given 206pp,294P are also existent in
lavas from the oceanic part of the CVL (gray shaded fields in fig. 3.3a-f). If the trends in our
data truly are generated by shallow contamination with Pan-African continental crust, then we
have to raise the question whether shallow crustal contamination also was instrumental in

formation of some CVL ocean island basalts.

Several investigators have suggested that crustal material was involved in the petro-
genesis of anomalous oceanic tholeiites from the Kerguelen and Naturaliste Plateaux, Broken
Ridge and Aphanasey Nikitin Rise in the Indian Ocean (for a summary see Borisova et al.
(2001)). Studies of the Atlantic Ocean also have documented occurrences of ancient crust
close to modern spreading ridges. Pilot et al. (1998) described Paleozoic and Proterozoic zir-
cons in gabbros drilled from the Mid-Atlantic Ridge. Founded on diffusion coefficients of Lee
et al. (1997), Pilot et al. (1998) emphasized that these zircons could not have resided in a
shallow region of the upper convecting mantle for more than 1 my without totally losing their
radiogenic lead, but could have been stored in cold detached slices of continental lithosphere.
In addition, Precambrian gneiss has been dredged at the Mid-Atlantic Ridge at 26°N, a region
believed to be outside the influence of ice-rafted debris (Belyatsky et al., 1997). Bonatti et al.
(1996) showed that lower cretaceous sedimentary rocks also occur close to the Mid-Atlantic
Ridge. In this case, beneath the transform fracture there may be non-drifting segments where
older material could remain for a long period. Thirlwall (1997) proposed that shield basalts of
Gran Canaria may have been modified by assimilation of altered MORB-type crust or granitic
bodies therein, and generally questions the quality of OIBs to reliably reflect the isotope and

trace element compositions of their mantle source.

Assuming that the CVL as a whole shares a common and relatively homogeneous as-
thenospheric source (Fitton, 1987), (Ballentine et al., 1997), (Barfod et al., 1999), (Marzoli et
al., 2000) and that magma genesis in the continental and the oceanic sector of the CVL is
similar, we propose that shallow contamination, either by rafted blocks of continental crust
that became trapped in the ocean floor during breakup of Africa and South America, or alter-
natively assimilation of continental sediments is responsible for the similar isotopic trends in
rocks from the continental and oceanic CVL. Os isotopes of samples from the oceanic CVL
should help to identify continental contamination as both models predict a trend towards

higher '*’0s/'"®0s with lower **°Pb/***Pb. Preliminary data of Gannoun ef al. (2001) show
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that basalts from the oceanic sector of the CVL extend to quite radiogenic Os isotopes
("*70s/"**O0siy = 0.1280-0.1876). However, the covariation with *°Pb/***Pb seems to be the

opposite of what we predict here.

Oxygen isotope variations may provide a means of distinguishing whether rafted con-
tinental crust or continent-derived sediments are responsible for the 'continental' signatures
observed in oceanic CVL magmas. Seafloor sediments are characterized by very high 8'°0
values (10-35%o, see Eiler ef al. (2000) and references therein) and should therefore produce
significant changes in 8'°0, whereas granitic rocks have intermediate 8'*0. For example, as-
suming 5% assimilation of crustal basement rocks (8'°0 =10.6%o taken from Pan-African
rocks from Yemen (Baker ef al., 2000)) in a magma with an initial 'O of 5.5%o similar to
most ultramafic rocks (Mattey et al., 1994), we calculate a resultant shift in 8'*0 of ~0.25%o.
This may be too small to be easily resolved analytically. Assimilation of 5% average sediment
(assuming &'*0 =20%o) on the other hand produces a shift in 'O of ~0.9%o. Available oxy-
gen data presented by Halliday ef al. (1988) do not provide a clear picture. Further study of
Os and oxygen isotope trends in lava suites from individual CVL islands (e.g. Pagalu) are

needed to determine the role of continental crust and sediments in the genesis of the lavas.

The geographic distribution of the continental signature in the oceanic CVL lavas sug-
gests that assimilation of rafted continental crust rather than sediment is responsible for this
signature. Islands closer to the continent should sit upon thicker sediment covers and therefore
should be more easily affected by sediment assimilation than distant ones. However, the op-
posite relation is observed (Lee et al., 1994). It is the island of Pagalu, which forms the most
oceanward CVL extension, that shows the most pronounced continental signature. Therefore,

shallow assimilation of rafted blocks of continental crust seems more likely.

Douglass et al. (1999) proposed a refractory 'LOMU' component as a characteristic
source feature of Mid-Atlantic ridge basalts to produce trends towards low 2**Pb/***Pb associ-
ated with high ¥'Sr/**Sr, low exq and high A7/4. The lead isotope composition of 'LOMU'
given in Douglass & Schilling (2000) plots on a straight extension from component 'A’
through the composition of average Pan-African continental crust given in this paper.
Douglass et al. (1999) assumed the 'LOMU' component to be delaminated subcontinental
lithospheric mantle dispersed into the upper mantle during the breakup of Gondwana. How-
ever, the most pronounced 'LOMU' compositions sampled in oceanic basalts are found in the

Aphanasey Nikitin Rise in the Indian Ocean (Douglass et al., 1999), which were recently pro-
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posed by Borisova et al. (2001) to be contaminated via shallow assimilation of lower conti-
nental crust. Based upon Os isotope systematics, we have shown above that the SCLM was
not involved in generating the trends towards low “°Pb/***Pb and high A7/4 in our data (fig.
3.3a-f). We propose that the South Atlantic '"LOMU' signature in general does not correspond
to refractory delaminated SCLM. It rather reflects shallow assimilation of rafted blocks of
continental crust that became trapped in the oceanic lithosphere during continental breakup in

the Mesozoic.

3.4 Conclusions

We have demonstrated that the isotopic compositions of megacrysts, which were ar-
gued to be genetically related to recent CVL volcanism, allow us to identify and distinguish
the lithospheric modifications imprinted on two suites of CVL alkaline intraplate volcanics.
Jos and Biu Plateau lavas are proposed to have a homogeneous asthenospheric source with
2Pb/*™Pb ~ 19.8, A7/4 and A8/4 ~0, exg ~7, V' St/*°Sr ~0.7029, **’0s/'**0s ~ 0.1280 and §'°0
values of ~5.5%0. Magmas subsequently interacted with either enriched SCLM via melt-melt
mixing, leading to increasing “°°Pb/***Pb, and/or continental crust, leading to decreasing
2pp/2%9pp, The SCLM underlying the Biu Plateau is characterized by high ***Pb/***Pb >21.0,
whereas the Jos Plateau SCLM probably has 2°°Pb/***Pb ~20. While quantitative modeling of
lithospheric contamination is hampered by too many unknown parameters, crustal contamina-
tion is well constrained and is on the order of 7% for the most contaminated lavas of both the
Biu and Jos Plateau. Assuming that the continental and oceanic sector of the CVL are fed by a
common and relatively homogeneous asthenospheric source, which is supported by hafnium
and noble gas isotope studies (Ballentine ef al., 1997), (Barfod et al., 1999), we conclude that
the similar contamination trends seen in some oceanic CVL lavas are also caused by shallow
assimilation of crustal material. Furthermore, we suggest that the South Atlantic 'TOMU' sig-
nature of Douglass et al. (1999) reflects assimilation of rafted blocks of continental crust

rather than refractory delaminated SCLM.

3.5. Outlook

Subtracting the effects of lithospheric and crustal contamination on Biu and Jos Pla-
teau magmas by means of associated megacrysts, we isolate an isotopically homogeneous

source for continental CVL magmatism (composition 'A'), which is inferred to be derived
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from asthenospheric depths. However, two problems remain incompletely understood. Firstly,
primitive rocks of isotopic composition 'A' comprise both basanite with a negative K-anomaly
and alkali basalt without K-anomaly (fig. 3.8). Given that both types of rocks should be de-
rived from the same source by different degrees of melting, we would expect them to show
the same kind of trace element pattern. Secondly, there is a discrepancy between the trace
element concentrations deduced from the mean of lavas with composition 'A’, and the concen-
trations inferred from inversion of most primitive cpx megacrysts (cf. fig. 2.16), in that the
latter are lower by a factor of ~1.5 for the highly incompatible elements. Such a relation is
commonly used to argue against a cogenetic relation between megacrysts and host magma. In
part this may be explained by late-stage fractionation of olivine, as none of the liquids has
mg# in equilibrium with typical mantle olivine. However, the amount of olivine that has to be
added to the lavas does not exceed 10% and therefore does not explain the discrepancy alone.
Alternatively the cpx/melt distribution coefficients may be too high. This cannot explain the
difference either, as we have already utilized values from the low end of published data.
However, these problems do not affect the conclusions drawn in this work, and leave space

for further investigations.
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Fig. 3.8: Trace element patterns of rocks of composition 'A' comprise both basanites (solid line) show-
ing a pronounced negative K-anomaly, and alkali basalts (broken line) without K-anomaly. Inverted melts from
primitive cpx megacrysts also display a significant negative K-anomaly (literature D(K)™/ysa1 Only varies be-
tween 0.0067-0.0081), implying derivation from melts similar to the basanites. The evolved melt inclusions,
which are thought to be most affected by lithospheric contamination, do not show a significant K-anomaly (cf.

fig. 2.3)
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CHAPTER 4: APPENDICES

Appendix A: Sampling and analytical techniques

A.1.: Sampling locations

All samples (volcanic rocks, megacrysts and xenoliths) described in this work were
collected during a field excursion to the Biu and Jos Plateau, northern Nigeria, in 1998. A
summary of the sampling locations along with their geographic coordinates as determined by
GPS is given in tables A.1 (Biu Plateau) and A.2 (Jos Plateau). Samples were wrapped in pa-
per and labeled plastic bags and shipped to the University of Frankfurt in steel boxes. Only
the volcanic rocks and the megacrysts were studied extensively so far, whereas the xenoliths
(peridotites and pyroxenites) remain mainly unprocessed. Only two xenolith-derived cpx have

been studied in detail by EMP and ionprobe to enlighten the significant differences between

cpx megacrysts and cpx derived from disaggregated peridotites or pyroxenites.

Sample Location Petrography Megacrysts
Zagu Hill trachybasalt rare cpx
10°56'85 N some xenoliths

12°05'11 E

Jigu Hill Jigu Maar: basanite no
10°5522 N Jigu 1: alk. basalt

12°00'S5 E some xenoliths

Ohne Namen (X) alk. basalt no
10°54'40 N no xenoliths

12°0121 E

Pelamabelu Hill (Pela jung) trachybasalt no

10°50'55 N

some xenoliths (~1cm)

12°06'15 E

Koroko phonolite amphibole, phlogopite
10°5022 N small xenoliths

11°56'70 E

Krater SW Pelamabelu Hill

basaltic trachyandesite

numerous,

10°50'14 N (Pela alt)  strongly weathered, cpx, plagioclase,

12°05'65 E many xenoliths

Dutsin Dam Hill Dam: basanite garnet, cpx, plagioclase, ilmenite, amphibole,
10°49'30 N Dam 2: trachybasalt apatite, olivine

12°02'56 E numerous xenoliths

Dutse Bugor Hill alk. basalt cpx, plagioclase

10°4924 N xenoliths oxidized,

12°05'98 E

Nowa Hill (Krater) scoria only cpx, plagioclase, ilmenite, zircon, corundum,
10°48'87 N spinel

12°01'30 E

Hiigel SE Bugor alk. basalt

10°48'54 N some xenoliths, cpx cumu-

12°06'64 E

lates
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Bos Hill
10°47'34 N
12°01'81 E
Hilia Hill
10°47'32 N
12°0522 E
Tamza Hill
10°46'42 N
12°03'57 E
Gufka Hill
10°44'18 N
12°04'78 E
Dutsin Miringa Hill
10°44'04 N
12°07'30 E

Dutsin Maldau Hill
10°42'83 N
12°06'04 E
Ga-Guldumbur Hill
10°42'30 N
12°07'41 E
Pelamabelu Hill 2
10°41'18 N
12°07'85 E

Wiga Hill
10°40'79 N
12°0025 E
Gwaram Hill
10°39'89 N
12°07'96 E
Ga-Zumta Hill
10°38'96 N
12°06'84 E
Ga-Hizshi Hill
10°38'72 N
12°08'10 E

Tum
10°36'85 N
12°06'62 E
Kudangir Hill
10°34'91 N
12°02'30 E
Gumja Hill
10°33'45 N
12°06'15 E
Ga Tila Hill
10°32'68 N
12°08'56 E

alk. basalt
cpx-ilm cumulates

Hilia 1+2: alk. basalt
xenoliths up to 30 cm,
cpx-cumulates, some felsic
trachybasalt

many xenoliths (up to 10
cm)

alk. basalt

xenoliths, also felsic

basaltic trachyandesite
numerous xenoliths (felsic,
maf. cumulates, peridotites
up to 50 cm)

alk. basalt

xenoliths up to 10 cm

alk. basalt
few xenoliths

alk. basalt

numerous xenoliths up to 10
cm

alk. basalt

basaltic trachyandesite
few xenoliths

trachybasalt
some xenoliths

trachybasalt, altered
"Sonnenbrenner"
peridotites up to 40 cm,
cpx cumulates

Tum: alk. basalt

E'Tum: trachybasalt
small xenoliths

alk. basalt, no sample
"Sonnenbrenner”

very few xenoliths

alk. basalt

xenoliths oxidized, many
felsic

Tila 1: alk. basalt, maar
Tila Str.: alk. basalt, flow

cpx, garnet, plagioclase, ilmenite, spinel
surrounded by laterite containing cpx, garnet,
ilmenite

CcpX, garnet, plagioclase

very abundant: garnet, ilmenite, cpx, plagioclase,
spinel, olivine, phlogopite, apatite

plagioclase, ilmenite, garnet, cpx

no

no

few plagioclase, cpx, amphibole

plagioclase

plagioclase up to 5 cm, cpx

no

no

cpx, plagioclase, spinel

cpx, plagioclase

Table A.1: Volcanoes of the Biu-Plateau from N to S.
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Dai alk. basalt

9°2420 N

9°10'63 E

Kerang basanite cpx, gnt, plag, ilm, amph, ol
9°20'65 N numerous xenoliths up to 25 cm,

9°11'49 E some felsic

Ampang trachybasalt cpx, plag
9°19'07 N small xenoliths

9°11'9 E

Pidong chain of 5 volcanoes cpx, plag
9°1734 N Pidong S: trachybasalt, xenolithic?

9°1224 E Pidong M: basanite, maar

alternating layers of granite and lapilli

Table A.2: Volcanoes of the Jos-Plateaus from N to S.

A.2.: Major and trace element analyses of volcanic rocks

Rocks were first coarsely crushed in steel mortars. Selected chips free of obvious
xenocrysts or alteration were then powdered in an agate ring-disc mill. The powders were
analyzed for major elements by X-ray fluorescence spectroscopy with a Philips PW 1404 in-
strument at the University of Frankfurt using Li-borate melt discs (table B.1) and for trace
elements at the University of Mainz using pressed powder pellets (table B.2). A subset of 20
samples was analyzed by ICP-AES for REE concentrations following sinter dissolution at the
GeoForschungsZentrum in Potsdam (table B.3, for analytical details see Zuleger & Erzinger
(1988)). A subset of 17 samples was commercially analyzed by ICP-MS following HF-HNO;
acid dissolution (table B.4) at the Department of Earth Science, Memorial University of New-
foundland, St. John's, Canada (MUN). The analytical package also includes XRF analyses for
quality control (table B.5). Analytical details are found in Jenner et al. (1990). In addition, all
samples were commercially analyzed by ICP-MS for trace elements at the University of Goet-

tingen, Germany (table B.6).

Comparison of the 6 data sets revealed problems of the Goettingen ICP-MS lab to ac-
curately determine HFSE concentrations (fig. A.1). Especially niobium, zirconium and stron-
tium concentrations tend to be low when compared to consistent XRF and MUN ICP-MS data
sets. The low results of the Goettingen lab are most easily explained by precipitation of in-
soluble fluorides from the sample solution (Yokoyama et al., 1999). Therefore, the major and
trace element analyses reported in table B.7, which is the basis for the discussions in chapter 2
and 3, are compiled by using the most accurate data set for each element (see table B.8). Ma-

jor element concentrations were taken from XRF melt disc data from Frankfurt, which
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showed excellent agreement with MUN XRF data. Ba, Nb, Sr, Zr, V, Cr, Ni and Zn concen-
trations with errors of <5%, and Sc, Co, Cu and Ga concentrations with errors of <15% were
taken from XRF pressed powder pellet data (Mainz), whereas S and Cl concentrations with
errors <5% are from MUN. Other data in table B.7 is compiled from ICP-MS and ICP-AES
analyses with errors on Cs, Rb, Th, U, Pb, Ta, REE, Pb <10%, Hf <20%, and Mo <25%

respectively.

© ICP-MS Gottingen OICP-MS MUN A XRF-M Frankfurt ‘ ‘OICP-MS Géttingen OICP-MS MUN A XRF-M Frankfurt

XRF-P Mainz [ppm]
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Fig. A.1 a-d: Comparison of 4 different determinations of trace element concentrations in volcanic
rocks from the Biu and Jos Plateau. Because HFSE such as Nb and Zr are often hosted in phases which are diffi-
cult to attack such as spinel and zircon, HFSE determination methods like XRF of pressed powder pellets (XRF-
P) that circumvent the problem of sample disintegration are advantageous. Therefore XRF-P analyses from the
University of Mainz were taken as reference on the abscissa on each graph. Precision and accuracy of each
method is reported in table B.8). All graphs show a 1:1 equiline for comparison. The highest Nb concentration in
a) is outside the calibration limit of the powder pellets and therefore explains the inconsistency with other data.
In general, there is good agreement between XRF-P, XRF-M and ICP-MS data from MUN. However, XRF data

overall shows less scatter when compared to ICP-MS data. This is especially true for the poor data quality from
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the Goettingen ICP-MS lab, which tends to give too low values for Nb, Zr and one Sr concentrations. The re-
sponsible scientist at Goettingen argued that sample inhomogeneity or high XRF detection limits are responsible
for the poor agreement. However, sample inhomogeneity is rarely observed in basaltic rocks because of their
fine-grained nature and should lead to results that are equally either too high or too low. Sample inhomogeneity
also contradicts the consistency of the other data sets. Instead, the low results are most easily explained by pre-
cipitation of insoluble fluorides from the sample solution, which may act as a host for HFSE (Yokoyama et al.,
1999). Although the Frankfurt Ba data are highly correlated with the Mainz Ba data, there is an offset of the
former to higher values. This is most easily explained by a different calibration of the Frankfurt XRF machine,

leading to a high precision but low accuracy of the data.

Li concentrations were obtained only from the Goettingen lab, with standard reproducibilty
<5%. However, when plotted against other geochemical similar alkali metals like K, Rb and
Cs, the samples show overall good correlations but also reveal 4 outliers with very low Li
concentrations. In the light of the obvious problems with the Goettingen data, it is not clear if
these low concentrations are real geochemical signatures. Until an independent cross-check of
the Li data is available, I consider the data as suspect and do not include them into discussion.
On the other hand, based upon the good correlations between different HFSE and relatively
constant Zr/Hf and Nb/Ta ratios in the MUN ICP-MS data, I consider the poor Hf and Ta ac-

curacies reported for their BR-688 standard as outliers.

A.3.: Major and trace element analyses of megacrysts

Megacrysts were coarsely crushed, sieved and washed in 1N HCI and distilled water to
improve surface quality. Handpicked megacrysts were then mounted in epoxy and studied in
detail by electron microprobe (Jeol JXA-8900 RL) at the University of Frankfurt. Major and
minor element concentrations of clinopyroxene, garnet, plagioclase, ilmenite, amphibole,
spinel, olivine, phlogopite and apatite megacrysts were obtained at 20 kV gun potential and
20 nA beam current using silicate, oxide and metal standards. The results are reported in ta-
bles B.9 — B.17. Count times ranged between 30 and 90 seconds to ensure detection limits of
100 ppm or better for all oxides except SrO and Na,O (200 ppm). Accuracy of major element
analyses was checked against secondary standards and is better than 1% (relative). Analytical
precision is mainly controlled by counting statistics (which, for a given oxide species, depend
on the concentration of that oxide in the phase being analyzed) and therefore strongly declines
for minor and trace elements. At an oxide concentration of 0.10 wt%, 2c-errors range be-

tween 4-8% (relative), except for P,Os, Na,O and SrO (12-18%). At the detection limit (0.01-
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0.02 wt%), errors increase up to about 20% for the majority of oxides, but range between 27-
45% for the latter group. Analytical accuracy also depends on the count rate on the standard
used for calibration, sample and standard homogeneity and is limited at high concentrations

through mechanical reproducibility of the spectrometer position (~0.5% relative).

A subset of cpx, gnt, plag and amphibole grains was further analyzed for trace ele-
ments (REE, Ba, K, Sr, Y, Zr and Nb) by secondary ion mass spectrometry (SIMS) on a re-
cently upgraded Cameca IMS-3f at the MPI fiir Geochemie in Mainz. Results are included in
tables B.9 — B.17. Negative oxygen ions were used as a primary source, using an accelerating
potential of 12.5 kV and 20 nA beam current, and a high-energy offset of -80 eV for most
analyses. The spot size for these conditions was 15-20 pm. Each measurement consisted of
six cycles, where in each cycle 16O, 30Si, 39K, 88Sr, 89Y, 9OZr, 93Nb, 133Cs and all masses from
134 to 180 were analyzed in this order. *’Si (3.1% isotopic abundance) was used as a refer-
ence mass, as determined by electron microprobe analysis. For each cycle, time-corrected
mass-to-""Si ratios were formed after dead time and background corrections. To correct for
isobaric interferences a matrix scheme was applied (Zinner & Crozaz, 1986). Every analysis
reported represents a mean of two shots per grain. The well-studied glasses GOR132-G (ko-
matiite) and KI-2G (basalt) (Jochum et al., 2000) were used as external standards. Relative
deviations from the standards are reported in table B.18 and are <15% for all elements except
for Eu, Gd, Yb and Lu with errors <20%. Nb, which is present in the komatiite standard in the

ppb range, revealed the largest error of 234%.

As outlined for EMP analyses, analytical precision of the ionprobe is also mainly con-
trolled by counting statistics. Because the HREE-concentrations in some evolved cpx
megacrysts reach the detection limit of the ionprobe, results show considerably more scatter
as compared to the standard glass. Moreover, detection limits are dependent on MREE con-
centrations due to peak overlapping and therefore are individual for each sample (Zinner &

Crozaz, 1986).

A.4.: Isotope (Sr, Nd, Pb, Os) analyses of volcanic rocks

Sr, Nd and Pb isotope analyses were carried out on all (n=36) rock samples at the
Max-Planck-Institut in Mainz. Sieved and handpicked rock chips (~100mg of .75 to 1.5 mm
fraction) were leached in hot 6N HCI for 1h and washed ultrasonically in deionized water

before dissolution in HF-HNO;. After sample digestion, Pb was extracted from the sample
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solution by anion exchange in mixed HBr-HNO; media (Abouchami et al., 2000). Every
sample was run twice on the primary lead columns to ensure clean final elutes. The residual
sample solution from the first step was dried down and retained for later Sr and Nd chemical
separations. Samples were loaded together with a silica gel/phosphoric acid activator on rhe-
nium filaments and run on a Finnigan MAT 261 TIMS instrument in static multicollection
mode. All samples compiled in table B.19 are reported after fractionation correction of typi-
cally 0.116% a.m.u.”" as determined by alongside runs of the NBS981 standard (table B.20
and fig. A.2). External two-sigma reproducibility (n=29) of the standard was 392 ppm, 614
ppm and 860 ppm for 6/4, 7/4 and 8/4 ratios. Total procedural blanks were <50 pg and are

considered negligible.
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Fig. A.2: Instrumental fractionation vectors in Pb-Pb isotope space of two TIMS machines at the MPI
in Mainz. MS1 shows an overall smaller range of fractionation and was therefore chosen for analyses of small
sample masses. Standard samples from 2 to 4 ng Pb do not show significant over- or underfractionation when
compared to 'normal' 10 ng standards. Using the NBS981 reference values of Todt er al. (1996), a mean frac-
tionation per atomic mass unit of 0.116% is calculated and used for correction of all samples. The number in the
lower right corner gives the slope of the fractionation vector calculated using the method of York (1969). They

translate to steep inclinations to e.g. the NHRL in 7/4-6/4 and 8/4-6/4 space.
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Sr and Nd were separated on conventional cation exchange columns following the
procedures outlined by White & Patchett (1984). Sr was loaded with TaFs on single tungsten
filaments, whereas Nd was measured as metal on double rhenium filaments. YSr/%Sr and
"INd/"*Nd ratios reported in table B.19 were normalized to %6Sr/**Sr = 0.1194 and
MONd/MNd = 0.7219, respectively. Over the course of this study, samples were run on two
separate Finnigan MAT 261 TIMS instruments (MS 1 and MS 2). Repeated analyses of the
NBS987 standard provided a mean *’Sr/**Sr of 0.71023 +0.00004 (26) on MS 1, and 0.71025
+0.00009 (25) on MS 2, respectively (table B.21, fig. A.3). Nd results were calibrated against
the La Jolla standard which gave '*Nd/'"**Nd = 0.51187 +0.00004 (26) on MS 1 and 0.51186
+0.00005 (26) on MS 2 (table B.21, fig. A.4). Because samples were run on two separate in-
struments, all data from a specific machine have been normalized to reference values for stan-
dards: *’St/**Sr = 0.710250 for NBS987 and '**Nd/'**Nd = 0.511850 for the La Jolla standard.
Blanks are <120pg and <13pg for Sr and Nd, respectively, and are considered negligible.

& MS1 o MS2
0.71035
o O
O
0.71030 -
o [m]
& B i Dg
2. 0.71025 1 o o s 9
,ED * & o0
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01.11.99 31.10.00 31.10.01

Fig. A.3: ¥'Sr/*Sr ratio of NBS987 standard on two TIMS machines during the course of this study.
MS2 shows a significant trend towards high values over time. Considering all values, the mean is 0.710242

+0.000076 (20).



Appendices 91

o MS1 O MS2
0.51193
L
051191 | B
T 051189 5 ?
3 B $
% 0.51187 | . .
=z A4 * o
¢ 051185 | @
o O
‘ ]
0.51183
0.51181 o ‘ ‘
1.1.2000 31.12.2000 31.12.2001

Fig. A.4: "“Nd/"**Nd ratio of the La Jolla standard on two TIMS machines during the course of this
study. Considering all values, the mean is 0.511863 £0.000050 (20).

