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We present geochemical and isotopic (Nd, Sr) data for a picrite lava suite from the Luenha River and adjacent
areas in Mozambique. The Luenha picrites represent a previously unknown type of picrites related to the
Karoo large igneous province (LIP) and are distinguished by their notably low TiO2 contents (0.3–1.0 wt%) and
coupling of high Nb/Y with low Zr/Y and Sm/Yb. Relatively high CaO and low Zn/Fe point to a peridotitic mantle
source. Contamination-sensitive incompatible element ratios show that one lava flow is likely to be uncontami-
nated by the crust and its composition suggests amantle sourcewith primitivemantle-like incompatible element
ratios and mildly depleted isotopic ratios (initial 87Sr/86Sr = 0.7041 and εNd = +1.4 at 180 Ma). The primary
melts of the Luenha picrites had MgO contents in the range of 13–21 wt%. Our preferred estimate for a primary
melt composition (MgO= 18wt%) resembles experimental melts of fertile mantle peridotite at 3–4 GPa and in-
dicates liquidus temperature of 1445–1582 °C. Geochemical similarities suggest the Luenha picrites were gener-
ated from the same overall primitivemantle-like reservoir that produced themain volume of Karoo flood basalts
in the Karoo, Kalahari, and Zambezi basins, whereas the previously identified enriched and depleted (upper)
mantle sources of Karoo picrite suites (Mwenezi, Antarctica)were subordinate sources for flood basalts. We pro-
pose that the Luenha picrites record melting of a hot, chemically primitive mantle plume source that may have
been rooted in the sub-African large low shear velocity province boundary and that such a source might have
been the most significant magma source in the Karoo LIP.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The origin of continental flood basalts (CFBs) and their relationships
to mantle reservoirs and dynamics are unsettled topics in Earth sci-
ences. For example, the roles of mantle plumes (e. g., French and
Romanowicz, 2015), subduction processes (e. g., Wang et al., 2015),
and ancient non-chondritic primitive mantle reservoirs (e.g., Jackson
and Carlson, 2011) in their formation are not clear. Generalizing, the
erupted CFB magmas have been variably modified by differentiation
processes (magmamixing, fractional crystallization, crustal contamina-
tion, and degassing). Thermodynamically constrained models of mag-
matic differentiation demonstrate that even minor amounts of
incompatible element-enriched partial melts from wallrocks can have
a major influence on the incompatible trace element and isotopic ratios
of flood basalts (Bohrson and Spera, 2001). Consequently, the assess-
ment of CFB mantle sources is critically dependent on studies of rare,
picritic rock types that represent high-Mg primitive magmas that have
not been strongly affected by differentiation.
n).

.V. This is an open access article und
The Karoo large igneous province (LIP) is a Mid-Jurassic (~182–
183 Ma; Jourdan et al., 2008; Svensen et al., 2012) CFB province that
was emplaced in southern Gondwana prior to the breakup between
Africa and Antarctica. The province has been frequently considered as
a plume-generated LIP (Burke and Dewey, 1973; Storey, 1995; Torsvik
et al., 2010; White, 1997), but geochemical studies have generally not
favored plume sources for it because of the compositional similarity be-
tween Karoo CFBs and continental lithosphere (Duncan et al., 1990;
Ellam, 2006; Ellam and Cox, 1989; Jourdan et al., 2007; Luttinen and
Furnes, 2000; Wang et al., 2015). Given that this geochemical ‘litho-
sphere signature’ in the Karoo and many other CFB provinces is proba-
bly at least partially related to contamination of ascending magmas by
lithospheric wallrocks (Arndt and Christensen, 1992; Heinonen et al.,
2016; Neumann et al., 2011), flood basalt compositions are generally
unsuitable for geochemical characterization of the mantle sources in
continental LIPs.

Previous studies have demonstrated that several different mantle
sources are required for the Karoo LIP. Two contrasting mantle sources
of Karoo CFBs have been identified based on Karoo picrites. One of
them shows affinity to ancient enriched lithospheric mantle and crustal
materials (Ellam, 2006; Harris et al., 2015; Kamenetsky et al., 2017), and
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the other to depleted upper mantle (Heinonen et al., 2010; Heinonen
and Kurz, 2015). Recent examination of geochemical data for the
Karoo LIP on provincial scale revealed, however, that these two sources
cannot explain the generation of all magma types and that, in fact, up to
more than50 vol% of the CFBs call for a third geochemically distinctive
mantle source and that this source is likely to geochemically resemble
primitive mantle (PM) (Luttinen, 2018).

Herewe report major element, trace element, mineral chemical, and
Nd and Sr isotopic data for a recently discovered suite of picritic Karoo
lavas from the Luenha River area, central Mozambique. The Luenha
picrites are geochemically different from the other Karoo picrite suites
and reveal a previously unknown mantle source for the Karoo LIP. This
source shows geochemical resemblance to PM and was typified by no-
tably high temperatures. Geochemical similarities between the Luenha
picrites and voluminous flood basalt magma types indicate that the
Luenha picrites may record a significant mantle plume source of the
Karoo LIP.

2. Geological background

2.1. Karoo large igneous province

Extrusive and intrusive rocks belonging to the Karoo LIP are wide-
spread in southern Africa and are also found in western Dronning Maud
Land, Antarctica (Fig. 1). Geochronological studies point to relatively
rapid emplacement of the main volume of the magmas during the early
stages of Gondwana breakup ca. 182–183 Ma ago (Duncan et al., 1997;
Svensen et al., 2012). The timing of magmatic activity in different parts
of the province is uncertain, however, as many stratigraphical units re-
main undated and as the high-precision ages for extrusive and intrusive
rock types spread over a time period of ca. 10 Ma (Jourdan et al., 2005;
Luttinen et al., 2015). The remnants of Karoo CFBs and related dikes
and sills comprise a total volume of ca. 2 million km3 (Cox, 1988),
whereas the total volume of Karoo-related magmatism is estimated to
Fig. 1. Distribution of the Karoo LIP in reconstructed Gondwana supercontinent (inset) at 180 M
Karoo and South Karoo subprovinces are shown in blue and orange, respectively. Distribution
Kalahari, Karoo and Zambezi sedimentary basins, and geophysically detected Karoo-related
been modified from Luttinen (2018). (For interpretation of the references to colour in this figu
be 5–10 million km3 (White, 1997). Poor exposure in the Antarctic part
of the province and the role of submarine seismically defined dipping re-
flectors (Fig. 1) result in considerable uncertainty in the volume esti-
mates. The volcanic units of the Karoo LIP typically overlie the Permian
to Early Jurassic sedimentary rocks of the Karoo, Kalahari, and Zambezi
basins (Catuneanu et al., 2005; Oesterlen and Millsteed, 1994; Smith,
1990). The sill complexes and dyke swarms variably intrude the sedi-
mentary rocks, the Karoo volcanic succession, and the crystalline base-
ment. The crystalline basement is composed of Archean cratons
(Kaapvaal, Zimbabwe and Grunehogna) and surrounding Proterozoic
metamorphic belts (Namaqua–Natal–Maud belt) (Jacobs et al., 2008)
(Fig. 1).

The Karoo LIP is dominated by subalkaline, low-Mg tholeiitic rock
types (Bristow, 1984). High-Mg rock types (collectively referred to as
picrites in this study) are common in theMwenezi-Tuli region, southern
Africa, and are also found in the Vestfjella and Ahlmannryggen areas in
Antarctica (Ellam and Cox, 1989; Heinonen and Luttinen, 2008; Riley
et al., 2005) (Fig. 1). Compositionally diverse basalts and picrites vary
from mildly incompatible element-enriched low-Ti (TiO2 ca. 0.5–2 wt
%) to strongly enriched high-Ti (TiO2 2–5 wt%) types and exhibit wide
ranges of initial εNd (from −19 to +8) and 87Sr/86Sr (0.7030–0.7132)
values (see data compilation of Luttinen, 2018). The great geochemical
variability is likely to stem from variable conditions of mantle melting,
fractional crystallization, crustal contamination (Heinonen et al., 2016;
Jourdan et al., 2007), mantle source heterogeneity, and interaction of
the heterogeneous primary magmas with the base of the lithosphere
(Ellam and Cox, 1991; Heinonen et al., 2014; Jourdan et al., 2007).

Luttinen (2018) recently showed that the numerous Karoo magma
types fall into two geochemically and geographically distinctive catego-
ries: A bilateral geochemical provincial pattern can be recognized by en-
richment or depletion of Nb relative to Zr and Y. The extrusive and
intrusive rock types of the Karoo, Kalahari, and Zambezi basins (Fig. 1)
are characterized by higher Nb/Y at given Zr/Y than the extrusive and
intrusive rock types elsewhere in the Karoo LIP. The variability in Nb/Y
a. Occurrences of picrites are indicated with text boxes. The geochemically distinct North
of the Archaean Kaapvaal, Zimbabwe and Grunehogna cratons, Permian to Early Jurassic
anomalies are shown. Area of Fig. 3 is indicated by a dotted line rectangle. The map has
re legend, the reader is referred to the web version of this article.)



