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Abstract New high-precision minor element analysis
of the most magnesian olivine cores (Fogs ¢5) in fifteen
high-MgO (Mg#.,_-,) alkali basalts or trachybasalts from
the Quaternary backarc volcanic province, Payenia, of the
Andean Southern Volcanic Zone in Argentina displays a
clear north-to-south decrease in Mn/Fe,. This is interpreted
as the transition from mainly peridotite-derived melts in
the north to mainly pyroxenite-derived melts in the south.
The peridotite—pyroxenite source variation correlates with
a transition of rock compositions from arc-type to OIB-
type trace element signatures, where samples from the
central part of the province are intermediate. The south-
ernmost rocks have, e.g., relatively low La/Nb, Th/Nb and
Th/La ratios as well as high Nb/U, Ce/Pb, Ba/Th and Eu/
Eu* = 1.08. The northern samples are characterized by the
opposite and have Eu/Eu* down to 0.86. Several incompat-
ible trace element ratios in the rocks correlate with Mn/Fe
and also reflect mixing of two geochemically distinct man-
tle sources. The peridotite melt end-member carries an arc
signature that cannot solely be explained by fluid enrich-
ment since these melts have relatively low Eu/Eu*, Ba/Th
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and high Th/La ratios, which suggest a component of upper
continental crust (UCC) in the metasomatizing agent of
the northern mantle. However, the addition to the mantle
source of crustal materials or varying oxidation state can-
not explain the variation in Mn and Mn/Fe of the melts and
olivines along Payenia. Instead, the correlation between
Mn/Fe,; and whole-rock (wr) trace element compositions is
evidence of two-component mixing of melts derived from
peridotite mantle source enriched by slab fluids and UCC
melts and a pyroxenite mantle source with an EMI-type
trace element signature. Very low Ca/Fe ratios (~1.1) in the
olivines of the peridotite melt component and lower calcu-
lated partition coefficients for Ca in olivine for these sam-
ples are suggested to be caused by higher H,O contents in
the magmas derived from subduction zone enriched man-
tle. Well-correlated Mn/Fe ratios in the wr and primitive
olivines demonstrate that the Mn/Fe,, of these basalts that
only fractionated olivine and chromite reflects the Mn/Fe
of the primitive melts and can be used as a proxy for the
amount of pyroxenite melt in the magmas. Using Mn/Fe,,
for a large dataset of primitive Payenia rocks, we show that
decreasing Mn/Fe,, is correlated with decreasing Mn and
increasing Zn/Mn as expected for pyroxenite melts.

Keywords Andean Southern Volcanic Zone - Backarc -
Primitive basalts - Olivine - Pyroxenite - Mn/Fe - Upper
continental crust

Introduction
Variability of mantle melts, as recognized in terms of iso-
topic, major or trace element variations in Ocean Island

Basalts (OIB), supports the involvement of recycled oce-
anic and/or continental crustal components in their mantle

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00410-016-1318-9&domain=pdf
http://dx.doi.org/10.1007/s00410-016-1318-9

1 Page2of25

Contrib Mineral Petrol (2017) 172:1

sources (e.g., Hofmann and White 1982; Stracke et al.
2005; Willbold and Stracke 2006; Jackson et al. 2007;
Sobolev et al. 2005, 2007; Jackson and Dasgupta 2008).
Oceanic lithosphere including crust and sediments enters
the mantle at subduction zones and is modified through
mineral dehydration reactions and melting that metasoma-
tizes the overlying mantle wedge or causes mantle wedge
melting (e.g., Grove et al. 2006). Also upper or lower con-
tinental crust or lithospheric mantle may be abraded from
the continent by subduction erosion (e.g., Scholl et al.
1980; von Huene and Scholl 1991; Stern 1991, 2011;
Kay et al. 2005; Holm et al. 2014) or enter the mantle
by delamination processes (e.g., Kay and Kay 1993; Lee
et al. 2006). These processes recycle crust into the mantle
where it recrystallizes to pyroxenite and sinks deeper into
the mantle. The pyroxenite may later be entrained in man-
tle upwellings and contribute to, for example, OIB mag-
mas (e.g., Hofmann and White 1982; Sobolev et al. 2005,
2007; Herzberg 2006, 2011). Sobolev et al. (2005, 2007)
suggest that siliceous melts of recycled crust (as eclogite)
in plumes react with the ambient solid peridotite to pro-
duce olivine-free pyroxenites which subsequently melt
and contribute to OIB. Similarly, the release of siliceous
components from the subduction channel will diversify the
mantle wedge composition and potentially change its min-
eralogy by converting mantle olivine to pyroxenes (e.g.,
Straub et al. 2008, 2011, 2014).

To discriminate between peridotite and pyroxenite
melts, Sobolev et al. (2007) suggested using the ratios Mn/
Fe, Ca/Fe and Ni/(Mg/Fe) in olivines. These elements are
used because of their compatible nature in either olivine
or pyroxene, and the concentration of the elements in the
melt is controlled by the residual amount of these miner-
als in the source rock (Sobolev et al. 2005, 2007; Le Roux
et al. 2011; Herzberg 2011). Olivine is the first mineral to
crystallize in magmas cooling in the crust and will record
the geochemical variation in mantle melts caused by dif-
ferences in the source mineralogy. Olivine fractionation
lowers Ni/(Mg/Fe), and later fractionation of other miner-
als than olivine will change the Mn/Fe and Ca/Fe ratios.
Therefore, highly fosteritic olivines from the most primitive
melts are needed. Moreover, Le Roux et al. (2010, 2011)
suggested using ratios of transition elements in whole rocks
such as Zn/Fe and Zn/Mn with contrasting compatibilities
in olivine and pyroxenes to trace pyroxenite in the source
of mantle melts. We will apply these two approaches on
basalts from the Payenia province in order to investigate the
role of recycled crustal components in their mantle sources.

Due to scarcity of undifferentiated magmas in the arc
volcanoes of the Andean Southern Volcanic Zone (SVZ),
the acquisition of mantle melt geochemical signatures is
challenging. By contrast, in the Payenia backarc province
of the SVZ, rocks with primitive basaltic compositions are
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widespread. We use whole-rock major and trace element
analyses and high-precision olivine analyses in a selec-
tion of the most primitive samples to obtain information on
source mineralogy between a typical EM1-type component
in southern Payenia and a subduction-modified component
in northern Payenia (Kay et al. 2006a, 2013; Jacques et al.
2013; Sgager and Holm 2013; Sgager et al. 2013, 2015a).
We show that the mantle sources are extremely different in
terms of mineralogy and trace element chemistry. The bulk
rock trace element chemistry of the most primitive Pay-
enia basalts is directly coupled to variations in their man-
tle source lithology. We argue that the arc signature of the
northern backarc magmas is preserved in a peridotitic man-
tle source, whereas the most southern magmas mainly orig-
inate from pyroxenite melting as also proposed by Sgager
and Holm (2013) and Sgager et al. (2015b). We discuss the
use of Mn/Fe, Ca/Fe and various transition metal ratios for
identification of pyroxenite- and peridotite-derived melts in
the Payenia rocks and olivines. We consider the effects of
varying oxidation state of the primary melts, H,O contents
and the addition to the mantle source of subducted crustal
materials. We argue that these effects are of less importance
to the major and minor element compositions of melts in
Payenia than the relative roles of peridotite and pyroxenite.

