Geochemical Journal, Vol. 49, pp. 83 10 101, 2013

Oxygen isotopic heterogeneity of Pali Aike basaltic magmas from southern
Patagonia as evidenced by oxygen isotope compositions of olivines
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Oxygen isotope ratios were determined using laser fluorination methods on 15 olivines and seven matrix samples
separated from the Pali Aike alkali basalt of southern Patagonia. The §'80 values were measured in ranges of 4.23 to
5.23%o and 4.64 to 5.26%s for olivine and matrix, respectively. The §'**O values of Pali Aike olivines are lower and have a
wider range than those of normal upper mantle (5.0-5.4%c). We considered that the heterogeneity of the oxygen isotope
compositions of Pali Aike olivine provides evidence of assimilation at a shallow level and the presence of recycled mate-
rial.

The differences between olivine and matrix §'*O values indicate that A™0yg,.o1) (0.14 to 0.50) was within equilibrium
tractionation for some and in disequilibrium for most samples at magmatic temperature. Oxygen isotope compositions in
disequilibrium indicate that the lower §'%0 for the melt is explained by interaction with low §'%0 hydrothermally altered
rocks. The low 8'®0,;,,. values for low forsterite (Fo) contents of Pali Aike lavas can be explained by the effect of
shallow-level assimilation, The oxygen isotope values for the olivine of high-MgO (or high-Fo) compositions are thought
to represent oxygen isotope variation in the mantle source region. The low and variable 6'*0 signature of Pali Aike olivine
can be explained by crustal recycling, such as a contribution from the hydrothermally altered oceanic crustal melt. These
heterogeneous oxygen isotope compositions indicate that Pali Aike olivines require both assimilation at a shallow level
and a component of the high-g end-members (HIMU) mantle derived from recycled mantle lithologies in the form of
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pyroxenite or eclogite.
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INTRODUCTION

The radiogenic isotopic signatures of intraplate vol-
canic rocks have demonstrated the existence of chemical
heterogeneities in the Earth’s mantle, and many studies
have attempted to identify the geological processes re-
sponsible for the development of these heterogeneities
(Barker et al., 1997; Ferrari, 2004; Timm er al., 2009,
2010). Chemical and isotopic heterogeneity of the Earth’s
mantle may coexist in the form of isotopically depleted
and enriched domains such as depleted Mid-Ocean Ridge
Basalt (MORB) mantle (DMM), enriched mantle I (EMI),
enriched mantle IT (EMII), and high-g end-members
(HIMU) (Zindler and Hart, 1986). It is thought that man-
tle might be depleted and enriched to a variety of extents
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of compositional heterogeneity because of partial meli-
ing and crustal extraction and the recycling of oceanic
lithosphere back into the convecting mantle (Hofmann
and White, 1982). However, it is difficult to distinguish
processes of lithospheric material recycling using only
variations in radiogenic isotopes because other geologic
processes such as mantle metasomatism and crustal con-
tamination yield similar fractionations of parent-
daughter pairs. Thus, it has recently been suggested that
the use of oxygen isotope systems may overcone some
of the underlying limitations of using only radiogenic iso-
topes as tracers of lithospheric material in recycling proc-
esses {(Harmon and Hoefs, 1995; Eiler et af., 1996, 1997;
Widom and Farquhar, 2003).

The olivines of mantle xenoliths (§'®Q within 4.9-
5.5%o, Mattey ef al., 1994; Tollan et al., 2012), mid-ocean
ridge (MORB; 8'®0 within 5.0-5.4%, Eiler, 2001), and
oceanic island basalts (OIB) exhibit a narrow range of
oxygen isotope composition. Crustal rocks and sedimen-
tary rocks are characterized by oxygen isotope values
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higher or lower than pristine mantle peridotites. Weath-
ered and hydrothermally altered upper oceanic crust and
pelagic sediments have §'®0 within 7—15%e (Gregory and
Taylor, 1981; Staudigel ef a/., 1995) and 15-25%e (Arthur
et al., 1983), respectively, which are higher than the man-
tle value. In contrast, 8'%0 values of hydrothermally al-
tered lower oceanic crust (0-6%e; Staudigel et al., 1995)
are lower than typical upper mantle peridotite. This ex-
cessive range of the variable oxygen isotopic values for
mantle minerals shows the contributions of recycled com-
ponents and crustal assimilation in the generation of
magma (Widom and Farquhar, 2003).

The Pali Aike lavas are Cenozoic continental flood
basalts near the southern tip of southern Patagonia. In
general, continental flood basalts demonstrate a wide
range of trace element and isotopic compositions, whereas
some flood basalts clearly have chemical and isotopic
signatures similar to those of oceanic basalts (e.g., Barker
et al., 2000; Gorring and Kay, 2001). Previous studies of
Pali Aike lavas have focused mainly on the petrogenesis
of products of mantle upwelling derived from
asthenospheric melt using the slab-window model (Stern
et al,, 1990; D’Orazio et al., 2000; Choo er al., 2012).
Based on trace elements and Sr—Nd-Pb isotopic system-
atics of the Pali Aike lavas, Choo et al. (2012) proposed
that (1) geochemical and isotopic characteristics of the
Pali Aike lavas are broadly similar to those of Cenozoic
HIMU basalts from the Antarctic Peninsula, West Ant-
arctica, and New Zealand; (2) the petrogenesis of the Pali
Aike basalts has a common history with the continental
intraplate basalts of the HIMU magmatic megaprovince
of the southwestern Pacific (e.g., Ferrar and Dixon, 1984;
Weaver et «l., 1994; Finn er al., 2005; Hoernle et al.,
2006a, b; Panter er /., 2006; Sprung et al., 2007; Timm
et al., 2009, 2010); and (3) the HIMU-like signature was
produced by delamination (or detachment) of subconti-
nental lithospheric mantle of HIMU type at the time of
breakup of Gondwana. In an oxygen isotope study of the
aforementioned suggestion about Patagonian plateau
basalts, the oxygen isotopes of Pali Aike olivine showed
data for only two samples, and the lower §'%0 values were
compared to those of arc basalts of southern Patagonia
(Stern ¢t al., 1990). However, the oxygen isotope hetero-
geneity of the asthenospheric mantle of the Pali Aike lavas
has not been discussed in detail.

In this study, we present new oxygen isotope data for
olivine phenocrysts in alkali basalt from southern
Patagonia and analyze the matrix to ascertain the equi-
librium fractionation state between olivine and melt. The
primary goals of our study are to better describe the oxy-
gen isotope heterogeneity of mantle beneath Pali Aike
and to evaluate the shallow level crustal assimilation for
generation of continental flood basalts and the involve-
ment of recycled components in the mantle,

GEOLOGICAL AND GEOCHEMICAL SETTING

The Pali Aike volcanic field of southernmost South
America is located on the border between Argentina and
Chile in southern Patagonia (Fig. ). The volcanic field
is 2 ~4500-km? volcanic area focated in a broader region
consisting of parts of four lithospheric plates: the South
American, Nazca, Antarctic, and Scotia plates (Fig. 1).
Eastward subduction of the Nazca plate beneath south-
ern South America occurred at a rate of ~8 cm/yr in the
Cenozoic (Pardo-Casa and Molnar, 1987; DeMets ef al.,
1994). The active Chile ridge separating the Nazca plate
from the Antarctic plate collided with the Chile trench,
and a triple ridge junction was created about 16 Ma
(Breitsprecher and Thorkelson, 2009). The Cenozoic
mafic magmatism in extra-Andean Patagonia south of the
Chile triple junction is related to the opening of a slab
window beneath South America associated with the sub-
duction of the Chile ridge (Gorring ef al., 1997; D’ Orazio
et al., 2000, 2001; Gorring and Kay, 2001).