Fig. 2.ΔNb vs. initial εNd (180Ma) variation diagram for theNorth Karoo and South Karoo
flood basalts. Compositions of the Mwenezi picrites (Ellam and Cox, 1989) and the
Vestfjella depleted ferropicrites (Heinonen et al., 2010; Heinonen and Luttinen, 2008)
are shown for comparison. DMM is depleted MORB mantle (Workman and Hart, 2005)
and PM is primitive mantle (Jacobsen and Wasserburg, 1980; Sun and McDonough,
1989). Compositions of plausible mantle sources of the enriched Mwenezi picrites
(Enriched Karoo source component) and crustal assimilants are illustrated. Data for the
Karoo flood basalts are from the compilation of Luttinen (2018). ΔNb= 1.74 + log (Nb/
Y) – 1.92 log (Zr/Y) (Fitton et al., 1997).
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(relative Nb-enrichment or -depletion) at given Zr/Y can be quantified
using ΔNb values (Fitton et al., 1997; Fig. 2). Following the division of
Luttinen (2018), the high-ΔNb (0.11 ± 0.11; average ± 1std; n =
271) CFBs within the great sedimentary basins constitute the North
Karoo sub-province and the low-ΔNb (−0.21 ± 0.18; n = 548) CFBs
of the the Karoo triple rift (African rifted margin, the Okavango dyke
swarm, and Antarctica) make up the South Karoo sub-province
(Figs. 1–2).
Fig. 3.A simplified bedrockmap of northwesternMozambiquewith the occurrences of the Luen
modified from Manninen et al. (2008).
2.2. Karoo magmatism in Mozambique

The Karoo CFBs of Mozambique are widespread but little-studied.
They are found in three main areas in southern and central Mozam-
bique. Two occurrences are associated with the African rifted margin
(Fig. 1). In southern Mozambique, the seaward-dipping CFB succession
of the LebomboMonocline is capped by themafic and silicic rocks of the
Movene Formation (Manninen et al., 2008; Melluso et al., 2008) and, in
central Mozambique, the Sabi Monocline is made of seaward-dipping
mafic lavas and coast-parallel mafic dykes (Manninen et al., 2008)
(Fig. 1). The few published geochemical data for the mafic lavas and
dykes of the Movene and Sabi successions indicate overall similarity to
the Karoo CFBs of the Lebombo monocline (Manninen et al., 2008;
Melluso et al., 2008) and support grouping of these mafic rock types
as South Karoo CFBs (Luttinen, 2018) (Fig. 1). Reliable age data for the
Sabi and Movene CFBs are lacking.

The Lupata trough and the Moatize-Luia graben (Fig. 3) in central
Mozambique host mafic lavas and subordinate silicic volcanic rocks
(Manninen et al., 2008). Both synforms are associatedwith the Zambezi
basin (Fig. 1). Available geochemical data (Manninen et al., 2008) sup-
port grouping of the basalts into North Karoo (Luttinen, 2018; Fig. 1).
The silicic volcanic rocks have yielded U-Pb zircon ages of ~180–
188 Ma (Puttonen, 2016) which link the emplacement of the bimodal
volcanic suites of the study area to the main eruptive phase of Karoo
magmatism.

The crystalline basement in the Zambezi region consists predomi-
nantly of Proterozoic felsic and mafic intrusive rocks which are
surrounded in the southwest by Archean granitoids and gneisses of
the Zimbabwe Craton (Koistinen et al., 2008) (Fig. 3). Proterozoic to
Mesozoic Pre-Karoo metasedimentary and sedimentary rock types oc-
casionally cover the basement. Karoo lavas in the Lupata region directly
overlie sandstones and carbonaceous mudstones of the Lower Karoo-
ageMatinde Formation (Fernandes et al., 2015), and arewidely covered
by younger sedimentary deposits (Manninen et al., 2008). Bicca et al.
(2017) suggested that the Moatize graben is linked to a fault system
that served as a magma pathway during Gondwana breakup.
ha picrites and theNorth Karoo flood basalts (Luttinen, 2018) indicated. Themap has been
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2.3. Karoo picrites and their mantle sources

Recent studies on the mantle sources of Karoo magmatism have fo-
cused on picrites of the Karoo triple rift structure (Fig. 1). These are spa-
tially and geochemically associated with the Nb-depleted South Karoo
sub-province (Luttinen, 2018; Figs. 1–2).

In Africa, the Mwenezi and Tuli picrites of the Letaba Formation
show a wide range of compositions from strongly incompatible-
element-enriched (high-Ti) and potassic (molar K2O/Na2O mainly
1–1.7, but up to 8) to moderately enriched (low-Ti) and sodic (molar
K2O/Na2O b 1) basalts and picrites (MgO = 8–26 wt%) (Ellam and
Cox, 1989). The variable compositions and broad correlations between
incompatible element concentrations and isotopic ratios have been
interpreted to record hybridization (e.g., Ellam, 2006; Ellam et al.,
1992; Ellam and Cox, 1989 ; Sweeney et al., 1991). The strongly
enriched Mwenezi picrites define the so-called high-K-Na end-
member (Ellam and Cox, 1989; Sweeney et al., 1991). They have incom-
patible element ratios (e.g. typically La/Nb= 2–5, K2O/TiO2 = 0.5–1.3)
and radiogenic isotope ratios (e.g. initial εNd ca. –8 to –11; 87Sr/86Sr
0.704–0.705) typical of old, enriched crustal or sub-continental litho-
spheric mantle (SCLM) material (Ellam, 2006; Ellam et al., 1992; Ellam
and Cox, 1989, 1991; Jourdan et al., 2007; Kamenetsky et al., 2017).
The strongly incompatible element-enriched Mwenezi picrites are ef-
fectively buffered against crustal contamination, and therefore their
compositions are likely to represent an enriched mantle source compo-
nent for the Karoo LIP (Ellam and Cox, 1991) (Fig. 2). Oxygen isotopic
ratios (Harris et al., 2015) and Ni concentrations in olivine (Howarth
and Harris, 2017; Sobolev et al., 2007) suggest presence of recycled
crustal material in the source of the strongly enrichedMwenezi picrites.
Most studies have favored some kind of SCLM source (Ellam, 2006;
Howarth and Harris, 2017), possibly generated by ancient addition of
oceanic crust into SCLM (Harris et al., 2015), but it is also possible that
the enriched source component was recycled crustal material in the
convective upper mantle (Kamenetsky et al., 2017).

The less enriched varieties of the Letaba picrites range to low-Ti
compositions and define the so-called low-K-Na end-member (Ellam
and Cox, 1989; Sweeney et al., 1991). The low-K-Na end-member may
represent a different, mildly enriched lithospheric component (Ellam,
2006), or it may record hybridization between the high-K-Na
end-member and a relatively depleted component from the convective
mantle (Duncan, 1987; Ellam and Cox, 1991; Sweeney et al., 1991). Ex-
trapolation of the geochemical trends of the Letaba picrites has sug-
gested such a convective mantle component to be mid-ocean ridge
basalt (MORB)-like magma (Ellam and Cox, 1991), although large scat-
ter and sparsity of data hamper characterization of the depleted compo-
nent. While the strongly enriched high-K-Na Mwenezi picrites lack
basaltic correlatives, the less enriched compositions show composi-
tional overlapwith CFBs (Fig. 2). Overall, many studies have considered
that the enriched source of the Letaba picrites was an importantmagma
source of strongly enriched Karoo CFBs (Sweeney et al., 1994; Jourdan
et al., 2007).

Several types of distinct Karoo-relatedpicrites are found inDronning
Maud Land, Antarctica. At the Vestfjella nunataks, the CFB lava succes-
sion contains rare picritic units that can be correlatedwith the enclosing
low-Mg lavas and are likely to be similarly contaminated with the lith-
osphere (Heinonen et al., 2010, 2016; Luttinen et al., 1998; Luttinen and
Furnes, 2000). A crosscutting intrusive suite includes minor swarms of
picritic dikes. One swarm is composed of Fe-rich dykes which show a
wide range of MgO (8–26 wt%) and TiO2 contents (1.3–2.2 wt%) and
has been dated at ca. 186 Ma (Heinonen and Luttinen, 2008; Luttinen
et al., 2015). This so-called depleted Vestfjella ferropicrite suite has in-
compatible element and isotopic (Nd, Sr, Pb, Os, He) ratios that are sim-
ilar to those of modern MORB of the Southwest Indian Ridge and are
indicative of a depleted mantle (DM) source (e.g., initial εNd up to +8,
87Sr/86Sr down to 0.7035; Heinonen et al., 2010; Heinonen and Kurz,
2015). Oxygen isotopic data on olivine point to variable subduction-
related metasomatism of this source (Heinonen et al., 2018). Geochem-
ical modeling indicates that the variably enriched (low-Ti and high-Ti)
CFBs of the Antarctic rifted margin could have been derived from the
same overall DM source by variable partial melting, fractional crystalli-
zation, and crustal contamination (Heinonen et al., 2016; Luttinen et al.,
2015). Generation of some strongly enriched CFB types require addi-
tional involvement of SCLM melts (Heinonen et al., 2016; Luttinen
et al., 2015).

Studies in Antarctica have also revealed minor picritic dyke suites
which exhibit broad geochemical similarity to ocean island basalts
(OIB). Three compositional types of these OIB-like high-Ti picrites
(enriched ferropicrites at Vestfjella and Group 3 and Group 4 picrites
at Ahlmannryggen; Riley et al., 2005; Heinonen and Luttinen, 2008)
are geochemically distinctive from other Karoo magma types and their
compositions (e.g. Nd, Sr, Pb, Os isotopes) point to significant pyroxe-
nitic source components (Heinonen et al., 2010, 2013, 2014; Heinonen
and Luttinen, 2010). Overall, they have been regarded to represent sub-
ordinate enrichedmantle source components which have not been vol-
umetrically significant sources of Karoo CFBs as a whole (Heinonen
et al., 2010, 2014), and are thus not discussed further in this study.

In the case of the previously known Karoo LIP picrite occurrences,
we focus our discussion and comparisons on the strongly enriched
Mwenezi picrites and the Vestfjella depleted ferropicrites which reveal
two distinct and importantmantle sources for the Karoo LIP. The former
shows affinity to ancient lithospheric material and the latter has been
derived from DM sources (Ellam and Cox, 1989; Harris et al., 2015;
Heinonen et al., 2016; Kamenetsky et al., 2017; Luttinen et al., 2015).
The great compositional variability of the low-ΔNb South Karoo CFBs
can be largely explained by variable hybridization and differentiation
of magmas derived from these two predominant mantle reservoirs
(Fig. 2; Ellam and Cox, 1991; Ellam et al., 1992; Luttinen et al., 2015;
Heinonen et al., 2016). In contrast, Luttinen (2018) showed that the vo-
luminous high-ΔNbNorth Karoo CFBs require a different kind of aman-
tle source typified by high ΔNb and mildly depleted isotopic
composition (Fig. 2).