Geological setting

The Payenia backarc province (Fig. 1) of the Andean
Southern Volcanic Zone (SVZ) arc at 33.3°S-37.3°S
covers an area of 40,000 km? with over 800 mono- and
small polygenetic volcanoes and a few larger vol-
canic complexes such as the Payin Matrd and Cerro
Nevado composite volcanoes (e.g., Ramos and Folguera
2011). The Quaternary volcanism in Payenia occurred
in seven volcanic fields (VF): Payin Matrd, Rio Colo-
rado, Auca Mahuida and Tromen in the south, and Lla-
ncanelo, Nevado and the Northern Segment in the north
(Fig. 1). The Payenia province is situated in the backarc
of the NSVZ (33-34.4°S), the TSVZ (34.4-36.1°S) and
the CSVZ (south of 36.1°S) according to the division of
Holm et al. (2014). In the area north of Payenia and the
SVZ, called the Pampean (Chilean) flat-slab segment at
26°S-33°S, there is no Quaternary volcanism. The ter-
mination of volcanism here has been coupled to the sub-
duction of the Juan Fernandez ridge (Kay and Mpodozis
2002). Seismicity around 33°S indicates an abrupt tran-
sition from a 30° slab dip under the TSVZ to a horizon-
tal slab dip under the Pampean flat-slab segment (Cahill
and Isacks 1992) with NSVZ and the Northern Segment
of Payenia overlying this transition. The Payenia prov-
ince experienced a period of shallow slab subduction in
Mid-Miocene to Early Pleistocene times with an eastward
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broadening of the arc extending to the San Rafael block
(SRB, Fig. 1) (Kay et al. 2004, 2006a, b; Kay and Cope-
land 2006; Dyhr et al. 2013a, b; Litvak et al. 2015). The
SRB is a basement block uplifted during the compres-
sional tectonic regime in the Miocene shallow slab period
(Ramos and Kay 2006; Folguera et al. 2009). It underlies
the main part of the Nevado and Northern Segment. The
Early Pleistocene OIB-like volcanism of Auca Mahuida

and Rio Colorado marks the end of the shallow subduc-
tion in this area, while alkaline slab modified basalts
erupted in the Nevado volcanic field at this time (Bertotto
et al. 2009; Kay et al. 2006a, 2013; Jacques et al. 2013;
Sgager et al. 2013). Volcanism shifted west to Paytn
Matri, Llancanelo and the Northern Segment at ~0.5 Ma,
suggesting roll back of the subducting Nazca plate (Fol-
guera et al. 2009; Gudnason et al. 2012).
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Previous work

Nd, Sr, Hf and Pb isotopes suggest that distinct man-
tle sources are needed to explain the northern and south-
ern Payenia volcanism (Jacques et al. 2013; Sgager et al.
2015a). The isotopic signatures of the northern backarc
basalts overlap with those of the SVZ arc rocks. In Sr—Nd-
Hf isotopic space, the SVZ arc overlaps the field of South
Atlantic MORB mantle (Jacques et al. 2013; Sgager et al.
2015a). In contrast, the Quaternary magmas of south-
ern Payenia have less radiogenic Pb, Sr and Hf at a given
Nd than the northern backarc magmas and the SVZ arc
(Jacques et al. 2013; Sgager et al. 2015a). The SVZ arc
and backarc magmas are isotopically distinct from Pacific
MORB, precluding influence on the magmas by melts
derived from the subducting slab (Holm et al. 2014; Sgager
et al. 2015a). High field strength element (HFSE) ratios
indicate a highly depleted mantle beneath the SVZ arc, but
a less depleted pre-metasomatic mantle beneath northern
Payenia (Sgager et al. 2015a). The southern backarc mantle
source has an EM1-type trace element signature (Jacques
et al. 2013; Kay et al. 2013; Sgager et al. 2013, 2015a;
Sgager and Holm 2013).

Kay et al. (2013) suggested that the trace element and
isotope characteristics of the Auca Mahuida and Rio Col-
orado magmas indicate melting of asthenosphere with
delaminated components of metasomatized subcontinental
lithosphere (including lower continental crust). Based on
Hf isotopes, Jacques et al. (2013) similarly proposed that
both the depleted and enriched mantle of Payenia lie within
differently enriched parts of South American Proterozoic
subcontinental lithosphere. In contrast, Sgager and Holm
(2013) suggested that the EM1 source is recycled oceanic
and lower continental crust upwelling beneath the southern

Payenia region. In an olivine study of southern Payenia
basalts mainly from Rio Colorado, Sgager et al. (2015b)
showed that these magmas approximate pure pyroxenite
melts and magmatic temperature estimates suggested they
were asthenospheric melts. However, the Rio Colorado
basalts were found to fall in a high- and a low-Nb/U group
with distinct major and trace element compositions but
entirely overlapping isotopic compositions, and the high
K,O contents and lower indicated magmatic temperatures
of the low-Nb/U basalts led Sgager et al. (2015b) to inter-
pret these as lithospheric mantle melts. The Rio Colorado
sample 126175 used in this study falls in this group of low-
Nb/U basalts.

Rock samples

This study focuses on the north-to-south compositional
variation in Payenia with an emphasis on the northern part.
The Northern Segment (Fig. 1) volcanism constitutes sev-
eral groups or small isolated monogenetic volcanic centers
and one larger stratovolcano, Cerro Diamante (Folguera
et al. 2009; Ramos and Folguera 2011) with ages ranging
from 0.06 to 0.7 Ma (Folguera et al. 2009; Gudnason et al.
2012). This study includes nine samples from the North-
ern Segment from the volcano groups Huaiqueria, Papa-
gayos, Rodeo and Loma del Medio (Fig. 1; Table 1). Three
samples are from the 0.8-2.8 Ma Nevado volcanic field
(Quidelleur et al. 2009; Gudnason et al. 2012) consisting
of numerous volcanic cones, lava flows, smaller volcanoes
and the big Cerro Nevado volcano. Two samples are from
the Llancanelo volcanic field composed of several monoge-
netic volcanic centers of cinder cones and small lava flows.
The last sample comes from the Rio Colorado volcanic