The Pali Aike area (~52°S) is affiliated with the
Pliocene—Quaternary Patagonian Plateau lava generated
in back-arc position with respect to the Andes (Skewes
and Stern, 1979). Isotopic ages (K—Ar and “Ar—%Ar
methods) for these basalts range from 3.78 to 0.17 Ma
(Linares and Gonzalez, 1990; Singer et al., 1997;
Corbella, 1999; Lee et al., 2000). Judging from several
of the previously mentioned studies, these Pali Aike lavas
are the youngest lavas from the final period of southern
Patagonian magmatism. At the latitude of the Pali Aike
volcanic field, the occurrence of primitive alkaline basalts,
often bearing mantle xenoliths, about 200 km from the
Austral volcanic zone (AVZ), is indicative of a deep frac-
ture system that allowed rapid ascent of the magma to
the surface (Choo et al., 2012).

The petrography and geochemisty of the Pali Aike
lavas have been studied by several authors (e.g., D*Orazio
et al., 2000; Lee et gl., 2000; Choo ef ¢!., 2012). The Pali
Aike basalts are porphyritic rocks having up to 20%
phenccrysts containing forsteritic olivine with Cr-spinel
inclusions, clinopyroxene, and plagioclase in an
intergranular groundmass. Olivine phenocryst content in
rocks in this study is within 10-15%. The reaction be-
tween olivine phenocrysts and the groundmass has not
been observed in petrographic characteristics. Most of the
studied basalts are very primitive, having MgQ contents
>% wt.%, 147-400 ppm Ni and 194—436 ppm Cr, and Mg
number [=100Mg/(Mg-+Fe®*)] of 62 to 73 (Choo et al.,
2012). Sr and Nd isotopic compositions are more depleted
(*'Sr/%08r = 0.70327-0.70351, "3Nd/'**Nd = 0.512882—
0.512923; D'Orazio et al., 2000; Choo et al., 2012) than
are those of Cenozoic mafic lavas from extra-Andean
Patagonia (¥'St/*%8r = 0.70355-0.70551, '"*Nd/'*Nd =
0.512614-0.512840; Gorring and Kay, 2001; Gorring ez
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al., 2003; D’Orazio et al., 2003). The Pb isotopic com-
position (**°Pb/*%Pb = 18.871-19.170; Choo et al., 2012)
has a HIMU-like signature, similar to that of the Antarc-
tic Peninsula, West Antarctica, and New Zealand Cenozoic
magmatism (2°°Pb/2%Pb = 19.01-20.93; Hart e/ al., 1997;
Panter et al., 2000; Hoernle et af., 20064, b; Panter ef al.,
2006; Sprung et af., 2007; Nardini et af., 2009; Timm et
al., 2009; McCoy-West et al., 2010),

ANALYTICAL TECHNIQUES

Sample preparation and oxygen isotope analysis

We analyzed olivines and groundmass from 15 Pali
Aike basaitic lavas. Olivine phenocrysts were handpicked
from each crushed rock sample and examined with a bin-
ocular microscope to avoid inclusions, cracked or altered
material, and irregular shapes. Separated olivine and
matrix were 125-250 and 250-500-ym grain-size
populations, respectively. The separated grains were
cleaned ultrasonically in ultrapure water (18.3-MQ MilliQ
H,0). To analyze oxygen isotopes for individual samples,
approximately 1-2 mg samples composed of 1-10 indi-
vidual crystals were prepared. For the typical characteriza-
tion, from two to five replicates of each of the samples
were analyzed. Oxygen isotope analyses were carried out
using the laser fluorination technique of Kusakabe ef al.
(2004) at the Korea Polar Research Institute (KOPRI).
The CO,-laser BrF; fluorination system is detailed in
Kusakabe et ai. (2004), Kusakabe and Matsuhisa (2008),
and Ahn et al. (2012). Oxygen was extracted in the form
of O, from olivine and matrix samples using a laser fluori-
nation system with a 10.6-gm CO, laser and bromine
pentafluoride (BrFs) oxidation. The reaction chamber with
samples was evacuated and heated to 180°C for 12 h to
remove surface contamination from the samples and at-
mospheric moisture in the reaction chamber. Then, the
reaction chamber was prefluorinated with BrFs gas for at
least 1 h at room temperature to remove any remaining
atmospheric moisture of the samples or reaction cham-
ber. After heating by the CO, laser, the extracted gas was
purified through cryogenic traps at liquid nitrogen tem-
perature, and the purified O, was collected in a 13X mo-
lecular sieve, also at liquid nitrogen temperature. The gas
was analyzed with a mass spectrometer (PRISM, VG
Isotech) with an online dual-inlet system connected to
the purification line. To check the daily performance of
the line for oxygen separation and thé precision of oxy-
gen values, standard materials were analyzed prior to and
after treatment of the samples. The §'*0 values of the
San Carlos olivine (SCO), Juan de Fuca ridge basalt glass
(JFB), and NBS-28 quartz standards were measured to
be 5.27:£0.04 (1 =21),5.49+0.02 (n=148), and 9.18 £
0.08 (n = 13), respectively (Ahn et al., 2012). Analytical
precision for this study can be judged from the mean val-
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ues for JFB during the period of analysis (JFB = 5.49 &
0.15%e, n = 16). Reported values of §'*0O are averages of
duplicate or triplicate determinations with a precision of
0.1 to 0.2%o. The accuracy of the measured isotopic ra-
tios may be assessed by comparison with the results of
Ahn et al. (2012), Popova et al. (2013), and Warren et al.
(2013). Replicate analyses of standards or unknown sam-
ples on the same day showed enhanced reproducibility
(<x0.15%0, 20).

Mineral compositions

The chemical compositions of the olivines were
analyzed using a JEOL JXA-8100 wavelength-dispersive
electron microprebe with ZAF mairix correction at the
Gyeungsang National University in Jinju, Korea. The in-
strument was operated with an accelerating voltage of 15
kV, beam current of 10 nA, beam diameter of ~1-3 um,
and counting time of 10 s. Based on repeated analyses of
natural and synthetic standards, the relative analytical
uncertainty for major and minor elements was <5%.

Major element, trace element, and radiogenic isotope
analyses

Two samples (PAO8 and PAQ09-1) were analyzed for
whole-rock major and trace element concentrations. Ma-
jor elements were analyzed by X-ray fluorescence (XRF)
spectrometry using a Shimadzu XRF-1700 at the Coop-
erative Laboratory Center, Pukyong National University,
Korea. Whole-rock trace element concentrations were
determined by inductively coupled plasma mass
spectrometry at the KOPRI in Incheon, Korea. Accuracy
is estimated to be better than 5% for most trace elements.
The results for major and trace element contents are pre-
sented in Table 1.