3. Samples and methods

3.1. Samples

This study focuses on samples of olivine-porphyritic lavas discov-
ered by our team along the Luenha River and adjacent areas in the
Moatize-Luia graben in 2012 (Fig. 3). The olivine-rich rocks from these
locations are designated here as the Luenha picrites. A stratigraphically
overlying rhyolite has been dated at 180 Ma using the U-Pb zircon
method, which provides a minimum age for the picrites (Puttonen,
2016). Coordinates of the sampling sites are given in Table 1.

At the Luenha River, picritic lavas form a capping suite of a mildly
(ca. 10°) southwest-tilting CFB lava succession. The schematic map of
the outcrop and detailed images of the rocks are available in the Supple-
mentary Figs. S1 and S2. Field observations suggest that the picrites rep-
resent ca. 60 m thick lava suite sandwiched between a thin (ca. 0.5 m)
Jurassic paleosol at the base and a discordant sedimentary breccia unit
at the top. The exposed lava succession along the Luenha River is com-
posed of pahoehoe flow units with vesicular upper and lower parts
and relatively vesicle-free cores. The orientation of the pipe vesicles in-
dicates flowdirection to northeast. The uppermost ca. 10m thick part of
the suite ismade of thin (0.2 to b1m) strongly altered flow lobes (unit I,
not sampled). These are underlain in stratigraphic order by thicker units
II (2.5m), III (1m), and IV (2m). Units II and IV contain up to 60 cm long
pipe vesicles at the base. Samples T026C, T026B, and T026D represent
the vesicle-poor cores of the units II, III and IV, respectively. The under-
lying part of the suite is partially unexposed, and the stratigraphy be-
tween units IV and V is unexposed. The field observations give an
impression of a monotonous ca. 40 m thick succession of picrite lavas
consisting of units V (N1 m) and VI (N2 m). Sample T026E represents



Table 1
Major element oxide and trace element compositions, and coordinates of the Luenha picrites.

Sample AL-T026B AL-T026C AL-T026D AL-T026E AL-T026F AL-T026G AL-T039 AL-T042

Latitude S 16.69527 – S 16.69541 S 16.69560 S 16.69613 – S 16.44982 S 16.46258
Longitude E 33.3447 – E 33.3449 E 33.3454 E 33.3468 – E 33.1889 E 33.2629
Elevation (m) 208 – 208 206 203 – 285 294

SiO2 46.54 46.41 47.77 47.30 44.10 43.87 46.08 43.14
TiO2 0.50 0.50 0.57 0.94 0.31 0.29 0.50 0.38
Al2O3 16.34 15.59 16.83 14.26 10.65 9.92 12.75 7.97
FeOtot 8.27 8.85 9.38 11.56 9.55 10.21 9.84 10.62
MnO 0.15 0.16 0.12 0.18 0.16 0.17 0.17 0.17
MgO 8.94 10.50 7.22 9.18 23.57 25.00 17.22 26.83
CaO 12.21 11.78 13.33 11.51 8.03 7.80 9.96 6.74
Na2O 1.49 1.45 1.79 1.98 1.01 0.93 1.17 0.78
K2O 0.54 0.12 0.16 0.28 0.07 0.06 0.10 0.06
P2O5 0.04 0.05 0.05 0.11 0.03 0.03 0.05 0.03
LOI 4.98 4.44 2.38 2.12 1.56 0.94 2.02 2.23
Sum 100.01 99.85 99.60 99.43 99.03 99.21 99.84 98.95

Mg# 68.1 70.2 60.4 61.1 83.0 82.9 77.6 83.3
Cr 565 560 629 630 2309 2469 1583 2028
Ni 194 212 186 255 990 1057 646 1344
Sc 42.7 40.6 43.7 44.1 28.6 27.7 36.3 26.9
V 219 221 239 307 155 151 230 180
Cu 106 109 108 134 77 73 101 85
Zn 53 57 55 79 58 58 61 62
Ga 13.3 11.9 14.7 16.0 9.4 6.5 12.1 8.8
Ta 0.17 0.16 0.21 0.49 0.09 0.09 0.13 0.10
Nb 2.88 2.96 3.67 8.78 1.56 1.42 2.18 1.57
Hf 0.87 0.89 1.02 1.90 0.46 0.46 0.87 0.51
Zr 27.6 27.8 33.1 66.1 14.8 14.3 28.3 15.8
Y 15.60 15.41 17.71 25.81 9.58 9.23 15.65 10.74
Ba 1305 49 81 120 42 34 36 26
Rb 17.9 2.7 3.2 5.3 1.3 1.6 2.5 3.2
Sr 257 107 132 126 75 73 54 33
Cs 0.05 0.04 0.03 0.08 0.10 0.07 0.40 2.68
U 0.10 0.11 0.17 0.28 0.04 0.05 0.08 0.03
Th 0.63 0.64 0.80 1.72 0.25 0.24 0.54 0.14
Pb 0.63 0.68 0.92 1.43 0.29 0.31 0.51 0.15
La 3.60 3.70 4.45 9.48 1.80 1.75 2.80 1.09
Ce 7.31 7.50 8.97 18.93 3.71 3.59 5.84 2.42
Pr 0.97 0.98 1.16 2.35 0.48 0.47 0.78 0.34
Nd 4.40 4.37 5.17 9.95 2.30 2.20 3.68 1.91
Sm 1.41 1.45 1.67 2.86 0.81 0.80 1.40 0.91
Eu 0.58 0.60 0.68 1.06 0.36 0.35 0.54 0.41
Gd 2.05 2.12 2.42 3.81 1.22 1.20 2.11 1.57
Tb 0.42 0.42 0.48 0.71 0.26 0.24 0.41 0.31
Dy 2.80 2.87 3.19 4.76 1.76 1.65 2.82 2.05
Ho 0.62 0.63 0.70 1.02 0.39 0.37 0.62 0.43
Er 1.70 1.73 1.97 2.87 1.08 1.01 1.74 1.20
Tm 0.25 0.25 0.28 0.41 0.16 0.15 0.25 0.17
Yb 1.56 1.54 1.75 2.57 0.97 0.95 1.57 1.01
Lu 0.24 0.23 0.29 0.40 0.16 0.14 0.25 0.15

Major element oxides and trace elements Cr, Ni, V, Cu, Zn, and Ga have beenmeasuredwith XRF and the other trace elementswith ICP-MS.Major element oxides and LOI (loss on ignition)
are reported in wt% and trace elements in ppm. Mg# = 100*Mg/(Mg + 0.9*FeOtot).
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the vesicular upper crust of unit V, whereas samples T026F and T026G
represent the vesicle poor flow core of unit VI. Sample T026G was col-
lected from a field of large boulders adjacent to the underlying paleosol,
the contact to which is unexposed .

Samples T039 and T042 were collected from two fields of picrite
boulders that we interpret to represent in-situ weathering of lava
flows. Judging from the size of the boulders and the lack of vesicles,
the samples represent cores of at least 1 m thick flow units. The pres-
ently available field context does not provide enough detail to discrim-
inate whether these units record individual picrite interlayers within a
basaltic lava succession or represent more numerous picrite units.

3.2. Methods

The geochemical compositions of the lavas were analyzed from
whole-rock samples removed with a hammer. Approximately 0.5 kg
of each sample was crushed with a jaw crusher at the Department of
Geosciences and Geography, University of Helsinki. Rock chips were
washed in ion-exchanged water and dried at 105 °C. Representative
rock chips were hand-picked for analysis avoiding steel streaks and
chips, weathered surfaces, filled cavities and amygdules.

Analysis of major and trace element contents were performed at
the Peter Hooper Geoanalytical Laboratory, Washington State Uni-
versity, using X-ray fluorescence (XRF) and inductively coupled
plasma mass spectrometery (ICP-MS) methods. The part used for
XRF analysis was pulverized with a tungsten carbide ball mill and
the part for ICP-MS with an Fe-mill. The methods for XRF analysis
are described by Johnson et al. (1999) and for ICP-MS by Knaack
et al. (1994). The estimated precision for the XRF data is mainly
b5% (relative standard deviation, RSD) and is comparable to compo-
sitional difference between two random samples from the same rock
unit. The long-term precision for the ICP-MS data is typically b5%
(RSD) for rare earth elements (REE) and b 10% for the remaining
trace elements.

Results on duplicate analyses and chemical reference materials are
listed in Supplementary Table S1. In the case of XRF data, the duplicate
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analyses indicate precision of b2.5% for most major elements and b 5%
for P2O5, b 5% for Ni, Cr and V, and b 15% for Ga, Cu and Zn. Analyses
of BCR-1 and BHVO-1 references show that major elements and Ni, V,
Ga and Zn are within 5% and Cr and Cu are within b35% and 20% of
the recommended values. In the case of ICP-MS data, the duplicate anal-
yses of the samples with low concentrations of incompatible elements
indicate precision of b5% for most incompatible elements (including
REE), and b20% for Ta and Pb. Analytical results of trace elements on
BHVO-2 and BIR-1 are within 5% of the recommended values apart
from Eu, Tb, Dy, Ho, Lu (b 10%), Ba, Nb, Pb (b 25%), and Th, U, Rb (b
40%) and Cs which shows a 254% deviation from the recommended
values of the incompatible element poor BIR-1 standard. The error in
ΔNb values, which have been calculated using ICP-MS data on Nb, Zr,
and Y, is estimated to be below ±0.1 units.