Table 1 Sample names and

. Sample ID Volcanic field Group Volcano Latitude Longitude
locations
127318 Northern Segment Huaiqueria Huiaqueria —34.0697 —68.7543
127322 Northern Segment Huaiqueria Huiaqueria —34.0789 —68.7271
127310 Northern Segment Papagayos Co. Guadaloso —34.3110 —69.0652
127309 Northern Segment Papagayos near Co Guadaloso —34.3092 —69.0737
127305 Northern Segment Medio Co Ao Hondo —34.4952 —69.2327
127304 Northern Segment Rodeo Co. Chico. —34.4677 —68.8842
127302 Northern Segment Rodeo East of Co. del Medio —34.4779 —68.8423
127303 Northern Segment Rodeo East of Co. del Medio —34.4779 —68.8423
127329 Northern Segment Rodeo Co. del Medio —34.4825 —68.8726
123957 Nevado Co. Las. Vagas —35.4659 —68.7778
123955 Nevado Co. Amerillo —35.5141 —68.7614
123903 Llancanelo Malacara —35.7094 —69.4631
123905 Llancanelo Malacara —35.7219 —69.4538
126221 Llancanelo Co. Fiero —35.9883 —69.0643
126175 Rio Colorado Co. Morado —37.3042 —69.0184
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field in the southern part of Payenia and is represented by
sample 126175 from the 1.0 Ma Co. Morado volcano (Gud-
nason et al. 2012; Sgager et al. 2013). Whole-rock analyses
of the samples from Nevado, Llancanelo and Rio Colorado
were published in Sgager et al. (2013).

Petrography

All samples are basaltic with around 5-15% olivine phe-
nocrysts, 0.5-3 mm in size. Additionally, 1-6% clinopy-
roxene phenocrysts are found in samples from the North-
ern Segment, whereas sparse plagioclase phenocrysts (1%)
are only observed in Rodeo samples 127303 and 127329.
Samples from Llancanelo, Nevado and Rio Colorado con-
tain olivine phenocrysts only. The olivine phenocrysts are
optically homogenous in composition. All lavas and oli-
vine phenocrysts in particular appear fresh with no signs of
alteration.

Analytical methods

At least ten olivine phenocryst cores of each sample were
initially analyzed under routine analytical conditions on a
JEOL JXA 8200 electron microprobe at the Department of
Geosciences and Natural Resource Management, Univer-
sity of Copenhagen. For each sample, the most forsteritic
cores were selected for high-precision analysis and only
olivines with Fo* >85 (where Fo* = Mg/(Mg + Fe) mol/
mol) were considered for publication to avoid any poten-
tial effects on olivine chemistry by magmatic differentia-
tion processes in the crust. More specifically, we have tried
to avoid olivines that have crystallized from contaminated
melts as well as melts that have experienced clinopyrox-
ene fractionation. We present 51 high-precision analyses in
total from 15 samples where 1-7 olivine cores were ana-
lyzed in each. For high-precision analysis, the microprobe
setup was 15 kV accelerating voltage, 70 nA electron cur-
rent, peak counting times of 120 s for Ni, Mn and Ca and
background counting times of mostly 60 s for each point
constituting an analysis. Counting times for all elements
are given in Supplementary material 1. Each reported
result represents 67 closely spaced (within an area of
10 pm) spot analyses in the olivine core, and this resulted
in a 6*%120 s = 720 s peak and 6*60 s = 360 s background
measurement time for each analysis (Mn, Ca and Ni). This
allowed detection of inhomogeneity due to impurities or
imperfect state of the mineral and thus exclusion of such
spot analysis and improved the analytical precision (Sup-
plementary material 1). Detection limits were below 20, 2
and 7 ppm for Ni, Ca and Mn, respectively, categorizing
them as precision to high-precision analyses according to

Sobolev et al. (2007). Precision of the olivine core analy-
ses is reported at the 95% confidence level in Table 2 for
the concentrations and in Table 3 for the various derived
ratios. Calibration was done on natural and synthetic
standards, and the current was monitored throughout the
analytical session to ensure internal consistency of the
data. Two reproducibility test runs (N = 40 and 51) of
the Marjalahti olivine standard gave SiO, = 39.53 £ 0.70
and 40.63 + 0.27 (20), MgO = 47.78 + 0.37 and
47.50 £ 0.43 (20), FeO = 11.37 £ 0.21 and 11.06 £ 0.18
(20), Fo" = 88.22 4 0.16 and 88.45 + 0.17 (20), and
MnO = 0.301 £ 0.013 and 0.303 £ 0.010 (20), respec-
tively, and are presented in Supplementary material 2. This
standard has very low Ni, Cr and CaO. Four olivines have
very low Ca and Cr contents and are considered xenocrys-
tic of origin (e.g., Foley et al. 2013). These xenocrysts are
not addressed further, but are listed in Supplementary mate-
rial 3 along with all the olivine analysis.

For whole-rock analysis, nine samples from the North-
ern Segment, petrographically judged to be unaltered, were
jaw crushed and subsequently powdered in an agate mill.
Major elements were analyzed at the Acme Analytical Lab-
oratories Ltd., Canada (Acme Labs; Code 4A), by fusion
of the samples into glass and analysis by ICP-AES. Vola-
tile contents were estimated by loss on ignition at 1000 °C.
After dissolution of the samples, ICP-MS analysis was car-
ried out on a PerkinElmer 6100 DRC Quadrupole at GEUS
(Geological Survey of Denmark and Greenland). The data
are presented in Table 4. Reproducibility of international
standards BHVO-2 and BCR-2 in the period of analyses is
34 rel.% (2o, n = 45) for most elements. Results for all
incompatible elements discussed in this paper deviate less
from the GeoReM preferred values (Jochum and Nehring
2006) than the 20 uncertainty. For details of methods and
results, see Supplementary material 4.