Seven samples (CP10903, CP10904-1, PAO3, PAQS-1,
PA2801, PA09-1, and PA09-2) were analyzed for whole-
rock Sr, Nd, and Pb isotope compositions. The chemical
separation and mass spectrometry of Sr, Nd, and Pb for
whole-rock isotopic analysis were performed at KOPRL
The column procedures have been described by Lee et
al. (2011). Sr, Nd, and Pb isotope analyses were performed
using a thermal ionization mass spectrometer (TIMS,
Triten, Thermo Finnigan) equipped with nine adjustable
Faraday cups. 3Sr/*Sr and '*Nd/"**Nd ratios were cor-
rected for instrumental mass fractionation by normaliz-
ing to 9Sr/%8Sr = 0.1194 and '"*Nd/'*Nd = 0.7219, re-
spectively. Replicate analyses of the NBS 987 and JINdi
standards gave ¥Sr/*Sr = 0.710260 + 0.000004 (1 = 20,
20) and “*Nd/**Nd = 0.512106 % 0.000006 (1 = 20, 206),
respectively. Replicate analyses of the NBS 981 standard
gave values of 36.486 £ 0.016, 15.422 £0.005, and 16.885
+ 0.005 for 28Pb2%Pb, 2V7Pb**Pb, and °°Pb/2*Pb, re-
spectively (mean, 20, n = 28). Total blanks averaged 50
pg for Sr and Nd and 300 pg for Pb. We consider that the
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Table 3. Composition of olivine phenocrysts from Pali Aike lavas

Si0, TiO, ALO, FeO" NiO Cr,0; MnO MgO Ca0 Na,0 K,0 Toial Fo Fo (mean) lo X,
CPI10903 3094 002 004 1574 029 — 019 4394 024 001 — 1004 8327 $3.23 063 0.64
3926 001 003 1582 030 001 008 4441 026 003 001 1002 3334 0.67
39.55 — 0.01 661 0.27 0.02 028 4313 027 002 004 1002 8224 0.67
4040 — 004 1564 023 006 02F 4371 020 003 — 100.5  83.28 0.44
3947 002 004 510 028 005 020 4448 029 002 — 99.9  84.00 0.58
CPI0904-1 3836 — 002 2096 015 006 032 4034 038 — —  I006 7743 8241 632 (.38
3956 0.07 — 12.13 043 — 0J8 478 003 — — 1003 8755 0.72
4177 — 0.04 961 034 003 012 4854 007 004 000 1005 90.0i 028
3873 002 00l 2007 014 — 030 3928 033 001 001 999 7687 033
41.00 0.02 0.07 11.28 043 002 017 4708 021 001 001 1003 88.16 0.64
PAQ2-3 3951 0.02 — 1505 Q.18 003 024 4500 0351 0.05 — 1004 8421 8421 033 020
3937 001 0.04 1476 026 0.04 0.14 4527 031 0.03 — 1006 84.53 0.47
39.21 004 004 1542 0.9 005 015 4501 025 002 — 100.4  B3.88 0.26
PAQ3 3910 002 004 1765 024 007 027 4251 035 003 — 1003 81.11 82.33 148  0.61
38.89 001 002 1694 027 004 026 4300 035 — 001 998 8190 0.68
4029 — 006 1519 026 000 019 4465 032 001 — 101.0  B83.98 0.51
PAO5-| 4013 — 004 1537 020 006 022 4401 027 002 — 1003 8362 84.17 0.47 030
4073 — 004 1427 025 008 019 4436 017 003 000 1001 8472 042
4077 000 005 1477 022 005 019 4465 026 2— — 1010 8435 0.33
3909 002 001 1517 024 002 022 4463 026 001 — 99.7 8398 0.41
PADS-2 3928 2 — 003 1524 030 001 022 4400 034 002 0.02 995 83.73 82.26 0.62  0.65
4034 — 006 1475 020 004 020 4430 025 001 — 1002 842 0.25
39.99 — 0.02 1495  0.21 006 018 4349 0329 003 — 99.2  B3.83 0.31
4031 — 007 1574 020 006 027 4251 031 004 001 99.5 8280 0.34
PAOG 3920 — 007 2167 019 — 032 3883 040 003 005 1008 76.16 7154 255 0.66
40.19  — 007 2063 014 007 023 3863 033 001 — 100.3  76.94 0.35
3766 — 004 2160 0.16 — 032 3929 036 004 0.01 995 7643 0.48
39.73 — 0.02 15.84 028 0.01 016 4423 025 (02 002 1006 83.27 0.60
3855 — 003 2102 014 002 028 3994 034 000 — 1003 7721 0.33
3792 0.00 006 2182 0.10 — 029 3955 042 — — 100.2 76,37 0.16
3891 003 001 2166 013 — 026 3936 034 001 — 1007 7641 0.31
PAQS 3890 001 005 1816 006 001 025 4184 027 003 004 99.6 8042 81.06 074 —
3967 003 004 17.88 021 001 016 4152 026 001 004 09.8 8054 0.51
3968 002 008 1787 0.4 003 027 4227 025 004 001 1007 8083 0.20
3922 004 004 1873 0417 005 022 4124 033 000 001 1000 79.70 040
4086 000 002 1693 0.6 003 021 4234 028 — 001 1009 8168 0.25
3938 002 005 168 015 005 017 4265 025 003 — 09.6 8l.84 0.19
39.69 010 001 1745 019 003 0.8 4260 027 003 — 1005  81.32 0.37
3998 002 0.04 1682 0.5 002 022 4249 023 — 001 1000 81,82 0.19
3932 005 0.03 17.38  0.19 (.01 021 4271 029 —_ — 1002 81.42 0.39

procedural chemistry blanks were in all cases less than
0.5% of the sample amount and that the isotope ratios of
blanks were not significantly different from those of
analyzed samples. The results are given in Table 2.

RESULTS

Olivine composition
Chemical compositions of olivines are summarized in
Table 3, which gives forsterite (Fo) contents and NiO,
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Ca0Q, MnO, and Cr,0; concentrations of olivine
phenocrysts. Figure 2 shows the relationships between
the contents of representative major oxides (NiO, CaQ,
MnO, and Cr,0,) and Fo contents of olivine phenocrysts.
Fo contents of olivine range from 75 to 92 mol.% in the
Pali Aike lavas. Positive correlations exist between Fo
and NiQ and between Fo and Cr,0, and negative correla-
tions between Fo and Ca0 and between Fo and MnQO (Fig.
23, These linear correlations of major oxides versus
forsterite indicate a trend of fractional crystallization.



Table 3. (continited)

Si0, TiO, AlLO, FeO'T NiO Cr,0, MnO

MgO Cad Na,0 K,0 Toul Fo  Fo(mean) Ilo X

px

PA2801 4245 002 005 838 034 003 0.0
4051 0.11 0.03 1431 036 — 0.13

39.72 0.0 004 1449 024 006 0.22
4024 0.01 0.03 990 034 000 010
39.67 001 007 1462 021 001 018

41.08 001 005 1328 030 001 017

4099 007 004 1407 026 001 028
40,60 002 003 1434 022 005 0.4
3958 007 002 1693 027 002 021
4088 — 0.04 1127 041 001 0C.14
4050 — 0.05 1108 038 00t 016
4068 007 004 997 042 002 011
4021 — 0.05 1290 031 004 022
39.67 002 006 1540 026 — 0.15
4131 — 005 1292 024 (004 018

PAQ9-1 4092 001 000 1062 030 003 0.19

4038 0.02 006 1326 022 001 016
3971 006 003 1381 026 010 0.16
4064 — 003 1358 024 003 0.4
4086 — 006 1324 030 002 020