For Re-Os analysis of a subset of 17 samples, ~2 g of rock powder were digested in a
sealed quartz vessel together with a mixed '**Re/'”°Os isotope tracer and conc. HCI/HNOs
(2:3) for 16 h in a Perkin Elmer high-pressure asher operating at 100 bar N, overpressure and
300°C (Briigman et al., 1999). Osmium was extracted into liquid bromine and purified
through micro distillation following the method of Birck ef al. (1997). Rhenium was sepa-
rated and purified from the residue using ion exchange extraction (Morgan & Walker, 1989).
Os and Re were subsequently loaded onto Pt filaments with a mixed Na(OH) - Ba(OH), emit-
ter. The concentrations and isotopic compositions reported in table B.7 and B.19 were meas-
ured at MPI in Mainz using a Finnigan MAT-262 operating in negative ion mode (N-TIMS).
The effects of fractionation during Os runs were eliminated by normalizing the Os isotope
ratios to '*?0s/"**0s = 3.0827 (Luck & Allégre, 1983). Five procedural blanks for Os ranged
from 0.36 pg to 1.45 pg with '¥"0s/"**0s between 0.23 and 0.39, resulting in corrections on
sample '*’0s/'**0s of 1 to 4%, and corrections on sample Os concentrations of <1 to 5.5%.
Measured Re procedural blanks were 11 to 47 pg Re, resulting in corrections to Re sample
concentrations of up to 50%. The Mainz in-house Os standard yielded '*’Os/'®0s of 0.10703
+0.00020 (20, n=5). '"*’0s/'**Os ratios based upon duplicate sample dissolutions were repro-
ducible within <4.3%, significantly worse than the standard reproducibility. This may have
several reasons. Osmium is a strongly chalcophile element and the Os budget in a sample may

be dominated by Os contained in small sulfide globules (Roy-Barman et al., 1998), which
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may have heterogeneous isotopic composition. The specific distribution of sulfide globules
within aliquots of the sample powder therefore may account for the poor sample reproducibil-
ity observed. The same effect may also be responsible for the poor reproducibility of Os and
Re concentrations, which were within 11% and 5% of the mean. Similar variability in Os
concentrations and isotopic compositions in individual flows has previously been reported by
e.g. Alves et al. (1999). Minor sample contamination by disaggregated xenoliths may also

contribute to sample heterogeneity.

An age correction was calculated assuming maximum ages for older Biu Plateau rocks

of 5.35 Ma, and 50.000 a for younger Biu and Jos Plateau rocks, according to the equation:

initial ~

(1870S/1880S) _ (1870S/1880S)measured_(187R€/1880S)measuredx (eﬂt _1) (eq.])

with A = 1.666x10"" year™ (Shen et al., 1996), (Smoliar ef al., 1996).

However, all age corrections given in table B.19 lie within the external sample repro-

ducibility, and therefore are insignificant.

A.S.: Isotope analyses of megacrysts

Mineral separates for isotope analysis were prepared following the procedure of
Zindler & Jagoutz (1988). For Sr and Nd isotope analyses, ~150 mg concentrates of cpx
(n=14), gnt (n=4) and plag megacrysts (n=5) were handpicked under a binocular microscope
in dark and bright field. Grains were then leached twice in hot 2.5N HCI for 20 minutes, then
in cold 5% HF for 15 minutes in an ultrasonic bath, then rinsed with cold 2.5N HCI to remove
fluoride complexes and finally rinsed in deionized water. In a second microscopic reexamina-
tion all grains with visible reaction rims were removed to insure 100% optically pure sepa-
rates. Grains were then dissolved in Teflon beakers using HF-HNO;. Sr and Nd extraction
from the sample solution and conditions of TIMS measurement were the same as outlined for
rock samples in chapter A.3. Results are summarized in table B.22. Whereas analyses of
leached and unleached pure megacryst separates revealed no significant differences, cpx

megacrysts with thick alteration crusts (Ker A) had significantly more radiogenic ¥7Sr/*Sr.
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The assumption that cpx alteration rims are purely breakdown products and therefore unaf-

fected by isotopic contamination therefore does not hold.

Reliable isotope analyses of garnet megacrysts were difficult to obtain because of their
high resistance to acid attacks. A study of garnet attack using HF/HNO; mixtures in a micro-
wave oven under 20 bars overpressure and 170-200°C resulted in mechanical failure of some
Teflon beakers after 6 hours and cross-contamination of the samples. Successful dissolution
attempts always left large amounts of a white residue, most probably insoluble aluminium
compounds due to the high aluminium contents of the garnet. Subsequent Nd isotope analyses
of the sample solutions were in the same range (exg = 5.4-6.6) as associated cpx and plag
megacrysts (5.0-6.9). One composite cpx-gnt megacryst (Mir+gnt) had similar Nd isotopic
composition within error (eng cpx: 6.3, gnt: 5.5), thus suggesting isotopic equilibrium between
the phases. Sr isotope analyses of garnet megacrysts were rejected in the discussion because
of too large analytical uncertainties due to exceedingly low Sr concentrations in garnet (see

table B.10) and significant reagent blanks.

Compared to Sr and Nd, cpx megacrysts have much lower Pb concentrations, too low
to be determined by SIMS analysis. However, assuming a parental liquid similar to primitive
basalts from this study with ~3 ppm Pb and a D"/, (Pb) of ~0.01 (Hauri ef al., 1994), one
calculates a resulting Pb concentration in primitive cpx megacrysts of ~0.03 ppm. In order to
gather enough lead for successful TIMS analysis, each individual Pb isotope analysis con-
sisted of two batches of 100-150 mg pure cpx concentrate, that were run on separate Pb-
columns in the first pass and then merged for the second. Given a total sample weight of 200-
300 mg and a measured chemistry yield of ~75%, total yields are 4.5-6.75 ng Pb left for
TIMS analysis. To study the effects of low sample loads on TIMS analyses, several standards
in the range from 2-20 ng were run (table B.20). As evident from fig. A.2, there is no sign for
significant over- or underfractionation of 2-4 ng samples, therefore justifying the use of the

same fractionation correction scheme for the cpx megacrysts.

No attempt to analyze Pb isotopes of the garnets was made. Given a distribution coef-
ficient D®"/pmer (Pb) of 0.00012 (Hauri et al., 1994), one calculates Pb concentrations in primi-
tive gnt megacrysts of ~0.00036 ppm. In order to accumulate enough Pb for TIMS analyses,
this requires an initial sample weight before dissolution of ~7.5 g. Such large quantities of
pure garnet separates were impossible to obtain from a single specimen. Moreover, sam-
ple/blank ratios would be in the order of 1:1, and thus making the quality of the analysis ques-
tionable. The single ICP-MS garnet megacryst analysis provided by Lee et al. (1996) has a
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typical crustal composition with e.g. *’St/**Sr of 0.709848 +26 and *°°Pb/***Pb of 17.81. Lee
et al. (1996) interpreted the data as contamination of the garnet megacryst (and not the cpx
megacrysts!) with lower crustal material. In the light of the foregoing discussion, and the fact
that P, T-estimates for the crystallization of garnet megacrysts are well below the crust/mantle
boundary (see chapter 2), I doubt that this interpretation remains valid. It rather emphasizes
the responsibility of the researcher to carefully valuate his data before interpretations are

made.

A.6.: Data analysis

Figure 2.12, the major element compositions of cpx shown in fig. 2.14 and the phase
proportions shown in fig. 2.18 were calculated using the pMelts code of Hirschmann et al.

(1998) available at ftp:/ftp.geology.washington.edu/pub/Melts/.

Regression lines in Pb isotope space

For a slope ms of a regression line in **’Pb/***Pb-*°Pb/***Pb space (fig. 3.3a), an age

relating to this slope can be found by an iterative solution to the equation

(207ij _(207ij
204 204
Pb sample Pb initial 1 (eﬂ/z;st _ 1)

e [2061%] (2°6ij T137.88 (2 —1) (cad)
sample initial

204

where A are the decay constants of the uranium isotopes and ¢ is age. This equation is
independent on the U/Pb ratio of the samples. The interpretation of a linear array in
207pp/2Pb-2°Pb/***Pb space as an isochron is, however, only applicable if the samples had
the same Pb isotope initial ratios and had undisturbed U/Pb ratios since time ¢. Using a calcu-
lated age ¢ from the *’Pb/***Pb - *°°Pb/***Pb regression line, the present-day effective « (=
22Th/**U) can be calculated from the slope of a linear array in 208pp204pp, - 206pp/2%*ph space

(fig. 3.3b) as


ftp://ftp.geology.washington.edu/pub/Melts/
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K = Mg 1 (eq.3)

with mgs being the slope in 208pp,,204pt, 206p, /204py, space and A,3; the decay constant of
#2Th. Because the elemental ratio Th/U is not fractionated appreciably during melting
(Beattie, 1993), the measured «* should yield a value similar to the calculated k, if the line in
Pb-Pb isotope space truly represents an isochron (see Abouchami et al. (2000)). Alternative
interpretations of linear arrays in Pb isotope space are a) interpretation as mixing lines, or b)
as relaxation time of the different reservoirs with respect to the different isotopes (Albarede,

2001). In these cases the slope does not have any age significance.

Mixing calculations

The isotope ratios for two component mixing lines in chapter 3 were calculated using the

mass-balance equation (e. g. Albarede (1995))

i i
o= aendmemberl Cendmembcrl (1 B f) + aendmembcr2 ) Cendmember2 ) f
(eq.4)

endmemberl (1 f) + C endmember?2 f

where a is an isotope ratio, Cj. is the concentration of element i in j and f is the mass

fraction of endmember two. The trace element ratios of a mixture were determined with

C:ux :ndmemberl (1 f ) + CendmemberZ
= (eq.5).

b
Cmix endmemberl (1 f ) + Cendmember2
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Diffusion Calculations

The Fe-Mg diffusion profile in fig. 2.11 was fitted using an error function given in Crank
(1975) as

X

C\X)=er X(cC —C.. + C .
(x)=erf (2 JE) (Ceore = Crim) T+ Criy (eq.6)

with x = distance to rim, ¢ = time, and the binary Fe-Mg interdiffusion coefficient D,

which is itself is a function of pressure P and temperature T according to

—(E +PVy)

D(T,P)=D,e * (eq.7).

Data for activation energy E4 = 406 £64 kJ/mol and log Dy = -0.02 £0.32 cm?/s was
taken from Dimanov & Sautter (2000). No activation volume data is available, and therefore
the pressure dependence on D is neglected. Because diffusion of Fe and Mg is slower in cpx

than in gnt, cpx exerts the primary control on the rate of equilibration.

The diffusional relaxation time of an initially zoned crystal may be calculated according

to Fig. 12 of Chakraborty & Ganguly (1991)

100

80

60-

relaxation %

204 L
{

-4 -3 ) -
log ¢

Fig. 12 of Chakraborty & Ganguly (1991): Extent of relaxation of growth zoning profile as a function of
the dimensionless variable ¢ = n?Dt/a®. It is assumed that the initial growth profiles can be approximated by

either a trigonometric (T) or a linear (L) function, and that the edge composition of the crystal has remained
fixed.
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From the diagram it is assumed that the crystal is reasonably homogenized at log ¢ ~0.7.

With a given crystal radius a it follows

For an assumed temperature 7 = 1350°C the diffusion coefficient of aluminium in the
biggest piece of cpx with 5 cm diameter is calculated according to eq.7 with £, = 272 kJ/mol
and log Dy = -6.65 £30% cm?/s (Jaoul et al., 1991) to 4.4x10™'® cm?/s. Putting the numbers in

eq.8 gives a relaxation time 7 of ~7.1x10" s or ~220 Ma.

Calculation of Nd-diffusion in a spherical cpx grain

The calculation in chapter 3.3.3. was made assuming 7' = 1000°C, P = 15 kbar and ¢ =
150 Ma using diffusion data of Van Orman et al. (2001) with E4 = 496 +77 kJ/mol, log Dy =
-2.95 £2.64 m?%/s, V) = 9 cm’®/mol. D(T,P) is calculated according to eq.7 to 1.4x107** m?/s.
The total amount of diffusing substance entering or leaving the sphere is calculated according

to Crank (1975) as

m 6 1 2
fele) e T (@)

with radius ¢ = Imm one calculates a mass fraction of 25.6% that has reached equilib-
rium concentrations. Because of the higher diffusivities of Sr and Pb in cpx (Sneeringer et al.,

1984), (Cherniak, 2001), these elements should be well equilibrated after 150 Ma.
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Appendix B: Data tables
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Table B.1.: Major and trace element analyses of volcanic rocks by XRF melt discs (Frankfurt). *All Fe as Fe, O3

Sample TUM GULDUMBUR BUGOR TAMZA ZAGU HIZSHI DAM WIGA SEBUGOR JIGU-M GUMJA TILA1 PELA2 DAM2 ETUM PELA JUNG
SiO; [wt%] 45.26 4516  46.20 45.58 45.59 46.95 43.54 44.22 45.10 43.27 46.65 45.10 44.86 46.53 47.12 48.69
TiO, 2.36 2.54 2.39 3.00 256 2.62 294 294 2.38 3.01 264 3.01 2.84 2.53 2.51 2.16
Al;04 12.97 12.68 13.72 13.89 14.13 14.01 12.28 13.12 13.78 12.36 14.20 13.13 13.03 13.75 14.00 14.52
Fe,05* 11.55 11.63 11.37 1157 11.45 1116 12.53 11.71 11.27 12.24 10.94 11.94 12.02 11.04 11.02 10.63
MnO 0.16 0.17 0.16 0.17 0.7 0.17 0.19 0.7 0.16 0.19 0.15 0.16 0.18 0.16 0.18 0.15
MgO 12.67 11.66 10.64 9.09 8.99 8.66 11.29 10.35 9.88 10.52 9.26 10.07 10.03 8.99 8.94 8.54
CaO 8.56 9.18 8.79 8.68 9.09 7.96 9.90 9.40 9.31 9.65 940 9.57 9.90 8.48 7.84 8.28
Na;O 2.78 2.88 3.08 329 3.64 4.40 3.22 259 3.34 3.66 3.07 2.48 3.30 3.08 3.46 3.37
K20 1.39 1.58 1.44 1.96 1.79 1.56 1.53 1.54 1.49 1.73 135 1.37 1.60 2.09 1.83 1.60
P,0s 0.56 0.74 0.57 0.77 0.79 0.80 0.79 0.82 0.60 0.97 0.57 0.57 0.74 0.70 0.70 0.55
Sum 98.26 98.22 98.36  98.00 98.20 98.29  98.21 96.86 97.31 97.60 98.23  97.40 98.50 97.35 97.60 98.49
V [ppm] 200 193 183 203 176 174 226 212 190 207 198 222 217 181 154 169
Cr 452 387 368 224 231 265 401 300 290 379 229 286 397 246 333 279
Ni 435 346 307 202 202 233 291 269 231 278 229 230 243 222 241 210
Rb 39 44 36 42 48 80 40 36 37 49 31 34 41 53 50 37
Sr 659 749 627 952 893 961 779 858 670 926 701 618 760 825 854 667
Y 21 25 24 27 28 29 28 25 24 31 22 26 30 25 29 22
Zr 213 251 203 325 260 373 288 260 198 332 196 240 268 306 350 223
Nb 61 70 52 82 74 91 71 72 60 84 58 51 69 74 79 55
Ba 619 688 601 773 922 893 848 696 572 736 573 536 714 870 637 619
La 34 50 50 66 46 62 54 33 29 54 41 31 49 49 45 32
Ce 80 100 37 120 107 128 127 106 91 143 85 73 109 116 125 79
Sample  JIGU ZUMTA HILIA1 HILIA2 X TILASTR GUFKA MIR PELAALT GWARAM KOROKO| DAl KERANG AMPANG PIDONG-M PIDONG-S | stdev [wt%]
SiO; [wt%] 48.31 48.75 4555 48.65 46.54 4588 50.89 51.59 49.88 48.91 56.80] 45.02 43.94 45.41 45.02 46.19 0.45
TiO, 213 2.14 2.54 216 2.27 2.68 1.92 1.86 2.21 2.32 0.33 237 2.61 2.24 2.40 2.58 0.01
Al;04 14.48 15.02 14.29 1451 14.04 13.76  15.26 15.69 14.90 14.81 19.44 13.41 13.40 12.80 13.28 15.75 0.14
Fe,O;* 10.60 9.63 11.43  10.93 11.25 11.98 9.98 8.09 10.07 10.07 3.27) 11.30 12.29 11.33 11.71 11.41 0.06
MnO 0.15 0.13 0.17 0.15 0.16 0.15 0.13 0.12 0.14 0.15 0.17, 0.16 0.19 0.17 0.17 0.17] 0.004
MgO 8.49 7.58 8.99 8.48 8.57 9.03 731 573 7.00 6.87 0.35 10.48 9.30 10.75 10.64 5.92 0.046
Cao 9.02 7.47 9.06 9.16 9.63 8.91 8.85 6.59 7.02 7.10 1920 9.51 9.71 8.87 9.41 8.35 0.08
Na,O 3.26 3.67 3.65 3.13  3.08 2.34 3.47 3.82 3.52 4.44 7.90 284 3.91 3.24 3.55 3.35 0.07
K20 1.36 2.39 1.74 115 1.26 1.55 113 2.84 2.39 2.27 4.56] 1.64 1.77 1.75 1.77 2.24 0.02
P,0s 0.46 0.65 0.73 045 0.58 0.51 0.52 0.57 0.58 0.68 0.11 0.58 0.87 0.70 0.70 0.64 0.004
Sum 98.26 97.43 98.15  98.77 97.33 96.79  99.46 96.90 97.71 97.62 94.85 97.31 97.99 97.26 98.65 96.60] [ppm]
V [ppm] 170 144 189 180 196 200 146 121 176 157 <5 169 175 163 165 155 5.6
Cr 299 217 196 273 287 283 242 122 214 187 <10 323 205 417 347 45| 18
Ni 191 202 183 220 176 246 196 123 202 174 <5 230 161 345 260 75 7
Rb 32 62 46 29 34 41 25 72 65 58 187 40 53 51 51 58 2.1
Sr 570 865 778 534 625 667 623 1013 766 972 970 761 951 809 791 1042 4.2
Y 22 20 27 20 24 22 18 18 22 26 39 23 27 23 23 23 1.5
Zr 183 274 247 178 180 211 169 344 332 420 808| 223 283 242 248 320 2.7
Nb 43 78 68 43 52 50 43 95 77 92 273 60 83 70 70 78 1.2
Ba 558 891 719 489 529 517 535 996 965 957 1224 650 846 789 750 960 35
La 29 41 40 24 36 20 25 55 54 60 116 35 62 53 43 60 6.5
Ce 61 109 106 64 85 70 53 91 84 133 177 100 127 132 106 102 14.3
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Table B.2.: Trace element analyses of volcanic rocks by XRF pressed powder pellets (Mainz)
b.d.: below detection limit, numbers in brackets are outside calibration range
Reproducibility taken from http://www.uni-mainz.de/FB/Geo/Geologie/EMSRFA/RFA.html

Sample Zagu Jigu Jigu M X Pelajung Koroko Pelaalt Dam Gumja

Pb [ppm] 3.4 27 45 3.9 5.4 21.7 46 4.2 3.1
Th 7.3 3.6 6.3 5.9 4.2 43.9 8 5.7 5.1
U 23 1.6 1.8 1.2 12.6 1.4 23 1.7
Sc 17 22 20 21 20 b.d. 17 22 20
\" 155 164 201 183 166 9 184 192 197
Cr 214 289 359 266 269 b.d. 209 348 235
Ni 193 182 277 173 200 4 202 278 222
Co 45 43 52 47 40 3 40 49 49
Cu 37 57 43 45 46 7 26 51 62
Zn 104 91 125 96 109 137 124 109 92
Ga 22 20 21 20 21 35 23 22 20
Rb 53 35 50 37 39 196 68 45 34
Sr 973 610 1009 668 703 1012 805 858 748
Y 30 24 32 25 23 38 22 31 23
Zr 272 187 352 183 230 [726] 346 305 200
Nb 92 51 104 62 67 [339] 93 85 72
Ba 786 469 598 432 500 1135 830 736 453

Sample Dam 2 Bugor SE Bugor Hilia 1 Hilia 2 Tamza  Gufka Mir Tila1

Pb [ppm] 4 34 4.6 4.6 24 4.7 2.8 5 3.8
Th 6.3 4.4 5 6.2 3.1 8.1 3.6 10 4.4
U <1.6 <1.6 <1.6 <1.6 <1.6 <1.6 <1.6 25 <1.6
Sc 20 21 23 19 22 17 17 11 22
Vv 183 184 181 160 171 197 141 122 210
Cr 248 360 289 162 252 230 225 125 267
Ni 221 300 239 169 215 199 187 117 208
Co 40 53 45 38 49 41 42 30 49
Cu 36 47 42 36 51 24 57 26 37
Zn 116 102 102 101 99 123 95 123 96
Ga 21 18 20 24 21 23 20 24 21
Rb 57 37 42 52 28 46 27 78 38
Sr 872 668 714 860 567 1013 667 1075 671
Y 26 26 26 28 23 28 20 18 27
Zr 313 211 206 259 183 338 173 355 252
Nb 89 65 73 83 51 103 52 120 61
Ba 747 441 438 628 379 604 440 864 384

Sample Guldumbur  Pela 2 Wiga Gwaram Zumta Hizshi Tum  ETum_Tila Str

Pb [ppm] 4.1 3 4 4.9 3.9 5.2 4.2 4.2 3
Th 6.1 5.4 5.6 10.4 6.8 9.3 55 5.5 3.9
U 21 <1.6 <1.6 1.8 <1.6 25 <16 <16 <1.6
Sc 23 22 20 14 17 17 22 17 19
\" 190 195 205 145 153 162 195 149 185
Cr 374 382 315 170 213 258 453 302 270
Ni 350 249 264 172 202 230 430 222 233
Co 52 49 51 38 40 46 58 38 48
Cu 40 46 52 22 57 27 78 31 41
Zn 106 107 109 134 115 132 105 109 108
Ga 20 21 19 25 23 24 18 23 21
Rb 47 47 35 63 70 89 43 52 45
Sr 804 824 895 1044 918 1017 692 918 708
Y 26 30 27 28 20 30 23 32 24
Zr 263 279 264 429 282 386 220 367 216
Nb 86 82 88 115 96 109 73 94 58
Ba 531 579 519 858 805 723 498 518 383

Sample Dai Kerang Ampang Pidong M Pidong S Biu 4 Biu5 Biu8 Biu9 stdev [ppm]

Pb [ppm] 29 5.6 4.9 4.2 4 3.4 3.7 25 41 0.6
Th 5 8.4 7.8 6.2 7.8 3.7 4.7 21 6.4 0.4
U 1.9 1.8 2.8 <1.6 <1.6 <1.6 <16 <16 <1.6 0.3
Sc 20 18 19 21 16 21 19 21 18] not given
\" 175 167 156 157 145 206 211 174 179 1.8
Cr 337 194 401 337 40 328 269 365 318 5.1
Ni 223 169 349 251 64 240 211 242 204 29
Co 53 50 51 52 34 46 50 51 43 23
Cu 38 28 57 32 27 50 46 35 50 22
Zn 105 128 116 120 107 102 100 90 99 1.5
Ga 20 21 20 19 21 22 21 19 20 0.7
Rb 45 57 56 55 63 32 45 28 46 1.0
Sr 803 1024 858 841 1128 712 635 497 888| 25
Y 24 28 24 25 23 28 27 20 31 0.6
Zr 231 293 247 257 331 240 257 164 297| 1.5
Nb 72 102 86 86 97 63 63 43 88 0.3
Ba 554 734 726 615 795 498 390 351 535 3.6
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Table B.3.: Trace element analyses of volcanic rocks by ICP-AES (Potsdam) following sinter dissolution
*Govindaraju (1994)