Results
Olivine compositions

High-precision analyses of olivine cores range between
Fogs and Fogg. Mn contents range from 1200 to 1800 ppm
(Fig. 2a; Table 2). Olivine cores from Rio Colorado sam-
ple 126175 (Iow-Nb/U group of Sgager and Holm 2013)
have the lowest Mn contents at a given Fo®. Olivines from
the Northern Segment have the highest Mn contents, and
olivines from Nevado and Llancanelo are intermediate. The
Ni contents range from 1400 to 2800 ppm and decrease
with Fo” (Fig. 2b). There is no significant Ni variation along
Payenia at a given Fo”. The Ca content is relatively low and
varies from 1000 to 1600 ppm (Fig. 2¢). Olivines from Rio
Colorado have the highest Ca contents, whereas olivines
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g from Llancanelo, the Northern Segment and Nevado have
&l similar and lower Ca contents. The Cr concentration ranges
S| 2 22,2 from 100 to 600 ppm and overall increases from north to
south at a given Fo* (Fig. 2d).
Olivines show no correlation between Fo* and olivine
g Mn/Fe (¥» = 0.03) (Fig. 3a). The lowest Mn/Fe ratios
& are from Rio Colorado (126175) which have an average
bl © a x NV O 0 O < T O
Ao o an o T T oas o for seven olivines of 100Mn/Fe = 1.31 (Table 3) similar
to other olivines from Rio Colorado (Sgager et al. 2015b).
R This places the Rio Colorado olivines in the very end of the
é global olivine array (Sobolev et al. 2007; Fig. 3c, d), indi-
5 E § § E § § % § § E § cating that they are close to pure pyroxenite melts. There is
an overall south-to-north increase in Mn/Fe; (Fig. 3b), and
the highest Mn/Fe, ratios are found in olivines from the
= Northern Segment extending to values typical for olivines
IS . S .
B o o e o o o o w o crystallizing from peridotite melts (Fig. 3c, d). However,
Sl e = & =T = the Ca/Fe ratios in the Northern Segment and Nevado
olivines are as low as in the Rio Colorado olivines and
much lower than Ca/Fe in olivines crystallizing from peri-
s dotite-derived melts as reported by Sobolev et al. (2007).
& - Therefore, the 100Ca/Fe versus 100Mn/Fe trend (Fig. 3d)
S SRS FS R A differs strongly from the MORB-OIB array and defines a
negatively correlated trend toward lower Ca/Fe in the high-
Mn/Fe peridotite end-member. Payenia olivine ratios of Ni/
E (Mg/Fe)/1000 (Fig. 3c) overlap the peridotite end of the
%‘ E 5 = § § % 2\; g E § § MORB-OIB array defined by SoboleY et al. (2007) at high
O f—= — = = o = = 100Mn/Fe, but fall below the pyroxenite end at low 100Mn/
Fe, although the samples from Sgager et al. (2015b) with
_ lowest 100Mn/Fe do have elevated Ni/(Mg/Fe)/1000 rela-
% tive to the other Payenia olivines. This was explained by
% q N~ o NS oA %N N Sg@ager et al. (2015b) as due to small amounts of olivine
af= = = o a e = oA - fractionation which lowers Ni/(Mg/Fe)/1000 at these Fo
contents.
g Rock compositions
\b/ ~ O O <t — QN O v — A & >
o - o e o The host rocks (Table 4) are primitive alkali basalts or tra-
chybasalts with MgO ranging from 10.0 to 14.6 wt%, SiO,
- contents from 45 to 48 wt%, and Mg# = 66-74. Most
é o e samples have CaO contents within the range 9 to 11 wt%,
§ irr = § 5 § ¢ 8 2 2 SRS bu.t sample 126175 from Rio Colorado has 7.2 wt% CaO
o (Fig. 4a).
L% The Northern Segment samples from Huaiqueria, Papa-
o . 58828 s 8 E’, gayos and the Rodeo Group have characteristic arc-type
=18 DA TN ﬁ 2\ AR T l:| g trace element patterns with enrichments in LREE (light
2 § § S 8 Sz 3 E Sz ; rare earth elements), Th and fluid-mobile LIL (large ion
(% adad agaagaad ;é lithophile) elements (e.g., Rb, Ba, Sr and Pb) along with
- 5 depletions in fluid-immobile HFS (high field strength) ele-
é —E ments (Nb, Ta and Ti) (Fig. 4b). The arc signature decreases
g -§ o | S southward to the OIB-type trace element signature charac-
~ %‘ Eb § teristic of samples from Rio Colorado (Sgager et al. 2013,
2l s < El o Jacques et al. 2013; Kay et al. 2013) with no negative Nb
gl< & zl & or Ta anomaly. The southernmost sample at Rio Colorado

@ Springer
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Payenia volcanic fields
M Northern Segment
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Fig. 2 High-precision minor element concentrations of Mn, Ni, Ca
and Cr in primitive olivine phenocryst cores in Payenia basaltic rocks
versus Fo*: a Mn, b Ni, ¢ Ca, d Cr. Data from Sobolev et al. (2007)

is characterized by relatively high Ba/Th and Eu/Eu* ratios
(142 and 1.02, respectively) and, e.g., low Th/Nb, La/Nb
and Th/La ratios (0.1, 0.73 and 0.14, respectively). The
northern samples have relatively low Ba/Th and Eu/Eu*
ratios (as low as 63.7 and 0.86, respectively) and relatively
high Th/Nb, La/Nb and Th/La ratios (up to 0.8, 3.5 and
0.25, respectively) characteristic of the northern SVZ arc
volcanism (Holm et al. 2014).

Discussion
Crystal-melt relations
The high Mg# and MgO of the rocks together with their

magnesian olivine phenocrysts indicate that only olivine and
chromite crystallized in these basaltic magmas, as is also the
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are shown for comparison and divided into WPM (within plate mar-
gins)—thick, WPM-thin, MORB and Komatiites

main indication from petrography. Assuming that these min-
erals were the only fractionating phases, the MgO variation
among the investigated samples can be explained by a lim-
ited fractionation of <7% olivine from parental mantle melts
with ~Mg# = 72-74 (Fig. 3a; Table 4). In Fig. 3a, varia-
tion of calculated olivine compositions as the result of oli-
vine fractionation of magma with a composition as sample
127304 is modelled by incremental subtractions of equilib-
rium olivine. Equilibrium olivines were calculated using the
Herzberg and O’Hara (2002) model and using a Kdﬁ}g‘eh
equation from Beattie et al. (1991). The 100Mn/Fe,; ratio is
minimally influenced by olivine fractionation as previously
established by Sobolev et al. (2007) and Herzberg (2011).
Similarly, fractionation of clinopyroxene has been modelled
showing that Mn/Fe in co-precipitating olivine will decrease
significantly during clinopyroxene fractionation. More
than 15% clinopyroxene fractionation would be required to



Contrib Mineral Petrol (2017) 172:1

Page 150f25 1

Payenia volcanic fields
B Northern Segment

@ Llancanelo

@ Nevado

A Rio Colorado low Nb/U

Swoager et al. (2015b)
@ Other RC low Nb/U

© Other southern Payenia

Sobolev et al. (2007)

v MORB
v WPM-thin
18 Y WPM-thick
E +20 v Komatiites
0 i
£
=2 16
g
()
L
—
[
= 141
o
o
-
1.2 4 v
T T T T 1
80 82 84 86 88 90
Fo#
C
2.4+
©
c
S 204
)
o
o 1.6
o
o
~
© 1.2
L
S~
(o))
=
~ 0.8 4
~
z
0.4
T T T T
1.0 1.2 1.4 1.6 1.8