PAQ9-2 4121 002 004 1266 021 007 024
3976 002 006 1394 031 011 043

4042  0.02 — 1439 027 006 0.19

3890 002 002 1534 027 00 021
PAD9-3 4025 004 004 1444 024 007 026
4020 — 0.02 9.64 034 001 014
3998 002 003 1316 027 008 019
39.68 — 0 1293 0.6 —_— 0.19
40,00 001 003 1276 030 010 020
39.13 004 Q04 1872 026 009 030
4036 002 004 1278 029 002 0.7
PA09-4 4133 — 004 1395 010 003 019
4025 — 001 1362 025 008 0.2
4093 — 0.04 1312 033 001 015
PA09-05-1 4189 — 0.04 0.14 043 — 0.12
4108 — — 9.13 045 — 0.16
4173 — — [3.63 027 007 017
4065 000 004 1371 024 010 0.13
40.14 — 006 §653 023 003 023
PA09-05-2 4038 005 0063 1318 038 008 015
40.17 — 003 13.77 028 002 023
4144 002 005 1343 0.8 — 020

39.81 004 005 1391 021 003 0.4

40.68 0.00 005 1333 034 004 (.14
41,52 Q.00 007 1309 032 005 Q.18

4909 008 000 — 1002 9126 8628 263 0.17
4430 009 005 — 1000 8448 0.80
4464 008 002 00! 995 B4.60 038
4875 005 002 001 994 89.77 0.29
4407 018 — — 990 843l 0.30
4576 0.1 000 002 1008 86.00 0.49
4424 027 — 002 1002 8486 043
4471 023 — — 1003 8475 031
4306 028 001 002 1005 8193 0.70
4716 012  — 002 1000 88.18 0.59
4702 009 005 — 993 3833 0.51
4860 004 003 — 1000 89.68 0.48
4557 0.5 005 004 995 8629 048
4394 034 — 002 998 83.57 0.1
4511 032 000 — 1002 86.16 0.29
4849 006 001 — 1006 8006 8640 130 026
4580 025 002 — 1002 8603 0.24
4545 026 002 002 999 8544 0.40
4516 028 — 002 100.1 8557 034
4530 024 003 001 1003 8592 0.48
4599 019 000 002 1007 8662 8515  LI8 0.6
4598 027 001 — 1006 8546 0.54
462 034 — — 1003 8468 047
4466 033 003 004 998 8384 0.54
4536 028 001 001 1010 8485 8578 307 035
4914 005 — — 995 9008 027
4542 027 002 000 994 86.02 0.38
4675 029 003 — 1000 8657 0.04
4631 028 000 003 1000 8661 0.44
4160 039 — — 1006 79.84 0.78
4608 0.7 004 001 1000 86.53 0.40
4483 024 002 — 1005 8532 8554 036 -
450 029 — — 991 8534 0.36
4507 018 — — 99§ 8596 0.59
4887 001 001 — 1005 9051 8675 370 04l
4905 011 002 002 1000 9054 0.44
471 021 — — 1008 8540 043
4463 020 002 001 997 8530 0.35
4232 035 — — 999 8203 0.50
4581 021 001 — 1003 8611 8569 034 071
4513 026 002 002 999 8539 0.45
4492 027 001 00! 1005 B5.64 0.14
4514 031 002 — 996 8526 0.23
4430 029 004 002 997 85.69 0.64
4525 027 00l — 1008 86.04 0.53

T: Total Fe as FeO,

Xy weight fractionation of anticipated pyroxenite component calcwlated as Ni x FeQIMgO parameters nsing paramteierization of Sebolev et al.

{2008).

Oxygen isotopic compositions of olivines and basalts
Oxygen isotope analyses of 15 mineral and seven ba-

salt fragments separated from |5 volcanic samples are

presented in Table 2. The measured oxygen isotope val-

ues for olivine phenocryst and basalt fragments are 4.23—
5.23%o (mean 8'0, = 4.67 + 0.46%o [20]) and 4.68—
5.26%o0 (mean §'°0, ., = 4.90 + 0.40%o [261), respec-
tively. These oxygen isotope values are lower than the
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Fig. 2. Compositions of olivine phenocrysts from the Pali Aike
lavas. The olivines are shown on plots of Fo content (mol. %)
versus the element concentrations of (a) NiQ, (b) CaQ, fc)
CryQy, and (d) MnO. Circles represent data for individual Pali
Aike olivines.

range of values observed in olivine separated from a wide
variety of mantle peridotite xenoliths, largely from sub-
continental lithospheric mantle (5.18 £ 0.28%c, n = 76;
Mattey et af., 1994) and mid-ocean ridge basalt (MORB,
5.16 £ 0.18%o, n = 6; Eiler et al., 1997), and the range
reported for fresh MORB glass (5.35 to 6.05%c; Ito er al.,
1987; Eiler et al., 2000) (Fig. 3). The olivines of the Pali
Aike lavas extend to more '*0-depleted signatures. How-
ever, values of basalt fragments are similar to the lowest
&'%0 values displayed by OIBs (Eiler et al., 1997; Day et
al., 2009, 2010; Gurenko er al., 2010}, which represent
the HIMU end-member (5.03 £ 0.22%e; n = 14). The rela-
tionship between §'*0,, values and Fo contents is plotted
in Fig. 3. Most of the olivine crystals reveal a broad posi-
tive correlation between §'30 values and Fo values.

Whaole-rock Sr-Nd—Pb isotopes

The newly obtained Sr—Nd-Pb isotopic compositions
for some Pali Aike basalts of this study are 37Sr/*%Sr =
0.703288-0.703441, "*Nd/'**Nd = 0.512823-0.512920,
206p,/204pp = 18.931-19.193, 27Pb/204Pb = 15.621-
15.664, and *°*Pb/*%*Pb = 38.687-38.948 (Table 2). These
values are within the range of the data of Choo et al.
(2012).

DISCUSSION

Most of the measured 8'*0 values for Pali Aike
olivines are ~1%e lower than average mantle values (5.2
+ 0.2%o). Exceptionally, the §'*0 value of one sample
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Fig. 3. Forsterite content (mol %) versus oxygen isotope com-
position (850, . %) of Pali Aike olivines for each sample.
The gray field indicates the 8'50 range of olivine from xenolith
upper mantle peridotite and MORB sources (4.9-5.5%o; Mattey
etal., 1994, Eiler et al., 1997), Circles represent data for Pali
Aike olivines.

(CPI0%03) is within the normal upper mantle range. The
measured 6'*0 values for Pali Aike olivines are in a broad
range, whereas the whole-rock Sr—Nd-Pb isotopic signa-
tures have limited variation. Subsequently, we discuss
interlaboratory comparison of oxygen isotope values and
the reasons for the variability of oxygen isotope compo-
sition in Pali Aike olivines.

Inter-laboratory composition of oxygen isotope values

Many early studies used the conventional method to
measure the oxygen isotopic composition of refractory
minerals (e.g., olivine, zircon, and garnet). Recently, la-
ser fluorination techniques have been developed to mea-
sure very small amounts of the samples, ranging from one
to two milligrams, and to demonstrate the relatively low
level of oxygen background.

We present 620 data for the SCO, JFB, and NBS 28
quartz standards, commonly used for demonstrating
interlaboratory comparability using both the conventional
method and the laser fluorination technique, in Supple-
mentary Table S1. The oxygen isotope values of the SCO
standard suggested by Eiler ef al. (1996, 2000) are 5.18—
5.25%0 by CO, laser-BrF; analysis of whole grains, and
these values are similar to our standard values (5.27 =
0.04, n =21; Ahn et al., 2012).