For whole-rock Sr and Nd isotopic analysis, the hand-picked rock
chips were ground using a tungsten carbide mill at the Department of
Geosciences andGeography, University of Helsinki. The isotopic compo-
sitions were measured at the Finnish Geosciences Research Laboratory,
Geological Survey of Finland. A 0.18 g batch of rock powder was placed
in each polytetrafluoroethylene (PTFE) container with 2 ml of HF and a
few drops of HNO3. The solutions were left to dissolve in closed con-
tainers on a hot plate. After perfect dissolution, the sample was dried,
and the residue was re-eluated with concentrated HNO3, 6.2 N HCl
and 2.5 N HCl. The solutions were then placed in test tubes, centrifuged,
and the pellets were discarded. The liquid fractions were passed
through resin ion exchange columns with controlled doses of 2.5 N
HCl (0.5 ml, 1 ml, 1 ml, 15ml, 12ml and 6 ml). The Sr-enriched fraction
was then collected using 15 ml of 2.5 N HCl. The columns were
subsequenly rinsed with 10 ml of 2.5 N HCl, 2 ml of ultra-clean ion ex-
changed water, and 10 ml of 4 N HNO3. The REE were then collected
using 17 ml of 4 N HNO3. Both Sr- and REE-enriched solutions were
dried under infrared lamps in ventilated PTFE domes. The REE fractions
were eluated with 0.5 ml of 0.23 N HCl and pipeted into ion exchange
resin columns, and rinsed with the same solution in doses of 0.5 ml,
1 ml, 1 ml, 5 ml and 8 ml. The Nd-enriched solutions were collected
using the last dose and were dried under infrared lamps.

Isotopic ratios were measured with a VG Sector 54 multicollector
thermal ionization mass spectrometer (TIMS). Prior to the measure-
ments, the Sr fractions were dissolved in one drop of 0.75 N H3PO4

and loaded on a Ta filament. The Nd fractions were dissolved in one
drop of 0.15NH3PO4 and loaded on the sidefilament of a Ta-Re-Ta triple
filament unit. The acid was evaporated from the filaments using a 1.5 A
electric current. During thermal ionization, a 2.5–3.0 A currentwas used
for Sr and 2.7–3.2 A for Nd. The isotopic ratios weremeasured with sev-
eral interchanging collectors during each measurement cycle. The Nd
ratios were normalized to natural 146Nd/144Nd ratio of 0.7219
Table 2
Sr and Nd isotope compositions of the Luenha picrites.

Sample AL-T026B AL-T026C AL-T026D AL-

Rb (ppm) 17.9 2.7 3.2 5.3
Sr (ppm) 257 107 132 126
Sm (ppm) 1.4 1.5 1.7 2.9
Nd (ppm) 4.4 4.4 5.2 10.0
87Rb/86Sr 0.19397 0.06889 0.06787 0.11
87Sr/86Sr 0.710685 0.707000 0.708639 0.70
2σ error ±0.000007 ±0.000007 ±0.000007 ±0.
(87Sr/86Sr)180Ma 0.710189 0.706823 0.708465 0.70

±0.000070 ±0.000026 ±0.000025 ±0.
147Sm/144Nd 0.19341 0.20132 0.19585 0.17
143Nd/144Nd 0.512625 0.512546 0.512610 0.51
2σ error ±0.000005 ±0.000021 ±0.000005 ±0.
(143Nd/144Nd)180 Ma 0.512397 0.512309 0.512379 0.51

±0.000044 ±0.000050 ±0.000045 ±0.
(εNd)180 Ma −0.3 −2.0 −0.7 −0

TIMS data on 87Sr/86Sr and 143Nd/144Nd are normalized to 86Sr/84Sr=0.1194 and 146Nd/144Nd=
on Rb, Sr, Sm, and Nd and eNd (180 Ma) is calculated using 143Nd/144Nd = 0.512638 for the ch
alytical precision in TIMS and ICP-MS measurements.
(O'Nions et al., 1977). Repeated analysis of the SRM981 and La Jolla
standards yielded 87Sr/86Sr 0.710246 ± 0.000008 and 143Nd/144Nd
0.511850 ± 0.000011, respectively.

Isotopic analysis of 143Nd/144Nd in sample T042 failed to yield pre-
cise data (0.512784 ± 0.000201). The same TIMS instrument was not
available for reanalysis due to shutdown of the facility. Therefore, the
isotopic ratio of 143Nd/144Nd in sample T042 was measured with TIMS
at the Department of Terrestial Magnetism, Carnegie Insitution for Sci-
ence. Repeated measurement of the JNDi standard gave an average
value of 0.512100 ± 0.000003, which corresponds to 0.511843 for La
Jolla standard (Tanaka et al., 2000). The result for sample T042
(143Nd/144Nd = 0.512825 ± 0.000009; Table 2) is within the uncer-
tainty of the previously failed TIMS measurements. For detailed analyt-
ical procedure at the Department of TerrestrialMagnetism, the reader is
referred to Heinonen et al. (2010).

Mineral compositions were determined with JEOL JXA-8600 elec-
tron probe microanalyzer equipped with SAMx hardware and XMAs/
IDFix/Diss5 software at the Department of Geosciences and Geography,
University of Helsinki. Wavelength dispersive spectroscopy (WDS) was
used for quantitative analysis. Precision and accuracy data for the
method have been reported byHeinonen et al. (2013). The thin sections
were inspected optically andmapped for optimal analysis spots to avoid
inclusions or fractures before carbon coating. In each analysis spot, three
spots were analyzed in close proximity to each other with a 15 nA cur-
rent and a 15 kV accelerating voltage. A representative average compo-
sition was then calculated for each spot to monitor mineral
homogeneity. The oxide contentswere calculated based on the stoichio-
metric formula of each analyzed mineral species. Results with anoma-
lously low totals (less than ca. 97%) were discarded when calculating
the averages.

4. Petrography and mineral chemistry

All of the Luenha picrite samples are porphyritic, with the pheno-
cryst assemblages consisting in the interpreted order of crystallization
of (1) olivine (sample T039), (2) olivine and spinel (samples T026G
and T042) and (3) olivine, spinel and plagioclase (samples T026B–
T026F). Olivine is the predominant phenocryst phase in the studied
samples (10–50 vol%), whereas plagioclase and spinel phenocrysts are
minor constituents (b 5 vol%).Water-bearing primarymagmatic phases
have not been observed.Mineral chemical data are listed in Supplemen-
tary Table S2 and petrographic photographs are shown in the Supple-
mentary Fig. S2.

The euhedral to subhedral olivine phenocrysts are 1 to 10 mm long
along c-axis. Sample T039 contains distinctively tabular olivine pheno-
crysts. Aggregates of olivine phenocrysts are found in many samples.
T026E AL-T026F AL-T026G AL-T039 AL-T042

1.3 1.6 2.5 3.2
75 73 54 33
0.8 0.8 1.4 0.9
2.3 2.2 3.7 1.9

618 0.04845 0.05946 0.13166 0.27459
7202 0.707248 0.707617 0.704960 0.704799
000007 ±0.000013 ±0.000011 ±0.000009 ±0.000007
6904 0.707124 0.707465 0.704623 0.704096
000042 ±0.000022 ±0.000024 ±0.000048 ±0.000098
357 0.21371 0.21909 0.23004 0.28816
2595 0.512688 0.512734 0.512680 0.512825
000013 ±0.000005 ±0.000033 ±0.000006 ±0.000009
2391 0.512436 0.512476 0.512409 0.512486
000042 ±0.000049 ±0.000060 ±0.000053 ±0.000066
.4 0.4 1.2 −0.1 1.4

0.7219, respectively. 87Rb/86Sr and 147Sm/144Nd are calculated on the basis of ICP-MS data
ondritic uniform reservoir. Errors in the initial 87Sr/86Sr and 143Nd/144Nd are based on an-
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Olivine is universally altered in the topmost units at Luenha River (sam-
ples T026B, T026C and T026D), butwell preserved in the other samples.
The analysis of fresh olivine shows high-Mg compositions in the cores
(Fo86–89), with the exception of sample T039 (Fo77–79), and mild Fe-
enrichment in the rims (Fo80–87). The CaO concentration is usually
0.25–0.35 wt%, which is considered to be characteristic of volcanic oliv-
ine phenocrysts (e.g. Simkin and Smith, 1970). The translucent brown
0.5–5 mm sized spinel microphenocrysts (Cr# = 0.31–0.48; TiO2 =
Fig. 4.Major element oxide variation diagrams for the Luenha picrites. Compositions of the Nor
picrites (Ellam and Cox, 1989), and Vestfjella depleted ferropicrites (Heinonen and Luttinen, 2
0.16–0.44 wt%; Al2O3 = 22.0–37.5 wt% in the cores) are found as
euhedral inclusions in olivine and as independent phenocrysts. In the
groundmass, the translucent spinel is mantled with opaque chromite,
and chromite is also found as separate crystals. Olivine-hosted crystal-
lized melt inclusions show similar anhydrous primary mineral assem-
blages as the host rock. Samples T026B, T026C, and T026E contain ca.
5 vol% of plagioclase phenocrysts (length 1–4 mm along c-axis). The
plagioclase phenocrysts typically exhibit Ca-rich cores (An72–87),
th Karoo and South Karoo flood basalts (data compilation from Luttinen, 2018), Mwenezi
008) are shown for comparison.
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oscillatory zoning, and general decrease in Ca contents from core to rim.
The plagioclase phenocrysts are generally quite fresh, but containminor
secondary sericite along fractures.

The groundmass consists of plagioclase (An37–60), diopsidic to au-
gitic clinopyroxene, Fe-Ti-Cr oxides, and mesostasis. The groundmass
textures vary from ophitic (samples T026F, T026G, T042) to subophitic
(samples T026B, T026C, T026D, T039) and intergranular (sample
T026E). The single intergranular sample shows preferred orientation
of plagioclase laths. Samples T026B–T026E contain intersertal parts
with the mesostasis representing devitrified volcanic glass and b 1 vol
% of small amygdules.