100 Mn / Fe (olivine)

Fig. 3 a Olivine Mn/Fe versus Fo®. The change of composition of
olivines crystallizing from melts experiencing olivine and clinopyrox-
ene fractionation is indicated by the modelled curves (see text under
“Discussion” section). b Mn/Fe;,;,. versus geographical latitude.
The Mn/Fe ratio in olivine increases northward in Payenia magmas.
See text under “Discussion” section. ¢ Olivine Ni/(Mg/Fe) versus
Mn/Fe. d Olivine Ca/Fe versus Mn/Fe. The new high-precision phe-
nocryst data are displayed together with average olivine compositions

explain the observed variation in Mn/Fe ; along the backarc.
Although clinopyroxene phenocrysts are present in some
rocks, this phase did not fractionate significantly, as dem-
onstrated by the lack of decrease of 100Ca/Fe with decreas-
ing 100Mn/Fe ; (Fig. 3d). We also note that the few samples
with clinopyroxene (and minor amount of plagioclase) are
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with Fo* >82 of southern Payenia of Pleistocene uncontaminated
samples from Sgager et al. (2015b). Data from Sobolev et al. (2007)
are shown for comparison. Gray ellipses outline equilibrium olivine
compositions from experimentally derived pyroxenite and peridotite
melt compositions of Sobolev et al. (2007). Average + 20 uncertain-
ties for the new data are shown in (a)—(d) and for individual phe-
nocrysts in Table 3

from the Northern Segment and are among the most calcic,
which indicates that these phases had not fractionated sig-
nificantly. Magnetite fractionation would affect the Mn/Fe
ratio, but high TiO, and V contents in all samples contradict
such fractionation, as well as the fact that no phenocrysts
were observed.
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Fig. 4 a CaO versus MgO for the host basalts. Three samples
(126175, 127329 and 127310) have been corrected for 7, 2 and 6%
olivine accumulation, respectively, by subtracting the most primitive
olivine compositions analyzed with high precision from the whole-
rock composition until olivine-melt equilibrium. b Depleted MORB
mantle (Salters and Stracke 2004) normalized spider diagrams for

Olivine compositions measured in sample 126175 from
Rio Colorado and 127329 and 127310 from the Northern
Segment are significantly less magnesian than the expected
Fog.g9 for melts with Mg# = 74-71 of the whole rocks
(wr) according to the olivine-liquid exchange coefficient
Ky, = (Fe/Mg)®/(Fe/Mg)™!" = 0.30 + 0.03 of Roeder and
Emslie (1970) (Fig. 5). An explanation of this by magma
mixing would require a component exceptionally mag-
nesian for the province, and therefore olivine accumula-
tion is the likely cause. Subtraction of the most primitive
olivine composition in each sample in amounts of 7, 6
and 2% for samples 126175, 127310 and 127329, respec-
tively, changed the wr compositions to be within error of
equilibrium with the olivines (Supplementary material 5),
and these corrected wr compositions will be used onward
(Figs. 4, 5).

Source chemistry

Because of the primitive composition of all rocks consid-
ered here, processes such as assimilation and fractional
crystallization are expected to have had little importance for
the magmas. In particular, the rocks selected for this study
were previously screened for effects of crustal contamina-
tion (Sgager et al. 2013, 2015a; Sgager and Holm 2013;
Holm et al. 2016), which is thus considered insignificant.
The southward decrease in Mn/Fe; is accompanied by
an increase in host rock Nb/U from 5-10 to 20-54 (Fig. 6)
which describes the arc-type to OIB-type incompatible
trace element variation in Payenia (Sgager et al. 2013,
2015b; Sgager and Holm 2013). The correlation between
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Northern Segment samples showing arc characteristic trace ele-
ment signatures. Rio Colorado sample 126175 is presented together
with the Rio Colorado compositional field from data of Sgager et al.
(2013) (green field), all with an OIB-type enrichment pattern. Llan-
canelo samples have intermediate enrichment patterns

Payenia volcanic fields 9 ‘r[l
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Fig. 5 Fo” (olivine) versus Mg# (rock) for olivine phenocryst cores.

Solid lines represent the Kd;lel/vﬁle’hqu'd equilibrium of 0.3 £+ 0.03 of

Roeder and Emslie (1970). Mg#% calculated with Fe**/Fe!%, = 0.9.
For most analyzed samples, olivine is indicated to have been in equi-
librium with the host rock magma. The effects of correction for oli-
vine accumulation in three samples (126175, 127329 and 127310) are
shown. See text under “Discussion” section

trace element compositions and source lithology can be
recognized in correlations between the sample average Mn/
Fe, and many whole-rock trace element ratios (Fig. 7; see
also Sgager et al. 2015b). Since ratios of very incompatible
elements in the common mantle minerals (e.g., La, Nb, Ba
and Th) do not change during melting or early fractional
crystallization, the variations in Fig. 7 reflect geochemi-
cal differences in the mantle source regions. The arc-type
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2015a, b) and Holm et al. (2016) are plotted with the smallest sym-
bols for comparison. Rio Colorado samples with low Nb/U according
to Sgager and Holm (2013) have been identified

trace element enrichment in magmas of the Northern Seg-
ment indicates that these dominantly peridotite melts were
derived from a metasomatized upper mantle, as discussed
by Sgager et al. (2013, 2015b) and Holm et al. (2016).
Although fluid enrichment may be important, this cannot
on its own explain the trace element variation observed,
and specifically the relatively low Eu/Eu*, Ba/Th and high
Th/La ratios found in the northernmost samples in the
backarc and arc support the presence of an UCC compo-
nent in the mantle source (e.g., Holm et al. 2014, 2016;
Sgager et al. 2015a). Rocks of magmas that have experi-
enced feldspar fractionation, such as granites (main con-
stituent of UCC), have low Eu/Eu* ratios, and the lowest
Eu/Eu* ratio measured is 0.86 in sample 127302 from the
Rodeo Group in the Northern Segment. This ratio gradually
increases with decreasing Mn/Fe; to values up to 1.08 in
the Rio Colorado samples (Fig. 7a). The positive Eu anom-
aly is likely the result of small amounts of LCC in the Rio
Colorado source (Kay et al. 2013; Sgager and Holm 2013)
as is also proposed for other EM1 magmas (e.g., Willbold
and Stracke 2006). Moreover, the Th/La ratio increases
from a value of 0.08 at Rio Colorado northward to 0.25 in
sample 127329 from the Rodeo Group (Figs. 7b, 8). This
increase is not characteristic of fluid enrichment since La
is more mobile in fluids than Th (Kogiso et al. 1997; Kes-
sel et al. 2005), and therefore it is more likely a feature that
can be ascribed to the enrichment of the mantle by melts of
UCC or sediments (Plank 2005). We also note, like Sgager
et al. (2015b), that Ba/Th ratios correlate negatively with
Mn/Fe, and decrease northward (Fig. 7c). This strongly
supports the suggestion that the Northern Segment mantle
source was enriched by UCC during subduction because