Sample Miringa Bugor Dam Dam 2 Gufka Gwaram Hilia 1 Hilia 2 Hizshi Jigu-M Pela alt Pela jung
La [ppm] 66 39 62 55 33 72 52 31 70 66 57 41
Ce 118 74 118 104 61 134 96 59 128 127 103 75
Pr 13 8.6 13 12 7.2 15 11 6.8 15 15 11 9.1
Nd 48 35 55 47 29 58 44 29 58 59 44 35
Sm 9 7.2 11 9.2 6.4 12 8.9 6.2 11 12 8.7 7.2
Eu 2.8 25 3.3 3 21 3.5 29 21 3.5 3.6 2.7 2.3
Gd 7.2 6.9 9.2 7.9 5.7 9.3 8.1 6 9.5 9.8 7.3 6.4
Tb 0.95 1 1.3 1.1 0.83 1.3 1.2 0.82 1.4 14 0.9 0.9
Dy 4.3 55 6.6 5.7 4.3 6.5 6 4.6 6.7 7 4.9 4.8
Ho 0.67 0.94 1.1 0.98 0.72 1 1 0.81 1.1 1.2 0.84 0.79
Er 14 24 2.8 23 1.9 24 25 1.9 25 2.9 1.9 21
Tm 0.16 0.31 0.34 0.3 0.23 0.28 0.32 0.27 0.3 0.39 0.24 0.26
Yb 1 1.8 21 1.7 1.3 1.7 2 1.6 1.9 2.1 1.4 1.5
Lu 0.14 0.27 0.3 0.25 0.18 0.23 0.28 0.22 0.26 0.3 0.2 0.21
Y 16 24 28 24 19 26 26 20 27 29 20 21
Sc 12 22 23 18 18 14 22 22 17 20 16 18
Sample Tamza Tila Wiga Kerang Ampang Pidong M Pidong S JB-2 JB-2 ref.* accuracy
La [ppm] 59 36 57 120 70 59 55 64 24 2.37 101.3%
Ce 110 73 105 206 128 107 102 124 6.9 6.77 101.9%
Pr 13 9.3 12 20 14 12 11 13 1.3 0.96 135.4%
Nd 50 37 48 64 56 46 46 54 6.6 6.7 98.5%
Sm 9.9 8.1 9.4 11 11 8.9 9.3 9.8 23 2.25 102.2%
Eu 3.2 2.6 3 3.1 3.5 29 2.9 3.1 0.83 0.86 96.5%
Gd 8.6 7.4 8.4 8.5 9.2 7.7 7.9 8 3.2 3.28 97.6%
Tb 1.2 1.1 1.2 1.2 1.3 0.97 1.2 1.2 0.58 0.62 93.5%
Dy 6.3 5.7 6 7 6.4 5.5 5.9 5.7 4.2 3.66 114.8%
Ho 1 0.97 1 1.3 1.1 0.88 0.92 0.95 0.82 0.81 101.2%
Er 2.6 24 24 3.7 2.6 2.1 2.4 2.3 2.8 2.63 106.5%
Tm 0.33 0.31 0.32 0.48 0.32 0.28 0.31 0.27] 0.41 0.45 91.1%
Yb 1.9 1.8 1.8 3.5 1.8 1.6 1.7 1.7 2.6 2.51 103.6%
Lu 0.26 0.25 0.26 0.51 0.25 0.23 0.23 0.23 0.4 0.39 102.6%
Y 26 24 25 34 27 23 24 23 23 249 92.4%
Sc 19 22 20 0.53 19 19 20 15 56 53.5 104.7%
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Table B.4.: Trace element analyses of volcanic rocks by ICP-MS (MUN)
*Govindaraju (1994), **internal MUN values.
Sample ZUMTA HILIA2 JIGU1 KOROKO GUFKA DAM 2 MIR MIR MIR JIGU-M GULDUMBUR PELA JUNG PELA JUNG GUMJA TUM ZAGU
Comment  Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young  Biuyoung Biu young Biu young Biu young
dupl. dupl. dupl.
Mo [ppm] 2.85 1.00 1.95 7.61 2.32 5.19 3.22 3.62 3.52 5.02 3.60 2.76 2.82 3.59 3.39 4.35
Hf 8.16 5.20 5.27 17.84 4.10 7.28 8.61 9.58 8.72 8.66 6.03 5.92 5.64 5.15 6.06 6.93
Ta 6.47 3.40 3.43 19.25 2.87 5.46 6.86 8.05 7.52 6.19 4.51 4.05 3.87 3.95 4.40 5.34
Rb 63.0 23.5 28.6 159.0 215 58.2 68.8 80.6 711 43.2 36.8 35.3 35.6 35.6 38.9 48.5
Sr 886 505 545 853 600 939 986 1175 1017 923 663 685 687 848 684 983
Y 17.7 18.2 19.0 30.3 16.3 257 15.0 17.7 15.7 28.1 20.3 20.2 20.3 24.4 20.1 26.9
Zr 278 162 169 708 152 310 339 363 342 326 232 225 226 213 206 268
Nb 104.2 51.1 53.9 300.0 52.9 104.4 122.9 137.0 125.7 109.8 85.2 75.8 76.4 85.1 80.0 105.5
Cs 0.74 0.25 0.24 0.47 0.09 0.72 0.56 0.65 0.58 0.59 0.48 0.38 0.36 0.45 0.57 0.59
Ba 750 341 409 1002 382 763 800 896 812 563 480 524 507 503 479 800
La 51.6 27.6 29.0 102.6 28.6 54.9 58.4 64.8 60.3 64.5 43.7 41.0 39.8 45.7 38.4 57.7
Ce 92.0 51.2 53.3 181.4 54.0 106.0 107.2 116.7 104.9 1241 82.7 77.5 75.6 85.9 71.6 105.4
Pr 10.69 6.35 6.50 17.82 6.34 11.84 11.65 13.23 11.94 14.59 9.43 8.76 8.53 9.06 8.37 12.05
Nd 40.5 255 26.2 55.7 25.1 46.2 43.2 48.1 43.8 57.2 36.8 345 33.7 354 323 46.5
Sm 7.69 5.60 5.70 9.12 5.46 9.09 7.87 8.66 8.05 11.16 7.32 7.05 6.91 7.21 6.47 9.18
Eu 248 1.88 1.89 2.71 1.85 2.88 247 2.77 2.54 3.46 2.35 2.32 2.26 2.35 212 3.00
Gd 6.58 5.48 5.55 6.55 4.86 7.47 6.07 6.97 6.32 9.34 6.29 6.25 6.06 6.16 5.87 8.20
Tb 0.79 0.72 0.74 1.03 0.69 1.03 0.76 0.82 0.77 1.23 0.86 0.87 0.84 0.94 0.77 1.05
Dy 411 4.07 4.23 6.10 3.73 5.54 3.76 4.13 3.87 6.68 4.74 4.77 4.65 5.10 4.30 5.89
Ho 0.68 0.73 0.76 1.15 0.64 0.94 0.58 0.64 0.60 1.14 0.83 0.83 0.81 0.90 0.75 1.02
Er 1.58 1.85 1.96 3.26 1.60 2.35 1.35 1.49 1.39 2.85 2.08 2.10 2.03 2.28 1.95 2.61
Tm 0.19 0.25 0.27 0.48 0.22 0.33 0.16 0.21 0.19 0.37 0.27 0.29 0.28 0.31 0.25 0.35
Yb 1.09 1.38 1.52 3.12 1.14 1.69 0.88 0.98 0.91 2.06 1.60 1.56 1.48 1.70 1.51 1.89
Lu 0.14 0.17 0.19 0.36 0.12 0.19 0.10 0.11 0.10 0.24 0.18 0.17 0.17 0.18 0.18 0.23
Pb 3.07 1.58 2.05 16.90 1.73 3.68 3.60 4.23 3.65 3.31 2.25 2.87 2.66 2.57 1.96 3.00
Th 7.82 3.73 4.17 36.75 4.03 7.95 9.62 10.93 10.08 8.40 6.04 5.90 5.74 6.87 5.48 7.72
U 1.85 0.60 1.01 10.04 0.98 1.94 242 2.77 2.53 2.25 1.70 1.52 1.45 1.74 1.35 1.92
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Table B.4.: Trace element analyses of volcanic rocks by ICP-MS (MUN)
*Govindaraju (1994),

**internal MUN values.

Sample TAMZA Biu4 Biu4 KERANG AMPANG MRG-1-67 MRG-1 MRG-1 MRG-1 BR-688-67 BR-688 BR-688 BR-688
Comment Biu young | Biu old Biu old |Jos young Jos young
dupl. det. limit std ref.* ref.** accuracy std ref.* ref.** accuracy

Mo [ppm] 4.26 3.24 3.00 4.12 4.81 0.058 1.57 0.87 1.26 124.9% 0.636 0.52 122.3%|
Hf 8.29 7.57 7.01 6.58 5.55 0.009 4.41 3.76 3.76 117.2% 2.52 1.6 1.56  161.5%)
Ta 6.19 4.33 3.99 5.43 4.57 0.001 0.910 0.8 0.83 109.6% 0.406 0.31 0.27  150.2%
Rb 41.3 33.1 28.4 44.9 52.7 0.131 6.87 8.5 7.65 89.9% 213 1.91 2.07 102.7%
Sr 961 795 693 872 864 0.72 258 266 274 94.3% 179 169.2 168.01 106.8%

Y 251 28.0 24.8 22.6 22.4 0.004 11.2 14 11.6 96.2% 19.8 17 17.94 110.1%
Zr 331 275 234 256 238 0.065] 90.7 108 93.7 96.8% 61.1 60.6 53.25  114.7%)
Nb 111.3 83.7 73.3 101.5 97.2 0.005] 21.9 19.2 223 98.1% 5.09 443  114.8%)
Cs 1.50 0.25 0.23 0.98 1.1 0.031 0.583 0.57 0.60 97.1% 0.054 0.24 0.03  180.2%
Ba 641 512 475 634 691 0.93 44.2 61 47.5 93.1% 191 200 171.89  111.0%)
La 58.0 38.3 35.8 60.1 56.4 0.013 8.61 9.8 9.07 95.0% 5.44 5.3 5.12 106.3%)
Ce 106.9 73.0 70.5 112.0 108.2 0.012 24.0 26 26.2 91.6% 12.5 13.3 12.04  103.5%
Pr 12.18 8.96 8.61 12.72 11.59 0.013 3.62 34 3.79 95.5% 1.82 1.71 106.6%
Nd 48.5 37.6 35.4 48.4 43.7 0.023 17.3 19.2 18.3 94.6% 8.75 9.6 8.33  105.0%
Sm 9.41 8.17 7.63 9.36 8.40 0.015] 4.28 4.5 4.51 94.8% 2.48 2.79 238 104.2%
Eu 3.01 2.71 2.49 2.98 2.69 0.010 1.36 1.39 1.46 93.1% 1.02 1.07 1.00 101.8%
Gd 8.14 7.73 7.01 7.75 6.60 0.010 3.96 4 4.11 96.3% 3.17 3.2 3.02 104.8%)
Tb 1.05 1.02 0.95 1.01 0.97] 0.002 0.516 0.51 0.55 93.9% 0.519 0.45 0.50  103.9%
Dy 5.73 5.63 5.37| 5.44 5.19 0.005] 2.81 2.9 3.01 93.4% 3.53 34 3.38  104.4%
Ho 0.99 0.99 0.92 0.93 0.88 0.002 0.482 0.49 0.51 94.6% 0.761 0.81 0.73  104.2%
Er 2.45 2.40 2.24 2.27 2.15 0.008 1.15 1.12 1.21 95.1% 2.27 2.1 218  103.9%
Tm 0.34 0.29 0.28 0.31 0.31 0.007 0.147 0.11 0.15 97.9% 0.354 0.29 0.32 110.7%|
Yb 1.78 1.70 1.59 1.57 1.51 0.003 0.765 0.6 0.81 94.5% 2.15 2.09 2.08 103.6%
Lu 0.21 0.20 0.18 0.18 0.15 0.006 0.085 0.12 0.11 76.8% 0.282 0.34 0.31 90.9%)
Pb 3.30 1.90 1.72 4.24 4.45 0.862 8.61 10 5.20 165.5% 3.18 3.3 3.39 93.8%)
Th 8.27| 4.43 4.31 8.19 7.90 0.002 0.750 0.93 0.78 96.1% 0.359 0.33 0.32 112.0%|

U 2.21 1.18 1.09 1.99 1.84 0.011 0.232 0.24 0.25 92.6% 0.331 0.37 0.28  118.3%
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Table B.5.: Major and trace element analyses of volcanic rocks by XRF (MUN)
*all Fe as Fe,04

Sample Zumta Hilia2 Jigu1 Koroko Gufka Dam 2 Mir Mir JiguM Guldumbur Pela jung Gumja Tum Zagu Tamza Biu4 | Kerang Ampang

Comment Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young| Biu old [Jos young Jos young

dupl.

SiO; [wt%] 51.96 49.96 51.18 59.27 52.29 48.14 53.99 54.42 44.81 45.16 49.71 48.63 46.39 45.71 46.35] 45.75 45.54 46.98
TiO, 2.30 2.18 2.06 0.33 1.93 2.65 1.98 1.98 2.95 2.55 2.28 2.76 2.51 243 3.06 2.57| 2.70 2.37|
Al,0; 17.07 16.28 17.47 21.03 17.18 14.77 16.87 17.07 13.53 13.35 15.65 15.67 14.28 15.31 14.28 14.28 14.71 14.00

Fe,O;* 9.80 11.00 10.17 3.33 9.83 11.39 8.39 8.38 11.94 11.69 10.87 11.02 12.01 10.88 11.78 11.35 12.55 11.76
MnO 0.13 0.15 0.14 0.17 0.13 0.17 0.11 0.11 0.18 0.17 0.15 0.15 0.16 0.16 0.17] 0.16 0.19 0.17]
MgO 6.93 7.35 7.01 0.31 6.62 8.38 5.43 5.56 10.11 11.03 7.63 8.54 11.52 7.83 9.00 8.99 8.31 10.25
CaOo 7.77 9.28 9.24 1.94 8.90 8.69 6.76 6.80 9.55 9.01 8.39 9.50 8.99 9.01 8.68 10.37| 9.86 9.04
Na,O 4.36 3.81 4.24 8.22 4.18 3.51 4.16 4.22 4.39 3.33 3.93 3.67 3.28 4.31 3.66 3.06 4.89 3.69
K0 2.55 1.21 1.53 4.61 1.22 2.15 2.87 2.92 1.80 1.61 1.62 1.43 1.46 1.88 1.96) 1.33] 1.90 1.85
P,0s 0.54 0.39 0.46 0.08 0.49 0.57 0.43 0.44 1.01 0.59 0.44 0.50 0.47 0.79 0.58 0.59 0.79 0.56
Sum 103.96  101.89 103.89 100.26  103.08 101.02 10147 102.38  100.92 99.03 101.04 102.30 101.63 98.92  100.08 98.92 102.13  101.38]
S [ppm] 36 46 8 44 45 126 37 31 68 29 30 32 77 49 65 56 298 377
Cl 1382 40 810 4466 248 1820 657 684 1955 1329 443 997 1379 1898 1525 1203 2341 2000
Sc 19 22 22 <5 14 17 12 18 27 22 22 23 29 19 25 25 16 19
Vv 154 167 178 <5 147 182 129 118 217 195 176 195 208 159 189 204 172 168,
Cr 246 274 323 <5 257 283 137 143 392 466 309 258 500 245 255 423 222 452
Ni 180 199 166 <5 180 207 103 97 266 340 181 210 420 182 184 223 150 334
Cu 60 59 54 3 64 39 32 29 54 47 49 63 83 42 31 57| 40 60
Zn 62 52 46 81 45 61 69 67 67 55 59 45 55 57 66 51 73 60
Ga 23 20 21 36 20 21 25 25 22 18 19 19 17 19 21 20 22 21
Rb 66 27 33 195 24 55 76 75 47 45 37 31 40 51 43 28 53 53
Sr 944 573 618 1042 677 885 1104 1099 1025 824 712 766 711 1032 1027 714 1039 880
Y 18 21 21 37 18 24 16 16 31 25 22 22 21 29 27| 25 27 23
Zr 320 199 201 978 187 355 406 405 394 294 254 222 241 314 379 259 330 278
Nb 107 57 58 365 58 99 129 129 116 97 76 80 83 105 112 71 113 96
Ba 836 423 514 1193 441 794 883 887 674 601 571 480 556 898 658 543 762 752
Ce 115 14 55 229 16 125 139 116 119 86 57 88 79 102 91 48| 121 105
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Table B.6.: Trace element analyses of volcanic rocks by ICP-MS (Géttingen)
*Imai et. al (1995), **Raczek et al. (2001), Chen et al. (2000). Precision denotes 1o st.dev.

Sample Koroko Gwaram Hizshi Jigu-M Mir Dam Tamza Wiga Pela alt Dam 2 Hilia 1 Guldumbur Pela 2 Zagu Etum

Comment nuclide Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung
Li [ppm] 7 4.47 9.78 8.94 7.88 104 7.48 2.82 2.73 0.80 7.54 6.99 3.17 6.80 7.37 8.65
Sc 45 0.75 14.3 17.3 20.4 12.0 22.0 18.3 20.0 16.0 18.6 22.2 21.4 24.2 20.8 17.2
Co 59 1.77 36.3 431 49.9 29.6 53.4 45.3 50.5 43.0 44.3 49.2 51.9 54.5 46.8 40.3
Ni 60 2.86 160 214 256 116 260 182 245 198 213 185 324 247 194 221
Zn 66 121 133 129 126 120 124 124 118 130 119 122 115 125 118 118
Rb 85 157 61.0 83.8 46.2 73.9 40.7 43.5 33.3 66.8 55.8 50.2 45.5 451 50.4 49.2
Sr 88 538 1063 1000 972 1065 815 962 894 807 880 848 800 833 952 878
Y 89 10.3 26.2 27.4 29.5 16.3 27 1 25.4 24.4 20.2 24.2 26.7 25.1 29.3 27.3 28.2
Zr 90 845 396 358 23.3 327 56.9 227 53.1 281 276 205 154 125 231 335
Nb 93 173 76.7 63.9 9.74 78.9 20.8 57.6 23.1 60.1 62.6 33.3 11.8 19.9 24.0 42.3
Cs 133 0.52 0.99 0.82 0.60 0.63 0.51 1.60 0.71 0.50 0.71 0.59 0.57 0.49 0.63 0.67
Ba 137 1044 879 758 604 888 731 648 545 813 741 593 561 581 802 539
La 139 13.5 72.0 67.9 67.8 63.8 55.2 58.2 54.9 53.8 52.7 50.0 50.6 51.0 58.8 54.7
Ce 140 72.9 139 133 138 123 113 115 106 101 104 96.5 97.8 99.2 110 108
Pr 141 2.78 15.1 14.4 15.3 12.6 12.6 12.3 11.5 10.7 11.2 10.2 10.6 10.9 11.7 121
Nd 143 9.52 59.7 56.7 62.4 48.1 51.3 49.7 46.7 42.8 454 421 44.4 46.5 48.7 48.8
Sm 147 1.94 11.5 11.3 12.4 8.8 10.6 10.0 9.57 8.05 9.19 8.49 8.72 9.16 9.38 9.55
Eu 151 0.78 3.67 3.49 3.90 2.86 3.32 3.20 3.02 2.67 2.93 2.72 2.87 3.01 3.18 3.09
Gd 157 2.01 8.79 8.68 9.67 6.88 8.30 7.82 7.49 6.44 7.28 6.87 6.78 7.20 7.72 7.90
Th 159 0.32 1.30 1.26 1.41 0.91 1.25 1.20 1.15 0.94 1.1 1.05 1.08 1.09 1.19 1.24
Dy 163 1.92 6.10 6.09 6.96 3.97 6.25 5.75 5.61 4.36 5.39 5.39 5.50 5.64 6.07 6.70
Ho 165 0.39 1.01 1.03 1.22 0.63 1.1 1.01 0.94 0.76 0.95 0.95 0.98 0.99 1.1 1.22
Er 166 1.20 2.55 2.67 3.10 1.57 2.93 2.60 2.44 1.86 2.36 2.48 2.54 2.54 2.71 2.94
Tm 169 0.18 0.29 0.30 0.37 0.17 0.36 0.32 0.31 0.23 0.30 0.32 0.33 0.33 0.36 0.39
Yb 172 1.23 1.64 1.73 2.20 0.98 2.07 1.86 1.67 1.22 1.69 1.82 1.90 1.84 2.03 2.38
Lu 175 0.18 0.22 0.25 0.31 0.14 0.31 0.27 0.24 0.18 0.23 0.26 0.27 0.28 0.29 0.33
Hf 178 16.0 8.9 7.72 0.58 7.26 1.10 413 1.00 5.86 6.30 3.21 2.1 1.88 473 8.1
Ta 181 1.06 2.68 2.76 0.70 3.65 1.50 4.07 1.53 3.66 1.62 2.16 1.00 1.41 1.93 3.14
w 182 1.1 1.10 1.15 0.38 0.80 0.40 1.01 0.39 0.93 0.93 0.68 0.37 0.33 0.56 0.71
Pb 208 17.84 4.46 3.75 3.55 3.95 2.95 3.67 2.94 3.60 3.88 2.64 2.76 2.84 3.08 3.31
Th 232 8.46 10.5 8.98 8.38 10.35 7.06 8.69 7.36 7.57 7.86 6.49 7.37 6.39 7.93 7.83

U 238 3.14 2.73 2.39 2.43 2.69 1.89 2.36 1.96 1.98 1.94 1.67 2.12 1.52 1.99 2.08
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Table B.6.: Trace element analyses of volcanic rocks by ICP-MS (Géttingen)
*Imai et. al (1995), **Raczek et al. (2001), Chen et al. (2000). Precision denotes 1o st.dev.
Sample Gumja Pelajung Zumta Bugor Tila 1 X Tum Gufka Hilia2 SE Bugor Jigu1 Tila Str Mir Gufka Biu 4 Biu 5
Comment Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung Biuyoung| Biuold Biu old
Li [ppm] 6.20 6.34 6.77 5.68 6.31 6.15 6.01 5.22 5.46 5.70 5.85 6.12 9.31 4.76 5.42 6.02
Sc 20.4 19.4 15.7 221 23.8 242 23.7 18.3 211 21.6 213 16.7 11.4 16.4 21.2 21.8
Co 48.9 45.8 40.4 52.7 53.6 49.3 61.2 44.5 48.7 48.2 44.9 49.7 28.7 38.5 52.4 55.8
Ni 222 207 200 299 231 181 427 201 214 217 182 229 111 173 236 233
Zn 105 114 122 117 124 113 115 105 111 108 104 127 117 92.8 120 129
Rb 32.7 39.0 66.9 37.9 35.8 36.1 421 251 28.3 38.3 324 40.7 72.6 23.5 29.0 41.8
Sr 747 695 888 673 675 698 686 667 566 692 583 689 1023 612 655 617
Y 21.7 21.8 18.1 23.9 25.7 23.3 20.9 18.8 20.3 23.0 20.4 213 15.7 16.9 241 24.0
Zr 176 213 263 199 207 176 159 158 157 103 153 176 297 142, 175 225
Nb 23.4 64.8 88.0 37.7 471 46.4 271 34.8 30.3 13.5 28.2 46.0 33.1 20.4 51.2 51.2
Cs 0.43 0.39 0.80 0.46 0.36 0.53 0.65 0.09 0.29 0.49 0.26 0.30 0.61 0.09 0.29 0.43
Ba 457 525 798 451 397 435 506 431 391 472 447 382 843 404 460 393
La 42.7 40.6 54.5 38.1 36.6 375 40.2 31.8 30.2 395 30.2 31.1 62.0 29.4 344 36.8
Ce 78.6 77.5 102 72.9 76.7 72.9 78.1 61.4 60.1 76.6 59.4 64.2 118 56.0 70.6 78.1
Pr 8.43 8.57 11.0 8.34 9.01 8.10 8.55 6.99 6.85 8.67 6.74 7.49 124 6.35 8.37 8.97
Nd 34.5 35.0 42.8 33.9 38.9 33.2 34.2 28.6 28.2 345 28.1 31.1 46.3 26.3 35.1 38.3
Sm 6.77 7.02 8.04 7.03 8.48 7.01 6.89 6.00 6.17 7.01 6.00 7.04 8.60 5.62 7.59 8.11
Eu 2.31 2.37 2.63 2.37 2.7 2.32 2.29 2.13 2.20 2.43 2.08 2.38 2.81 1.93 2.53 2.75
Gd 5.80 5.94 6.33 6.02 6.93 5.95 5.94 5.16 5.33 6.11 5.36 5.88 6.62 4.74 6.50 6.96
Tb 0.92 0.97 0.95 0.99 1.09 0.93 0.89 0.80 0.86 0.95 0.86 0.95 0.93 0.76 1.07 1.08
Dy 4.88 4.87 4.33 5.12 5.51 4.88 4.64 4.02 4.49 4.93 4.48 4.91 4.09 3.84 5.27 5.20
Ho 0.86 0.87 0.70 0.93 0.96 0.87 0.82 0.71 0.82 0.89 0.84 0.85 0.65 0.67| 0.91 0.93
Er 2.18 217 1.78 2.39 241 2.26 2.09 1.74 2.04 2.33 2.1 2.13 1.53 1.60 2.32 2.34
Tm 0.29 0.26 0.20 0.30 0.30 0.29 0.27 0.23 0.27 0.31 0.27 0.25 0.17 0.21 0.29 0.28
Yb 1.70 1.61 1.21 1.74 1.76 1.74 1.61 1.27 1.53 1.76 1.57 1.50 0.99 1.20 1.65 1.54
Lu 0.24 0.21 0.16 0.25 0.25 0.25 0.24 0.18 0.22 0.26 0.23 0.20 0.14 0.16 0.23 0.22
Hf 4.03 5.30 5.98 4.71 4.39 4.12 2.78 3.87 4.05 1.60 3.80 4.26 6.36 3.29 4.29 5.40
Ta 1.80 4.69 4.69 2.60 3.44 3.02 2.04 1.55 247 1.22 2.20 3.68 3.10 1.41 413 3.74
w 0.57 0.90 0.79 0.69 0.40 0.67 0.58 0.46 0.25 0.24 0.24 0.43 0.40 0.34 0.74 0.41
Pb 2.60 2.87 3.39 213 2.19 2.34 2.22 1.92 1.78 2.16 2.21 1.88 3.87 1.80 1.87 213
Th 6.57 6.06 8.22 5.20 4.54 5.30 5.78 4.35 4.07 5.65 4.36 4.14 10.2 4.14 4.21 4.66
U 1.72 1.54 2.00 1.39 1.11 1.28 1.43 1.05 0.65 1.51 1.06 1.10 2.64 0.97| 1.12 1.16
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Table B.6.: Trace element analyses of volcanic rocks by ICP-MS (Géttingen)
*Imai et. al (1995), **Raczek et al. (2001), Chen et al. (2000). Precision denotes 1o st.dev.
Sample Biu 8 Biu 9 Dai Kerang Ampang Pidong-M Pidong-S JG-2 JG-2 precision JG-2 accuracy BCR-2 BCR-2 accuracy
Comment Biu old Biuold | Josyoung Josyoung Josyoung Josyoung Josyoung std std ref.* std ref.**

Li [ppm] 4.99 7.82 5.96 7.76 8.99 8.13 8.13 43.96 39.95 4.8% 42.2 99.4% 8.28
Sc 20.8 22.9 22.8 20.2 18.6 20.7 13.7| 2.8 2.64 3.8% 242 113.2% 31.6 33 95.7%
Co 49.2 50.2 53.1 48.8 50.2 51.2 36.0 3.8 3.41 5.5% 3.62 99.5% 35.5 37 96.0%

Ni 230 227 234 157 332 251 64| 3.65 3.08 8.6% 4.35 77.3% 13.1
Zn 102 128 116 129 116 124 116 13 12.39 3.6% 13.6 94.6% 133 127 104.9%
Rb 24.6 44.9 451 54.5 53.0 54.5 56.7 315.5 303.36 2.0% 301 102.8% 46.1 46.9 98.3%
Sr 472 881 827 1039 829 867 1057 20 19.08 3.3% 17.9 110.2% 325 340 95.5%
Y 18.6 29.1 23.3 27.7 22.0 24.7 21.4] 80.0 78.25 1.1% 86.5 91.5% 31.6 37 85.3%
Zr 100 272 105 232 31.7 228 284 104 100.79 1.7% 97.6 105.0% 149 188 79.4%
Nb 29.0 23.4 14.3 13.8 15.8 23.2 68.2 16.6 16.60 0.1% 14.7 113.1% 8.17 12.9 63.4%
Cs 0.23 0.49 0.72 1.07 1.1 0.97 0.67| 7.74 7.75 0.1% 6.79 114.1% 1.12 1.1 102.1%
Ba 346 519 564 715 685 627 824 66 66.27 0.4% 81 81.5% 632 677 93.4%
La 25.3 53.1 425 67.5 56.5 52.4 62.4 18.6 18.69 0.3% 19.9 93.6% 235 24.9 94.2%
Ce 51.8 105| 84.1 128 107 101 125 47 47.26 0.7% 48.3 97.2% 51.5 52.9 97.4%
Pr 6.14 11.4 9.24 13.6 11.3 10.8 13.4] 5.8 6.01 2.0% 6.2 95.1% 6.44 6.57 98.0%
Nd 25.1 47.5 37.9 53.5 44.2 43.7 52.2 24.5 25.30 1.5% 26.4 94.4% 27.6 28.7 96.1%
Sm 5.52 9.61 7.74 10.3 8.5 8.90 9.6| 7.85 8.21 2.3% 7.78 103.2% 6.43 6.57 97.9%
Eu 1.84 2.99 2.57 3.51 2.83 2.93 3.15 0.1 0.11 1.0% 0.1 112.3% 2.04 1.96 104.3%
Gd 4.63 7.61 6.44 8.58 6.81 6.96 7.47 7.62 8.18 3.5% 8.01 98.6% 5.59 6.75 82.8%
Tb 0.74 1.16) 0.99 1.24 1.00 1.07 1.08 1.74 1.89 3.9% 1.62 112.0% 1.04 1.07 97.0%
Dy 3.97 5.98 4.98 5.91 4.92 5.23 5.21 11.68 12.80 4.6% 10.5 116.6% 6.15 6.41 95.9%
Ho 0.72 1.06 0.89 0.98 0.84 0.92 0.91 2.54 2.80 4.9% 1.67 159.9% 1.21 1.3 93.3%
Er 1.78 2.68 2.27 2.54 213 2.35 2.33] 7.79 8.44 4.0% 6.04 134.3% 3.46 3.66 94.6%
Tm 0.23 0.35 0.28 0.30 0.26 0.29 0.29 1.21 1.34 5.0% 1.16 109.9% 0.48 0.564 85.6%
Yb 1.44 2.04 1.64 1.67 1.49 1.57 1.62 7.74 8.72 6.0% 6.85 120.2% 3.23 3.38 95.6%
Lu 0.21 0.30 0.24 0.23 0.22 0.24 0.24] 1.16 1.30 5.8% 1.22 101.0% 0.48 0.519 93.3%
Hf 2.51 5.40 1.39 3.10 0.63 4.29 7.27 5.06 5.74 6.3% 4.73 114.3% 4.35 4.8 90.7%

Ta 2.25 1.45 1.12 0.74 1.04 1.59 4.94 2.39 3.72 21.7% 2.76 110.7% 0.74

w 0.34 0.48 0.28 0.29 0.38 0.66 0.60 18.27 20.50 5.7% 23 84.3% 0.38
Pb 1.90 3.53 2.84 4.25 4.56 3.81 4.21 30.93 33.54 4.0% 31.5 102.3% 9.98 11 90.7%
Th 3.08 6.49| 6.08 8.31 7.46 7.21 7.74 29.49 33.13 5.8% 31.6 99.1% 5.72 6.2 92.3%
U 0.76 1.73 1.47 2.01 1.79 1.80 1.95| 10.23 11.24 4.7% 11.3 95.0% 1.61 1.69 95.5%
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Table B.7.: Compilation of major and trace element data for Biu and Jos Plateau lavas and melt inclusions used for discussion

b.d.: below detection limit of ionprobe, empty fields: not measured, accuracy of measurement reported in Table B.8. and B.18.