5. Geochemistry

5.1. Major and trace elements

Themajor and trace element compositions of the Luenha picrites are
listed in Table 1. The Luenha picrites are subalkaline olivine-normative
tholeiites. Compared to most Karoo CFBs, they are typified by higher
MgO and lower TiO2 andK2O (Fig. 4). Three of themostmagnesian sam-
ples (AL-T026F, AL-T026G, and AL-T042) are olivine cumulates (see
Fig. 5. Trace element variation diagrams for the Luenha picrites. Composition of the North Karo
(Ellam and Cox, 1989), and Vestfjella depleted ferropicrites (Heinonen and Luttinen, 2008) are
Section 6.4.). One sample (AL-T039) is classified as a picrite and four
samples (AL-T026B, AL-T026C, AL-T026D, and AL-T026E) as basalts ac-
cording to the classification scheme for high-Mg volcanic rocks by Le
Bas (2000) as recommended by the International Union of Geological
Sciences (Table 1). Mg-number (100*Mg/[Mg + 0.9*Fetot]) varies from
60 to 83. The Luenha suite exhibits negative correlations of MgO against
Al2O3, SiO2, CaO, TiO2 and Na2O (Fig. 4).

Compatible trace elements Ni and Cr correlate positively with MgO
and show high contents in general (Fig. 5). Incompatible trace element
contents (e.g., Nb and Zr) are low and correlate negatively with MgO
(Fig. 5). The PM-normalized REE patterns are generally flat, but, in de-
tail, most patterns have a sinuous shape with low Pr and Nd, but also
low Yb and Lu (Fig. 6a). Such a sinuous pattern is most pronounced in
sample T042, which further shows slight depletion in all light REE rela-
tive to other REE.

The PM-normalized incompatible trace element patterns of the
Luenha picrites are also relatively flat apart from negative Ti, P, and Zr
anomalies (Fig. 6b). Overall, the PM-normalized REE and incompatible
element patterns of the Luenha picrites show broad resemblance to
enriched MORB (Fig. 6 a and b). Sample T042 is distinguished by its
small positive Nb anomaly with (Nb/La)N of 1.4 (Fig. 6b).
o and South Karoo flood basalts (data compilation from Luttinen, 2018), Mwenezi picrites
shown for comparison.
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Compared to the Mwenezi picrites and Vestfjella depleted
ferropicrites, the Luenha picrites have significantly lower TiO2 and
higher Al2O3 at a given MgO (Fig. 4). The K2O concentrations in Luenha
picrites are low and roughly similar as in the Vestfjella depleted
ferropicrites, but several times lower than those of the enriched
Mwenezi picrites (Fig. 4). The incompatible trace element concentra-
tions (e.g. Sr, Zr, and Nb) of the Luenha picrites are mainly lower than
those in the Vestfjella depleted ferropicrites and the Mwenezi picrites
(Fig. 5). TheCr concentrations of the Luenha picrites are typically higher,
whereas the Ni concentrations are lower than in the Vestfjella depleted
ferropicrites and the Mwenezi picrites at a given MgO content (Fig. 5).
5.2. Sr and Nd isotopes

Initial 87Sr/86Sr and 143Nd/144Nd isotopic ratios for the Luenha
picrites were calculated at 180Ma using 87Rb/86Sr and 147Sm/144Nd de-
rived from the ICP-MS data (Table 2). The Luenha picrites exhibit a rel-
atively narrow range of initial 143Nd/144Nd with initial εNd values
varying from −2.0 to +1.4 (Table 2), which are significantly higher
than those of the Mwenezi picrites (−9.7 to −3.3; Ellam and Cox,
1989), but lower than those of the Vestfjella depleted ferropicrites
(from +4.8 to +8.3; Heinonen et al., 2010). In comparison, the initial
87Sr/86Sr values of the Luenha picrites are much more variable, range
from chondritic to strongly radiogenic (0.7041–0.7102), and overlap
with the range of the Mwenezi picrites and the Vestfjella depleted
ferropicrites (Fig. 7). The Luenha picrites comprise an array which is
Fig. 6. Primitive mantle -normalized a) REE and b) incompatible element patterns of the
Luenha picrites. Compositions of average OIB (ocean iceland basalt), NMORB (normal
MORB), and EMORB (enriched MORB) from Sun and McDonough (1989) are shown for
comparison. Normalization is after Sun and McDonough (1989).
typified by variable initial 87Sr/86Sr at nearly constant chondritic initial
εNd and mainly plots outside the field of Karoo CFBs (Fig. 7).

6. Estimating the parental and primary melts

In this section we examine the geochemical effects of secondary al-
teration, phenocryst accumulation, and fractional crystallization and es-
timate the parental and primary melt compositions.

6.1. Secondary alteration

All of the Luenha picrite samples show some indications of
secondary alteration, although most of them are exceptionally well-
preserved for olivine-bearing lavas of the Karoo LIP. Previous studies
of variably altered CFBs suggest that the influence of alteration is largely
limited to fluid-mobile large-ion lithophile elements (LILE) such as Rb,
K, Ba, and possibly Sr, whereas REE (and Nd isotopic compositions)
are not significantly affected (e.g. Fleming et al., 1992; Luttinen and
Furnes, 2000). The petrographically most strongly altered sample
T026B (LOI ~ 5wt%) shows strong selective LILE-enrichment.We regard
that secondary alteration has considerably affected the LILE in this sam-
ple and note that the exceptionally high initial 87Sr/86Sr may have been
influenced as well. The other Luenha River samples (T026C–G) are
moderately altered. They show variably high initial 87Sr/86Sr, and
some exhibit mild selective enrichment in LILE. We cannot rule out
some effect of secondary alteration on LILEs and 87Sr/86Sr in their case,
but consider crustal contamination to bemainly responsible for produc-
ing their geochemical signatures (Section 6.3.). In contrast, samples
T039 and T042 are petrographically weakly altered and have
chondrite-like initial 87Sr/86Sr. Sample T039 lacks indications of LILE-
enrichment. Sample T042 shows mild enrichment of Ba and Rb relative
to Th. Overall, we consider that the geochemical compositions of T039
and T042 are likely to correspond to magma compositions rather well
Fig. 7. Initial Nd and Sr isotopic compositions of the Luenha picrites. Compositions of the
North Karoo and South Karoo flood basalts (compilation from Luttinen, 2018), Mwenezi
picrites (Ellam and Cox, 1989), and Vestfjella depleted ferropicrites (Heinonen et al.,
2010) are shown for comparison. DMM (depleted MORB mantle; Workman and Hart,
2005) and NC-PM (non-chondritic primitive mantle; Jackson and Jellinek, 2013) show
compositions of potential mantle sources. The results of crustal contamination modeling
(Supplementary Table S3) using two assimilants are indicated by dotted arrows (AFC
WE1/66, Eglington and Armstrong, 2003; AFC GS6/86 Moyes et al., 1995). Purple dots
indicate 1% steps of contamination (up to 5 wt%) relative to original melt mass. CHUR
(chondritic uniform reservoir) composition is from Jacobsen and Wasserburg, 1980 and
BSE (bulk silicate Earth) from Caro and Bourdon, 2010. Analytical 2σ errors for the
Luenha picrite data are indicated when larger than the plot symbol. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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also in the case of LILE. Possible mobility of Rb is likely to have occurred
soon after the lava eruption and the initial 87Sr/86Sr values of these sam-
ples are also likely to correspond to magmatic compositions.

6.2. Accumulation and fractional crystallization

Strong control of MgO on the major element trends and compati-
ble behavior of Ni and Cr suggest fractionation or accumulation of ol-
ivine (and minor spinel) in the evolution of the Luenha picrite
magmas. The presence of unaltered olivine phenocrysts in samples
T026E, T026F, T026G, T039, and T042 allows distinction between oliv-
ine accumulation and fractional crystallization using Mg-Fe equilib-
rium between olivine and melt. In order to constrain the
compositions of magmas prior to olivine accumulation or fraction-
ation, we calculated equilibrium melt compositions using KD values
of 0.3 and 0.35 for the olivine-melt Mg-Fe exchange reaction to
allow for composition-dependence of the KD value (Herzberg and
O'Hara, 2002). To constrain the oxidation state of the parental melts,
we measured the compositions of spinel cores from the primitive (ol-
ivine up to Fo88.9) flow top sample T026E. Because of rapid cooling,
post-crystallization re-equilibration is unlikely, and we consider that
the spinels in this sample record the oxidation conditions. The melt
Fe2+/Fetot in equilibrium with the averaged and stoichiometrically
corrected spinel compositions is 0.9 according to the experimentally
constructed equation of Maurel and Maurel (1982). This value was
used in all parental melt calculations. We consider that possible accu-
mulation of volumetrically minor plagioclase and Cr-spinel has had a
negligible effect on the major element compositions and we did not
include these phases in the calculations.

Examination of the data shows that the observed variations in the
whole-rock geochemistry of the Luenha picrite series aremainly caused
by olivine accumulation. Most of the high-Mg samples are typified by
Table 3
Compositions of accumulation-corrected, parental, and primary melts for selected Luenha picr

Sample name Equilibrium
olivine
(Fo-%)

KD
ol-liquid Addition or

subtractiona
Temperatur
(°C)

Accumulation corrected
melts

AL-T026E 87.3c 0.3 +7.7
AL-T026E 87.3c 0.35 +13.5
AL-T042 87.3c 0.3 −48.0
AL-T042 87.3c 0.35 −45.2
AL-T042e 87.3c 0.34 −45.8

Parental melts
AL-T026E 88.9d 0.3 +7.0
AL-T026E 88.9d 0.35 +16.0
AL-T042 88.6d 0.3 +4.0
AL-T042 88.6d 0.35 +5.4
AL-T042e 88.6d 0.34 +5.0

Primary melts
AL-T042 89 0.3 +5.5 1445b

AL-T042 92 0.3 +20.6 1529b

AL-T042 89 0.35 +7.0 1491b

AL-T042 92 0.35 +26.0 1582b

AL-T042e 91 0.34 +17.5 1532b

Melting experimentsf

KR-4003 (3GPa, F = 19%) 91 0.35 1530
KR-4003 (3 GPa, F = 24%) 91 0.36 1540
KR-4003 (4 GPa, F = 13%) 90 0.35 1610
KR-4003 (4 GPa, F = 39%) 92 0.36 1660

Units for oxide concentrations are wt%. Normalized on a volatile-free basis to 100%.
a The required amount of added (+) or subtracted (−) olivine to reach equilibrium betwee
b Calculated using melt-olivine equilibrium thermometer (eq. 4) of Putirka et al. (2007) wh
c The composition of average olivine core in the sample.
d The composition of the most forsteritic olivine core in the sample.
e Preferred model calculated based on constraints from melting experiments of Walter (199
f Fertile mantle primary melt compositions based on melting experiments of pyrolitic fertile

= Degree of melting.
less magnesian olivine than what would be in equilibrium with the
whole rock (Supplementary Fig. S3). We have corrected for the geo-
chemical effects of olivine accumulation in these samples by assuming
that the bulk composition of the accumulated olivine is similar to the av-
erage of the measured core compositions, and by subtracting such oliv-
ine from the whole-rock composition until the recalculated whole-rock
and the average olivine are in Mg-Fe equilibrium.