(1) Ba is much more mobile in fluids than Th (Kogiso
et al. 1997; Kessel et al. 2005) and (2) Ba is compatible in
amphibole, biotite and k-feldspar and is removed from the
magmas during fractionation of evolved magmas, whereas
Th is incompatible. Th is therefore relatively enriched com-
pared to Ba in many granitic rocks. Ba/Th ratios in magmas
of the Northern Segment are as low as mean UCC values
(Rudnick and Gao 2003), whereas trench sediments from
Lucassen et al. (2010) and Jacques et al. (2013) extend to
much higher Ba/Th ratios. Northward increasing upper
crustal signatures in the SVZ arc rocks have been argued
to arise from increasingly high rates of forearc subduc-
tion erosion and pointed out to be in contrast to a north-
ward decrease (from 40°S to 36°S) in the thickness of
sediments in the Chile trench (Holm et al. 2014; Kay et al.
2005; Stern 1991, 2011). Overall, incompatible trace ele-
ment ratios in Northern Segment magmas approach mean
UCC of Rudnick and Gao (2003) with La/Nb = 2.6, Th/
La = 0.33, Th/Nb = 0.87 and low Ba/Th = 59, Nb/U = 4.4
and Eu/Eu* = 0.7 (Fig. 7). The correlation between trace
element ratios and Mn/Fe,; can simply be explained by
two-component mixing trends from north to south as also
suggested by Sgager et al. (2015b).

Possible causes for variation of Mn/Fe,

Because the Mn/Fe, ratio changes less than the Ni/(Mg/
Fe),, parameter during olivine fractionation below Fog,
(Sobolev et al. 2007), we prefer to use the Mn/Fe ratio as
indicator for the amount of pyroxenite melt in the magmas.
The observed northward increase of Mn/Fe:(z)l'Ir (Fig. 3b) is
accompanied by a steady and similar increase of Mn and
a decrease of Ca/Fe (Fig. 3d). Therefore, the rise of Mn/
Fe, is not primarily caused by an increase in the oxidation
state of iron in the magmas, because that would cause Ca/
Fe to increase as well due to the lower amounts of Fe*"
in the magmas. We also note that the effect of oxidation
on manganese would not result in a northward increase in
Mn/Fegl+ , as is observed in Payenia, due to lower amounts
of Mn?* in the magmas.

Adding subduction zone fluids and upper continental
crust (UCC) to the mantle source will have little effect on
the Mn/Fe' ratio in the melt produced, because UCC and
melts thereof have low contents of Fe and Mn and have Mn/
Fe' ratios (100Mn/Fe'® = 1.5-2.0) in a number of UCC
compositions listed by Rudnick and Gao (2003) within
the peridotite—pyroxenite range (100Mn/Fe = 1.1-2.1) of
experimental melts presented in Sobolev et al. (2007).

Experimental evidence suggests only minimal fractiona-
tion of Mn/Fe_;, during peridotite partial melting (Humayun
et al. 2004; Walter, 1998; Le Roux et al. 2011) if the melting
degree does not approach 0% (Davis et al. 2011). Contrary
to this, increasing partial melting of pyroxenite will increase
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Fig.7 Selected rock trace element ratios and Eu/Eu* ver-
sus Mn/Fe of sample average olivine core compositions.

Eu/Eu* = Eun/+/Smy * Gdy. Normalization according to the CI
chondrite composition of McDonough and Sun (1995). The compo-

the Mn/Fe ratio in the melt (e.g., Sobolev et al. 2007; Her-
zberg 2011), and pyroxenite-derived melts are therefore
most easily distinguished from peridotite-derived melts at
lower degrees of partial melting (Sobolev et al. 2007; Herz-
berg 2011). The low Mn/Fe ratios in southern Payenia, thus,
tend to conservatively reflect the pyroxenite component in
the source. Dy/Ybpy, ratios in the studied rocks range from
1.4 to 1.9 and show no correlation with Mn/Fe; (not shown)
indicating that variation in mantle lithology was more impor-
tant than pressure-related mineralogical changes for the Mn/
Fe variation in mantle melts along Payenia.

Summing up, we therefore attribute the variation of
Mn/Fegl‘”' to mixing of melts derived from mantle sources
with different lithologies as suggested by Sobolev et al.
(2007).
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sition of average upper continental crust, UCC (Rudnick and Gao,
2003), is indicated by arrows or a stippled line. Sample average Mn/
Fe;: Table 3. Correlation curves (dotted) and coefficients (1?) are dis-
cussed in the text

Olivine-melt partitioning of Mn/Fe

The partition coefficient for Fe and Mn between olivine
and a coexisting melt depends on the melt composition,
temperature, pressure and oxygen fugacity at olivine
crystallization (e.g., Evans et al. 2012; Ford et al. 1983;
Herzberg and O’Hara 2002; Mysen 2007). Le Roux
et al. (2011) showed that melt temperature differences
of 1300-1500 °C and 1.5-2 kbar pressure crystallization
will affect KdQymelt and Kd2/melt equally. Thus, we do
not expect any significant along backarc fractionation in
Kdﬁ,l[gl}lf—’g due to variable temperatures or pressures during
olivine crystallization. The effect of variable melt compo-
sition on the partition coefficients for Fe and Mn between
olivine and melt has been calculated for the present
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Payenia samples using the equations of Herzberg and
O’Hara (2002) where Kdl‘{}[/melt were calculated accord-
ing to Beattie et al. (1991). KdQ/™e!t was calculated for
the most primitive whole rocks (wr) (sample 127309
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Fig. 8 Rock Th/Nb versus La/Nb. Symbols of Payenia rocks as in
Fig. 6. Trench sediment data are from Lucassen et al. (2010) and
Jacques et al. (2013). South Atlantic MORB with (La/Sm)y <1 (nor-
malized to primitive mantle values of McDonough and Sun (1995)).
South Atlantic MORB data are from Le Roux et al. (2002). Upper
continental crust (UCC) values and average lower continental crust
(LCC) are from Rudnick and Gao (2003) and references therein. Data
from the Southern Volcanic Zone (SVZ) are from Holm et al. (2014)
and Jacques et al. (2013)
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Fig.9 a Mn/Fe** (rock) versus Mn/Fe (olivine), b Ca/Fe’* (rock)
versus Ca/Fe (olivine). Symbols as in Fig. 7. Samples 126175,
127310 and 127329 have been corrected for 7, 6 and 2% olivine
accumulation, respectively. Lines of yellow field in (a) represent the
calculated Kdl%/l%eel‘ equilibrium based on the melt composition of
samples 127309 and 126230, which represent the total range of sam-
ple compositions. Stars are olivine in equilibrium with average exper-

with Mg# = 72, Table 4) and a less primitive wr (sample
126230 with Mg# = 64 from Sgager et al. 2015b), which
are shown as the upper limit and lower limit of the yel-
low field in Fig. 9a, respectively, and these encompass all
studied samples. The two values show that the composi-
tional difference in melt composition results in a ~0.05
difference in 100Mn/Fe . Thus, the observed differences
in melt compositions can only explain a small fraction of
the north-to-south Mn/Fe variation in Payenia. Neither
the decrease in Mn/Fe expected from the less than 10%
olivine fractionation can account for the large variation
in Mn/Fe  along Payenia.