Sample

ZAGU

JiGU 1

JIGU-M

X

PELA JUNG KOROKO PELA ALT DAM
Comment Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young

DAM 2

BUGOR SE BUGOR

Si0; [Wt%] 4642 4917 4434 47.82 4944  59.88 51.05  44.33  47.80  46.97 46.35
TiO, 2.61 217 3.08 2.33 2.19 0.35 2.26 2.99 2.60 2.43 2.45
Al,0; 1439 1474 1266  14.43 14.74  20.50 1525 1250 1412  13.95 14.16
FeO, 10.49 971 1128  10.40 9.71 3.10 927 1148 1020  10.40 10.42
MnO 0.18 0.15 0.19 0.16 0.15 0.18 0.14 0.20 0.16 0.16 0.17
MgO 9.15 8.64  10.78 8.81 8.67 0.37 716  11.50 9.23  10.82 10.15
ca0 9.26 9.18 9.89 9.89 8.41 2.02 718  10.08 8.71 8.94 9.57
Na,O 3.71 3.32 3.75 3.16 3.42 8.33 3.60 3.28 3.16 3.13 3.43
KO 1.82 1.38 1.77 1.29 1.62 4.81 2.45 1.56 2.15 1.46 1.53
P.,Os 0.80 0.47 0.99 0.54 0.56 0.12 0.59 0.80 0.72 0.58 0.62
Sum 98.83 9892  98.74  98.84 98.92  99.65 98.97 9872  98.86  98.84 98.84
mo# 60.9 61.3 63.0 60.1 61.4 17.5 57.9 64.1 61.7 65.0 63.5

S [ppm] 49.0 7.7 68.0 295 435 125.5
cl 898 810 1955 443 4466 1820
Li 7.37 5.85 7.88 6.15 6.34 0.80 7.48 7.54 5.68 5.70
Cs 0.63 0.26 0.60 0.53 0.39 0.50 0.51 0.71 0.46 0.49
Rb 50.4 324 46.2 36.1 39.0 196 66.8 40.7 55.8 37.9 38.3
Ba 786 469 598 432 500 1135 830 736 747 441 438
Th 7.93 4.36 8.38 5.30 6.06 36.7 7.57 7.06 7.86 5.20 5.65
u 1.99 1.06 2.43 1.28 1.54 10.0 1.98 1.89 1.94 1.39 1.51
Nb 92 51 104 62 67 339 93 85 89 65 73
Ta 5.34 3.43 6.19 3.96 19.2 5.46
La 58.8 30.2 67.8 375 40.6 120 53.8 55.2 52.7 38.1 39.5
Ce 110 59.4 138 72.9 775 206 101 113 104 72.9 76.6
Pb 3.08 2.21 3.55 2.34 2.87 16.9 3.60 2.95 3.88 2.13 2.16
Pr 1.7 6.74 15.3 8.10 8.57 20 10.7 12.6 11.2 8.34 8.67
Sr 973 610 1009 668 703 1012 805 858 872 668 714
Nd 487 28.1 62.4 33.2 35.0 64 42.8 51.3 454 33.9 345
Zr 272 187 352 183 230 808 346 305 313 211 206
Hf 6.93 5.27 8.66 5.78 17.8 7.28
Sm 9.38 6.00 12.4 7.01 7.02 11 8.05 10.6 9.19 7.03 7.01
Eu 3.18 2.08 3.90 2.32 2.37 3.1 2.67 3.32 2.93 2.37 2.43
Gd 7.72 5.36 9.67 5.95 5.94 8.5 6.44 8.30 7.28 6.02 6.11
Tb 1.19 0.86 1.41 0.93 0.97 1.2 0.94 1.25 1.11 0.99 0.95
Dy 6.07 4.48 6.96 4.88 4.87 7.0 4.36 6.25 5.39 5.12 4.93
Ho 1.11 0.84 1.22 0.87 0.87 13 0.76 1.11 0.95 0.93 0.89
Y 27.3 20.4 29.5 233 21.8 34 20.2 27.1 24.2 23.9 23.0
Er 2.71 2.11 3.10 2.26 217 3.7 1.86 2.93 2.36 2.39 2.33
Tm 0.36 0.27 0.37 0.29 0.26 0.48 0.23 0.36 0.30 0.30 0.31
Yb 2.03 1.57 2.20 1.74 1.61 3.5 1.22 2.07 1.69 1.74 1.76
Lu 0.29 0.23 0.31 0.25 0.21 0.51 0.18 0.31 0.23 0.25 0.26
Sc 20.8 21.3 20.4 24.2 19.4 0.75 16.0 22.0 18.6 22.1 216
v 155 164 201 183 166 9 184 192 183 184 181
cr 231 299 379 287 279 10 214 401 246 368 290
Ni 202 191 278 176 210 3 202 291 222 307 231
Co 45 43 52 47 40 3 40 49 40 53 45
Cu 37 57 43 45 46 7 26 51 36 47 42
Zn 104 91 125 96 109 137 124 109 116 102 102
Ga 22 20 21 20 21 35 23 22 21 18 20
Mo 4.35 1.95 5.02 2.79 7.61 5.19
Re [ppt] 65.2 48.9 50.1 90.4 175
Os [ppt] 46.1 418 9.3 133.5 24.3
La/Yb 2891 1917  30.81  21.62 2520  34.29 4410 2663 3112 2188 22.43
Zr/Nb 2.96 3.67 3.38 2.95 3.43 2.38 3.72 3.59 3.52 3.25 2.82
CelPb 35.7 26.9 38.8 31.2 27.0 12.2 28.2 38.2 26.8 34.3 35.4
K/U 7612 10792 6061 8400 8737 3974 10263 6838 9208 8736 8416
Nb/Ta 17.2 14.9 16.8 16.9 17.6 16.3




Appendices

111

Table B.7.: Compilation of major and trace element data for Biu and Jos Plateau lavas and melt inclusions used for discussion

Sample

b.d.: below detection limit of ionprobe, empty fields: not measured, accuracy of measurement reported in Table B.8. and B.18.

HILIA 1

HILIA2 TAMZA GUFKA
Comment Biu young Biu young Biu young Biu young Biu young
Qz in thin sec. ionprobe check

MIR

syn. glas MIR GULDUMBUR PELA 2
Biu young Biu young Biu young Biu young

Biu young

WIGA GWARAM

SiO, [Wt%)] 4641 4926 4651  51.17 53.24 52.76 4598 4554 4566 50.10
TiO, 2.59 2.19 3.06 1.93 1.92 1.91 2.59 2.88 3.04 2.38
Al,0; 1456 1469 1417 1534 16.19 16.30 12.91 1323  13.55 15.17
FeO, 10.48 9.96  10.62 9.03 7.51 7.28 10.65 1098  10.88 9.28
MnO 0.17 0.15 0.17 0.13 0.12 0.12 0.18 0.18 0.17 0.15
MgO 9.16 8.59 9.28 7.35 5.91 5.96 11.87 1018  10.69 7.04
ca0 9.23 9.27 8.86 8.90 6.80 6.64 9.35  10.05 9.71 7.27
Na.O 3.72 3.17 3.36 3.49 3.94 3.97 2.93 3.35 2.67 455
K,O 1.77 1.16 2.00 1.14 2.93 2.87 1.61 1.62 1.59 2.33
P,Os 0.74 0.46 0.79 0.52 0.59 0.57 0.75 0.75 0.85 0.70
Sum 98.83  98.80  98.82  98.99 99.16 98.36 98.81  98.78  98.79 98.97
mo# 60.9 60.6 60.9 59.2 58.4 59.4 66.5 62.3 63.6 57.5

S [ppm] 46.0 65.1 446 34.0 29.1
cl 40 1525 248 670 1329
Li 6.99 5.46 2.82 4.99 9.85 3.17 6.80 2.73 9.78
Cs 0.59 0.29 1.60 0.09 0.62 0.57 0.49 0.71 0.99
Rb 50.2 28.3 435 24.3 732 455 45.1 33.3 61.0
Ba 628 379 604 440 864 1083 531 579 519 858
Th 6.49 4.07 8.69 4.24 10.29 7.37 6.39 7.36 10,5
u 1.67 0.65 2.36 1.01 2.67 2.12 1.52 1.96 2.73
Nb 83 51 103 52 120 149 86 82 88 115
Ta 3.40 6.19 2.87 7.48 4.51
La 50.0 30.2 58.2 30.6 62.9 68.9 50.6 51.0 54.9 72.0
Ce 96.5 60.1 115 58.7 120 130 97.8 99.2 106 139
Pb 2.64 1.78 3.67 1.86 3.91 2.76 2.84 2.94 4.46
Pr 10.2 6.85 12.3 6.67 12.5 14.8 10.6 10.9 11.5 15.1
Sr 860 567 1013 667 1075 1205 804 824 895 1044
Nd 42.1 28.2 497 27.4 47.2 52.3 44.4 465 46.7 59.7
Zr 259 183 338 173 355 382 263 279 264 429
Hf 5.20 8.29 4.10 8.97 9.43 6.03
Sm 8.49 6.17 10.0 5.81 8.7 9.49 8.72 9.16 9.57 1.5
Eu 2.72 2.20 3.20 2.03 2.83 2.94 2.87 3.01 3.02 3.67
Gd 6.87 5.33 7.82 4.95 6.75 6.21 6.78 7.20 7.49 8.79
Tb 1.05 0.86 1.20 0.78 0.92 0.815 1.08 1.09 1.15 1.30
Dy 5.39 4.49 5.75 3.93 4.03 4.49 5.50 5.64 5.61 6.10
Ho 0.95 0.82 1.01 0.69 0.64 0.831 0.98 0.99 0.94 1.01
Y 26.7 20.3 25.4 17.8 16.0 17.2 25.1 29.3 24.4 26.2
Er 2.48 2.04 2.60 1.67 1.55 1.98 2.54 2.54 2.44 2.55
Tm 0.32 0.27 0.32 0.22 0.17 0.225 0.33 0.33 0.31 0.29
Yb 1.82 1.53 1.86 1.23 0.99 1.18 1.90 1.84 1.67 1.64
Lu 0.26 0.22 0.27 0.17 0.14 0.211 0.27 0.28 0.24 0.22
Sc 222 21.1 18.3 17.4 1.7 214 24.2 20.0 14.3
v 160 171 197 141 122 190 195 205 145
cr 196 273 224 242 122 110 387 397 300 187
Ni 183 220 202 196 123 128 346 243 269 174
Co 38 49 41 42 30 52 49 51 38
Cu 36 51 24 57 26 40 46 52 22
Zn 101 99 123 95 123 106 107 109 134
Ga 24 21 23 20 24 20 21 19 25
Mo 1.00 4.26 2.32 3.46 3.60
Re [ppt] 405 275 56.1 483
Os [ppt] 39.2 21.6 44.0 55.0
La/Yb 2752 19.78 3135  24.77 63.83 26.66 2768  32.79 43.86
ZrINb 3.12 3.59 3.28 3.33 2.96 3.06 3.40 3.00 3.73
CelPb 36.6 33.7 31.3 315 30.8 355 34.9 36.2 31.3
K/U 8814 14900 7038 9324 9120 6295 8845 6742 7065
Nb/Ta 15.0 16.6 18.1 16.1 19.1
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Table B.7.: Compilation of major and trace element data for Biu and Jos Plateau lavas and melt inclusions used for discussion

b.d.: below detection limit of ionprobe, empty fields: not measured, accuracy of measurement reported in Table B.8. and B.18.

Sample ZUMTA  HIZSHI TUM ETUM GUMJA TILA1 TILASTR 30-1 MW 35e4 MW ilm a1 ilm a2
Comment Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young
meltincl. meltincl. meltincl. meltincl.
SiO; [wt%] 50.03 47.77 46.06 48.28 47.49 46.30 47.40 53.19 52.01 54.33 53.35
TiO, 2.20 2.67 2.40 2.57 2.69 3.09 2.77 2.38 2.68 2.33 2.31
Al,0, 15.42 14.25 13.20 14.34 14.46 13.48 14.22 18.10 17.61 17.66 16.86
FeO 8.89 10.22 10.58 10.16 10.02 11.03 11.14 6.63 7.56 4.40 6.37
MnO 0.14 0.17 0.16 0.18 0.15 0.16 0.15 0.07 0.09 0.066 0.076
MgO 7.78 8.81 12.89 9.16 9.43 10.34 9.33 1.55 1.737 1.2 1.485
Ca0o 7.67 8.10 8.71 8.03 9.57 9.83 9.21 4.23 4.545 4.62 4.6
Na;O 3.77 4.48 2.83 3.55 3.13 2.55 242 6.01 5.81 5.94 5.95
K.0 2.45 1.59 1.41 1.88 1.37 1.41 1.60 3.25 3.13 3.08 3.06
P20s 0.67 0.81 0.57 0.72 0.58 0.59 0.53 0.92 0.985 1.016 1.041
Sum 99.01 98.86 98.82 98.87 98.88 98.77 98.76 96.34 96.16 94.64 95.10
mg# 60.9 60.6 68.5 61.6 62.6 62.6 59.9 29.4 29.1 32.7 29.4
S [ppm] 36.0 77.0 31.6
Cl 1382 1379 997
Li 6.77 8.94 6.01 8.65 6.20 6.31 6.12
Cs 0.80 0.82 0.65 0.67 0.43 0.36 0.30 1.05 1.87 0.77 0.85
Rb 66.9 83.8 421 49.2 32.7 35.8 40.7
Ba 805 723 498 518 453 384 383 1165 1135 1230 1185
Th 8.22 8.98 5.78 7.83 6.57 4.54 414
U 2.00 2.39 1.43 2.08 1.72 1.1 1.10
Nb 96 109 73 94 72 61 58 183 166 209 200
Ta 6.47 4.40 3.95
La 54.5 67.9 40.2 54.7 42.7 36.6 31.1 78.5 75.1 83.2 81.1
Ce 102 133 78.1 108 78.6 76.7 64.2 154 145 163 160
Pb 3.39 3.75 2.22 3.31 2.60 219 1.88
Pr 11.0 14.4 8.55 121 8.43 9.01 7.49 18.2 17.4 19.0 19.0
Sr 918 1017 692 918 748 671 708 1605 1495 1690 1600
Nd 42.8 56.7 34.2 48.8 345 38.9 311 65.2 62.9 69.5 68.7
Zr 282 386 220 367 200 252 216 346 356 377 364
Hf 8.16 6.06 5.15 7.61 8.77 8.04 8.39
Sm 8.04 11.3 6.89 9.55 6.77 8.48 7.04 11.3 11.5 11.9 12.3
Eu 2.63 3.49 2.29 3.09 2.31 2.7 2.38 3.92 3.51 3.68 3.87
Gd 6.33 8.68 5.94 7.90 5.80 6.93 5.88 7.24 7.23 7.32 8.14
Tb 0.95 1.26 0.89 1.24 0.92 1.09 0.95 0.73 0.65 0.82 0.90
Dy 4.33 6.09 4.64 6.70 4.88 5.51 4.91 3.24 3.56 3.41 3.96
Ho 0.70 1.03 0.82 1.22 0.86 0.96 0.85 0.49 0.55 0.58 0.65
Y 18.1 274 20.9 28.2 21.7 25.7 21.3 11.0 12.0 10.9 13.6
Er 1.78 2.67 2.09 2.94 2.18 2.4 213 0.90 1.00 0.98 1.31
Tm 0.20 0.30 0.27 0.39 0.29 0.30 0.25 0.06 0.06 0.03 0.07
Yb 1.21 1.73 1.61 2.38 1.70 1.76 1.50 0.18 0.02 0.07 0.08
Lu 0.16 0.25 0.24 0.33 0.24 0.25 0.20 0.09 0.08 b.d. 0.01
Sc 15.7 17.3 23.7 17.2 20.4 23.8 16.7
Vv 153 162 195 149 197 210 185
Cr 217 265 452 333 229 286 283
Ni 202 233 435 241 229 230 246
Co 40 46 58 38 49 49 48
Cu 57 27 78 31 62 37 41
Zn 115 132 105 109 92 96 108
Ga 23 24 18 23 20 21 21
Mo 2.85 3.39 3.59
Re [ppt] 93.4 56.4 145.7 431
Os [ppt] 79.1 59.8 82.1 41.3
La/Yb 45.01 39.29 24.94 22.99 25.09 20.78 20.71 436.11 3755.00 1188.57 1013.75
Zr/INb 2.94 3.54 3.01 3.90 2.78 4.13 3.72 1.89 2.14 1.80 1.82
Ce/Pb 30.1 35.3 35.1 32.6 30.2 35.1 341
KU 10167 5523 8237 7476 6638 10499 12093
Nb/Ta 14.8 16.6 18.2
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Table B.7.: Compilation of major and trace element data for Biu and Jos Plateau lavas and melt inclusions used for discussion
b.d.: below detection limit of ionprobe, empty fields: not measured, accuracy of measurement reported in Table B.8. and B.18.

Sample 113 meltincl. Biu4 Biu5 Biu8 Biu9 DAI KERANG AMPANG PIDONG-M PIDONG-S

Comment Biu young Biu young Biu old Biu old Biu old Biu old Jos young Jos young Jos young Jos young  Jos young

meltincl. mean of 5 Qz in thin sec. Qz in thin sec.

SiO; [wt%] 52.58 53.09 46.18 4593 48.01 46.63 46.26 44.84 46.69 45.63 47.82
TiO, 2.46 243 296 315 221 277 244 2.66 2.30 243 2.67
Al,O, 16.96 17.44 13.30 13.13 13.95 13.84 13.78 13.68 13.16 13.46 16.30]
FeO 7.08 6.41 10.89 11.13 10.21 10.54 10.45 11.29 10.48 10.68 10.63
MnO 0.065 0.07 0.16 0.17 017 0.19 0.17 0.19 0.18 0.18 0.17|
MgO 1.629 152 9.97 1048 10.70 10.14 10.77 9.49 11.05 10.79 6.13]
Cao 4.21 444 1071 1031 9.68 9.74 9.77 9.91 9.12 9.54 8.64
Na;O 5.93 593 269 238 241 263 2.92 3.99 3.33 3.60 3.47|
K.0 3.17 314 132 150 113 1.62 1.69 1.81 1.80 1.79 2.32
P,0s 0.904 097 061 058 040 0.73 0.60 0.89 0.72 0.71 0.66
Sum 94.99 95.45 98.79 98.76 98.86 98.83 98.84 98.74 98.83 98.81 98.82
mg# 29.1 29.7 620 627 651 632 64.8 60.0 65.3 64.3 50.7|

S [ppm] 55.9 2975 3775
Cl 1203 2341 2000
Li 542 6.02 499 782 5.96 7.76 8.99 8.13 8.13
Cs 114 029 043 023 049 0.72 1.07 1.1 0.97 0.67|
Rb 290 418 246 449 451 54.5 53.0 54.5 56.7|
Ba 1179 498 390 351 535 554 734 726 615 795
Th 421 466 3.08 6.49 6.08 8.31 7.46 7.21 7.74
U 112 116 076 1.73 1.47 2.01 1.79 1.80 1.95
Nb 190 63 63 43 88 72 102 86 86 97|
Ta 4.16 5.43 4.57
La 795 344 368 253 531 42.5 67.5 56.5 52.4 62.4
Ce 156 706 78.1 51.8 105 84.1 128 107 101 125
Pb 187 213 190 353 2.84 4.25 4.56 3.81 4.21
Pr 184 837 897 6.14 114 9.24 13.6 11.3 10.8 13.4]
Sr 1598 712 635 497 888 803 1024 858 841 1128
Nd 66.6 351 383 251 475 379 53.5 44.2 43.7 52.2
Zr 361 240 257 164 297 231 293 247 257 331
Hf 820 7.29 6.58 5.55
Sm 1.8 759 811 552 961 7.74 10.3 8.5 8.90 9.6
Eu 375 253 275 184 299 2.57 3.51 2.83 2.93 3.15
Gd 748 650 6.96 463 7.61 6.44 8.58 6.81 6.96 7.47|
Tb 0.78 1.07 1.08 074 1.16 0.99 1.24 1.00 1.07 1.08
Dy 354 527 520 397 598 4.98 5.91 4.92 5.23 5.21
Ho 0.57 091 093 072 1.06 0.89 0.98 0.84 0.92 0.91
Y 1.9 241 240 186 291 23.3 27.7 22.0 247 21.4
Er 1.05 232 234 178 268 2.27 2.54 2.13 2.35 2.33
Tm 0.06 029 028 023 035 0.28 0.30 0.26 0.29 0.29
Yb 0.09 165 154 144 204 1.64 1.67 1.49 1.57 1.62
Lu 0.06 023 022 021 030 0.24 0.23 0.22 0.24 0.24
Sc 212 218 208 229 22.8 20.2 18.6 20.7 13.7]
v 206 211 174 179 175 167 156 157 145
Cr 355 305 396 358 323 205 417 347 45
Ni 244 230 242 226 230 161 345 260 75
Co 46 50 51 43 53 50 51 52 34
Cu 50 46 35 50 38 28 57 32 27
Zn 102 100 90 99 105 128 116 120 107|
Ga 22 21 19 20 20 21 20 19 21
Mo 3.12 4.12 4.81
Re [ppt] 44.7 23.0 136.1 55.2
Os [ppt] 19.8 23.7 100.7 43.6
La/Yb 20.86 23.95 17.62 26.08 25.87 40.47 37.82 33.32 38.61
Zr/INb 3.81 408 381 3.38 3.21 2.87 2.87 2.99 3.41
Ce/Pb 378 367 272 298 29.6 30.2 23.5 26.6 29.7
K/U 9791 10697 12237 7755 9521 7445 8326 8276 9854

Nb/Ta 15.1 18.8 18.8
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Table B.8.: Analytical accuracy/precision of major
and trace element data

Volcanic Rocks

element method error on accuracy
SiO; [wt%] XRF-M Frankfurt <5%
TiO, XRF-M Frankfurt <5%
Al,O3 XRF-M Frankfurt <5%
FeOy XRF-M Frankfurt <5%
MnO XRF-M Frankfurt <5%
MgO XRF-M Frankfurt <5%
CaO XRF-M Frankfurt <5%
Na, O XRF-M Frankfurt <5%
K,O XRF-M Frankfurt <5%
P,05 XRF-M Frankfurt <5%
S [ppm] XRF-M MUN <5%
Cl XRF-M MUN <5%
Li ICP-MS Gottingen <10% ?
Cs ICP-MS MUN <10%
Rb ICP-MS MUN <10%
Ba XRF-P Mainz <5%
Th ICP-MS Gottingen <10%
U ICP-MS Gottingen <10%
Nb XRF-P Mainz <5%
Ta ICP-MS MUN <10%
La ICP-MS MUN <10%
Ce ICP-MS MUN <10%
Pb ICP-MS Géttingen <10%
Pr ICP-MS MUN <10%
Sr XRF-P Mainz <5%
Nd ICP-MS MUN <10%
Zr XRF-P Mainz <5%
Hf ICP-MS MUN <20%
Sm ICP-MS MUN <10%
Eu ICP-MS MUN <10%
Gd ICP-MS MUN <10%
Tb ICP-MS MUN <10%
Dy ICP-MS MUN <10%
Ho ICP-MS MUN <10%
Y ICP-MS MUN <10%
Er ICP-MS MUN <10%
Tm ICP-MS MUN <10%
Yb ICP-MS MUN <10%
Lu ICP-MS MUN <10%
Sc XRF-P Mainz <15%
\") XRF-P Mainz <5%
Cr XRF-P Mainz <5%
Ni XRF-P Mainz <5%
Co XRF-P Mainz <15%
Cu XRF-P Mainz <15%
Zn XRF-P Mainz <5%
Ga XRF-P Mainz <10%
Mo ICP-MS MUN <25%
error on precision
Re [ppt] ID-TIMS 11%
Os ID-TIMS 5%