The picritic sample T039 (MgO = 17 wt%) has considerably more
Fe-rich olivine (average Fo78) than the other samples. In addition, the
olivine cumulate samples T026F and T026G (MgO = 24–25 wt%) are
typified by compositionally variable olivine populations (Fo83–87) with
relatively low-Mg average compositions (Fo85–86), which would indi-
cate basaltic parental magmas for them. Since we are mainly interested
in themost primitivemagma compositions, we excluded these samples
from the equilibrium calculations.

The basaltic sample T026E (MgO=9wt%) and the olivine cumulate
sample T042 (MgO=27wt%) have quite similar anduniformlyMg-rich
olivine compositions. We examined the equilibrium in these samples
using KD(Mg-Fe)ol–liq of both 0.3 and 0.35 that are compatible with var-
iably MgO-richmelts. The high-Mg olivine in the basaltic sample T026E
indicates that some olivine phenocrysts have been physically separated
from the erupted magma (i.e. accumulated elsewhere). Addition of av-
erage olivine (Fo88) yields picritic accumulation-corrected melts with
MgO = 12.4–14.6 wt% (Table 3) for this sample. In contrast, sample
T042 shows indications of olivine accumulation. Accumulation correc-
tion using the average olivine (Fo87) yields recalculated equilibrium
compositions which straddle the basalt-picrite boundary (Le Bas,
2000) at MgO = 10.5–12.3 wt%.

In the case of samples T026E and T042, we also calculated parental
melt compositions that are in equilibriumwith the most magnesian ol-
ivine phenocrysts found in the rocks (Fo89). We calculated the parental
melt of such olivine phenocrysts by adding equilibrium olivine to
ites, and calculated temperatures for the primary melts.

e SiO2 TiO2 Al2O3 FeOTOT MnO MgO CaO Na2O K2O P2O5

47.92 0.90 13.53 11.92 0.18 12.36 10.94 1.88 0.27 0.11
47.40 0.84 12.68 11.95 0.18 14.56 10.27 1.76 0.25 0.10
48.02 0.74 15.78 10.03 0.15 10.47 13.07 1.55 0.13 0.07
47.66 0.70 14.98 10.13 0.15 12.31 12.42 1.48 0.12 0.06
47.73 0.71 15.14 10.11 0.15 11.93 12.55 1.49 0.12 0.06

SiO2 TiO2 Al2O3 FeOTOT MnO MgO CaO Na2O K2O P2O5

47.42 0.84 12.61 11.89 0.17 14.77 10.20 1.75 0.25 0.10
46.81 0.76 11.52 11.96 0.15 17.56 9.32 1.60 0.23 0.09
47.73 0.71 15.16 10.10 0.14 11.93 12.56 1.49 0.12 0.06
47.28 0.66 14.19 10.22 0.14 14.18 11.76 1.40 0.11 0.06
47.38 0.67 14.40 10.19 0.14 13.68 11.94 1.42 0.11 0.06

SiO2 TiO2 Al2O3 FeOTOT MnO MgO CaO Na2O K2O P2O5

47.59 0.69 14.86 10.12 0.14 12.66 12.31 1.46 0.12 0.06
46.66 0.60 12.78 9.98 0.12 17.87 10.58 1.26 0.10 0.05
47.15 0.65 13.91 10.23 0.14 14.86 11.53 1.37 0.11 0.06
46.08 0.54 11.49 10.05 0.11 20.94 9.53 1.13 0.09 0.05
46.61 0.59 12.70 10.16 0.12 17.87 10.53 1.25 0.10 0.05

SiO2 TiO2 Al2O3 FeOTOT MnO MgO CaO Na2O K2O P2O5

47.04 0.71 13.17 8.82 0.18 17.72 11.01 0.94 0.41 –
47.25 0.64 12.55 8.92 0.17 18.35 10.94 0.83 0.34 –
46.00 1.28 10.46 10.76 0.19 20.10 9.41 1.09 0.71 –
46.80 0.47 10.42 9.80 0.19 22.61 9.08 0.41 0.22 –

n olivine and melt.
en P = 3.5 GPa and water content 1 wt%.

8).
peridotite KR-4003 (Walter, 1998). Temperatures refer to experiment conditions. F
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the accumulation-corrected compositions in 1 wt% steps until the equi-
librium olivine reached Fo89 (Table 3). These parental melt composi-
tions for samples T026E and T042 are low-Ti picrites with MgO =
11.9–17.6 wt%.
6.3. Crustal contamination

Whereas crystal-liquid fractionation processes can account for the
overall major and trace element variations in the Luenha picrites, they
cannot explain the wide ranges of incompatible trace element ratios
and especially the variation in initial isotopic compositions. Most of
the Luenha picrites show high PM-normalized (Th/Nb)N (1.3–2.1) and
(La/Nb)N (1.1–1.3) values and initial 87Sr/86Sr typical of crustally con-
taminated Karoo picrites (Figs. 6–7, e.g., Riley et al., 2005; Luttinen
et al., 2015; Heinonen et al., 2016). We consider that, unlike the other
Luenha picrites, sample T042 has not been significantly influenced by
crustal contamination because of its PM-like isotopic composition and
Fig. 8. a) 10000*Zn/Fe vs. 100*Mn/Fe and b) CaO vs. MgO variation diagrams for the
Luenha picrites. In a), compositions of the Luenha picrites (sample T042 highlighted),
Mwenezi picrites (Ellam and Cox, 1989), and Vestfjella depleted ferropicrites (Heinonen
and Luttinen, 2008) are plotted in the mantle residue diagram of Le Roux et al. (2011).
In b), the blue line indicates primary melt compositions for the Luenha picrite T042 in
the pyroxenite and fertile peridotite partial melt diagram of Herzberg and Asimow
(2008). The primary melts were calculated assuming Fe2+/FeOtot of 0.9, KD of 0.3 and
0.35, and equilibrium with Fo89 and Fo92 olivine in the mantle residue (Table 3). The
preferred model for primary melt (residual olivine Fo91, and KD = 0.34) is indicated
with blue diamond. The grey field represents primary fertile peridotite partial melts,
whereas peridotite partial melt compositions affected by accumulation or removal of
clinopyroxene are indicated with +Cpx and -Cpx, respectively. Near-solidus
compositions of primary peridotite partial melts at different pressures are shown in red.
The purple arrow illustrates liquid line of descent for successive fractional crystallization
of olivine (L + Ol) and olivine, clinopyroxene, and plagioclase (L + Ol + Cpx + Plg).
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
incompatible trace element ratios (Fig. 6b), including low (Th/Nb)N
(0.73) and (La/Nb)N (0.72).

We estimate the effect of crustal contamination on the other Luenha
samples by using the assimilation and fractional crystallization (AFC)
equations of DePaolo (1981). The parameters used for the AFCmodeling
are listed in Supplementary Table S3. Our model uses the estimated pa-
rental melt of T042 as the starting composition. The isotopic composi-
tions of the Luenha picrites call for an upper crustal contaminant with
notably radiogenic initial 87Sr/86Sr but nearly chondritic initial εNd, i.e.
different from crustal contaminants of most Karoo CFBs (Fig. 7). Two
models using a Namaqua-Natal biotite gneiss sample WE 1/66
(Eglington and Armstrong, 2003) and a sedimentary rock sample GS6/
86 from Ahlmanryggen-Borgmassivet area, Antarctica (Moyes et al.,
1995), as contaminants serve to illustrate that fractional crystallization
and crustal contamination may be responsible for the overall composi-
tional variability in the Luenha picrites (Fig. 7). The amount of crustal
contamination suggested by the AFC models is in the order of 1–6 wt%
Bearing in mind that real contaminants would probably have been in-
compatible element-enriched partial melts rather than bulk wallrock
(see Bohrson and Spera, 2001; Heinonen et al., 2016), the amounts of
crustal material in the model may be overestimated.

6.4. Primary melts

Estimation of primary melt compositions can help to constrain the
mantle source composition and melting conditions. Primary melts of
peridotite are generally regarded to be in equilibriumwith high-Mg re-
sidual olivine of Fo90–92 (e.g., Albarede, 1992), although awider range of
residual olivine compositions of Fo89–93may also be realistic (e.g., Green
and Falloon, 1998; Thompson and Gibson, 2000). We have calculated a
set of theoretical primary melt compositions for the Luenha picrites on
the basis of themost primitive sample T042 by adding equilibrium oliv-
ine to the accumulation-corrected melts (Table 3) in 1 wt% steps until
the recalculated melt is in equilibrium with mantle residual olivine
Fo89 and Fo92. We consider that more magnesian residual olivine com-
positions are not supported by the PM-like geochemical features of
the Luenha picrites. Using these two mantle olivine end-member com-
positions and two KD(Fe-Mg)ol-liq values of 0.3 and 0.35, we have ob-
tained four picritic primary melt compositions (MgO = 12.7–20.9 wt
Fig. 9. Nb/Y vs. Zr/Y variation diagram for the Luenha picrites. Compositions of the North
Karoo and South Karoo flood basalts (compilation from Luttinen, 2018), Vestfjella
depleted ferropicrites (Heinonen and Luttinen, 2008), and Mwenezi picrites (Ellam and
Cox, 1989) are shown for comparison. DMM (depleted MORB mantle; Workman and
Hart, 2005), PM (primitive mantle; Sun and McDonough, 1989), and NC-PM (non-
chondritic primitive mantle; Jackson and Jellinek, 2013) show compositions of potential
mantle sources. Average upper and lower crust compositions are from Wedepohl
(1995). The Iceland mantle array is from Fitton et al. (1997). ΔNb = 1.74 + log (Nb/
Y) – 1.92 log (Zr/Y) (Fitton et al., 1997).