Low-Ca subduction zone olivines

The strikingly low Ca and 100Ca/Fe in Northern Seg-
ment and Nevado olivines relative to the OIB-MORB array
(Figs. 2c, 3d) are characteristic of olivines from subduction
zone environments (e.g., Kamenetsky et al. 2006; Portny-
agin et al. 2007; Wehrmann et al. 2014; Gavrilenko et al.
2016). However, in contrast to the pyroxenite-derived low-
CaO melts of southern Payenia, the wr CaO contents of
the host rocks are as high as expected for peridotite melts
(~10-11 wt% in Northern Segment and Nevado rocks).
Therefore, the northern and southern Payenia samples form
a negatively correlated line in a plot of Ca/Fe2! versus Ca/
Fe, (Fig. 9b) in contrast to the positively correlated trend
expected from varying clinopyroxene/olivine ratios in the
mantle source according to Sobolev et al. (2007). Olivines
and wr from Payenia extend from an arc-type component

ubduction zone metasomatism ?

Ca/Fe* (rock)
P

0.8

pyroxenite

0.8 1.2 16 20 24 2.8 3.2
100 Ca/ Fe (olivine)

imental melts of Sobolev et al. (2007) (assuming Fe?>*/Fe'® = 0.9)
derived from pyroxenite and peridotite, respectively. See text under
Discussion. In b the yellow field delimits the samples similarly as in
(a). Field of SVZ is based on olivines with Fo* >87 from Wehrmann
et al. (2014). N-MORB melt composition is from Workman and Hart
(2005), and the equilibrium olivine composition is calculated. Anhy-
drous peridotite melt and hydrous arc mantle melt are hypothetical
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with low Ca/Fe,, and high Ca/FeZ to a pyroxenite-derived
component with low Ca/Fe; with low Ca/Fe‘z;rr (Fig. 9b).

The melt compositional influence on the olivine—melt
partitioning for Fe and Ca due to the variable melt composi-
tions in Payenia has been calculated according to the model
of Herzberg and O’Hara (2002) using the same two rock
compositions as above for Mn/Fe and are shown as the limits
of the yellow field in Fig. 9b. It is evident that the variation
of primitive melt compositions in Payenia influences the Ca/
Fe; insignificantly compared to the variation expected from
melts of peridotite contra pyroxenite (Fig. 9b).

The low Ca contents of the northern backarc olivines
must, thus, have been caused by lower partition coef-
ficients for Ca in olivine, D%léme“. We have calculated
Dgz/lmeh for the samples in this study and the Pleistocene
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Fig. 10 a MgO, b La/Nb, ¢ Nb/U, and d Ba/Nb versus D2/"™" In a
the black dots in the curve show the anhydrous olivine partition coef-
ficients for Ca calculated for each sample using the formulas from
Herzberg and O’Hara (2002). Most samples fall in a narrow range in
MgO, and the range in D%Zme“ is proposed to be caused by varying
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samples of Sgager et al. (2015b) using wr compositions
olivine accumulation/fractionation corrected to equilib-
rium with the average of the olivines with the highest Fo
content. For the samples from this study, the values listed
in Supplementary material 5 were used. For the samples
from Sgager et al. (2015b), the wr compositions were cor-
rected for olivine fractionation using equilibrium olivine
compositions in steps of 0.1% and a Kd%g}l“vfg = 0.3. For
comparison, D"Cle/lmelt values for the most primitive olivines
from the SVZ with Fo > 87 (Wehrmann et al. 2014) were
calculated using the associated melt inclusion compositions
given in Wehrmann et al. (2014). The results are all lower
than the D%lz/lmelt = 0.023-0.029 calculated for the samples
using the partition coefficient model from Herzberg and
O’Hara (2002) (Fig. 10a), and the samples show a regular

b 61 Payenia volcanic fields
.\ I Northern Segment
“‘ ® @ Llancanelo
5 “‘ ‘Nevado
5\ A\ Rio Colorado low Nb/U
\ 2 =
\ r°=0.75 Sgager et al. (2015b)
41 A @ Other RC low Nb/U
Q kY @ Other southern Payenia
E ‘\‘ Em @ SVZ arc
31 °
©
- -‘l‘
21 u .' <»®
14 T o
Qe e e 8§ A
0 T T T
0.010 0.014 0.018 0.022
D(Ca)olivine/melt
d 160 -
120
Keo)
pz4
~ 8041
©
m
40 4
& A
0 T T T T T T
0.010 0.014 0.018 0.022
D(Ca)olivine/me[t

H,O0 contents as shown by the arrow. Symbols as in Fig. 7. SVZ arc
data are from Wehrmann et al. (2014) with data points calculated as
sample averages of the available olivine—melt inclusion pairs. Regres-
sion curves (stippled) and correlation coefficients (%) are shown in
(b)—(d). See text under “Discussion” section



Contrib Mineral Petrol (2017) 172:1

Page 21 0f25 1

a
1600 .
1500
g
g 1400
= 1300
[&]
o
= oo
o 1200
@
2 (o]
1100
1000 r T T T
1.4 1.6 1.8 2.0 22
100 Mn / Fe**  (rock)
c L]
70 4
-
60 . "H
- .-Ql ..
.I - " L]
%50- ° . .
g e . . m.
40 - o .
o o n. ." ‘.“.._ iy .
Zz . ‘.0‘? . - .
; 30 o .00
m ® o @®° °
20 K .
. ek ., o
104 o ”’m@@ o e
T T T T
14 16 1.8 2.0 2.2
2
100 Mn / Fe** (rock)
e 120-
o
110
(o]
< 100 ~ &
8 o
= @ .
90 - . .
£ . . o 9
% a‘: 'A ‘- * "
° ° “' '° ° .--
'S‘ 80 4 e o . - .._‘. .
R ,"z‘ . u
704 - » ’_ N. H ..
. . R
. - .
60 T T T T
1.4 1.6 1.8 2.0 22

100 Mn / Fe** (rock)

Fig. 11 a Mn, b Zn/Mn, ¢ Ba/Nb, and d Th/Nb and e Zn versus Mn/
Fe?* for the host magmas. Symbols as in Fig. 6. In the primitive mag-
mas, the minor elements Zn and Mn and their ratio display the same
correlation with Mn/Fe?* and north-to-south variation as documented