Accuracy defined as relative deviation of standard reference materials from recommended values.
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Table B.9.: Major and trace element data of cpx
b.d.: below detection limit, iso: isotope analysis available in Table B.22., empty fields: not measured, Fe*" by moessbauer spectroscopy

Sample Kerang Ampang Kerang Mir 48-16 Ker Dam 45-20 Dam+ Ampang Mir21 Ker 2 Dam 60-4 Dam++ Mir 60-1 Pela alt Mir+Grt Mir+Grt Mir 15 Pid M Gumja2 Mir 45-7 Gumja1 Pela altb Damknolle
Comment Jos Jos Jos Biu Jos Biu Biu Jos Biu Jos Biu Biu Biu Biu Biu Biu Biu Jos Biu Biu Biu Biu Biu
+gnt, S +S +gnt dupl. +S +grt, ilm,
iso iso iso iso iso iso iso iso iso iso iso iso iso plag, apa
SiO; [wt%] 50.33 50.49 50.37 49.16 49.82 49.92 50.17 49.36 49.26 49.85 48.94 49.05 48.38 48.57 48.75 49.12 48.38 48.09 47.36 4719  46.96 46.89 46.17
TiO, 0.51 0.52 0.50 0.50 0.59 0.62 0.61 1.04 059 0.82 0.81 0.74 0.73 0.95 0.75 069 1.03 1.46 1.68 1.33 1.96 1.55 2.02
Al,O; 7.31 7.40 7.32 7.56 7.78 7.99 7.98 849 883 8.36 9.03 9.18 9.52 9.56 9.58 9.57 10.02 8.98 9.24 10.71 9.49 10.48 11.69
Cr,0; 0.210 0.199 0.195 0.144 0.077 0.062 0.081 0.009 0.036 0.007 0.028 0.024 0.019 0.006 0.015 0.012 0.007 0.009 0.014 0.008  0.009 0.010 0.010
FeO 5.27 5.39 5.43 5.64 5.69 6.12 6.12 6.26 7.01 6.71 7.18 7.28 7.08 7.13 7.24 735 7.71 758 7.99 8.38 8.86 8.49 9.45
MnO 0.120 0.119 0.134 0.145 0.143 0.151 0.151 0.126 0.155 0.141 0.160 0.154 0.146 0.145 0.143 0.145 0.142 0.128 0.143 0.132  0.147 0.124 0.116
MgO 17.06 17.03 16.97 16.81 16.05 16.74 16.55 14.06 15.69 14.73 14.62 14.72 1429 1396 13.98 13.97 13.03 12.74 13.25 11.84 12.28 11.67 9.04
CaO 16.58 16.14 16.38 16.36 16.69 16.07 15.81 17.83 15.32 16.68 16.34 16.08 16.69 16.91 16.92 16.42 16.90 17.57 17.21 17.54 17.11 17.79 17.77
NiO 0.050 0.051 0.059 0.047 0.044 0.032 0.041 0.026 0.036 0.034 0.051 0.037 0.030 0.027 0.038 0.035 0.024 0.013 0.019 0.019 0.016 0.049 0.010
Na,0O 1.18 1.26 1.34 0.99 1.27 1.15 1.07 1.44 1.29 1.42 1.27 1.28 1.35 1.33 1.38 1.34 152 1.7 1.44 1.81 1.72 1.80 2.43
Sum 98.63 98.62 98.71 97.36 98.16 98.86 98.60 98.66 98.22 98.77 98.44 98.55 98.25 98.60 98.80 98.66 98.77 98.30 98.34 98.96  98.58 98.85 98.74
mg# 85.2 84.9 84.8 84.1 834 83.0 854 80.0 82.8 79.6 78.4 82.2 78.2 82.3 80.8 772 792 749 74.7 71.6 78.6 71.0 63.0
Cations to 4 oxygens
Si 1.847 1.851 1.848 1.831 1.841 1.832 1.842 1.827 1.823 1.838 1.815 1.815 1.800 1.801 1.804 1.817 1.796 1.801 1.776 1.762 1.766 1.757 1.742
Ti 0.014 0.014 0.014 0.014 0.016 0.017 0.017 0.029 0.016 0.023 0.022 0.020 0.020 0.027 0.021 0.019 0.029 0.041 0.047 0.037  0.055 0.044 0.057
Al 0.316 0.320 0.317 0.332 0.339 0.346 0.345 0.370 0.385 0.363 0.394 0.400 0.417 0418 0418 0.417 0.438 0.396 0.408 0.471 0.421 0.463 0.520
Fe** 0.162 0.165 0.167 0.176 0.176 0.188 0.155 0.194 0.180 0.207 0.223 0.176 0.220 0.167 0.183 0.227 0.190 0.238  0.251 0.262 0.1871 0.266 0.298
Fe** 0.033 0.037 0.050 0.055  0.041 0.050 0.0916
Mn 0.004 0.004 0.004 0.005 0.004 0.005 0.005 0.004 0.005 0.004 0.005 0.005 0.005 0.005 0.004 0.005 0.004 0.004 0.005 0.004 0.005 0.004 0.004
Mg 0.933 0.931 0.928 0.933 0.884 0.915 0.906 0.775 0.865 0.810 0.808 0.812 0.792 0.772 0.771 0.770 0.721 0.711 0.74 0.659  0.688 0.652 0.508
Ca 0.652 0.634 0.644 0.653 0.661 0.632 0.622 0.707 0.607 0.659 0.649 0.637 0.665 0.672 0.671 0.651 0.672 0.705  0.691 0.702  0.689 0.714 0.718
Na 0.084 0.089 0.096 0.071 0.091 0.082 0.076 0.103  0.093 0.102 0.091  0.091 0.097 0.095 0.099 0.096 0.109 0.124  0.105 0.131 0.126 0.131 0.178
Sum 4.012 4.008 4.017 4.016 4.013 4.015 4.001 4.009 4.011 4.006 4.008 4.007 4.017 4.009 4.013 4.002 4.009 4.020  4.023 4.029  4.029 4.031 4.026
Ba [ppm] b.d. b.d. 0.066 0.107 b.d. b.d. 0.079 0.114 0.074 0.045 b.d. 0.056 b.d. 0.042 b.d. 0.052 0.058 0.072 0.084 b.d. 0.058 0.066 0.056
Nb 0.230 0.205 0.222 0.298 0.218 0.176 0.167 0.425 0.230 0.255 0.228 0.190 0.265 0.339 0.244 0.194 0.349 0.548 0.674 0.532 0.572 0.634 2.32
K 43.1 411 35.3 37 26.2 289 4438 375 30.7 365 17.8 30.8 231 36.4 25.0 324 274 333 30.5 30.4 255 35.8 19.7
La 1.43 1.07 1.08 117 1.10 1.18 1.24 1.95 1.05 1.51 0.867 1.05 1.18 1.68 1.26 1.05 1.6 249 2.49 1.9 2.38 2.62 7.41
Ce 4.35 3.98 3.48 411 3.90 4.09 4.37 769 436 5.80 3.65 3.90 4.43 6.50 4.57 401 6.04 9.06 10.3 8.23 10.7 104 28.9
Pr 0.974 0.8 0.747 0.8 0.790 0.759 0.78 1.55 0.806 1.07 0.818 0.837 0.946 1.39 0.928 0.767 1.2 191 2.06 1.64 2.15 1.86 6.05
Sr 49.1 43.7 43.1 38.1 40.1 427 455 713 415 634 435 44.6 47.8 60.8 50.1 441 611 90.7 84.5 75.3 971 94.9 184
Nd 4.45 3.77 3.96 434 4.03 4.22 4.8 7.91 458 6.42 4.74 4.69 4.88 7.23 5.21 4.33 6.31 10.01 11.65 9.3 12.9 11.3 32.6
Zr 124 121 11.8 13.8 13.95 15.2 17 26.6 15.7 19.8 18.85 18.6 18.8 25.8 20.9 16 25.1 40.3 49.6 37.5 54.6 447 133
Sm 1.61 1.39 1.38 1.16 1.59 142 149 2.64 1.84 213 1.8 1.66 2.03 2.6 1.89 1.7 265 3.57 4.63 3.22 4.19 3.57 10.15
Eu 0.711 0.535 0.504 0.514 0.610 0.552 0.619 0.851 0.717 0.731 0.745 0.672 0.818 1.02 0.758 0.697 1.07 1.28 1.70 1.1 1.66 1.23 3.65
Ti 3057 3123 2985 2999 3547 3741 3679 6255 3538 4921 4826 4407 4376 5720 4486 4136 6165 8776 10053 7949 11762 9274 13600
Gd 1.49 1.74 1.53 1.81 2.02 162 254 2.72 1.53 2.07 2.15 1.57 2.11 2.24 2.02 1.82 3 417 5.07 3.38 5.07 4.63 9.00
Tb 0.263 0.232 0.268 0.242 0.254 0.333 0.293 0.393 0.297 0.319 0.309 0.362 0.378 0.431 0.304 0.21 0.337 0.532 0.817 0.453 0.723 0.531 1.055
Dy 1.54 1.68 1.64 1.39 1.64 161 1.94 2.26 1.91 1.93 2.39 1.84 2.02 2.36 1.90 1.86 257 285 3.94 2.67 4 3.1 4.6
Ho 0.288 0.265 0.308 0.287 0.288 0.327 0.353 0.358  0.34 0.344 0.467 0.312 0.363 0478 0.282 0.304 0.327 0.507 0.638 0.386  0.672 0.485 0.512
Y 6.29 6.38 7.01 6.97 7.63 7.66 8.05 8.62 7.99 8.34 9.88 8.15 8.42 10.2 8.29 826 9.59 109 15.8 10.4 15.3 10.3 12.8
Er 0.717 0.586 0.659 0.629 0.787 0.692 0.944 0.750 0.781 0.848 1.01  0.799 0.869 0.934 0.864 0.912 0.903 0.854 1.38 0.754 1.32 1.07 0.587
Tm 0.107 0.110 0.126 0.089 0.094 0.112 0.121 0.064 0.121 0.074 0.155 0.101 0.092 0.131 0.102 0.139 0.114 0.123  0.138 0.089 0.128 0.155 0.077
Yb 0.398 0.593 0.476 0.540 0.681 0.536 0.888 0.411 0.820 0.597 0.761 0.572 0.555 0.543 0.602 0.545 0.485 0.347 0.698 0.314  0.923 0.302 b.d.
Lu 0.032 0.028 0.028 0.067 0.082 0.042 0.083 0.022 0.051 0.111 0.120  0.060 0.090 0.011 0.066 0.128 0.151 b.d. b.d. b.d. 0.059 0.085 b.d.
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Table B.9.: Major and trace element data of cpx
b.d.: below detection limit, iso: isotope analysis available in Table B.22., empty fields: not measured, Fe** by moessbauer spectroscopy

Sample Mir+Plag Mir 45-10 | pyroxenite lherzolite | Kerang  Mir Mir Mir Kerang Kerang Kerang Dam Miringa Mir Krater Miringa Miringa Dam Miringa Miringa Miringa Bos Hill
Comment Biu Biu Biu Biu Jos Biu Biu Biu Jos Jos Jos Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu
+plag  euhedral xenolith xenolith +S  fluid incl. +melt ilm exsol.
iso
SiO, [wt%] 44.71 46.08| 48.20 50.88] 50.79 49.59 4943 50.52 50.25 50.13 49.92 49.77 49.36 49.80 50.27 49.05 49.26 50.06 48.82 48.79 49.24 48.90
TiO, 2.16 1.73 1.22 0.04] 0.51 0.53 0.53 0.57 0.63 0.58 0.57 0.44 0.53 0.57 0.72 0.55 0.54 0.60 0.59 0.69 0.57 1.26
Al,0, 12.28 10.83] 7.07 5.53] 7.45 8.12 8.09 7.68 7.72 7.85 7.86 8.42 7.66 8.25 8.02 7.90 7.64 8.09 8.02 8.23 8.06 7.02
Cr,0, 0.009 b.d, 0.011 1.368 0.208 0.113 0.106 0.097 0.121 0.053 0.051 0.102 0.106 0.078 0.033 0.044 0.070 0.096 0.036 0.026 0.054 0.033
FeO 10.12 10.82 5.66 3.25 5.34 5.75 5.76 6.04 5.83 5.80 5.84 6.22 6.30 6.35 6.17 6.48 6.68 6.83 6.65 6.61 6.82 5.84
MnO 0.127 0.136 0.110 0.097) 0.135 0.137 0.161 0.145 0.140 0.138 0.132 0.137 0.163 0.146 0.139 0.156 0.156 0.158 0.148 0.145 0.154 0.114
MgO 8.67 8.97 13.06 17.46| 1696 16.79 16.78 1705 1635 16.06 16.10 16.68 16.78 16.62 1562 16.33 16.26 16.42 1585 1563 16.08 13.42
Ca0o 18.29 18.02] 20.35 18.48 16.30 16.09 1591 1585 16.09 1660 1655 1520 1561 1564 1633 1556 1545 1566 1584 16.21 15.51 20.34
NiO 0.015 b.d. 0.014 0.060, 0.045 0.068 0.058 0.051 0.040 0.036 0.048 0.054 0.047 0.033 0.040 0.057 0.048 0.048 0.040 0.029 0.050 0.013
Na,O 217 2.40 1.33 0.97] 1.18 1.07 1.10 1.10 1.25 1.37 1.47 0.98 1.03 1.15 1.39 1.08 1.18 1.11 1.20 1.16 1.16 1.43
Sum 98.55 99.03 97.05 98.15) 98.92 98.26 9794 99.12 9842 98.62 9855 98.03 97.58 98.64 98.75 97.22 97.32 99.09 97.21 97.54 97.69 98.38
mg# 70.3 59.6] 80.4 90.5] 85.0 83.9 83.9 83.4 83.3 83.2 83.1 82.7 82.6 82.3 81.9 81.8 81.3 81.1 81.0 80.8 80.8 80.4
Cations to 4 oxygens
Si 1.702 1.748] 1.828 1.875 1.855 1.828 1828 1.845 1849 1844 1839 1835 1835 1830 1847 1832 1840 1.835 1.828 1.822 1.832 1.830
Ti 0.062 0.049 0.035 0.001 0.014 0.015 0.015 0.016 0.017 0.016 0.016 0.012 0.015 0.016 0.020 0.015 0.015 0.017 0.016 0.019 0.016 0.036
Al 0.551 0.484 0.316 0.240, 0.321 0.353 0.353 0.331 0.335 0.340 0.341 0.366 0.336 0.357 0.347 0.348 0.336 0.350 0.354 0.362 0.354 0.309
Fei” 0.208 0.343 0.180 0.100, 0.144 0.177 0.178 0.185 0.179 0.178 0.180 0.192 0.196 0.195 0.189 0.202 0.209 0.209 0.208 0.207 0.212 0.183
Fe’* 0.114 0.019
Mn 0.004 0.004 0.004 0.003] 0.004 0.004 0.005 0.004 0.004 0.004 0.004 0.004 0.005 0.005 0.004 0.005 0.005 0.005 0.005 0.005 0.005 0.004
Mg 0.492 0.507 0.738 0.959] 0.923 0923 0925 0928 0.897 0.880 0.884 0.917 0930 0911 0.856 0909 0.905 0.897 0.885 0.870 0.892 0.749
Ca 0.746 0.732 0.827 0.730) 0.638 0.635 0.630 0620 0.634 0654 0.653 0.601 0622 0.616 0643 0.623 0618 0615 0.635 0.648 0.618 0.816
Na 0.160 0.177 0.098 0.069) 0.083 0.076 0.079 0.078 0.089 0.098 0.105 0.070 0.074 0.082 0.099 0.078 0.085 0.079 0.087 0.084 0.083 0.104
Sum 4.038 4.046| 4.025 3.977] 4.001 4.011 4.013 4.007 4.004 4.015 4.023 3.997 4013 4.012 4.006 4.013 4.013 4.006 4.018 4.017 4.012 4.029
Ba [ppm] b.d. b.d. 0.083 0.390
Nb 1.28 1.86 0.095 0.356
K 213 19.3 11.0 107|
La 4.36 5.52] 4.47 0.209
Ce 17.0 23.3] 17.55 0.50]
Pr 3.40 5.24] 3.61 0.080
Sr 121 133 115 9.87
Nd 20.2 27.7| 20.4 0.38]
Zr 86.0 114.5 87.4 1.24
Sm 6.82 9.54] 6.34 0.126
Eu 2.55 3.78] 245 0.103
Ti 12919 10371 7284 258
Gd 6.74 10.06 6.78 0.479
Tb 0.949 0.993 0.950 0.098
Dy 4.07 5.21 4.88 0.93]
Ho 0.561 0.62] 0.770 0.206
Y 12.2 14.9 18.0 5.47|
Er 0.960 1.05] 1.39 0.692
Tm 0.036 0.148 0.108 0.120]
Yb b.d. 0.147| 0.381 0.810]
Lu b.d. b.d. b.d. 0.153
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Table B.9.: Major and trace element data of cpx
b.d.: below detection limit, iso: isotope analysis available in Table B.22., empty fields: not measured, Fe** by moessbauer spectroscopy
Sample Bos Hill Miringa Kerang Miringa  Mir Mir Mir Mir  Miringa Dam Mir  Miringa Kerang Miringa Mir Mir Mir Gufka Miringa Miringa Gufka Mir Mir
Comment Biu Biu Jos Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu
ilm exsol. fluid incl. +gnt +gnt +gnt +gnt +gnt +S +gnt +gnt +gnt +gnt
SiO; [wt%] 48.86 4846 49.76 48.73 4854 50.31 49.94 48.71 4836 49.08 4846 48.77 48.13 4851 4858 49.14 4870 4871 4752 47.23 4824 4813 4897
TiO, 1.29 0.55 0.80 0.61 0.88 0.58 0.62 0.72 0.66 0.70 0.83 0.56 1.24 0.73 0.73 0.74 0.73 0.75 0.93 0.99 0.92 0.90 0.68
AlLO; 7.27 8.05 8.29 8.08 8.92 9.18 9.46 9.39 8.48 9.13 9.46 8.33 8.94 8.41 9.52 9.64 9.49 9.78 9.02 8.92 9.85 9.63 10.06
Cr0; 0.028 0.031 0.015 0.018 0.018 0.036 0.042 0.013 0.013 0.022 0.011 0.020 0.019 0.019 0.023 0.011 b.d. 0.010 b.d. b.d. 0.010 b.d. b.d.
FeO 5.86 6.87 6.62 6.91 6.92 7.28 7.46 7.16 7.23 7.29 7.16 7.67 6.84 7.47 7.19 7.31 7.16 7.32 7.42 7.43 7.59 7.63 7.85
MnO 0.111 0.158 0.138 0.152 0.146 0.157 0.152 0.148 0.157 0.153 0.147 0.150 0.124 0.157 0.153 0.151 0.150 0.148 0.143 0.134 0.134 0.134 0.135
MgoO 1338 1569 1476 1526 1520 1567 1533 1453 1459 1465 1433 1524 1356 1476 1421 1440 1411 1432 1348 1351 1361 1359 1397
cao 2040 1588 17.10 16.32 16.76 1518 1526 1567 16.26 1656 1648 1545 1765 16.03 16.68 16.30 16.85 1654 17.18 17.16 17.14 16.93 16.17
NiO 0.018 0.041 0.032 0.046 0.043 0.037 0.040 0.035 0.038 0.039 0.026 0.030 0.021 0.034 0.033 0.036 0.023 0.089 0.032 0.031 0.054 0.028 0.031
Na,O 1.43 1.17 1.40 1.19 1.12 1.28 1.33 1.35 1.28 1.32 1.39 1.25 1.58 1.37 1.41 1.38 1.40 1.45 1.45 1.44 1.50 1.52 1.43
Sum 98.67 9691 98.89 97.34 9858 99.73 99.64 9774 97.09 98.94 9831 9750 98.10 9751 98.54 99.12 98.62 99.13 97.18 96.87 99.05 98.52 99.30
mg# 80.3 80.3 79.9 79.7 79.6 79.3 78.5 78.3 78.2 78.2 78.1 78.0 77.9 77.9 77.9 77.8 77.8 77.7 76.4 76.4 76.2 76.0 76.0
Cations to 4 oxygens
Si 1823 1823 1834 1827 1799 1831 1822 1815 1820 1.812 1801 1826 1800 1820 1.802 1809 1805 1797 1.797 1793 1788 1.793 1.803
Ti 0.036 0.015 0.022 0.017 0.025 0.016 0.017 0.020 0.019 0.019 0.023 0.016 0.035 0.020 0.020 0.020 0.020 0.021 0.026 0.028 0.026 0.025 0.019
Al 0.320 0357 0.360 0.357 0.390 0.394 0407 0412 0376 0397 0414 0368 0394 0372 0416 0418 0415 0425 0402 0.399 0430 0423 0.436
Fe?* 0.183 0.216 0.204 0.217 0215 0.222 0.228 0.223 0.228 0.225 0.222 0240 0.214 0.234 0223 0225 0222 0.226 0235 0236 0.235 0.238 0.242
Fe**
Mn 0.004 0.005 0.004 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.004 0.005 0.005 0.005 0.005 0.005 0.005 0.004 0.004 0.004 0.004
Mg 0.744 0.880 0.811 0.853 0.840 0.850 0.833 0.807 0.819 0.806 0.794 0851 0.756 0.825 0.786 0.790 0.780 0.787 0.760 0.764 0.752 0.755 0.766
Ca 0.816 0.640 0.676 0656 0.665 0.592 0596 0625 0.656 0.655 0.656 0.620 0.707 0.644 0663 0643 0.669 0.654 0696 0698 0.681 0.676 0.638
Na 0.104 0.086 0.100 0.086 0.081 0.090 0.094 0.098 0.093 0.095 0.100 0.091 0.115 0.100 0.101 0.099 0.101 0.104 0.106 0.106 0.108 0.110 0.102
Sum 4.029 4.023 4.013 4.017 4.018 3.998 4.001 4.005 4.016 4.015 4.016  4.016 4.024 4.020 4.017 4.009 4.017 4.018 4.027 4.029 4.023 4.023  4.009
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Table B.9.: Major and trace element data of cpx
b.d.: below detection limit, iso: isotope analysis available in Table B.22., empty fields: not measured, Fe** by moessbauer spectroscopy
Sample Miringa  Kerang Pidong Mir Mir Gumya Mir Tila Miringa  Miringa Wiga Miringa Mir Maldau Mir Miringa Miringa  Miringa
Comment Biu Jos Jos Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu
+gnt, S +gnt +apa, S,
plag, melt
SiO, [wt%] 47.58 47.27 47.99 47.95 48.03 45.52 48.30 47.66 46.85 46.83 46.71 45.47 45.40 45.39 45.57 45.65 45.13 45.15
TiO, 1.00 1.04 1.43 0.98 0.99 1.64 1.00 1.22 1.29 1.24 2.02 1.79 1.89 2.00 1.77 1.65 1.74 1.78
AlL,0, 8.94 9.61 9.36 10.03 10.00 9.30 10.00 10.10 9.49 9.85 10.37 10.48 11.53 11.73 10.83 9.86 9.98 10.15
Cr,0; b.d. 0.035 b.d. b.d. b.d. 0.011 b.d. 0.013 b.d. 0.011 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d,
FeO 7.66 7.84 7.53 7.69 7.77 7.98 7.93 8.00 8.26 8.23 8.64 10.05 10.24 10.44 10.75 10.89 10.92 10.96
MnO 0.135 0.144 0.115 0.145 0.144 0.145 0.143 0.145 0.130 0.132 0.149 0.113 0.134 0.143 0.141 0.151 0.138 0.136]
Mgo 13.19 13.46 12.81 12.98 13.00 13.26 13.06 13.15 12.13 12.07 11.92 9.07 8.89 8.88 8.95 9.02 8.98 8.96
CaO 17.38 16.50 17.79 17.25 17.06 16.98 17.02 17.29 17.53 17.40 17.58 17.92 17.89 18.10 17.80 18.06 17.97 17.87
NiO 0.024 0.029 0.016 0.028 0.021 0.019 0.028 0.031 0.016 0.033 b.d. b.d. 0.007 b.d. b.d. 0.011 b.d. 0.012
Na,0 1.46 1.45 1.75 1.63 1.59 1.53 147 1.52 1.59 1.65 1.83 2.39 2.44 2.39 2.31 2.24 2.18 2.18
Sum 97.40 97.37 98.81 98.71 98.62 96.39 98.99 99.15 97.30 97.47 99.24 97.33 98.46 99.10 98.16 97.55 97.08 97.21
mg# 754 754 75.2 75.1 74.9 74.8 74.6 74.6 724 723 7141 61.7 60.8 60.3 59.7 59.6 59.4 59.3
Cations to 4 oxygens
Si 1.798 1.784 1.789 1.785 1.789 1.748 1.792 1.771 1.780 1.775 1.745 1.751 1.729 1.720 1.744 1.762 1.751 1.749
Ti 0.028 0.030 0.040 0.028 0.028 0.047 0.028 0.034 0.037 0.035 0.057 0.052 0.054 0.057 0.051 0.048 0.051 0.052
Al 0.398 0.427 0.411 0.440 0.439 0.421 0.437 0.442 0.425 0.440 0.457 0.476 0.517 0.524 0.489 0.448 0.457 0.463
Fe?* 0.242 0.247 0.235 0.239 0.242 0.256 0.246 0.249 0.262 0.261 0.270 0.324 0.326 0.331 0.344 0.351 0.354 0.355
Fe*
Mn 0.004 0.005 0.004 0.005 0.005 0.005 0.005 0.005 0.004 0.004 0.005 0.004 0.004 0.005 0.005 0.005 0.005 0.004]
Mg 0.743 0.757 0.712 0.720 0.722 0.759 0.722 0.728 0.687 0.682 0.664 0.521 0.505 0.501 0.511 0.519 0.520 0.517
Ca 0.704 0.667 0.710 0.688 0.681 0.699 0.676 0.688 0.714 0.707 0.704 0.740 0.730 0.735 0.730 0.747 0.747 0.742
Na 0.107 0.106 0.126 0.118 0.115 0.114 0.106 0.109 0.117 0.121 0.133 0.178 0.180 0.176 0.171 0.168 0.164 0.164]
Sum 4.025 4.023 4.027 4.024 4.020 4.049 4.012 4.026 4.027 4.027 4.034 4.045 4.045 4.047 4.044 4.047 4.048 4.047
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Table B.10.: Major and trace element analyses of garnet

b.d.: below detection limit, iso: isotope analysis available in Table B.22., empty fields: not measured, Fe** by moessbauer spectroscopy