Previous oxygen isotope data (Stern et al., 1990) for
olivines from the Pali Aike basalt are limited to two val-
ues, 5.1 and 5.5%e. These data were obtained by conven-
tional analysis using BrF; on a MAT 251 mass
spectrometer designed by Kyser (1990). Our oxygen data
show mainly low 880 values, but some of our data are



within the values of Stern er ¢l. (1990). The oxygen val-
ues of this study represent from two to five replicate analy-
ses. Stern et al. (1990) suggested an oxygen isotopic com-
position of 9.6%e as the standard value of NBS-28 quartz
by conventional analysis using BrF;. This standard value
of oxygen isotopes has been analyzed within a wide range
of approximately 0.2%o by standardization and analytical
methods from the suggestion of Stern et al. (1990; Table
S1). The standard value of 8'%0 of NBS-28 quartz has
been found to be 9.18-10.0%0 by both conventional and
laser fluorination methods (Table S1}. According to Ahn
et al. (2012), the oxygen standard value of NBS-28
analyzed at KOPRI was 9.18 £ 0.08%¢ (2 = 13}, which is
the same as the value 9.18 + 0.07%o (1 = 20) reported by
Kusakabe and Matsuhisa (2008) using the laser fluorina-
tion method and close to the 9.23 + 0.05%0 reported by
Clayton and Mayeda (1983) and 9.22 + 0.14%e by Ito and
Clayton (1983) using the conventionai method (Table S1).
The variety of measurements of oxygen isotopes reveals
analytical bias and inter-laboratory discrepancies.
Kusakabe and Matsuhisa (2008) suggested that the
VSMOW-SLAP scaling methed (Coplen, 1995) could
minimize the systematic bias. Recently, Ahn er a!. (2012)
normalized the oxygen isotopic data by the same scaling
factor to make SLAP measurements by matching with the
recommended value (Coplen, 1995). As mentioned pre-
viously, our 8'0 data by laser fluorination are consistent
with standard §'30 data obtained by conventional fluori-
nation techniques. However, analysis indicated that the
oxygen isotopic values of the standard materials differed
from interlaboratory values. Although our oxygen data
for the olivine are lower than those of a previous study
(Stern et al., 1990), they are suitable for discussion of
our oxygen values.

Oxygen isotope fractionation between olivine and melt

Olivine is one of the particularly important minerals
for understanding the dynamics of the Earth’s interior
because olivine, which crystallizes early in the magmatic
evolution of basaitic lavas and is often present in them as
a major constituent, is the predominant phase in the up-
per mantle. Additionally, fresh groundmass is glassy ma-
trix, which is similar to the composition of silicate melts
at high temperature. Thus, to discuss oxygen isotope
fractionation between olivine and melt, we can consider
the groundmass to represent melt.

To check the equilibrium fractionation of oxygen iso-
topes between olivine and melt, we show the obtained
values of §'*0 for olivine and basalt fragments from seven
samples in Fig. 4. Kyser ef al. (1981) and Chiba et al.
(1989) suggested an experimental oxygen isotopic
fractionation for mineral-basaltic liquid and mineral-
mineral of mantle-derived mineral assemblages, for which
ABO_1olivine indicated equilibrium at magmatic tempera-
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Fig. 4. Oxygen isotopic equilibrivm between olivine and melt
of Pali Aike lavas. The equilibrinm field for melt-olivine iso-
topic fractionation was taken to be 0.4-0.7%o (Bindeman et al.,
2004). Symbols are the same as those in Fig. 2.

tures and 8'%0 values of phenocrysts reflected quenched
magmatic conditions. The difference in the values of §'%0
between coexisting olivine and melt in our samples (av-
erage A0, .0 = 0.14-0.50) is within or outside equi-
librium, assuming that fractionation values are calculated
using the equation from Bindeman et af. (2004). Most
matrices analyzed show no equilibrium with their olivine
phenocrysts. In most samples, values of A0, opivine 2T€
0.3-0.4%¢ lower than the equilibrium range. The result
of disequilibrium between matrix and olivine §'*0 val-
ues in Pali Aike samples suggest that the lower §'30 melt
may be caused by interaction with low §'0 hydrother-
mally altered rocks in Pali Aike, as was observed for
Klyuchevskoy, Kamchatka (Auer et al., 2009; Bindeman
et al., 2004), Iceland (Bindeman et af., 2008), and Ha-
waii (Garcia et al., 1998). Additionally, olivine has a rela-
tively slow rate of oxygen diffusion such that oxygen iso-
topes in olivine phenocrysts offer advantages in main-
taining mantle composition. In a following section, we
describe the reasons for the heterogeneous 80 values
of olivines in Pali Aike lavas.

Source variations or shallow-level assimilation?
Erupted in southern Patagonia, the Pali Aike lavas are
continental flood basalts. We can consider that the oxy-
gen isotopic variability resulted from source variation or
from shallow-level contamination (or assimilation). The
oxygen isotope variability of approximately 1%oin olivine
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separated from the Pali Aike lavas is extended to low §'%0
values relative to mantle peridotite olivine. The lower
values of some of the §'%0 could result from the assimi-
lation of continental lithosphere and from the isotopic
exchange of several minerals with shallow local mete-
oric water. The lithospheric mantle beneath Pali Aike is
characterized as MORB type (5.2-6.0%o for the §'*0 and
0.70264-0.70431 for the ¥Sr/*Sr of mantle xenoliths;
Stern et al., 1999). The assimilation of the lithospheric
mantle beneath Pali Aike is hard to resolve with all of the
Pali Aike data. This is not supported by the radiogenic
and trace element compositions of whole rocks in Pali
Aike due to the requirement that a large amount of
lithospheric mantle be assimilated.

Hydrothermal fluids around igneous plutons pen-
etrated into the permeable upper crust, Exchange of oxy-
gen and hydrogen isotopes of igneous rocks in the cur-
rent of meteoric water can be generated by interaction
with the hydrothermal fluid (Taylor and Epstein, 1962;
Taylor, 1968; Sheppard and Taylor, 1974). Due to the
lower '80/'80 ratio in the aqueous fluid, igneous rocks
containing quartz, pyroxene, and feldspar represent low
180). The low values of the oxygen isotope ratio of these
rocks generate the prominent volume by the occurrence
of hydrothermal alteration in the upper crust. Those of
mineral phases influenced by meteoric water depend on
the temperature of the infiltrated fluid, the retention of
the hydrothermat system, and the water—rock ratio (Criss
and Taylor, 1986).

To assess possible assimilation of hydrothermally al-
tered crust, we focus on the relationship between 8'%0
values of olivine and Fo compositions (Fig. 3). The scat-
tered relationship between the larger Fo and %0 range
suggests the likelihood of a heterogeneous source, inher-
ited from oxygen values that range more widely than those
of pristine mantle, and assimilation of hydrothermally
altered materials, Consequently, high-Fo olivine contents
crystallized from the basic magma have retained their
original heterogeneous oxygen isotopic values, whereas
low-Fo olivines crystallized from somewhat evolved
magma have undergone more involvement of the low-
oxygen isotopic components for magma ascent through
the mantle lithosphere (Garcia er af., 1998).

Evidence for olivine alteration, interactions between
olivine phenocrysts and groundmass, and effects of crustal
assimilation has not been observed in thin sections in this
study of Pali Aike lavas. The values of §'*0 of this study
were measured by bulk oxygen isotope analysis of olivine
without spot analyses on parts of cores or reaction rims
of the minerals. Thus, it is very difficult to distinguish
accurately whether olivine phenocrysts were crystallized
at a shallow depth or retained in hydrothermally altered
materials during the magma eruption.