Payenia volcanic fields
B Northern Segment
@ Llancanelo
b 10 - < Nevado
A Rio Colorado low Nb/U
o
e Swoager et al. (2015b)
91 o @ Other RC low Nb/U
o @ Other southern Payenia
84
g
° r’=0.88
[
= 74
-
(=
N
o
S 64
=
5 4
T
14 1.6
d .
0.8 . m n,
-
= "H
—~ 0.6 1
£ B A L w
Qo 044 . .t .
=z R4 .. * @ .’ ® ‘. M .
= ¢, 2 :
= R ] o 0‘. ° ° L
Q. °
021 ,: o .g@
° @ o
8 % RA° O o
o \E@w@ o
00 T T T T
1.4 1.6 1.8 2.0 2.2
2
100 Mn / Fe** (rock)
f OMn/Fe?*  m100Zn/Mn AZn  OMn/10
& % €
o o 9 140 &
o ¢ <
OQ 4 o F120 ~
< A < o N
A % 100
A o
<10 % Ay
m s £
% 8 A% 2 § A =
N . ' . I 60
= @ | | R
& 41
e
£ o Be@ o @ o
=
0 T T T T T T
82 83 84 85 86 87 88

by the primitive olivines. The north-to-south variation of incompat-
ible elements in Payenia magmas is also correlated with rock Mn/
Fe?*. f Rock Mn/Fe**, Zn/Mn, Zn, and Mn versus sample average
Fo* indicate no correlation with olivine evolution

@ Springer



1 Page 22 of 25

Contrib Mineral Petrol (2017) 172:1

decrease in D%lémelt with increasing slab component, here
represented by increasing La/Nb and Ba/Nb and decreasing
Nb/U (Fig. 10b—d).

Dgléme“ has been shown to be dependent on melt compo-
sition and temperature with olivines crystallizing in lower
MgO and lower-temperature melts having higher D%lémeh
(e.g., Libourel 1999; Feig et al. 2006; Mysen 2007). Also
the alkali content of the melts was found to have a signifi-
cant influence with higher alkali contents leading to higher
DYmelt (Libourel 1999). In contrast, DA™t has been
shown to be largely independent on pressure and oxygen
fugacity (e.g., Jurewicz and Watson 1988; Feig et al. 2006;
Laubier et al. 2014). Since the majority of the investigated
basalts fall within a narrow range in MgO (9-11 wt%) and
Na,O + K,0 (4-5 wt%), different melt compositions can-
not explain the main variation in Dé’:lémelt. However, the
higher D‘élémelt found for the low-Nb/U basalts relative to
the other southern Payenia samples could be an effect of
their higher alkali contents (5.6-6.6 wt% Na,O + K,O).
Feig et al. (2006) suggested that DQ/™elt is lowered by
increasing H,O contents in the melt and this would be a
viable explanation for the lowered partition coefficients
in the samples with highest slab component. We therefore
suggest that the gradually decreasing D%lgme“ is caused by
an increasing fraction in the magmas of H,O-rich perido-
tite melt formed by slab fluxing and that this explains the
lower Ca/Fe in the olivines of these magmas relative to the
MORB-OIB olivine trend in Fig. 3d. The lower DZ/melt
indicated by the southern Payenia basalts relative to the
anhydrous values calculated with the formula of Herzberg
and O’Hara (2002) could suggest that the pyroxenite source
also contains significant amounts of H,O.

Pyroxenite and peridotite fraction from whole-rock
compositions

The good positive correlation between average Mn/Fe in
olivines and whole rocks (wr) (*> = 0.90 Fig. 9a) indicates
approximate equilibrium. Also wr Mn and Zn/Mn corre-
late with Mn/Fe,, (Fig. 11a, b). The Mn/Fe2} ratio is not
affected much by olivine accumulation using FeO®" (Sup-
plementary material 5). The variation indicated in Figs. 9a
and 11b cannot be explained by olivine fractionation since
there is no correlation between Fo* and whole-rock transi-
tion metal ratios (Fig. 11f). This supports earlier observa-
tions (Le Roux et al. 2010, 2011; Davis et al. 2013; Sgager
et al. 2015b) that elements compatible in olivine and pyrox-
enes can be used to identify the source from which a melt
is derived, using primitive magma compositions. A correla-
tion as displayed in Fig. 9a can be generated either if the
oxidation states of all magmas are approximately the same
or if the magmas are mixtures of two end-member com-
positions with different oxidation states. The variation in
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Mn/Fe2 is not related to a variation in the oxidation states
of the melts, because all wr 100Mn/Fe?" values are calcu-
lated with a constant ratio of Fe**/Fe'® = 0.9 (Fig. 9). The
variation in Mn/Fe,, from south to north along the backarc
is related to a northward increase in Mn and a northward
decrease in FeO™.

Minor elements in magnesian olivines are good indi-
cators of mantle source lithology because they reflect the
most primitive melt compositions. However, in our case,
within single samples, large differences exist between the
Mn/Fe,, for different olivine phenocrysts (Table 3). Since
no correlation is found between Fo* and (Mn/Fe),ie
(Fig. 3a), the variation in Mn/Fe indicates that olivine
crystallized from different mantle melt batches that subse-
quently mixed en route to the surface. Thus, in the case of
mixing of magmas derived from different source litholo-
gies, the melt composition would give a more accurate esti-
mate of the proportion of pyroxenite- to peridotite-derived
melt components in a given rock sample than the individual
olivine phenocrysts. The reason for the good positive cor-
relation in Fig. 9a must be that for the investigated rocks,
the average of several primitive olivine core compositions
is fairly representative of the proportion of pyroxenite and
peridotite in the mixed melt.

Conclusion

A clear north-to-south decrease in Mn/Fe in both primi-
tive whole-rock (wr) and olivine compositions in the Pay-
enia backarc basalts is caused by a decrease in Mn and an
increase in Fe contents and cannot be explained by melt
evolution, melting depths or oxidation states of the mag-
mas. Instead, it suggests an increase in the fraction of
pyroxenite-derived melts. This is coupled to a transition
in trace element signatures from arc-like in rocks of the
Northern Segment to OIB-like in rocks at Rio Colorado.
Good correlations between a range of wr incompatible
trace element ratios, major and trace element concentra-
tions and transition element ratios with Mn/Fe_; and Mn/
Fe,, indicate that the variation is caused by mixing of melts
from two distinct mantle sources. We consider the low Eu/
Eu*, Ba/La and Ba/Th (0.86, 16 and 63) and high Th/La
(0.25) in rocks of the Northern Segment as an indication
that the source was enriched by upper continental crustal
melts (UCC). Source mixing must involve two compo-
nents, of which the northern is a peridotitic mantle enriched
by fluids and UCC melts from the subducting slab and the
southern is a pyroxenitic mantle with trace element char-
acteristics of EM1 OIB. Much lower Ca and Ca/Fe in the
olivines of the northern Payenia than expected for perido-
tite melts with the given wr compositions is suggested to be
due to high magmatic H,O contents lowering the partition
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coefficient for Ca in olivine. Whole-rock Mn/Fe?* shows
an excellent correlation with the Mn/Fe ratio in olivine,
and therefore the wr compositions of the high Mg# rocks
may Yyield direct information on the mantle lithology from
which the melts were derived.
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