Sample Mir 37e Mir 37f Ker GB Mir 21 Mir 23 Mir 37h Mir1 Ker GA Mir 37g Schliff 5 Mir+Grt Schliff1 Mir2 Schliff2 Mir 13 Dam 45-14 Mir 37i Damknolle| Mir Mir Mir Mir Kerang Kerang

Comment Biu Biu Jos Biu Biu Biu Biu Jos Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Jos Jos
+cpx  +cpx +cpx +cpx
iso iso iso iso

SiO, [wt%] 4137 4127 4165 4138 4119 4089 4172 4130 4093 40.74 4096 41.18 41.23 4112 40.73 40.34 40.24 39.73] 4155 4129 4117 4116 4129 4140

TiO, 0.371 0.299 0.384 0.361 0.420 0.380 0.403 0405 0.373 0438 0.326 0444 0.396 0.478 0.469 0.399 0.510 0.361 0.391 0.113 0.110 0.117 0.332 0.369
Al,0; 23.55 2355 23.64 23.76 23.63 2351 23.65 2357 2343 2291 2340 2340 2339 23.27 23.30 2278 22.85 2256 23.64 2393 23.81 23.81 23.70 23.56
Cr,0, 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.081 0.195 0.185 0.188 0.076 0.069

FeO 9.26 10.32 10.16 10.23 10.62 1125 11.06 11.34 11.71 1191 1213 12.82 12.86 13.09 13.66 14.45 15.65 19.34] 9.47 9.39 9.55 9.53 9.72 9.76

MnO 0.312 0.324 0.318 0.330 0.338 0.327 0.353 0.342 0.349 0.353 0.359 0373 0.370 0.393 0.375 0.387 0.409 0.552 0.32 0.29 0.30 0.30 0.31 0.32

Mgo 19.58 1893 1857 1857 18.12 18.06 17.54 17.57 17.75 17.43  17.11 16.34 16.28 15.98 15.74 15.21 14.46 10.73] 19.46 19.09 19.23 19.07 19.15 19.12

CaOo 5.21 5.21 515 520 538 543 5.52 5.59 5.47 5.27 5.76 576 5.76 572  6.02 6.36 6.19 7.31 5.19 4.79 4.82 4.90 5.05 5.17

Na,O 0.030 0.030 0.026 0.021 0.025 0.021 0.027 0.033 0.022 0.036  0.031 0.035 0.034 0.036 0.034 0.036  0.047 0.056) 0.022 0.031 0.026 0.019 0.031 0.032

Sum 99.81 100.00 100.03 99.92 99.77 99.90 100.30 100.16 100.06  99.14 100.12 100.37 100.33 100.11 100.36 100.00 100.41 100.71] 100.16 99.14 99.22 99.12 99.68 99.82

mg# 790 766 774 764 76.2 741 747 73.4 73.0 72.3 72.6 69.4 704 68.5 68.4 65.2  62.2 51.0] 78.5 78.4 78.2 78.1 77.8 77.7
Cations to 8 oxygens

Si 2.957 2958 2978 2964 2963 2949 2988 2970 2953 2969 2.961 2.977 2.981 2.983 2.960 2.960 2.956 29700 2961 2966 2959 2962 2959 2964

Ti 0.020 0.016 0.021 0.019 0.023 0.021 0.022 0.022 0.020 0.024 0.018 0.024 0.022 0.026 0.026 0.022 0.028 0.020, 0.021 0.006 0.006 0.006 0.018 0.020

Al 1.984 1990 1.992 2.006 2.003 1.998 1.997 1.997 1.992 1.968 1.993 1.993 1.993 1.990 1.996 1.970 1.978 1.987] 1.986 2.026 2.017 2.019 2.001 1.987

Fe* 0.553 0.619 0.578 0.613 0.605 0.678 0.633 0.682 0.706 0.726 0.697 0.775 0.738 0.794 0.789 0.887 0.961 1.148/ 0564 0.564 0.574 0573 0.582 0.584

Fe* 0.029 0.034 0.030 0.037 0.040 0.042 0.062

Mn 0.019 0.020 0.019 0.020 0.021 0.020 0.021 0.021 0.021 0.022 0.022 0.023 0.023 0.024 0.023 0.024 0.025 0.035 0.019 0.018 0.018 0.018 0.019 0.019

Mg 2.085 2022 1979 1983 1942 1941 1.872 1.883 1.908 1.893  1.843 1.760 1.754 1.728 1.705 1.663 1.583 1.195( 2.066 2.044 2.060 2.045 2.045 2.040

Ca 0.399 0.400 0.394 0.399 0.414 0.420 0423 0430 0423 0412 0446 0446 0.446 0.444 0.469 0.500 0.487 0.585 0.396 0.368 0.371 0.378 0.388 0.396

Na 0.004 0.004 0.004 0.003 0.004 0.003 0.004 0.005 0.003 0.005 0.004 0.005 0.005 0.005 0.005 0.005 0.007 0.008 0.003 0.004 0.004 0.003 0.004 0.004

Sum 8.021 8.029 7.995 8.007 8.009 8.030 7.989 8.009 8.026  8.019  8.021 8.002 8.001 7.994 8.014 8.031 8.025 8.0100 8.016 7.997 8.009 8.005 8.016 8.016
Ba [ppm] b.d. b.d. 0.109 0.046 b.d. b.d. 0.105 b.d. b.d. b.d. 0.076 b.d. 0.132 b.d. 0.012 b.d. b.d. 0.014

Nb b.d. 0.058 0.067 0.082 0.133 0.066 0.163 0.059 0.094 0.053 0.061 0.062 0.044 0.047 0.134 0.096 0.079 0.138

K 5.51 4.39 b.d. b.d. b.d. 5.00 b.d. b.d. 3.35 b.d. b.d. b.d. b.d. b.d. b.d. bd. 3.17 b.d.

La 0.028 0.029 0.010 0.020 0.032 0.023 0.035 b.d. b.d. 0.029 0.013 bd. b.d. b.d. 0.013 0.029 b.d. 0.044

Ce 0.128 0.088 0.214 0.191 0.243 0.182 0.230 0.168 0.169 0.172 0.161 0.252 0.102  0.233 0.203 0.168 0.157 0.657|

Pr 0.056 0.049 0.042 0.079 0.069 0.082 0.105 0.094 0.079 0.078 0.081 0.121 0.046  0.087 0.117 0.179 0.120 0.289

Sr 0.233 0.294 0.108 0.126 0.123 0.332 0.133 0.112 0.278 0.117 0.117 0.187 0.124 0.208 0.141 b.d. 0.408 0.325

Nd 0.850 0.608 0.690 0.754 1.01 0.933 0.865 0.958 0.813 1.09 0.934 1.16 0.855 1.13  1.00 1.06 1.24 3.70]

Zr 471 307 212 228 280 384 258 24.3 38.2 239 19.2 283 194 277 274 256 573 41.0)

Sm 1.02 0922 0944 00927 0.862 0.880 1.17 121 0.885 0.964 1.07 125 1.16 156 1.41 126 175 4.75

Eu 0.535 0.515 0.557 0.553 0.528 0.643 0.707 0.682 0.708 0.746 0.695 0.900 0.729 1.01 0.874 0.747 1.16 3.25

Ti 2224 1792 2303 2165 2519 2278 2417 2430 2236 2626 1956 2663 2377 2863 2812 2392 3057 2163

Gd 254 286 281 327 3.26 340 3.20 4.27 3.52 3.57 3.85 434 3.86 490 5.08 469 540 15.4

Tb 0.654 0.720 0.841 0.801 0.807 0.951 1.060 0.979 0.906 1.00 0.865 1.26 0.843 129 1.18 1.07 157 3.57|

Dy 706 744 714 737 7.99 8.74 773 9.12 8.54 8.30 8.75 9.83 8.70 1.3 104 10.2 13.6 23.9

Ho 1.69 1.95 1.87 233 191 224 222 2.33 2.32 2.07 2.32 243 224 3.09 245 263 3.28 4.43

Y 53.0 542 527 529 56.0 61.1 56.3 58.0 61.6 58.8 61.3 654 63.6 728 656 67.0 87.3 111.0)

Er 737 755 708 680 7.31 8.13 7.12 7.60 8.30 7.58 8.08 8.05 7.61 9.27 8.63 8.78 9.73 9.49

Tm 1.45 1.37 128 1.31 1.38 1.38  1.14 1.27 1.46 1.30 1.36 124 127 144 1.38 138  1.39 1.12

Yb 10.3 11.7 10.1 11.7  9.51 115 885 10.9 12.8 8.24 13.0 9.60 7.76 8.86 12.8 10.3 6.52 5.12

Lu 1.57 1.87 179 2.07 145 155 1.25 1.78 1.98  0.974 2.32 1.56 0.716 122 2.33 1.60 0.746 0.469
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Table B.10.: Major and trace element analyses of garnet
b.d.: below detection limit, iso: isotope analysis available in Table B.22., empty fields: not measured, Fe** by moessbauer spectroscopy
Sample Mir Kerang Mir Kerang Kerang Kerang Kerang Mir Mir Mir Mir  Gufka Mir Kerang Mir Kerang Kerang Mir Gufka Kerang Kerang Mir Mir  Kerang
Comment Biu Jos Biu Jos Jos Jos Jos Biu Biu Biu Biu Biu Biu Jos Biu Jos Jos Biu Biu Jos Jos Biu Biu Jos
+cpx +cpx, S

SiO; [wt%] 41.61 4115 4142 4134 4143 4117 41.66 41.28 4133 4155 4081 4141 4131 4115 41.07 4133 41.00 41.20 4135 40.98 41.24 4155 4134 4152

TiO, 0.314 0.389 0.323 0.336 0.326  0.400 0.352 0.384 0.349 0.341 0.385 0.343 0417 0.323 0.349 0.328 0.400 0.427 0.381 0.394 0.327 0.340 0.350 0.322

Al,0; 23.68 2352 2335 23.66 23.77 2357 23.41 23.44 23.37 23.63 23,58 2340 2336 2346 23.13 2348 23.09 23.37 23.46 2317 23.34 2352 2340 23.52

Cr0; 0.055 0.104 0.539 0.039 0.021 0.094 0.049 0.031 0.053 0.053 0.018 0.056 0.026 0.027 0.041 0.015 0.018 0.018 0.020 0.015 0.064 0.011 0.019

FeO 9.82 9.77 9.90 9.77 9.85 10.00 10.06 10.11 10.19 10.27 10.15 10.54 10.49 10.44 10.62 10.61 10.62 10.62 10.75 10.70 10.64 10.85 10.78 10.91

MnO 0.33 0.33 0.32 0.33 0.33 0.34 0.33 0.32 0.33 0.32 0.35 0.32 033 034 033 034 033 033 0.34 0.34 0.36 0.32 0.32 0.34

MgO 19.14 19.00 19.25 18.96 18.98 18.82 1894 1892 1898 1892 1857 18.84 18.72 1847 18.66 1849 1847 1844 1858 1843 1826 18.60 1842 18.48

CaO 5.36 5.26 4.94 528 522 5.20 5.38 5.31 5.33 5.22 5.22 5.21 5.45 521 5.20 5.37 539 545 5.41 537 555 5.18 5.45 5.24

Na,O 0.024 0.033  0.034 0.031  0.024  0.035 0.032 0.032 0.030 0.030 0.029 0.034 0.019 0.028 0.032 0.027 0.045 0.030 0.026  0.030 0.025 0.031 0.016  0.032

Sum 100.37 _ 99.58 100.09 99.77 99.97 99.66 100.22  99.84 100.00 100.36 99.14 100.17 100.15 99.46 99.45 100.02 99.39 99.91 100.30 99.49 99.78 100.47 100.12 100.41

mg# 77.6 77.6 77.6 776 774 77.0 77.0 76.9 76.8 76.7 76.5 76.1 76.1 75.9 758 75.6 756  75.6 75.5 754 754 75.3 75.3 75.1

Cations to 8 oxygens

Si 2.964 2956 2.961 2962 2962 2957 2.975 2.961 2.962 2965 2949 2965 2961 2966 2965 2966 2.964 2.961 2.961 2960 2969 2969 2966 2.970

Ti 0.017 0.021  0.017 0.018 0.018 0.022 0.019 0.021 0.019 0.018 0.021 0.018 0.022 0.018 0.019 0.018 0.022 0.023 0.021 0.021 0.018 0.018 0.019 0.017

Al 1.988 1.991 1.968 1.998 2.002 1.995 1.971 1.982 1.974 1.988 2.008 1975 1.973 1.993 1.968 1.986 1.967 1.980 1.980 1.973 1.980 1.981 1.979 1.983

Fe* 0.585 0.587 0.592 0.585 0.589 0.600 0.601 0.607 0.611 0613 0614 0631 0.629 0.629 0641 0.637 0642 0638 0.644 0.646 0.641 0.648 0.647 0.625

Fe* 0.028

Mn 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.019 0.020 0.019 0.021 0.019 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.021 0.022 0.019 0.019 0.021

Mg 2.032 2.034 2.051 2.025 2022 2.015 2.016 2.023 2.027 2.013 2001 2.011 2000 1.984 2.008 1.978 1.990 1.976 1.983 1.984 1.959 1.981 1.970 1971

Ca 0.409 0.405 0.378 0.406 0.399 0.400 0.411 0.408 0.409 0.399 0.404 0.400 0419 0.402 0.402 0.413 0.417 0.420 0.415 0.416 0.428 0.397 0.419 0.401

Na 0.003 0.005 0.005 0.004 0.003 0.005 0.004 0.004 0.004 0.004 0.004 0.005 0.003 0.004 0.004 0.004 0.006 0.004 0.004 0.004 0.003 0.004 0.002 0.004

Sum 8.018 8.017 7.993 8.018 8.016 8015 8.017 8026 8.025 8.018 8.023 8.024 8.027 8.017 8.028 8.020 8.028 8.022 8.028 8.025 8.020 8.017 8.021 8.019
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Table B.10.: Major and trace element analyses of garnet
b.d.: below detection limit, iso: isotope analysis available in Table B.22., empty fields: not measured, Fe** by moessbauer spectroscopy
Sample Mir  Kerang Mir Maldau Mir Mir Kerang Kerang Kerang Kerang Mir Mir Mir Dam Mir Kerang Mir Mir Kerang Kerang Mir Mir Kerang Mir
Comment Biu Jos Biu Biu Biu Biu Jos Jos Jos Jos Biu Biu Biu Biu Biu Jos Biu Biu Jos Jos Biu Biu Jos Biu
SiO, [wt%] 41.11 40.94 41.40 41.12 40.75 41.22 41.05 40.99 41.06 41.05 41.06 4125 4122 41.30 40.95 41.13 41.08 40.85 41.48 40.64 41.03 40.59 40.95 40.81
TiO, 0.367 0.433 0.345 0.405 0.356 0.399 0.338 0.414 0.404 0.377 0.346 0.382 0.385 0.404 0.393 0411 0.363 0.313 0.369 0.372 0.311 0.329 0.366 0.315
Al,0, 23.22 23.61 2347 23.25 23.48 23.51 23.28 23.49 23.51 2350 23,50 2341 2347 2334 23.16 23.48 2351 23.49 23.38 23.55 23.22 23.51 23.43 23.50
Cr,0; 0.025 0.015 0.014 0.017 0.014 0.015 0.011 0.012 0.031 0.021 0.011 0.032 0.023 0.012 0.016 0.028 0.023 0.021 0.034 0.011 0.014
FeO 10.86 10.85 11.04 10.95 1093 11.03 10.96 10.97 11.01 11.03 1118 1119 1117 1120 11.16 1117 1132 11.37 11.46 11.38 11.42 11.45 11.50 11.51
MnO 0.34 0.34 0.34 0.34 0.34 0.33 0.34 0.34 0.34 0.34 0.33 0.37 0.34 0.34 0.37 0.35 0.35 0.33 0.35 0.35 0.34 0.33 0.35 0.34
Mgo 18.30 18.21 18.39 18.24 18.14 18.27 18.14 18.12 18.03 18.05 18.24 18.17 18.09 18.12 18.02 17.98 18.16 18.03 18.03 17.86 17.88 17.84 17.81 17.66
CaO 5.43 5.33 5.25 547 5.05 5.49 5.42 5.45 5.40 5.36 5.30 5.42 5.45 540 5.52 5.35 537 529 5.36 557 539 5.09 5.40 5.22
Na,O 0.026 0.031  0.029 0.035 0.031 0.029 0.043 0.030 0.031 0.039 0.030 0.034 0.027 0.029 0.030 0.035 0.032 0.032 0.031 0.032 0.025 0.033 0.028 0.024
Sum 99.70 99.80 100.31 99.88 99.11 100.33 99.59 99.83 99.80 99.77 100.06 100.27 100.20 100.19 99.67 99.94 100.23 99.77 100.50 99.81 99.68 99.23 99.88 99.42
mg# 75.0 74.9 74.8 748 747 74.7 74.7 74.6 74.5 74.5 74.4 74.3 74.3 743 742 74.2 741 739 73.7 73.7 73.6 73.5 73.4 73.2
Cations to 8 oxygens
Si 2.965 2949 2967 2.962 2955 2.956 2.965 2.954 2.959 2959 2954 2962 2961 2.967 2.961 2.962 2.953 2.950 2,973 2.938 2.967 2.948 2.956 2.958
Ti 0.020 0.023 0.019 0.022 0.019 0.022 0.018 0.022 0.022 0.020 0.019 0.021 0.021 0.022 0.021 0.022 0.020 0.017 0.020 0.020 0.017 0.018 0.020 0.017
Al 1.974 2.004 1.982 1.974 2.006 1.987 1.982 1.995 1.997 1.997 1993 1981 1987 1976 1.973 1.993 1.992 2.000 1.975 2.007 1.979 2.012 1.994 2.008
Fe?* 0.655 0.654 0.632 0.660 0.663 0.662 0.662 0.661 0.663 0.665 0.672 0.672 0.671 0.673 0.675 0.673 0.680 0.687 0.687 0.688 0.691 0.695 0.694 0.698
Fe* 0.030
Mn 0.021 0.021  0.021 0.021 0.021 0.020 0.021 0.021 0.021 0.021 0.020 0.022 0.021 0.021 0.023 0.021  0.021 0.020 0.021 0.022 0.021 0.021 0.022 0.021
Mg 1.967 1.955 1.964 1.959 1.960 1.953 1.953 1.946 1.937 1.940 1956 1.945 1.937 1.941 1.942 1.930 1.946 1.941 1.926 1.925 1.927 1.931 1.916 1.908
Ca 0.420 0.411  0.403 0.422 0.392 0.422 0.419 0.420 0.417 0.414 0409 0417 0419 0415 0.428 0.413 0.414 0.409 0.412 0.431 0.418 0.396 0.418 0.405
Na 0.004 0.004 0.004 0.005 0.004 0.004 0.006 0.004 0.004 0.005 0.004 0.005 0.004 0.004 0.004 0.005 0.004 0.004 0.004 0.005 0.004 0.005 0.004 0.003
Sum 8.024 8.022 8.021 8.025 8.021 8.026 8.026 8.024 8.019 8.022 8.026 8.024 8.022 8.019 8.027 8.018 8.029 8.028 8.018 8.036 8.022 8.025 8.024 8.018
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Table B.10.: Major and trace element analyses of garnet
b.d.: below detection limit, iso: isotope analysis available in Table B.22., empty fields: not measured, Fe* by moessbauer spectroscopy

Sample Mir Mir Kerang Kerang Mir Mir Mir Mir Maldau Mir Krater Kerang Dam Mir Hilia Kerang Mir Kerang Mir Mir Kerang Kerang Krater Kerang
Comment Biu Biu Jos Jos Biu Biu Biu Biu Biu Biu Biu Jos Biu Biu Biu Jos Biu Jos Biu Biu Jos Jos Biu Jos
+cpx +cpX, opx +cpx
SiO, [wt%] 4110 4153 40.86 41.36 41.34 40.79 4097 41.09 40.88 4093 4123 41.24 40.92 40.68 41.02 41.44 40.85 41.06 40.72 40.24 40.82 40.83 41.00 40.91
TiO, 0.325 0.312 0.439 0423 0.344 0.397 0.339 0.368 0430 0.336 0.336 0.437 0.325 0.330 0.364 0.424 0.343 0.385 0.384 0.347 0454 0421 0.348 0.452
Al,0,4 2329 2417 2349 23.08 2344 2324 2356 2324 2322 2359 2333 2291 23.18 23.66 2327 2341 2336 23.14 2297 2329 2346 2329 2329 23.27
Cr,0, 0.010 0.040 0.011 0.013 0.019 0.018 0.010 0.028 0.010 0.036 0.015 0.010 0.025
FeO 1161 1167 1161 1165 1179 1172 1183 1180 11.78 1184 1186 11.83 11.93 11.87 1189 12,09 1197 1216 1221 1227 1230 1232 1241 1260
MnO 0.35 0.33 0.36 0.37 0.35 0.35 0.35 0.35 0.36 0.35 0.36 0.37 0.37 0.35 0.36 0.36 0.37 0.37 0.36 0.37 0.38 0.36 0.37 0.38
MgO 17.79 1786 1775 1773 1792 1770 1781 1762 1757 1760 1758 1749 17.55 17.43 1746 1756 1728 1742 1731 1723 1712 17.09 17.04 17.16
CaOo 5.44 5.17 5.48 5.55 5.32 5.55 5.46 5.61 5.68 5.61 5.62 572 5.33 5.26 5.67 5.62 5.53 5.62 5.60 5.56 5.47 5.79 5.68 5.61
Na,O 0.026  0.033 0.028 0.025 0.031 0.027 0.030 0.019 0.086 0.023 0.040 0.038 0.033 0.032 0.032 0.038 0.037 0.024 0.027 0.029 0.033 0.037 0.018 0.032
Sum 99.96 101.11 100.05 100.22 100.58 99.81 100.39 100.12 99.99 100.33 100.40 100.06  99.70 99.66 100.11 100.97 99.76 100.21 99.61 99.37 100.06 100.16 100.22 100.43
mg# 73.2 73.2 73.2 731 73.0 72.9 72.9 72.7 72.7 72.6 72.5 72.5 72.4 724 724 721 72.0 71.9 71.7 715 71.3 71.2 71.0 70.8
Cations to 8 oxygens
Si 2966 2.957 2,948 2978 2966 2.953 2.948 2965 2.956 2.948 2967 2.979 2.965 2,948 2962 2967 2960 2965 2961 2936 2953 2955 2964 2.955
Ti 0.018 0.017 0.024 0.023 0.019 0.022 0.018 0.020 0.023 0.018 0.018 0.024 0.018 0.018 0.020 0.023 0.019 0.021 0.021 0.019 0.025 0.023 0.019 0.025
Al 1.981 2028 1997 1958 1982 1982 1998 1976 1979 2.003 1979 1.950 1.980 2020 1981 1975 1995 1970 1969 2002 2000 1986 1.984 1.980
Fe** 0.701 0.695 0.701 0.701 0.675 0.710 0.712 0.712 0.712 0.713 0.714 0.715 0.723 0.719 0.718 0.724 0.726 0.734 0.742 0.749 0.744 0.746 0.750 0.761
Fe* 0.033
Mn 0.022 0.020 0.022 0.022 0.021 0.021 0.021 0.021 0.022 0.022 0.022 0.022 0.023 0.022 0.022 0.022 0.022 0.023 0.022 0.023 0.023 0.022 0.023 0.023
Mg 1914 1895 1909 1902 1916 1909 1910 1.895 1.893 1.890 1.886 1.883 1.896 1.883 1.879 1874 1867 1875 1.877 1874 1.846 1.843 1.836 1.847
Ca 0421 0.394 0423 0428 0409 0431 0421 0434 0440 0433 0433 0442 0414 0408 0439 0431 0429 0435 0437 0434 0424 0449 0440 0434
Na 0.004 0.005 0.004 0.003 0.004 0.004 0.004 0.003 0.005 0.003 0.006 0.005 0.005 0.004 0.004 0.005 0.005 0.003 0.004 0.004 0.005 0.005 0.003 0.004
Sum 8.025 8.009 8.028 8.017 8.023 8.031 8.032 8.025 8.030 8.029 8.025 8.021  8.023 8.022 8.026 8.022 8.024 8.027 8.032 8.041 8.020 8.028 8.019 8.029
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Table B.10.: Major and trace element analyses of garnet
b.d.: below detection limit, iso: isotope analysis available in Table B.22., empty fields: not measured, Fe* by moessbauer spectroscopy