Research findings for meteoric water in the Pali Aike
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volcanic area have revealed that the isotopic composi-
tion of groundwater in this area is <—8%o for §'0 and
<~70%o for 6D (Mayr et al., 2007). Erupted in the Upper
Pliocene, Pali Aike lavas were positioned in the subpolar
region, and continents around this area were covered with
glaciers at that time. The isotopic composition of mete-
oric water during the eruptions was lower than it is to-
day. Therefore, the low 880 value of the olivine
phenocrysts could require a smaller amount of fluid com-
ponents at magmatic temperatures.

The diffusion of oxygen isotopes in olivine and melt
occurs at mantle temperatures. Low oxygen isotopic het-
erogeneity of olivine phenocrysts from Pali Aike lavas
allows estimation of magma residence time of the crys-
tals at mantle depth and then constraint of the lifetime or
time scale of a magmatic system. Diffusion depends on
the temperature and the diffusion coefficient (D), which
is governed by the Arrhenius equation (D = Dy-exp(-Q/
RT), where Dy 1s the preexponential factor (D at 1/T'=0),
0 is the activation energy, R is the gas constant, and T is
the temperature (K). Magma residence time at magmatic
temperature is calculated by the parameters using this
equation. We can estimate diffusion distances and times
from one important application of the diffusion data (Cole
and Chakraborty, 2001) and the homogenization or equi-
libration rates within minerals. Such estimates may be
calculated by using an approximate relation x2 = D-r,
where x is the effective diffusion distance (m), D is the
diffusion coefficient (m%/s), and ¢ is time (s). Herein, we
regard olivine crystals as spheres and assume immediate
equilibration at the crystal-liquid boundary. Using the
olivine diffusion coefficient of %0 (D = 2.73 x 1076,
Dohmen et al. (2002); 8.15 x 10~'7: Yurimoto et af.
(1992)) measured at 1100-1500°C, we can estimate the
time of equilibration for oxygen isotopes. Assuming about
0.3-mm mineral size for analyzed samples and mantle
temperature (1200°C), it is estimated that timescales of
10-35 m.y. will be required to complete O isotope re-
equilibration prior to eruption. Moreover, alkali basaltic
magma rapidly ascends toward the surface. From the study
of mantle xenoliths in Pali Aike lavas, the depth of origin
for the xenoliths is 60-70 km (Stern er al., 1999), and the
ascent rate is 6 £ 3 m/s (Demouchy et «l., 2006). The
xenoliths are denser than the host magma, and this ascent
rate is a minimum for the host alkali basaltic magma
(McCoy-West et al., 2010Q), Thus, the olivines in the Pali
Aike volcanic area could not have remained at shallow
levels for a very long time.

The evidence for shallow-level assimilation is sup-
ported by the relationship between %0 of olivine and
the whole-rock ¥7Sr/*®Sr (Fig. 5). Decreasing 8'*0 val-
ues for olivine are broadly correlated with increasing 87Sr/
8631 for the whole rock. It is thought that the patterns of
8130 evolution and slightly increasing 87Sr/*®Sr are asso-
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ciated with assimilation of the hydrothermaliy altered
crust. However, it is difficult to detect the process due to
the small impact of crustal assimilation on geochemical
data. In other words, the geochemical signatures of trace
elements and radiogenic isotopes for basalts are relatively
insensitive to crustal assimilation (Widom and Farquhar,
2003). In a previous study (Choo et al., 2012), the ratios
of Ce/Pb and Nb/U for the Pali Aike whole-rock samples
were shown to be within the range of the MORB-QOIB
field (Hofmann er af., 1986), together with the depleted
Y8r/%08r and '*Nd/'**Nd isotopic signatures of the Pali
Aike lavas, It is difficult to measure the small amount of
crustal assimilation using trace elements and radiogenic
isotopic composition. Though the assimilation process
during magma ascent has little effect on the chemical
composition of the magma, crustal assimilation as a cause
for the low §'%Q in low-forsterite olivines in the Pali Aike
cannot be ruled out.

Recycled materials generating the heterogencous A'%0
isotopic compositions

The 8'30 of olivine in our samples ranged from 4.2 to
5.2%o, and O-isotope heterogeneity was outside analyti-
cal uncertainty (£0.15%e; 20). The §'%0 values of olivine
for the Pali Aike lavas varied from the average of
unmetasomatized mantle peridotite (5.2 + 0.2%e; Mattey
et al., 1994) to lower (>4.2%o0) values. Most olivines in
the Pali Aike lavas had lower 8'®0 values than those of
upper mantle peridotites (3.0--5.4%¢). From the scattered
weak correlation between Fo and 830 shown in Fig. 3, it
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Fig. 6. Comparison of %0 valucs of olivine phenocrysts from
the Pali Aike lavas with compiled 80, . values of MORB
{Eiler et al., 1997), HIMU QIB (Cook-Austral islands, Canary
Islands, S1. Helena, and Guadalupe; Eiler et al., 1997 Day et
al.,, 2009,2010; Gurenko et al.,2011), EMI (Eiler et al., 1997),
EMII (Samoa; Workman et al., 2008}, Sao Miguel (Widom and
Farguhar, 2003}, Azores basalts (Twrner et al., 2007), and Cas-
cade Arc (Martin et al., 2011).

appears that the lower oxygen isotopic values for lower
Fo contents could provide clues about assimilation proc-
esses; we focus on oxygen isotope variation for higher
forsterite contents. Herein, oxygen isotope compositions
for olivines of expected values (Fo > 85, MgQ contents
for whole rock >10 wt.%) for primitive magma range from
4.6 to 5.2%o (by extrapolation). These values of oxygen
isotopes of the Pali Aike lavas are different from those of
normal asthenospheric mantle (5.0-5.4%e, Mattey er al.,
1994).

The 8"®0 values of Pali Aike olivines show the range
within pristine mantle olivines and HIMU OIB. To com-
pare the oxygen isotopic composition of our samples with
various mantle compositions obtained by laser fluorina-
tion, we have illustrated the HIMU type OIB (e.g., Cook-
Austral Islands, Guadalupe, Canary Islands, and St.
Helena; Eiler et al., 1997; Day et al., 2009, 2010; Gurenko
et al., 2011), EMII type OIB (Samoa; Workman er al.,
2008), Azores basalts (Turner et al., 2007), and Cascade
Arc basalt in California (Martin et al., 2011) (Fig. 6). Pali
Aike olivines are positioned as high MgQ and plot within
the range for HIMU-type OIB in the O-Sr—Pb isotope
systematics (Figs. 5 and 8). It is thought that variation in
&'30 values in mantle-derived rocks are a signature of
recycled materials at the sources. Lithospheric material
can be recycled into the mantle and be involved in man-
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tle sources. The recycled materials in the mantle can be
summarized as three types: (i) altered upper basaltic oce-
anic crust, (ii) sediments, and (iii) hydrothermally altered
lower oceanic crust (tlithosphere; Lassiter and Hauri,
1998; Schaefer et al., 2002; Griffin et ai., 2003).