Fig. 10. ΔNb vs. initial εNd (180 Ma) variation diagram for the Luenha picrites.
Compositions of the North Karoo and South Karoo flood basalts (compilation from
Luttinen, 2018), Mwenezi picrites (Ellam and Cox, 1989), and Vestfjella depleted
ferropicrites (Heinonen et al., 2010; Heinonen and Luttinen, 2008) are shown for
comparison. DMM (depleted MORB mantle; Workman and Hart, 2005), PM (primitive
mantle; Sun and McDonough, 1989; Jacobsen and Wasserburg, 1980), NC-PM (non-
chondritic primitive mantle; Jackson and Jellinek, 2013), EM1, and EM2, and HIMU
(enriched mantle 1 and 2; high μ mantle; not calculated to 180 Ma due to uncertain
concentrations; Zindler and Hart, 1986; Fitton, 2007) represent potential mantle
sources. Compositions of plausible mantle sources of the enriched Mwenezi picrites
(Enriched Karoo source component) and crustal assimilants are illustrated. ΔNb = 1.74
+ log (Nb/Y) – 1.92 log (Zr/Y) (Fitton et al., 1997).
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%) that are likely to bracket the overall range of feasible primary melt
compositions.

Comparison between the modeled primary melts and experi-
mentally derived melts of fertile “pyrolitic” lherzolite (Walter,
1998) indicates that the experimental melts have low-Ti picritic
compositions quite similar to our modeled primary melts at ca.
20% of melting and 3–4 GPa pressure and that they are in equilib-
rium with residual olivine Fo91 (Table 3). According to Herzberg
and O'Hara (2002), the Fe-Mg equilibrium between olivine and
such melts has relatively high KD values of 0.34–0.35. We have
utilised these constraints in calculation of a set of ‘preferred melt
models’ using the observed Fe2+/Fetot of =0.9, KD(Fe-Mg)ol-liq of
0.34, and mantle residual olivine Fo91 (Table 3). Our preferred pri-
mary melt model for sample T042 has MgO of 17.9 wt% and we re-
gard it to represent a conservative estimate of the primary melts of
the Luenha picrites.

7. Mantle sources and melting conditions

In this section, we constrain the mineral composition, geochemical
character, and temperature of the mantle source of the Luenha picrites
on the basis of their geochemistry and estimated primary melt compo-
sitions. Finally, we discuss the implications of our results in the context
of Karoo LIP, global mantle reservoirs, and plume hypothesis.

7.1. Mantle source characteristics

The mildly depleted initial Nd isotopic composition of the uncon-
taminated sample T042 (εNd = +1.4) sets the Luenha source apart
from the previously identified enriched and depleted mantle sources
of Karoo picrites and flood basalts (Fig. 7). In the case of the Luenha
picrites, the precision of Ni and Mn data for olivine phenocrysts
(Sobolev et al., 2007; cf. Matzen et al., 2017) is not sufficient for eval-
uation of the mineral composition of the source (Supplementary
Table S2). Whole-rock tracers of mantle source mineralogy, how-
ever, consistently point to a dominantly peridotitic source for the
Luenha picrites: in the Mn/Fe vs. Zn/Fe plot the Luenha picrites clus-
ter within the field of a peridotitic residue (Le Roux et al., 2011)
(Fig. 8a) and the modeled primary melts (Table 3) have high CaO
values at a given MgO typical of peridotite-derived melts (Herzberg
and Asimow, 2008) (Fig. 8b).

The unique character of the Luenha picrites among Karoo picrites
is underlined by their Nb-Zr-Y systematics. Whereas Nb/Y and Zr/Y
show coupled variation during partial melting of mantle, notable
variability in Nb/Y at given Zr/Y is a strong indicator of mantle het-
erogeneity and can be quantified using the ΔNb parameter of Fitton
et al. (1997). In a Zr/Y vs. Nb/Y diagram (Fig. 9), the Luenha picrites
have notably high Nb/Y despite their low Zr/Y (i.e. positive ΔNb).
They plot relatively close to PM and cluster along the upper limit of
the so-called Icelandic mantle plume array of Fitton et al. (1997).
With regard to the Nb-Zr-Y ratios, the Luenha picrites and their man-
tle source therefore exhibit high-ΔNb (Nb-undepleted) composi-
tions typical of many plume-related magma suites (Fitton, 2007).
In contrast, both the enriched Mwenezi picrites and the depleted
Vestfjella ferropicrites plot below the Icelandic plume array within
the field of Nb-depleted compositions. We consider that the source
of the Luenha picritesmust have resided in the convecticemantle be-
cause of the thermodynamic arguments against production of low-Ti
tholeiites by melting of SCLM (Arndt and Christensen, 1992) and the
Nb-depleted compositions typically associated with lamproites and
other presumably SCLM-sourced enriched magma types (Gibson
et al., 1995; Fitton, 2007).

Bearing in mind that many picrites, if not most, are hybrids of
magmas derived from compositionally different parts in the mantle
(Sobolev and Shimizu, 1993; Maclennan, 2008), it is possible that the
Luenha picrites record a specific high-ΔNb mantle reservoir or mixing
of magmas from relatively Nb-depleted and Nb-enriched sources. Evi-
dence of global mantle reservoirs with elevated ΔNb is recorded in
hotspot-related enriched MORB and OIB (Fitton, 2007) and mainly re-
late to the EM1 (enriched mantle 1), EM2 (enriched mantle 2), and
HIMU (high-μ mantle) components of Zindler and Hart (1986). Only
HIMU-affinity magmas frequently show overlap with the Luenha
picrites with regard to ΔNb (Fig. 10), however, and notably low U/Pb
(b0.2) in the uncontaminated sample T042 is inconsistent with a signif-
icant HIMUmantle or magma component (U/Pb ~0.4–0.7;Willbold and
Stracke, 2010; Hanyu et al., 2011). Accordingly, we maintain that
mixing of DM-, EM1-, EM2- and HIMU-like mantle sources or magmas
is an unlikely petrogenetic scenario for the Luenha picrites (Fig. 10).

Importantly, isotopically depleted, but otherwise PM-like (e.g. high-
ΔNb and low-U/Pb) components may also be important mantle reser-
voirs: The coupling of depleted Nd and Sr isotopic compositions with
high 3He/4He in several OIB suites is suggestive of distinctive, moder-
ately depleted mantle components (e.g. Zindler and Hart, 1986). Re-
cently, such components have been regarded by many to include a
category of ancient, isotopically non-chondritic reservoirs which
formed as residues of rapid melt extraction soon after the formation of
Earth's core (e.g. Boyet and Carlson, 2006; Tolstikhin and Hofmann,
2005). Despitemoderate depletion in highly incompatible elements rel-
ative to chondritic PM, the purported non-chondritic primitive mantle
reservoirs may still be chemically quite similar to fertile PM peridotite
(Jackson et al., 2010; Jackson and Carlson, 2011; Jackson and Jellinek,
2013). The strongest evidence for non-chondritic primitive mantle res-
ervoirs has been found in LIPs (Ontong-Java, Caribbean-Colombian and
North Atlantic igneous provinces; Jackson and Carlson, 2011; Jackson
et al., 2010). The incompatible trace element ratios of themost primitive
Luenha picrite are nearly identical to those suggested for the non-
chondritic primitive source (Fig. 11) and the ΔNb values are indistin-
guishable within analytical precision (ca. ±0.1; see Section 3.2.)
(Fig. 10). The initial Nd and Sr isotopic compositions of the Luenha
source (initial εNd+1.4; 87Sr/86Sr 0.7041), however, are slightly less de-
pleted than the currently estimated composition of the non-chondritic



Fig. 12. Comparison between the compositions (mol. %) of Luenha primarymelts (sample
T042) and liquids in equilibrium with mantle peridotite in the projection from diopside,
Na2O·Si3O6, and K2O·Si3O6 into the plane olivine–anorthite–silica of Herzberg and
O'Hara (2002) and Herzberg et al. (2007). FP is fertile peridotite and DP is depleted
peridotite. Dotted lines indicate equal fractions of melting (F). Solid arrow lines indicate
cotectic equilibria at 1–7 GPa pressures towards increasing temperature. Mantle
peridotite phase assemblages in equilibrium with melt in each field are indicated (L =
liquid, Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene, Gt = garnet, Spl =
spinel and Cr = chromite). The field of Luenha primary melts (sample T042) have been
calculated assuming Fe2+/FeOtot of 0.9, KD of 0.3 or 0.35 and equilibrium with Fo89 or
Fo92 olivine in the mantle residue (Table 3). The preferred model for Luenha primary
melt (KD of 0.34 and residual olivine Fo91) is indicated with blue diamond. The
estimated primary melts for the Vestfjella depleted ferropicrites (Heinonen and
Luttinen, 2010) are shown for comparison. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11.Non-chondritic primitivemantle (NC-PM; Jackson and Jellinek, 2013) -normalized
incompatible element pattern of Luenha picrite T042. Compositions of the Mwenezi
picrites (Ellam and Cox, 1989) and Vestfjella depleted ferropicrites (Heinonen and
Luttinen, 2008) are shown for comparison.
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reservoirs (initial εNd+5 to+9, 87Sr/86Sr 0.7026 to 0.7034; Jackson and
Jellinek, 2013). (Fig. 7)