Sample Kerang Mir Dam Mir Mir Kerang Dam Kerang Kerang Mir Mir Mir Mir Mir Mir Kerang Mir Mir Mir
Comment Jos Biu Biu Biu Biu Jos Biu Jos Jos Biu Biu Biu Biu Biu Biu Jos Biu Biu Biu
+cpx +S +apa, ilm xenolith
cpx exsol.
SiO, [wt%] 40.72 41.07 41.21 40.86 40.64 40.63 40.71 40.56 40.65 40.29 40.56 40.74 40.19 40.76 40.17 40.80 39.82 39.61 40.25]
TiO, 0.445 0.329 0.289 0.368 0.413 0.484 0.423 0.480 0.500 0.473 0.605 0.393 0.464 0.426 0.378 0.491 0.551 0.359 0.142
Al,O, 23.42 23.91 23.31 23.26 23.27 23.30 23.13 23.19 23.21 23.22 22.86 23.12 23.03 23.23 22.96 23.11 22.55 23.01 22.96
Cr0; 0.012 0.011 0.023 0.034 0.030 0.014 0.031 0.041 0.013
FeO 12.56 12.54 12.71 12.61 12.73 12.96 12.95 13.09 13.24 13.25 13.25 13.30 13.29 13.49 13.57 13.80 15.65 20.19| 12.99
MnO 0.36 0.35 0.37 0.36 0.37 0.37 0.38 0.39 0.38 0.38 0.37 0.37 0.38 0.38 0.39 0.40 0.42 0.62) 0.54]
MgO 16.99 16.80 17.00 16.83 16.90 16.56 16.54 16.48 16.54 16.50 16.43 16.27 16.03 16.19 16.04 16.07 14.38 10.06| 16.04]
CaO 5.41 5.67 5.49 5.77 5.70 5.75 5.82 5.69 5.71 5.78 5.64 5.93 5.79 5.92 5.91 5.80 6.40 7.53] 5.59
Na,O 0.044 0.025 0.023 0.036 0.037 0.040 0.039 0.047 0.030 0.040 0.040 0.028 0.040 0.039 0.028 0.052 0.036 0.059 0.027
Sum 99.99  100.72  100.44  100.12 100.08  100.16 100.07 99.96  100.31 99.96 99.82  100.16 99.24 100.46 99.47 100.55 99.84  101.51 98.57]
mg# 70.7 70.5 70.4 70.4 70.3 69.5 69.5 69.2 69.0 68.9 68.8 68.6 68.3 68.1 67.8 67.5 62.1 47.0 68.7]
Cations to 8 oxygens
Si 2.951 2.953 2.974 2.961 2.949 2.949 2.958 2.952 2.950 2.937 2.958 2.962 2.951 2.957 2.948 2.961 2.946 2.950 2.970
Ti 0.024 0.018 0.016 0.020 0.023 0.026 0.023 0.026 0.027 0.026 0.033 0.021 0.026 0.023 0.021 0.027 0.031 0.020 0.008
Al 2.001 2.027 1.982 1.987 1.990 1.994 1.981 1.989 1.985 1.995 1.965 1.981 1.993 1.987 1.987 1.977 1.967 2.019 1.998
Fe?' 0.762 0.754 0.736 0.764 0.773 0.787 0.787 0.797 0.803 0.808 0.809 0.809 0.816 0.818 0.833 0.837 0.969 1.258 0.802
Fe* 0.031
Mn 0.022 0.021 0.022 0.022 0.023 0.023 0.023 0.024 0.023 0.023 0.023 0.023 0.023 0.023 0.024 0.025 0.026 0.039 0.034
Mg 1.836 1.801 1.828 1.818 1.827 1.792 1.791 1.788 1.789 1.793 1.787 1.763 1.755 1.751 1.755 1.738 1.586 1.117| 1.764]
Ca 0.420 0.437 0.424 0.448 0.443 0.448 0.453 0.444 0.444 0.451 0.441 0.462 0.455 0.460 0.465 0.451 0.507 0.601 0.442
Na 0.006 0.003 0.003 0.005 0.005 0.006 0.005 0.007 0.004 0.006 0.006 0.004 0.006 0.006 0.004 0.007 0.005 0.009 0.004
Sum 8.023 8.013 8.017 8.024 8.033 8.024 8.022 8.026 8.025 8.039 8.021 8.026 8.025 8.025 8.037 8.023 8.037 8.013) 8.021
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Table B.11.: Major and trace element analyses of plagioclase
b.d.: below detection limit, iso: isotope analysis available in Table B.22.
Sample Mir Mir Mir Mir Mir a Mir Gufka Mir Mir Tila Mir c Maldau Hilia 2 Mir b Dam Pelaalt Mir
Comment Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu
+cpx
iso iso iso iso
SiO, [wt%] 57.86 57.75 59.31 58.70  59.584 58.97 59.02 59.28 59.36 59.08  60.192 60.25 59.555  59.512 60.68 60.63 60.38
Al,O; 25.33 25.01 24.86 25.04  24.611 24.41 24.91 24.71 24.59 2468  24.138 24.06  24.358 24.27 23.77 23.57 23.74
FeO 0.23 0.25 0.22 0.23 0.215 0.21 0.21 0.20 0.20 0.23 0.201 0.23 0.181 0.204 0.19 0.18 0.18
MgO 0.042 0.034 0.031 0.032 0.028 0.028 0.029 0.029 0.027 0.024 0.031 0.019 0.022 0.022 0.024 0.024 0.019
Ca0 7.23 7.05 6.29 6.31 6.123 6.03 6.16 5.96 5.91 5.94 5.354 5.24 5.045 4978 4.87 4.72 4.69
Na,O 7.03 7.03 7.55 7.59 7.484 7.62 7.79 7.80 7.76 7.87 7.95 8.22 8.212 8.218 8.25 8.35 8.32
K0 0.75 0.75 0.88 0.91 0.906 0.91 0.92 0.91 0.89 0.93 0.973 1.03 1.043 1.023 1.05 1.12 1.13
Sum 98.58 97.95 99.23 98.90  99.031 98.30 99.16 98.97 98.80 98.83  98.914 99.10 98.5  98.275 98.89 98.70 98.52
Cations to 32 oxygens
Si 10.522 10563 10.688  10.628  10.747  10.727  10.657 10.711  10.736 10.698 10.854 10.858 10.796 10.811 10.936  10.951  10.927
Al 5.429 5.390 5.280 5.343 5.232 5.233 5.301 5.262 5.242 5.267 5.13 5.110 5.204 5.196 5.049 5.018 5.064
Fe* 0.036 0.038 0.033 0.034 0.032 0.032 0.032 0.030 0.030 0.034 0.03 0.034 0.027 0.031 0.029 0.027 0.028
Mg 0.011 0.009 0.008 0.009 0.007 0.008 0.008 0.008 0.007 0.006 0.008 0.005 0.006 0.006 0.006 0.006 0.005
Ca 1.408 1.381 1.214 1.224 1.183 1.176 1.192 1.154 1.145 1.152 1.034 1.012 0.98 0.969 0.940 0.913 0.909
Na 2.480 2.493 2.637 2.664 2.617 2.687 2.727 2.733 2.721 2.763 2.78 2.872 2.886 2.895 2.883 2.924 2.920
K 0.175 0.175 0.203 0.210 0.208 0.212 0.211 0.210 0.205 0.215 0.224 0.237 0.241 0.237 0.241 0.259 0.260
Sum 20.076  20.062  20.078  20.124  20.038  20.090  20.146  20.118  20.096  20.147  20.071  20.136 _ 20.153  20.151  20.092  20.114  20.123
or 4.3 4.3 5.0 5.1 5.2 5.2 5.1 5.1 5.0 5.2 5.5 5.7 5.9 5.8 5.9 6.3 6.4
Ab 61.0 61.6 65.1 65.0 65.3 65.9 66.0 66.7 66.8 66.9 68.8 69.7 70.3 70.6 70.9 71.4 71.4
An 34.7 34.1 29.9 29.9 29.5 28.9 28.9 28.2 28.1 27.9 25.6 24.6 23.9 23.6 23.1 22.3 22.2
Ba [ppm] 455
La 7.3
Ce 10.1
Pr 0.929
Sr 3560
Nd 2.81
Sm b.d.
Eu 0.949
Gd 0.257
Y 1.33
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Table B.11.: Major and trace element analyses of plagioclase
b.d.: below detection limit, iso: isotope analysis available in Table B.22.
Sample Kerang Krater Hilia Mir Mir Krater Mir Mir Gwaram Gwaram Dam Mir Hizshi Krater
Comment Jos Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu
zircon incl.
iso
SiO; [wt%] 61.81 61.55 60.35 60.83 60.96 61.27 61.02 61.86 61.84 61.31 62.16 62.14 62.44 64.48|
Al,0; 23.45 23.63 23.41 23.06 23.28 23.43 23.40 22.91 21.81 23.24 22.65 22.96 22.37 19.66
FeO 0.17 0.19 0.19 0.18 0.17 0.20 0.18 0.18 0.202 0.20 0.16 0.18 0.17 0.06
MgOo 0.019 0.019 0.024 0.020 0.026 0.020 0.022 0.017 0.015 0.015 0.010 0.017 0.025 0.012
CaOo 4.25 4.28 4.39 4.39 4.37 4.40 4.34 3.93 3.977 3.88 3.68 3.52 3.41 0.91
NaO 7.37 7.99 8.42 8.47 8.55 8.64 8.60 7.99 8.466 8.79 8.90 8.89 8.59 6.95
K.0 1.37 1.18 1.21 1.18 1.19 1.19 1.14 1.22 1.199 1.26 1.22 1.40 1.95 6.53
Sum 98.47 98.91 98.09 98.20 98.61 99.23 98.76 98.15 97.549 98.72 98.81 99.17 98.98 98.62
Cations to 32 oxygens

Si 11120 11.050 10.970 11.037 11.016  11.007 11.007 11.171 11.262 11.059 11.181 11.145 11.234 11.745

Al 4.973 5.000 5.015 4.931 4.958 4.961 4.975 4.875 4.681 4.940 4.802 4.853 4.743 4.220
Fe** 0.025 0.029 0.029 0.028 0.026 0.029 0.027 0.027 0.031 0.030 0.024 0.027 0.026 0.009|
Mg 0.005 0.005 0.007 0.005 0.007 0.005 0.006 0.005 0.004 0.004 0.003 0.005 0.007 0.003]

Ca 0.820 0.824 0.855 0.854 0.846 0.847 0.839 0.760 0.776 0.750 0.709 0.676 0.657 0.178]

Na 2.570 2.780 2.968 2.980 2.996 3.009 3.008 2.799 2.989 3.074 3.104 3.092 2.997 2.455|

K 0.314 0.271 0.281 0.274 0.273 0.273 0.262 0.280 0.278 0.290 0.280 0.320 0.448 1.518
Sum 19.832  19.967 20.138  20.116 20.131  20.143  20.131  19.926 20.027 20.150 20.106  20.127  20.115 20.131
Or 8.5 7.0 6.8 6.7 6.6 6.6 6.4 7.3 6.9 7.0 6.8 7.8 10.9 36.6

Ab 69.4 "7 72.3 72.5 72.8 72.9 73.2 72.9 73.9 74.7 75.8 75.6 73.1 59.1

An 221 21.3 20.8 20.8 20.6 20.5 20.4 19.8 19.2 18.2 17.3 16.5 16.0 4.3
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Table B.12.: Major element analyses of ilmenite
*Fe,03 from stochiometry
Sample Mir Mir Mir Bos Hill Bos Hill Miringa | Dam Dam  Miringa Mir Mir Miringa Miringa Damknolle  Mir Miringa Mir
Comment Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu
pyroxenite pyroxenite exsol.in cpx exsol. in cpx +glas incl. +glas incl.
+sp +cpx
SiO, [wt%] 0.018 0.114 0.239 0.038 0.052 0.028 0.028 0.031 0.033 0.032 0.029 0.033 0.035 0.035 0.023 0.035 0.033
TiO, 50.51 46.86 46.55 52.68 53.03 46.92 41.16 42.61 40.53 40.42 41.09 40.25 40.48 39.67 41.14 40.03 39.75
Al,O; 1.05 0.96 0.97 0.15 0.13 0.90 1.48 1.22 1.48 1.62 1.59 1.48 1.54 1.59 1.58 1.51 1.66
Cr;0; 0.041 0.038 0.031 0.047 0.055 0.031 0.040 0.036 0.042 0.014 0.033 0.029 0.025 0.030 0.025 0.023  0.038
FeO 27.92 26.52 26.67 32.57 33.20 29.96 29.64 31.08 29.82 29.82 30.51 29.75 30.04 29.42 30.69 29.69 2975
MnO 0.315 0.282 0.281 0.570 0.758 0.300 0.171 0.153 0.160 0.157 0.156 0.155 0.149 0.162 0.159 0.159  0.146
MgOo 9.54 8.56 8.17 7.85 7.02 6.64 4.03 3.93 3.57 3.56 3.50 3.48 3.50 3.38 3.44 3.41 3.26
Fe,03* 11.28 14.25 13.97 6.12 5.14 14.68 23.98 21.04 23.57 23.52 22.90 24.06 24.07 23.56 23.01 2470 2466
Sum 100.79 97.68 97.34 100.22 99.79 99.52] 100.56 100.14 99.26 99.18 99.85 99.28 99.85 97.89 100.09 99.60  99.33
Cations to 3 oxygens
Si 0.000 0.003 0.006 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Ti 0.886 0.854 0.852 0.942 0.955 0.853 0.757 0.787 0.757 0.756 0.763 0.753 0.753 0.752 0.763 0.747  0.744
Al 0.029 0.027 0.028 0.004 0.004 0.026 0.043 0.035 0.043 0.047 0.046 0.043 0.045 0.047 0.046 0.044  0.049
Cr 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.000 0.000  0.001
Fe?' 0.545 0.537 0.543 0.648 0.665 0.606 0.606 0.639 0.620 0.620 0.630 0.619 0.621 0.620 0.633 0.616  0.619
Fe* 0.198 0.260 0.256 0.109 0.093 0.267 0.441 0.389 0.441 0.440 0.426 0.450 0.448 0.447 0.427 0.461 0.462
Mn 0.006 0.006 0.006 0.011 0.015 0.006 0.004 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003  0.003
Mg 0.332 0.309 0.296 0.278 0.251 0.239 0.147 0.144 0.132 0.132 0.129 0.129 0.129 0.127 0.126 0.126  0.121
Sum 1.997 1.997 1.988 1.995 1.985 1.998 1.999 1.998 1.998 1.999 1.999 1.999 1.999 1.998 1.999 1.998 1.999
Fe,0; 0.101 0.133 0.131 0.055 0.047 0.136 0.226 0.199 0.226 0.226 0.218 0.231 0.230 0.230 0.219 0.236  0.237
FeTiO; 0.556 0.548 0.558 0.655 0.677 0.616 0.621 0.652 0.635 0.637 0.647 0.634 0.637 0.637 0.649 0.632 0.636
MgTiO; 0.338 0.315 0.304 0.281 0.255 0.244 0.150 0.147 0.136 0.135 0.132 0.132 0.132 0.130 0.130 0.129  0.124
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Table B.12.: Major element analyses of ilmenite
*Fe,O5; from stochiometry

Sample Miringa Miringa Miringa Mir Miringa Miringa Mir Dam Miringa Mir Miringa Miringa Miringa Miringa Krater Mir Miringa Miringa
Comment Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu
+glas incl. polyphase +glas incl. +S +S
SiO; [wt%] 0.026 0.031 0.028 0.032 0.037 0.034 0.034 0.031 0.033 0.028 0.032 0.026 0.031 0.034 0.038 0.042 0.023 0.030
TiO, 39.36 39.44 38.87 39.23 38.64 38.51 40.59 39.52 37.98 38.50 38.26 38.24 38.12 37.48 38.67 38.52 37.09 38.42
Al,0; 1.53 1.57 1.50 1.72 1.63 1.55 1.67 1.42 1.57 1.69 1.57 1.65 1.64 1.59 1.64 1.62 1.77 1.52
Cr,0; 0.021 0.037 0.026 0.027 0.034 0.019 0.031 0.021 0.020 0.019 0.025 0.039 0.028 0.013 0.018 0.034 0.010 0.039
FeO 29.38 29.50 29.23 29.64 29.06 29.11 30.84 30.01 28.81 29.14 29.02 29.03 28.98 28.45 29.51 29.51 28.19 29.53
MnO 0.159 0.165 0.152 0.152 0.151 0.133 0.152 0.167 0.143 0.138 0.146 0.146 0.138 0.146 0.123 0.148 0.123 0.144
MgO 3.27 3.24 3.09 3.07 3.04 3.03 3.05 3.00 2.93 2.94 291 2.89 2.87 2.84 2.83 2.79 2.77 2.70
Fe,O5* 25.77 25.33 26.31 25.711 26.76 26.79 23.94 25.64 27.73 27.36 26.98 27.11 27.22 28.75 27.98 27.00 29.32 26.88
Sum 99.53 99.35 99.23 99.62 99.41 99.18  100.33 99.85 99.23 99.86 98.98 99.17 99.06 99.35 100.85 99.70 99.33 99.32
Cations to 3 oxygens

Si 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Ti 0.736 0.739 0.730 0.733 0.724 0.724 0.753 0.738 0.715 0.719 0.722 0.720 0.718 0.705 0.716 0.722 0.698 0.723

Al 0.045 0.046 0.044 0.050 0.048 0.046 0.048 0.042 0.046 0.050 0.046 0.049 0.048 0.047 0.048 0.048 0.052 0.045

Cr 0.000 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.001
Fe? 0.611 0.614 0.611 0.616 0.606 0.609 0.636 0.624 0.603 0.605 0.609 0.608 0.607 0.595 0.608 0.615 0.590 0.618
Fe* 0.482 0.475 0.495 0.481 0.502 0.504 0.444 0.479 0.522 0.511 0.509 0.511 0.513 0.541 0.519 0.506 0.552 0.506
Mn 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
Mg 0.121 0.120 0.115 0.114 0.113 0.113 0.112 0.111 0.109 0.109 0.109 0.108 0.107 0.106 0.104 0.104 0.103 0.101
Sum 1.999 1.999 1.999 1.999 1.998 2.000 1.999 1.999 1.999 1.998 1.999 1.999 1.999 1.999 1.998 1.999 1.998 1.999
Fe,03 0.247 0.244 0.254 0.247 0.258 0.259 0.228 0.246 0.268 0.263 0.261 0.262 0.264 0.278 0.266 0.260 0.284 0.260
FeTiOs 0.627 0.631 0.626 0.634 0.623 0.625 0.654 0.639 0.619 0.623 0.625 0.624 0.624 0.611 0.625 0.632 0.607 0.635
MgTiO; 0.124 0.123 0.118 0.117 0.116 0.116 0.115 0.114 0.112 0.112 0.112 0.111 0.110 0.109 0.107 0.106 0.106 0.104
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Table B.12.: Major element analyses of ilmenite
*Fe,O5; from stochiometry

Sample Mir Mir Mir Miringa Miringa Miringa Mir Miringa Mir Mir Mir Mir Mir Mir Mir Mir
Comment Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu Biu
+S +S +S +S
SiO; [wt%] 0.029 0.041 0.023 0.028 0.038 0.026 0.023 0.020 0.042 0.031 0.024 0.032 0.030 0.036 0.034 0.026
TiO, 39.48 36.45 36.05 36.13 37.59 35.81 36.74 35.86 36.36 36.16 37.01 36.36 37.63 35.78 36.51 30.62]
Al,0; 1.88 1.79 1.74 1.69 1.86 1.68 1.79 1.66 1.77 1.77 1.98 1.74 1.75 1.49 1.71 1.33]
Cr,0; 0.021 0.019 0.020 0.009 0.022 0.023 0.021 0.018 0.024 0.012 0.018 0.020 0.025 0.022 0.013 0.014]
FeO 30.56 27.94 27.69 27.70 29.08 27.46 28.28 27.51 28.16 27.94 28.79 28.23 29.34 27.91 28.53 24.83]
MnO 0.141 0.133 0.121 0.124 0.122 0.131 0.135 0.124 0.132 0.131 0.130 0.137 0.128 0.124 0.135 0.153]
MgO 2.66 2.62 2.58 2.57 2.55 2.55 2.55 2.51 248 2.46 244 2.41 2.40 2.34 2.33 1.43]
Fe,O5* 25.56 30.80 31.10 30.97 27.68 31.43 30.21 31.42 30.99 30.85 29.21 31.04 28.56 32.20 30.42 41.12
Sum 100.36 99.82 99.35 99.26 98.99 99.13 99.78 99.17 99.98 99.39 99.61 99.98 99.93 99.91 99.70 99.54
Cations to 3 oxygens

Si 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Ti 0.734 0.684 0.680 0.682 0.710 0.677 0.690 0.678 0.682 0.682 0.696 0.682 0.706 0.674 0.687 0.586
Al 0.055 0.052 0.051 0.050 0.055 0.050 0.053 0.049 0.052 0.052 0.058 0.051 0.052 0.044 0.050 0.040]
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000]
Fe? 0.632 0.583 0.581 0.582 0.611 0.578 0.590 0.579 0.587 0.586 0.602 0.589 0.612 0.584 0.598 0.528]
Fe* 0.476 0.578 0.587 0.585 0.523 0.595 0.567 0.595 0.582 0.582 0.549 0.583 0.536 0.607 0.573 0.787|
Mn 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003]
Mg 0.098 0.097 0.096 0.096 0.096 0.095 0.095 0.094 0.092 0.092 0.091 0.089 0.089 0.087 0.087 0.054]
Sum 1.999 1.999 1.999 1.999 1.999 1.999 1.999 1.998 1.999 1.999 2.000 1.999 1.998 2.000 1.999 1.999
Fe,03 0.245 0.298 0.302 0.301 0.270 0.306 0.292 0.306 0.299 0.300 0.284 0.300 0.276 0.311 0.295 0.403]
FeTiOs 0.652 0.600 0.597 0.598 0.630 0.594 0.608 0.595 0.605 0.603 0.621 0.606 0.630 0.599 0.614 0.540]
MgTiO; 0.101 0.100 0.099 0.099 0.099 0.098 0.098 0.097 0.095 0.095 0.094 0.092 0.092 0.089 0.089 0.055]
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Table B.13.: Major and trace element analyses of amphibole
b.d.: below detection limit

Sample Kerang Gwaram Kerang Koroko Koroko Damknolle = Damknolle Damknolle Mir
Comment Jos Biu Jos Biu Biu Biu Biu Biu Biu
in phonolite in phonolite  +grt, cpx, ilm, pyroxenit
apa, plag xenolith
SiO, [wt%] 40.20 40.27 40.05 39.62 39.77 39.16 38.55 38.36 40.39
TiO, 4.58 4.40 4.47 4.31 4.27 4.87 4.69 4.70 3.65]
Al,0; 15.01 15.03 14.60 14.04 14.08 15.61 15.35 15.49 14.48
Cr,0; 0.007 0.008 0.012 0.032 0.009 0.013 b.d. 0.009 b.d.
FeO 9.69 9.93 11.01 11.30 11.45 13.09 13.23 12.96 8.06)
MnO 0.099 0.102 0.100 0.124 0.118 0.092 0.095 0.087 0.094
MgO 12.90 12.48 12.30 12.34 12.26 10.16 9.90 9.95 14.57
CaO 10.71 11.09 9.91 10.41 10.32 9.83 9.79 9.78 10.39
NiO 0.008 b.d. 0.012 0.011 b.d. 0.024 0.011 0.022 0.011
Na,O 2.41 3.18 2.74 3.03 2.94 3.05 3.13 3.08 3.64
K,0 2.36 1.32 2.11 1.84 1.89 1.44 1.37 1.42 0.30
P,0s 0.018 0.016 0.015 0.016 0.035 0.064 0.064 0.058 0.019
Sum 98.00 97.83 97.30 97.07 97.14 97.40 96.16 95.91 95.60
mg# 70.3 69.1 66.6 66.1 65.6 58.1 57.1 57.8 76.3
Cations to 23 oxygens
Si 5.904 5.916 5.947 5.924 5.940 5.849 5.844 5.826 5.982
Ti 0.506 0.486 0.499 0.485 0.480 0.547 0.535 0.536 0.406
Al 2.597 2.602 2.554 2.474 2.478 2.747 2.742 2.772 2.527
Fe* 1.191 1.220 1.367 1.413 1.430 1.635 1.677 1.646 0.998
Mn 0.012 0.013 0.013 0.016 0.015 0.012 0.012 0.011 0.012
Mg 2.823 2.733 2,722 2.750 2.729 2.263 2.236 2.253 3.216
Ca 1.685 1.745 1.576 1.668 1.651 1.573 1.589 1.592 1.649
Na 0.687 0.906 0.789 0.878 0.851 0.884 0.920 0.907 1.045]
K 0.442 0.247 0.399 0.351 0.360 0.275 0.265 0.275 0.056
Sum 15.848 15.867  15.869 15.957 15.935 15.797 15.821 15.819 15.892
Ba [ppm] 488
Nb 60.1
La 9.5
Ce 33.5
Pr 6.67
Sr 1030
Nd 33.2
Zr 78.7
Sm 9.79
Eu 3.84
Gd 8.02
Tb 0.851
Dy 4.24
Ho 0.639
Y 13.7
Er 0.905
Tm b.d.
Yb b.d.