The recycling of subducted altered upper oceanic crust
and pelagic sediments is a reasonable process for gener-
ating oxygen isotope heterogeneities in the mantle
(Lassiter and Hauri, 1998). Crustal materials such as low-
temperature altered rocks and sediments generally have
variable and high 'O values (Gregory and Taylor, 1981;
Cocker et al., 1982). Oxygen isotopic composition of the
altered upper oceanic crust is approximately within the
range 5-9%e (Eiler, 2001}, Moreover, the composition of
oxygen isotopes in subducted pelagic sediments is
strongly '80 enriched (Eiler, 2001). Thus, mantle reser-
voirs into which subducted altered upper oceanic crust
and sediments have been added have heavy oxygen iso-
tope compositions, which is contrary to, and difficult to
explain in light of, the depletion of '®Q in Pali Aike
olivine.

The low and variable '®0 isotopic composition of the
HIMU-like type mantle at Pali Aike could be explained
by recycling of the lower oceanic crust (+lithosphere).
Many studies of ophiolites have indicated that the frag-
ment of oceanic crust has '%0-enriched values in the up-
per oceanic crust and '®O-depleted values in the lower
oceanic crust (Geogory and Taylor, 1981; Cocker et al.,
1982). The diverse portions of the ophiolite including the
hydrothermally altered lower crust (layer 3: gabbros and
sheeted dikes) and the upper mantle ultramafic cumulate
(harzburgite and dunite) have been shown to have depleted
and variable 8'*0 (Fig. 7). In general, gabbroic rock con-
sists of various percentages of minerals including
plagioclase, olivine, and pyroxene. Oxygen isotopic data
for recent oceanic gabbro, ophiolitic gabbro, and trans-
formed eclogite of Alpine gabbro are shown in Fig. 7.
Metasomatism of peridotite by melts derived from recy-
cled oceanic lithosphere produces pyroxenite or eclogite.
Similar to this mechanism, descending basaltic and
gabbroic parts of the oceanic lithosphere are transformed
into the form of a silica-oversaturated eclogite at higher
pressures (Hirschmann et al., 2003; Kogiso et al., 2003;
Kogiso and Hirschmann, 2006). Roughly, pyroxenite
dominated by layer-3 gabbros and sheeted dikes of oce-
anic crust lithologies have low 8'*Q of 3—6%o (an aver-
age of 4%e; Day et al., 2009, 2010), but some gabbroic
oceanic crust of the Samail ophiolite has an observed
minimum 830 value of 1.7%o (Thirlwall er al., 2006). As
noted in Fig. 7, the vein amphiboles of gabbroic rock in a
lower crustal section in the Indian Ocean have low and
varying 8'%0 values of 1.2-5.4%o (Stakes, [991; Kempton
et al., 1991; Alt and Bach, 2006). Alternatively, oceanic
crust is modified by subduction recycling, and these char-
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Fig. 7. Comparison of the 80 values of gabbros from con-
temporary oceanic crust and ophiolites. The dotted line ar 5.2
*0.2%oc indicates the oxygen isotopic composition of olivine in
wnaltered MORB. Oceanic gabbros and gabbros in ophiolites
are from Gregory and Taylor (1981), McCulloch et af. (1981),
Kempton et al. (1991), Stakes (1991}, Agrinier et al. {1995},
Hart et al (1999), Lecuyer and Reynard (1996), Barnicoat and
Carewright (1997), Hansteen and Troll (2003), Muehlenbachs
er al. (2004}, and Schuite et al. (2009).

acteristics are shown in Alpine ophiolite generated by the
dehydration processes of the transformation of gabbro to
eclogite. The 680 values of these eclogitic rocks are 4.8
+ 0.9%0 (Fig. 7). To determine the contributions from recy-
cled oceanic crust in the mantle beneath Pali Aike, we
focused on the 8'%0 values of Taitao ophiolite oceanic
crust along the coast of Chile in southern Patagonia, Taitao
ophiolite associated with the Chile ridge has been stud-
ied recently, in which its whole-rock 880 values for
peridotite range from 2.5 to 5.0, whereas whole-rock §'30
values for mafic rocks vary from 0.7 to 6.1 (Schulte ef
al., 2009).

As mentioned above, mantle characteristics with vari-
able and low §'®0 values of Pali Aike olivine could have
been affected by hydrothermally altered lower oceanic
crust and lithosphere through the process of subduction
recycling. The recycling of lower oceanic crust and
lithosphere into a host mantle could have resulted in low
&'30 in Pali Aike olivines. Additionally, the oxygen iso-
topic composition of the mantle reservoir could not have
varied according to the relative ages of its components.
The oxygen isotopic compositions of subducting hydro-
thermally altered oceanic crust (xlithosphere) are vari-
ous and low relative to those of unmodified upper man-
tle, and these can be used to explain the involvement of
subducted and recycled lower oceanic crust in



asthenospheric upwellings by mantle convection.

Therefore, the Pali Aike lavas are located near a de-
structive plate margin characterized by continuous sub-
duction. The regional tectonic process indicates that slab
sinks continuously into the mantle. It is more likely that
recycled crustal materials exist in upwelling
asthenosphere melt on a small scale. The low oxygen iso-
topic compositions of Pali Aike olivines with high MgO
can be explained by recycling of altered oceanic crust
and lithosphere into the mantle source.

Source composition beneath Pali Aike

The chemical characteristics of the Pali Aike lavas are
similar to those of HIMU-type OIB (e.g., St. Helena and
Antarctica) for trace element and radiogenic (Sr, Nd, and
Pb) isotopic compositions (Choo et al., 2012). In particu-
lar, the Pb isotopic compositions of Pali Aike lavas are
similar to typical HIMU-type OIB and have HIMU affin-
ity with Cenozoic lavas from the Antarctic Peninsula, West
Antarctica, and New Zealand (e.g., Panter et al., 2006;
Timm et al., 2009, 2010; McCoy-West et al., 2010), pre-
vious neighbors in the Gondwana supercentinent (e.g.,
Rapalini, 2005; Pankhurst er al., 2006). The widespread
HIMU mantle source region of the southwestern Pacific
extended to the Antarctic Peninsula, West Antarctica, and
New Zealand Cenozoic intraplate magmatism. These
magmas were derived from lithospheric mantle, The
volcanism of the HIMU magmatic megaprovince has been
explained by low-degree melting of metasomatized
lithospheric mantle with HIMU-like mantle components
(Finn et al., 2005; Panter et al., 2006; Sprung er al., 2007)
and by removal of metasomatized lithospheric mantle,
causing asthenospheric upwelling (Hoernle et al., 2006a,
b; Mortimer ef a/., 2006; Timm er al., 2009). Recently, it
has been suggested that the petrogenesis of the HIMU-
like signature of Pali Aike lavas may have originated from
the sub-continental lithospheric mantle of Gondwana,
which had HIMU characteristics at a large scale (Choo e#
al., 2012). The characteristics of the HIMU-like compo-
nent for Pali Aike lavas may have been generated by a
subduction-related process along the Gondwana margin
and by delamination (or detachment) of old subcontinen-
tal lithospheric mantle (SCLM) of HIMU-type through-
out the Mesozoic. It is proposed that the upper mantle
beneath the Pali Aike voleanic field contains a compo-
nent of HIMU-type with the form of eclogite and/for
pyroxenite (Choo et al., 2012).