We regard that among the major global mantle reservoirs, the non-
chondritic primitive mantle is the most plausible principal source com-
ponent for the Luenha picrites and that relatively low εNd could indicate
presence of a minor LREE-enriched component in the Luenha source
(Fig. 10). Mixing of melts derived from such moderately depleted and
enriched parts of mantle in the magma plumbing system could help
to explain the S-shaped REE-pattern, i.e. enrichment of La and Ce
relative to other light REE, detected in the most primitive Luenha
picrite (Fig. 6a). Given that the incompatible element and isotopic com-
positions of the various suggested mantle reservoirs are not precisely
defined, we consider it is theoretically also possible that the Luenha
picrites could record a mildly depleted, i.e. nearly chondritic, variant of
non-chondritic primitive mantle reservoirs, although the consistency
of depleted 142Nd/144Nd in terrestrial rocks does not support survival
of nearly chondritic primordial reservoirs in the mantle (Boyet and
Carlson, 2006). We conclude that the mantle source of the Luenha
picrites was mainly peridotitic and had a broadly PM-like bulk compo-
sition on the scale of primary melt extraction.
7.2. Melting conditions

The residual mineral composition and conditions of mantle melting
can be estimated using the CMAS normative phase diagrams for perido-
titic mantle presented by Herzberg and O'Hara (2002) and Herzberg
et al. (2007) (Fig. 12). The overall compositional range of our primary
melt models expresses the potential influence of uncertain Fe-Mg
partitioning and residual olivine compositions on the mantle restite
and melting conditions and the preferred model is considered to yield
the best estimate (Table 3; Section 6.4.). In the diopside projection of
the CMASdiagram for fertile lherzolite, which closely corresponds to es-
timated primitive upper mantle (Herzberg and O'Hara, 2002), the com-
positions of the modeled primary melts of the Luenha picrites are
suggestive of 1.5–4 GPa pressure for melt extraction, a lherzolitic resi-
due, and ca. 10–25% of partial melting (Fig. 12). It is noteworthy that
the modeled primary melts plot mainly within the field of garnet-free
residue and that total consumption of garnet in the source would ex-
plain the flat PM-normalized REE patterns (Fig. 6a) and high concentra-
tions of garnet-compatible Cr (Pertermann et al., 2004; Table 1) and Al
in the Luenha picrites. This Al-enrichment is also recorded in the mag-
matic spinels (see Kamenetsky et al., 2001; Supplementary Table S2).
Comparison between the preferred primary melt model and experi-
mental data in the CaO vs. MgO plot (Fig. 8b), CMAS-projection (Fig.
12), and Table 3 points to generation of the Luenha picrites at ca.
3–4 GPa pressure and 20% of partial melting. We regard these values
may provide a rough estimate of the average pressure conditions and
degree of melting during formation of the primary melts of the Luenha
picrites.

The modeled primary melts can be also applied to estimation of
liquidus temperatures using the equations of Putirka et al. (2007). As-
suming H2O/Ce of ≤200 typical of oceanic basalts (Michael, 1995), we
regard the amount ofwater in theprimarymelts to be ≤1wt%. Usingpri-
mary H2O contents of 1 wt.%, the liquidus temperatures calculated for
themodeledmelts based onmelt and equilibrium olivine compositions
at 3.5 GPa (Putirka et al., 2007) show a range of ca. 1445–1582 °C, and
1532 °C for our preferred model (Table 3).

7.3. The Luenha picrites and the North Karoo CFBs

The evaluation of the province-scale role of the Luenha picrites is
critically dependent on their genetic relationship with the Karoo CFBs.
Significantly, it seems that the Luenha picrites and the voluminous
and rapidly emplaced North Karoo CFBs were derived from a similar
PM-like mantle source.

We claim that, based on just their low-Ti and high-ΔNb composi-
tions, the Luenha picrites represent the only presently known geochem-
ically plausible parental magma type for the low-Ti CFBs of North Karoo
(Figs. 4 and 10). Both the Luenha picrites and the North Karoo CFBs also
have low Sm/Yb values (mainly b1.6; dataset of Luttinen, 2018) sugges-
tive of similar mantle compositions and high-degree melting condi-
tions. The other reported Karoo picrites and South Karoo CFBs have
more varied and mostly higher Sm/Yb (mainly N1.6; dataset of
Luttinen, 2018). Furthermore, the Luenha picrites and the least-
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contaminated North Karoo CFBs exhibit PM-like initial Nd and Sr isoto-
pic compositions (Fig. 7). Relatively low ΔNb and εNd in most North
Karoo magmas are readily ascribed to crustal contamination of
Luenha-like parental magmas. The variability in ΔNb and εNd displayed
by the Luenha picrites and the least-contaminated North Karoo CFBs
may relate to different amounts of subordinate enriched and depleted
components in a mildly heterogeneous, possibly non-chondritic, PM-
like mantle source (Fig. 10).

Given that the Luenha picrites (180 Ma ≤) are also geographically
and stratigraphically associated with North Karoo CFBs (Fig. 3), we re-
gard these similarities to suggest a plausible parent-daughter relation-
ship between the Luenha picrites and the North Karoo CFBs. The high
volume of North Karoo CFBs suggests that their source was a significant
component in the Karoo LIP.

7.4. A plume in the Karoo LIP?

It is widely accepted that mantle plumes bring up material from the
deepmantle (e.g. French and Romanowicz, 2015). Several authors have
suggested that the assumed non-chondritic primitive mantle reservoir
may be an important component inmantle plumes: this reservoir is en-
visaged to reside below the 660 km discontinuity (Boyet et al., 2003),
possibly within the large low shear-velocity provinces (LLSVPs) of
deepmantle (Jackson and Carlson, 2011). Given that many Phanerozoic
LIPs have formed along the rims of LLSVPs (e.g. Torsvik et al., 2010),
non-chondritic mantle reservoirs could be significant magma sources
of LIPs (Jackson and Carlson, 2011).

In the case of the Karoo LIP, the possible role of a mantle plume has
been a recurrent topic of discussion (Burke and Dewey, 1973; Hastie
et al., 2014; Storey, 1995; White, 1997). Key evidence for plume-
derived Karoo magmatism include indications of high mantle tempera-
tures (Campbell and Griffiths, 1990) and rapid production of large melt
volumes (Svensen et al., 2012). However, the notably high tempera-
tures inferred from the picrites have alternativaly been explained by
heating of the mantle underneath the Gondwana supercontinent
(Coltice et al., 2007; Heinonen et al., 2015) largely because the sources
of the previously reported depleted and enriched picrite types in the
Karoo LIP have been interpreted to reside in the upper mantle rather
than in deep-seated mantle plumes (Ellam, 2006; Ellam and Cox,
1989, 1991; Harris et al., 2015; Heinonen et al., 2010, 2016; Heinonen
and Kurz, 2015; Kamenetsky et al., 2017; Luttinen et al., 2015;
Sweeney et al., 1991). In contrast, our results on the Luenha picrites in-
dicate a previously unknown high-temperature mantle source compo-
nent which also shows geochemical similarities to PM-like
components associated with OIB and oceanic plateaux. Importantly,
the Luenha picrites also show affinity to the rapidly produced North
Karoo CFBs that formed largely above the sub-African LLSVP (Luttinen,
2018).

We conclude that the simplest explanation for the diagnostic
primary features of the Luenha picrites is high degree partial melt-
ing of a mildly depleted, but otherwise PM-like plume source. Geo-
chemically, this source was quite similar to the postulated non-
chondritic primitive reservoir. If the Luenha picrites represent the
principal source of the voluminous North Karoo CFBs, possibly
more than half of the Karoo LIP may have been derived from a man-
tle plume. A significant plume source in North Karoo would help to
explain the physical and geochemical manifestations of plume ac-
tivity, such as triple junctions, aulacogens, paleo flow indications
in sediments and magmatic flow directions (Burke and Dewey,
1973; Cox, 1988; Hastie et al., 2014; cf. Jourdan et al., 2006), as
well as the rapid emplacement of the North Karoo CFBs (Svensen
et al., 2012) and indications of exceptionally high mantle potential
temperatures in the upper mantle-sourced South Karoo
picrites (Heinonen et al., 2015). The Luenha picrites may thus rep-
resent the first discovery of a plume-derived picrite suite in the
Karoo LIP.
8. Conclusions

1. We report a previously undocumented suite of Karoo-related
olivine-rich lavas (Luenha picrites) from the eastern flank of the
Moatize-Luia graben, Central Mozambique.

2. Based on magnesian olivine (up to Fo89) and whole rock composi-
tions and geochemical modeling, the Luenha picrites were derived
fromhighlymagnesianprimarymelts (MgO=13–21wt%; preferred
model MgO = 18 wt%).

3. The Luenha picrite suite includes a fresh sample (T042) that lacks
geochemical indications of crustal contamination. The compositional
variations in the picrite suite can largely be explained by fractionati-
onal crystallization and contamination of T042-like parentalmelts by
crustal material and subsequent accumulation of olivine.

4. Geochemical data on sample T042 facilitate estimation of the pri-
marymelt andmantle source compositions. The Luenha picrite series
was derived from a peridotitic, PM-like mantle source, and the pre-
ferred primary melt indicates a liquidus temperature of ca. 1530 °C.

5. Geochemical similarities, specifically low TiO2 contents, positiveΔNb
values, flat heavy REE patterns, and mildly depleted Sr and Nd isoto-
pic compositions, support a similar mantle source for the Luenha
picrites and the voluminous low-Ti CFBs of the North Karoo subpro-
vince. The same features distinguish the Luenha picrites from the
previously reported picrites of the South Karoo subprovince.

6. We propose that themantle source of the Luenha picrites, and, by in-
ference, the source of voluminous North Karoo CFBs, records a PM-
like reservoir resembling recently proposed non-chondritic mantle
plume sources. The Luenha picrites may thus provide the first direct
geochemical sample of a significantmantle plume source component
for the Karoo LIP.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2019.105152.
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