Lu b.d.
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Table B.14.: Major element analyses of spinel
*Fe, O3 from stochiometry
Sample Gumya Mir Hilia Mir Mir Mir Mir Mir
Comment Biu Biu Biu Biu Biu Biu Biu Biu
pyroxenite pyroxenite lherzolite Iherzolite olivine incl.
xenolith xenolith xenolith  xenolith  xenolith?
TiO [wt%] 0.342 0.498 0.529 0.454 0.433 0.335 0.049 0.690
Al,O; 61.98 60.07 58.55 59.27 58.56 48.69 43.45 21.37|
Cr,0; 1.74 0.09 0.05 0.03 0.04 16.44 24.35 43.75
FeO 11.99 14.01 16.50 15.37 15.38 11.57 8.66 11.06
MgOo 19.51 1828 16.55 17.22 16.73 18.44 19.84 16.38
NiO 0.33 0.16 0.19 0.15 0.14 0.32 0.31 0.24
Fe,0s* 4.47 7.67 8.75 7.96 7.24 4.59 4.20 7.43
Sum 100.54 100.99 101.31 100.64 98.72 100.61 101.13 101.21
mg# 74.4 69.9 64.1 66.6 66.0 74.0 80.3 72.5
Cr# 1.8 0.1 0.1 0.0 0.0 18.5 273 57.9
Cations to 4 oxygens
Ti 0.007 0.010 0.010 0.009 0.009 0.007 0.001 0.016
Al 1.864 1.826 1.803 1.822 1.834 1.541 1.384 0.755]
Cr 0.035 0.002 0.001 0.001 0.001 0.349 0.520 1.038
Fe** 0.256 0.302 0.361 0.335 0.342 0.260 0.196 0.277|
Mg 0.742 0.703 0.645 0.669 0.663 0.738 0.799 0.733]
Ni 0.007 0.003 0.004 0.003 0.003 0.007 0.007 0.006
Fe** 0.086 0.149 0.172 0.156 0.145 0.093 0.086 0.168|
Sum 2.996 2995 2.995 2.995 2.995 2.995 2.993 2.992

Table B.15.: Major element analyses of olivine
Sample Dam Dam Dam Miringa Miringa
Comment Biu Biu Biu Biu Biu

lherzolite

xenolith
SiO; [wt%)] 40.19 40.21 40.02 40.28 40.30
Al,0, 0.041 0.046 0.044 0.057 0.073]
Cr0; 0.018 0.066 0.009 0.064 0.069
FeO 8.97 8.43 10.41 8.43 8.49
MnO 0.131 0.134 0.153 0.099 0.145
MgO 49.53 49.86 48.47 49.56 49.80
CaO 0.088 0.152 0.084 0.176 0.142
NiO 0.376 0.384 0.374 0.394 0.398]
Sum 99.40 99.30 99.62 99.09 99.42
mg# 90.8 91.3 89.2 91.3 91.3

Cations to 4 oxygens

Si 0.990 0.989 0.990 0.993 0.991
Al 0.001 0.001 0.001 0.002 0.002
Cr 0.000 0.001 0.000 0.001 0.001
Fe** 0.185 0.173 0.215 0.174 0.175
Mn 0.003 0.003 0.003 0.002 0.003]
Mg 1.819 1.829 1.787 1.821 1.824
Ca 0.002 0.004 0.002 0.005 0.004
Ni 0.007 0.008 0.007 0.008 0.008]
Sum 3.007 3.009 3.007 3.005 3.008
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Table B.16.: Major element analyses of

phlogopite
b.d.: below detection limit
Sample Mir Koroko
Comment Biu Biu
in phonolite
SiO; [wt%] 34.62 40.05
TiO, 5.16 1.43
Al,O3 15.93 12.73
Cr,0; b.d. 0.301
FeO 18.60 4.11
MnO 0.127 0.057|
MgOo 10.61 23.45|
Cao 0.010 0.019|
NiO 0.017 0.124
Na,O 0.862 1.187|
K,0 8.37 8.69
Sum 94.32 92.14
mg# 50.4 91.0
Cations to 22 oxygens

Si 5.331 5.860

Ti 0.598 0.157|

Al 2.891 2.195|
Cr b.d. 0.035|
Fe** 2.395 0.503
Mn 0.017 0.007|
Mg 2.435 5.114
Ca 0.002 0.003
Ni 0.002 0.015]
Na 0.257 0.337]

K 1.644 1.622
Sum 15.574 15.847

Table B.17.: Major element analyses of apatite

Sample Mir Mir Damknolle Damknolle
Comment Biu Biu Biu Biu
SiO, [wt%)] 0.18 0.18 0.17 0.17]

FeO 0.91 0.90 0.808 0.792
MnO 0.07 0.08 0.064 0.045
MgO 0.57 0.56 0.621 0.654
CaO 51.69 51.91 51.38 51.44
Na,O 0.40 0.41 0.498 0.484
P,05 40.09 39.91 39.58 39.71
Sum 93.92 93.96 93.13 93.32
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Table 18.: Analytical precision and accuracy of ionprobe analyses
*Jochum et al. (2000)
Sample
Gor 132-G~ 22.08.00 24.11.00 12.03.01 12.06.01 mean prec. (1o) ref.” acc.
Ba 0.879 1.000 0.954 0.772 0.901 11.0% 0.86 104.8%)
La 0.105 0.070 0.075 0.0842 0.084 18.4% 0.0769 108.7%,
Ce 0.398 0.407 0.361 0.511 0.419 15.3% 0.375 111.8%
Pr 0.128 0.088 0.092 0.0572 0.091 31.8% 0.1 91.3%
Nd 0.550 0.752 0.683 0.641 0.657 12.9% 0.685 95.8%
Sm 0.561 0.577 0.625 0.453 0.554 13.1% 0.509 108.8%
Eu 0.286 0.297 0.258 0.339 0.295 11.4% 0.254 116.1%)
Gd 1.830 1.580 1.18 1.33 1.480 19.3% 1.25 118.4%
Tb 0.239 0.288 0.291 0.332 0.288 13.2% 0.27 106.5%
Dy 2.300 2.270 2.22 2.6 2.348 7.3% 22 106.7%,
Ho 0.565 0.500 0.576 0.615 0.564 8.5% 0.55 102.5%,
Er 1.520 1.790 1.5 1.55 1.590 8.5% 1.68 94.6%
Tm 0.266 0.273 0.207 0.237] 0.246 12.3% 0.25 98.3%
Yb 2.270 2.030 1.65 2.17 2.030 13.4% 1.67 121.6%)
Lu 0.342 0.244 0.134 0.311 0.258 35.7% 0.254 101.5%
K 272 278 289 n.m. 280 3.1% 260 107.6%
Sr 16.1 16 15.2 n.m. 15.77 3.1% 18 87.6%
Y 12.9 12.6 12.8 n.m. 12.77 1.2% 12 106.4%
Zr 9.81 10.3 11.7 n.m. 10.603 9.3% 10.5 101.0%|
Nb 0.205 0.139 0.162 n.m. 0.169 19.9% 0.072 234.3%
KL2-G
Ba 162 136 149 12.3% 124 120.2%
La 14.7 13.5 14.1 6.0% 13.3 106.0%|
Ce 37.2 34.2 35.7 5.9% 33.2 107.5%)
Pr 5.74 5.14 5.44 7.8% 48 113.3%)
Nd 24.5 226 23.6 5.7% 222 106.1%,
Sm 6.6 5.62 6.11 11.3% 5.72 106.8%)
Eu 2.36 1.99 2.18 12.0% 1.99 109.3%
Gd 5.35 5.02 5.19 4.5% 6.07 85.4%
Tb 0.992 0.713 0.853 23.1% 0.93 91.7%
Dy 5.65 5.08 5.37 7.5% 5.37 99.9%
Ho 1.13 0.895 1.01 16.4% 1.01 100.2%|
Er 2.65 2.91 2.78 6.6% 2.64 105.3%)
Tm 0.364 0.338 0.351 5.2% 0.34 103.2%)
Yb 2.8 2.1 2.45 20.2% 2.09 117.2%
Lu 0.323 0.395 0.359 14.2% 0.293 122.5%
K 4530 4390 4460 2.2% 4050 110.1%,
Sr 426 396 411 5.2% 362 113.5%)
Y 256 25.2 254 1.1% 27 94.1%
Zr 171 170 171 0.4% 160 106.6%)
Nb 20.2 19.5 19.9 2.5% 17 116.8%)
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Table B.19.: TIMS isotope data for Biu and Jos Plateau lavas
Os and Re conc. and *’0s/"®0s blank corrected. Duplicate Re and Os conc. in brackets. A7/4 and A8/4 notation from Hart (1984)

Sample ZAGU JIGU 1 JIGU-M X PELAJUNG KOROKO PELAALT DAM DAM 2 BUGOR BUGOR SEBUGOR  HILIA1
Comment Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young
Leachate
¥Sri*sr 0.702951 0.703468 0.702892 0.703183 0.703347 0.703234 0.703192 0.702995 0.703178 0.702922 0.702927 0.702923
duplicate 0.703505 0.703355 0.703195 0.703151
duplicate 0.703492 0.703174
duplicate
Nd/"*Nd 0.512976 0.512878 0.513015 0.512936 0.512897 0.512928 0.512928 0.512963 0.512951 0.512962 0.512986 0.512987
duplicate 0.512877 0.512903 0.512968
duplicate 0.512862 0.512957
eNd 6.6 4.7 7.4 5.8 5.1 5.7 5.7 6.3 6.3 6.3 6.8 6.8
26pp24pp 19.677 19.096 19.832 19.384 19.481 20.103 19.851 19.518 19.654 19.670 19.641 19.623 19.775
duplicate 19.851 19.664
duplicate 19.869
duplicate 19.868
27pp2%pp 15.640 15.623 15.649 15.620 15.647 15.693 15.677 15.629 15.655 15.655 15.652 15.637 15.655
duplicate 15.669 15.657
duplicate 15.684
duplicate 15.695
28pp2pp 39.380 39.208 39.493 39.259 39.505 39.717 39.939 39.307 39.694 39.484 39.452 39.374 39.541
duplicate 39.916 39.699
duplicate 39.961
duplicate 39.997
ATI4 1.6 6.2 0.9 2.8 45 2.2 3.7 2.3 34 3.2 1.9 2.1
A8/4 -3.6 49.5 -11.1 19.7 32.5 -21.4 315 8.3 30.6 7.7 2.3 0.6
¥70s/"®®0s 0.1415 0.1282 0.2449 0.1232 0.1488
duplicate 0.1305 0.1443
Os [ppt] 46 42 [42] 9 134 20 [24]
Re [ppt] 65 49 [48] 50 90 19 [18]
"0s/"®0s;; 0.1415 0.1294 0.2449 0.1232 0.1466
28 2%pp 4227 31.18 44.86 35.62 35.10 39.29 36.36 41.84 32.80 42.84 4563 41.58
e [ st V| 412 4.23 3.57 4.28 4.06 3.78 3.95 3.86 4.20 3.86 3.87 4.02
“TSm/"Nd 0.116 0.128 0.120 0.127 0.121 0.103 0.113 0.124 0.122 0.125 0.122 0.121

¥Rb/*Sr 0.150 0.154 0.132 0.156 0.161 0.560 0.240 0.137 0.185 0.164 0.155 0.169
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Table B.19.: TIMS isotope data for Biu and Jos Plateau lavas
Os and Re conc. and "*’0s/"®0s blank corrected. Duplicate Re and Os conc. in brackets. A7/4 and A8/4 notation from Hart (1984)

Sample HILIA 2 TAMZA GUFKA MIR GULDUMBUR  PELA2 WIGA GWARAM  ZUMTA HIZSHI TUM ETUM GUMJA
Comment Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young Biu young
Qz in thin sec.
¥Sr/*sr 0.702888  0.702890  0.703079 0.703092 0.702914  0.703091  0.702941 0.702981  0.703096  0.702904  0.703000  0.702856  0.702890
duplicate 0.703062 0.703095 0.703110 0.703017
duplicate 0.703087 0.703089
duplicate 0.703062
“*Nd/"**Nd 0.512989  0.512968  0.512977 0.512954 0.512992  0.512964  0.513004 0512973  0.512966  0.512963  0.512968  0.512984  0.512991
duplicate 0.512967  0.512971 0.512930 0.512984  0.512957 0.512943
duplicate
eNd 6.8 6.4 6.4 6.0 6.8 6.2 7.1 6.5 6.2 6.3 6.4 6.7 6.9
206ppy204py 19.641 20.039 19.416 20.267 20.006 19.657 19.781 20.018 20.162 20.109 20.018 19.878 19.711
duplicate 20.326
duplicate
duplicate
27pp 204 15.637 15.675 15.634 15.699 15.669 15.643 15.640 15.673 15.685 15.670 15.675 15.643 15.656
duplicate 15.692
duplicate
duplicate
208pp,204py 39.420 39.748 39.261 40.313 39.712 39.362 39.513 39.798 40.281 39.779 39.844 39.521 39.470
duplicate 40.354
duplicate
duplicate
A7/4 1.7 1.1 3.9 -0.3 1.0 2.2 0.5 1.2 0.8 0.0 1.4 0.2 2.9
A8/4 4.7 -10.6 16.0 15.3 -10.1 -3.0 -3.0 -3.0 27.8 -16.0 1.6 -13.9 1.3
®70s/'®0s 0.1266 0.1351 0.1265 0.1277 0.1300 0.1254 0.1301 0.1384
duplicate
Os [ppt] 39 22 44 55 79 60 82 41
Re [ppt] 41 28 56 48 93 56 146 43
¥70s/"®®0s;,; 0.1266 0.1351 0.1265 0.1277 0.1300 0.1254 0.1301 0.1384
28Y/2pp 23.78 4253 35.32 45.65 50.80 35.06 43.73 40.51 39.40 42.07 42.41 41.40 43.28
Z2TRh/38y 6.49 3.81 4.33 3.99 3.59 4.33 3.89 3.96 4.24 3.89 4.19 3.89 3.95
“TSm/"Nd 0.132 0.121 0.128 0.111 0.118 0.119 0.123 0.116 0.113 0.119 0.121 0.118 0.118

¥Rb/**Sr 0.144 0.124 0.105 0.197 0.164 0.158 0.108 0.169 0.211 0.238 0.176 0.155 0.126
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Table B.19.: TIMS isotope data for Biu and Jos Plateau lavas
Os and Re conc. and "*’0s/"®0s blank corrected. Duplicate Re and Os conc. in brackets. A7/4 and A8/4 notation from Hart (1984)
Sample TILA1 TILA STR Biu4 Biu5 Biu8 Biu9 DAI KERANG AMPANG PIDONG-M PIDONG-S
Comment Biu young Biu young Biu old Biu old Biu old Biu old Jos young Jos young Jos young Jos young Jos young
Leachate Qz in thin sec. Qz in thin sec.
¥Sr/*sr 0.703145 0.702900  0.702884  0.704116  0.702934  0.703337  0.702942 0.703379 0.703405 0.703588 0.703370 0.703175
duplicate 0.703150 0.703328 0.703436 0.703157
duplicate 0.703161 0.703197
duplicate
“*Nd/"**Nd 0.512966 0.512997 0.512996  0.512978  0.512991  0.512923  0.512982 0.512881 0.512908 0.512875 0.512902 0.512872
duplicate 0.512949 0.512972 0.512886 0.512859
duplicate 0.512948
eNd 6.1 7.0 7.0 6.6 6.9 5.6 6.5 47 5.0 46 5.1 4.6
25pp2%pp 19.558 19.773 19.849 19.742 19.031 19.705 19.326 19.654 19.264 19.622 19.684
duplicate 19.086 19.266
duplicate
duplicate
A7pp2pp 15.644 15.640 15.648 15.635 15.632 15.642 15.646 15.673 15.660 15.662 15.669
duplicate 15.639 15.650
duplicate
duplicate
208pp,204py 39.422 39.506 39.616 39.515 39.175 39.417 39.320 39.477 39.305 39.489 39.643
duplicate 39.269 39.288
duplicate
duplicate
AT/4 3.3 0.6 0.6 0.4 7.8 15 6.0 5.1 8.1 4.4 45
A8/4 15.0 -2.6 -0.9 1.9 53.9 -3.3 32.7 8.9 38.7 14.0 21.8
®70s/'®0s 0.1394 0.1596 0.1578 0.1369
duplicate
Os [ppt] 20 24 101 44
Re [ppt] 45 23 136 55
705/ 0s;; 0.1385 0.1592 0.1578 0.1369
28y 2pp 33.24 38.36 39.30 35.81 26.00 32.15 33.66 31.07 25.56 30.90 30.48
22Th/38y 4.21 3.89 3.90 4.15 4.17 3.87 4.27 4.26 4.30 4.14 4.09
“TSm/**Nd 0.131 0.136 0.130 0.128 0.133 0.122 0.123 0.116 0.116 0.122 0.111
¥ Rb/*®Sr 0.154 0.166 0.118 0.190 0.143 0.146 0.162 0.154 0.179 0.187 0.145
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Table B.20.: Reproducibility of SRM981 isotopic standard during the period of measurements
*Todt et al. (1996)

Date Spectr. “5pp/**Pb 26(m)% 7pp/**Ph 26(m)% “%pp/**Pb 26(m)% load
28.07.00 MS 1 16.9006 0.006 15.4423 0.007 36.5451 0.010 10 ng
28.07.00 MS 1 16.8958 0.007 15.4356 0.008 36.5252 0.010 10 ng
28.07.00 MS 1 16.8957 0.012 15.4376 0.007 36.5320 0.010 10 ng
28.07.00 MS 1 16.8983 0.007 15.4385 0.009 36.5341 0.011 10 ng
07.08.00 MS1 16.9003 0.006 15.4399 0.006 36.5397 0.007 10 ng
07.08.00 MS 1 16.8980 0.033 15.4376 0.007 36.5304 0.013 10 ng
07.08.00 MS 1 16.8941 0.005 15.4324 0.005 36.5137 0.006 10 ng
07.08.00 MS 1 16.9007 0.006 15.4425 0.006 36.5448 0.006 10 ng
08.08.00 MS 1 16.8957 0.008 15.4341 0.010 36.5218 0.012 10 ng
08.08.00 MS 1 16.8954 0.006 15.4344 0.007 36.5215 0.009 10 ng
08.08.00 MS 1 16.8944 0.009 15.4324 0.009 36.5131 0.009 10 ng
08.08.00 MS 1 16.9039 0.008 15.4459 0.011 36.5577 0.015 10 ng
08.08.00 MS 1 16.9022 0.007 15.4429 0.009 36.5484 0.011 10 ng
08.08.00 MS 1 16.8960 0.012 15.4340 0.012 36.5209 0.013 10 ng
18.09.00 MS1 16.9005 0.006 15.4400 0.007 36.5332 0.009 10 ng
18.09.00 MS 1 16.8974 0.007 15.4343 0.007 36.5167 0.008 10 ng
06.10.00 MS 1 16.9007 0.006 15.4402 0.008 36.5354 0.011 10 ng
12.10.00 MS 1 16.8945 0.006 15.4320 0.007 36.5065 0.008 10 ng
28.10.00 MS 1 16.8988 0.013 15.4375 0.012 36.5303 0.013 10 ng
13.11.00 MS1 16.8985 0.008 15.4375 0.009 36.5300 0.010 10 ng
23.11.00 MS 1 16.9037 0.009 15.4474 0.009 36.5647 0.012 10 ng
15.03.01 MS1 16.9060 0.009 15.4490 0.011 36.5660 0.016 20 ng
18.09.01 MS1 16.8979 0.008 15.4375 0.010 36.5349 0.011 10 ng
11.11.01  MS1 16.8947 0.007 15.4346 0.007 36.5200 0.007 10 ng
11.11.01  MS1 16.8993 0.068 15.4403 0.068 36.5413 0.067 2ng
11.11.01  MS1 16.9048 0.016 15.4478 0.016 36.5657 0.016 2ng
17.11.01  MS1 16.9000 0.007 15.4399 0.008 36.5387 0.009 10 ng
211101 MS1 16.8982 0.020 15.4375 0.020 36.5203 0.021 4 ng
22.11.01  MS 1 16.8952 0.012 15.4344 0.013 36.5245 0.013 4ng
09.03.01 MS2 16.8922 0.015 15.4369 0.016 36.5387 0.018 10 ng
09.03.01 MS2 16.8979 0.015 15.4416 0.016 36.5434 0.018 10 ng
09.03.01 MS2 16.9088 0.015 15.4567 0.017 36.5968 0.021 10 ng
09.03.01 MS2 16.8889 0.014 15.4337 0.015 36.5256 0.015 10 ng
09.03.01 MS2 16.8849 0.013 15.4282 0.014 36.5064 0.014 10 ng
10.03.01 MS2 16.8912 0.017 15.4343 0.017 36.5227 0.017 10 ng
11.03.01 MS2 16.9029 0.010 15.4515 0.011 36.5754 0.013 20 ng
21.0401 MS2 16.8919 0.012 15.4369 0.014 36.5319 0.018 10 ng
08.11.01 MS2 16.9024 0.027 15.4460 0.027 36.5566 0.027 10 ng
08.11.01 MS2 16.8850 0.049 15.4294 0.049 36.5109 0.048 2ng
08.11.01 MS2 16.8886 0.042 15.4312 0.042 36.5163 0.042 2ng
08.11.01 MS2 16.8812 0.035 15.4254 0.036 36.4961 0.036 2ng
08.11.01 MS2 16.8946 0.037 15.4393 0.036 36.5399 0.036 2ng

Mean MS 1 16.8987 15.4386 36.5340
26 0.0066 0.0095 0.0314

26 [ppm] 392 614 860
Mean MS 2 16.8931 15.4378 36.5354
20 0.0160 0.0184 0.0564

26 [ppm] 950 1194 1543

ref.* 16.9373 15.4925 36.7054

fract. corr.
MS 1 [amu™] 0.1143% 0.1163% 0.1173%
MS 2 [amu™] 0.1308% 0.1182% 0.1551%

Lead isotope data are normalized to values specific for the machine on which they were measured.
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Table B.21.: Reproducibility of SRM987 and La Jolla isotopic standards during the period of
measurements
Date Spectr. ¥sr/*sr * Date Spectr. "“Nd/"**Nd *
08.12.99  MS1 0.710235 10 13.01.00 MS 1 0.511844 9
21.01.00 MS1 0.710234 6 14,01.00 MS1 0.511862 9
01.02.00 MS1 0.710222 7 17.01.00  MS 1 0.511843 17
01.02.00 MS1 0.710231 11 26.01.00 MS1 0.511845 13
11.02.00 MS 1 0.710234 8 27.01.00  MS1 0.511848 10
20.03.00 MS1 0.710222 10 02.02.00 MS1 0.511852 10
06.05.00 MS 1 0.710200 9 09.06.00 MS1 0.511860 10
14.07.00 MS 1 0.710204 10 01.09.00 MS1 0.511886 10
14.07.00 MS 1 0.710205 9 12.09.00 MS 1 0.511921 6
22.07.00 MS1 0.710232 8 11,1200  MS 1 0.511865 9
28.08.00 MS1 0.710255 7 15.02.02  MS 1 0.511878 12
28.08.00 MS 1 0.710245 10 15.02.02  MS 1 0.511874 19
01.09.00 MS 1 0.710247 8 24.02.02 MS1 0.511883 15
22.11.00 MS1 0.710253 10 01.03.02  MS1 0.511887 9
28.02.02 MS1 0.710194 9 12.03.00 MS2 0.511826 6
28.02.02  MS 1 0.710210 12 18.03.00 MS?2 0.511831 11
18.11.99  MS?2 0.710170 8 19.03.00 MS2 0.511838 9
18.11.99  MS2 0.710176 10 19.03.00 MS?2 0.511829 5
09.12.99  MS2 0.710179 24 16.05.00 MS?2 0.511868 7
16.12.99  MS?2 0.710268 16 16.05.00 MS?2 0.511815 14
17.12.99  MS2 0.710248 15 26.05.00 MS2 0.511866 20
17.12.99  MS2 0.710261 15 23.08.00 MS2 0.511890 13
26.03.00 MS?2 0.710218 10 26.08.00 MS?2 0.511911 9
26.03.00 MS?2 0.710154 18 26.08.00 MS?2 0.511865 13
28.04.00 MS2 0.710270 10 28.08.00 MS2 0.511868 14
28.04.00 MS2 0.710250 9 28.09.00 MS2 0.511857 12
28.04.00 MS2 0.710266 14 28.09.00 MS2 0.511845 2
09.05.00 MS?2 0.710275 12 28.10.00 MS2 0.511905 13
09.05.00 MS?2 0.710245 11 28.10.00 MS2 0.511877 5
12.05.00 MS?2 0.710265 11 31.10.00 MS2 0.511874 7
09.08.00 MS?2 0.710273 8 31.10.00 MS2 0.511855 6
19.08.00 MS?2 0.710282 5 19.11.00 MS?2 0.511845 11
19.08.00 MS2 0.710235 9
29.08.00 MS2 0.710261 6
30.08.00 MS2 0.710263 12
30.08.00 MS2 0.710262 9
13.11.00 MS2 0.710321 9
17.11.00 MS?2 0.710311 11
07.12.00 MS?2 0.710255 9
07.12.00 MS?2 0.710251 12
04.03.01 MS 2 0.710326 12
Mean MS 1 0.710226 0.511868
26 0.000038 0.000044
Mean MS 2 0.710251 0.511859
26 0.000087 0.000053

Strontium and neodymium isotope data of each machine are normalized to reference values for standards
NBS 987 (¥'Sr/*®Sr=0.71025) and La Jolla (**Nd/"**Nd=0.51185).
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Table B.22.: TIMS isotope data for Biu and Jos Plateau megacrysts
A7/4 and A8/4 notation from Hart (1984)
Sample Ker Ker L Ker a Ker b Ker c Dam+ Ampang Mir 21 Ker 2 Dam 60-4 Dam++ Mir 60-1 Pela alt Mir+Grt
Comment CcpX leachate same as Ker same as Ker same as Ker CcpXx cpx cpx cpXx cpx CcpX CcpXx CcpXx cpx
Jos of Ker w. thick w. sulf. clean picked Biu Jos Biu Jos Biu Biu Biu Biu Biu
alt. crusts inclusions unleached
¥Sr/*sr 0.703158 0.703197 0.703260 0.703208 0.703171 0.703030 0.703207 0.703057 0.703187  0.703095 0.702900 0.703090 0.703276 0.703112
dupl. 0.703161 0.703182 0.703058 0.702893 0.703073 0.703264 0.703126
dupl. 0.703056
"Nd/"““Nd 0.512955 0.512928 0.512975 0.512973 0.512938 0.512940 0.512957 0.512975 0.512990 0.512988 0.512963 0.512913 0.512952
dupl. 0.512946 0.512960 0.512926 0.512930 0.512926  0.512950 0.512955  0.513012 0.512957 0.512893  0.512961
ENd 6.1 6.0 6.1 6.1 5.9 5.8 6.2 6.4 71 6.5 6.3 5.2 6.2
25pp/**Pb 20.048 20.039 20.724 19.823 20.103 20.902 20.658
2"pp/**Pb 15.708 15.701 15.737 15.672 15.711 15.757 15.723
*%pp/**Pb 39.771 39.791 40.862 39.560 39.850 41.073 40.818
A7/4 43 3.7 -0.1 3.3 4.0 0.0 -0.8
A8/4 -9.3 -6.3 17.9 -3.4 -8.1 17.6 21.6
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Table B.22.: TIMS isotope data for Biu and Jos Plateau megacrysts

A7/4 and A8/4 notation from Hart (1984)

Sample Mir 15 Pid M Gumja2  Mir+Pl. Mir a Mir b Mir c Hilia2 Gwaram | Mir+Grt Damknolle Ker GA  Schliff 1
Comment cpX CcpX cpX CcpX plag plag plag plag plag gnt gnt gnt gnt
Biu Jos Biu Biu Biu Biu Biu Biu Biu Biu Biu Jos Jos
¥sr/*sr 0.703037 0.703210 #BEZUG! 0.703053] 0.703096 0.703044 0.703062 0.703035 0.702961| 0.706229  0.704710 0.705490 0.705968
dupl. 0.703002 0.703063 0.703036
dupl.
"“Nd/"“Nd 0.512959 0.512939 0.512975 0.512966 0.512981 0.512948 0.512949 0.512963 0.512955 0.512953  0.512960 0.512948 0.512982
dupl. 0.512933 0.512925 0.512951] 0.512946 0.512933 0.512943
ENd 6.0 5.7 6.6 6.3 6.3 5.9 6.0 6.3 6.2 6.1 6.3 6.0 6.7
25pp/*Ph 20.621 19.924 20.663  20.702  20.678  20.752
2’pp/*Pb 15719  15.685 15.736 15725 15714  15.726
“%pb/**Pb 40.688  39.681 40.835  40.830  40.795  40.950
A7/4 -0.8 35 0.5 -1.0 -1.9 15
A8/4 13.0 -3.4 22.7 17.5 16.9 23.4
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