Recently, the mineral chemistry of olivine phenocrysts
has been used to argue that eclogite or pyroxenite is
present in CIB-scurce mantle (Sobalev er al., 2005, 2007).
The amount of pyroxenite-derived melt fraction in the
parental magma was inferred from olivine composition
(Sobolev er al., 2008; Gurenko ef al., 2009, 2010). Be-
cause olivine is the first mineral phase to precipitate at
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Fig. 8. Plots of whole-rock 2°Pbi?™Pb versus 850 in olivine
for Pali Aike lavas. The shaded star symbol represents MORB
for the DMM) with olivine 850 values of 5.3 +0.1%. (Eiler,
2001 ). HIMU components are from Timm et al. (2009} and Day
et al. (2014). Models (i}, (ii), and (iii) show mixing between
DMM and HIMU components with 20°Pbi?%Ph of 19, 20, and
21, respectively. Percenrages on each curve indicate the pro-
portion of HIMU components within DMM.

low pressure in mantle-derived magmas and forsterite
compositions of olivine reconstruct the parental melt com-
position by the degree of the fractional crystallization,
olivine was used as a probe of parental melt composition
(Sobolev ef al., 2007). As Ni is less and Mn is more com-
patible in pyroxenite relative to peridotite, the pyroxenite-
derived melts were more enriched in Ni and depleted in
Mn than the peridotite-derived melts were, Thus, the Ni
and Mn contents in olivine can be used to infer the amount
of recycled material in the magma source (Sobolev er al.,
2005, 2007).

In a similar way, we can calculate the proportion of
pyroxenite (X,,) in the mantle source beneath Pali Aike
using the equation for Ni contents from Sobolev ef al.

(2008):
Xpx = 10.54 x (Ni x FeO/MgO} — 0.4368,

where X, is the weight fraction of pyroxenite-derived
melt. Pure peridotite mantle-derived melts have pr =0,
and pyroxenite-derived melts have X, = 1. The propor-
ttons of calculated pyroxenite-derived melts from the
olivine chemistry of Pali Aike lavas are 0.3 to 0.6. HIMU-
like Pali Aike lavas require diverse proportions of
pyroxenite in their mantle sources. Additionally, the oxy-
gen isotopic compositions of mantle-inherited SCLM with
an HIMU-type mantle component of Gondwanaland are
observed in HIMU megaprovince Cenozoic alkali basalts
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of West Antarctica and New Zealand at a large scale
(Nardini et al., 2009; Timm et al., 2009; McCoy-West et
at., 2010; Perinelli et af., 2011). The 850 values of
olivines in HIMU-like Cenozoic alkaline basalts in New
Zealand (4.7-5.0%c) and West Antarctica (4.92-5.53%o)
and those in wehrlite and clinopyroxenite in mantle
xenoliths in Northern Victoria Land (NVL, 5.00-5.72%0)
were lower than or nearly equivalent to those of normal-
mantle signature (Nardini et a/., 2009; Timm er a/., 2009;
McCoy-West et af,, 2010; Perinelli et ¢f., 2011). Cenozoic
basalts of the HIMU megaprovince of supercontinental
SCLM prior to Gondwana breakup had similar oxygen
isotope composition; however, the interpretation for these
low %0 values was focused on the distinct meaning of
crustal contamination by fractional crystallization and the
existence of recycled oceanic lithosphere in the source.
Alternatively, oxygen isotopic compositions of the mag-
matic HIMU megaprovince are similar to those of HIMU-
type oceanic basalts (4.7-5.56%e; Eiler et al., 1997; Day
et al., 2009, 2010; Gurenko et al., 2010).

Similar to these results, Canary Island lavas with
HIMU affinity are related to the low §'%0 of olivine and
high %Pb/?%*Pb suggested by Day and colleagues and by
Gurenko and colleagues (Day et ., 2009, 2010; Gurenko
et al., 2010). To understand the correlation between HIMU
affinity and the low oxygen isotopic composition in the
Pali Aike lavas, we plot the 8'30 of olivine and 2°°Pb/
204ph of Pali Aike lavas. A weak correlation between the
6'%0 value of olivine and 2°5Pb/*™Pb of Pali Aike lavas
with HIMU-like signature is observed. The radiogenic
isotopic composition of Pali Aike lavas falls between end-
members HIMU and N-MORB (Choo er al., 2012). In
the relationship between the 5'3Q of olivines and 2%Pby
204ph, of whole rock, the composition of the Pali Aike lavas
is located along the mixing line between an upper mantle
consisting of MORB-like 6'®0 with unradiogenic Pb iso-
topic signatures and a mantle source with lower §'%0 and
elevated 2%Pb/*™Pb values (Fig. 8). To assess the pro-
portion of recycled materials and characteristics of man-
tle reservoirs in Pali Aike, we present a numerical model
of two mixing models based on compositions of MORB
mantle and pyroxenite dominated by recycled oceanic
crust and/or lithosphere (Fig. 8). End-member composi-
tions in the model are based on mantle composition, whose
model values were previously published (Day et al., 2010,
20i4; Timm er al., 2009). The models mixed with these
components show that the Pali Aike lavas lie in the DMM
field of and contributed about 20-55% of remaining
HIMU material in the form of pyroxenite and/or eclogite.
The 20°Pb/?%*Pb ratio tower than that of extreme HIMU
lavas indicates that heterogeneous lithologies of
pyroxenite and/or eclogite can remain in the mantle source
within 2 Ga prior to effective mixing with mantle
peridotite. The calculation of the mixing of heterogene-
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ous materials in the mantle is consistent with amounts of
pyroxenite dominated by recycled oceanic crust from
olivine chemistry. The oxygen isotope data for Pali Aike
lavas can be reconciled with models for the generation of
HIMU-type 2%Pb/2%Pb, Reconciling models for the gen-
eration of HIMU-type §'%0 with lithological heterogene-
ity in the mantle supports the aforementioned suggestions
(Stern et al., 1990; Choo et al., 2012), and the source of
O-Pb isotopic compositions plays an important role in
the HIMU-like signature of erupted Pali Aike lavas. The
oxygen isotope heterogeneity of Pali Aike olivines gives
evidence for mantie sources with recycled oceanic
lithosphere and crustal assimilation at shallow levels dur-
ing eruption.

CONCLUSIONS

(1) We present new oxygen isotope compositions of
Pali Aike lavas from southern Patagonia. The measured
8'80 compositions of olivine and matrix are 4.23-5.23%0
and 4.64-5.26%o, respectively. The §'%0 values of clivines
of the Pali Aike lavas are lower and range more widely
than those of MORB mantle peridotites (5.0-5.4%so).

(2) The difference in 8'%0 values between olivine and
matrix in the Pali Aike lavas is 0.14-0.50. The A'®0, ..o,
value of some samples is within equilibrium, but most
samples are in disequilibrium at magmatic temperatures.
The lower 8'%0,,,, can be modified by interaction with
low 8'30 hydrothermally altered rocks.

(3) The lower oxygen values in low Fo content can be
explained by the assimilation at a shallow level. These
values lie in the range of a weak negative correlation be-
tween 8'30 for olivine and ¥75r/868r for whole rock, sup-
porting this conclusion.

(4) Oxygen isotopic compositions of Pali Aike olivines
with high contents of Fo and MgO have a low and vari-
able range relative to MORB olivine. The oxygen iso-
tope composition of Pali Aike olivines associated with
HIMU-OIB can be explained by the contribution of recy-
cled materials such as pyroxenite and/or eclogite in man-
tle.

(5) The heterogeneity of oxygen isotopic compositions
in Pali Aike lavas can be supported by assimilation at a
shallow level and the presence of recycled materials of
hydrothermally altered oceanic crust in the upper man-
tle.
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