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Abstract 16 

17 

Anhydrous mantle xenoliths equilibrated at 1003-1040°C from Estancia Sol de Mayo (ESM, Central 18 

Patagonia, Argentina) and entrained in post-plateau alkaline lavas belonging to Meseta Lago Buenos 19 

Aires have been investigated aiming at reconstructing the depletion and enrichment processes that 20 

affected this portion of the Patagonia lithospheric mantle. Xenoliths are characterized by a coarse-21 

grained protogranular texture and are devoid of evident modal metasomatism. They show two texturally 22 

different clinopyroxenes: protogranular (cpx1) and texturally related to spinel (cpx2). Three different 23 

types of orthopyroxenes are also recognized: large protogranular crystals with exsolution lamellae 24 

(opx1); small clean and undeformed grains without exsolution lamellae (opx2) and small grains 25 

arranged in vein (opx3). Major element composition of clinopyroxenes and orthopyroxenes highlights 26 

two different trends characterized by i) high Al2O3 content at almost constant mg# and ii) a slight 27 

increase in Al2O3content with decreasing mg. Clinopyroxenes are enriched in LREE and are 28 

characterized by prominent to slightly negative Nb, Zr and Ti anomalies. No geochemical differences 29 
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are observed between cpx1 and cpx2, whilst a discrimination can be observed between opx1 and opx2 30 

(LREE-depleted; prominent to slightly negative Ti and Zr anomalies) and opx3 (prominent positive Zr 31 

anomaly). Partial melting modelling using both major and trace elements indicates a melting degree 32 

between ~ 5% and ~ 13% (up to ~ 23% according to major element modelling) for lherzolites and 33 

between ~ 20% and ~ 30% for harzburgites (down to ~ 5% according to trace element modelling). 34 

La/Yb and Al2O3, as well as Sr and Al2O3 negative correlation in clinopyroxenes point to a 35 

refertilization event affecting this lithospheric mantle. The agent was most probably a transitional 36 

alkaline/subalkaline melt, as indicated by the presence of orthopyroxene in vein and the similar 37 

geochemical features of ESM clinopyroxenes and those from Northern Patagonia pyroxenites which are 38 

derived from transitional alkaline/subalkaline lavas. 39 

 40 

Key words: Patagonia, mantle xenoliths, refertilization, T-P-fO2 conditions 41 

 42 

 43 

1. Introduction 44 

Xenoliths of sub-arc mantle entrained in arc magmas are rarer than those from intra-plate settings, i.e. 45 

from oceanic hotspots and continental rift zones (Nixon, 1987). Thus a paucity of xenolith-based, direct 46 

petrological information of the mantle wedge exists and a systematic investigation of the rare 47 

occurrences of these xenoliths needs to be carried out. Within subduction settings two groups of 48 

xenoliths can be distinguished taking into account the composition of the host magma, i.e. alkaline and49 

calc-alkaline s.l. lavas. The type locality of xenoliths entrained in alkaline basalts in back arc zones is50 

Patagonian, but several occurrences have been found also in the Mediterranean area [Tallante, Bianchini 51 

et al., 2011; Pannonian Basin, including Styrian Basin (Kapfenstein, Kurat et al., 1980; Coltorti et al., 52 

2007, Bakoni–Balaton Highlands, Bali et al., 2008; Hidas et al., 2010; Berkesi et al., 2012)]. Xenoliths 53 

entrained in calc-alkaline basalts s.l. are those belonging to the Japan arc (Takahashi 1978; Aoki 1987;54 

Arai et al . 1998), the Kamchatka arc (Koloskov and Khotin, 1978; Kepezhinskas et al., 1995; Arai et 55 
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al., 2003; Widom et al., 2003; Saha et al., 2005; Weyer & Ionov, 2007; Ionov and Seitz, 2008), and the 56 

Tabar–Lihir–Tanga–Feni arc (Papua New Guinea, McInnes et al. 2001; Franz et al., 2002).57 

Widespread metasomatic evidences have been documented in the Patagonian sub continental 58 

lithospheric mantle by various authors. In many cases mantle xenoliths entrained in the back-arc 59 

Patagonian lavas from various localities (between 40°S and 52°S) record regional, pervasive re-60 

crystallisation leaving only a few relics of the preceding mantle texture. Cryptic [trace element61 

enrichments of clinopyroxenes (cpx)] and modal (crystallization of hydrous phases such as amphibole ± 62 

phlogopite) metasomatism occur in most of the studied suites. The point is to define the nature and to 63 

understand the origin of the metasomatic melts that affect the mantle and that generate the observed64 

textural and geochemical features. Some authors attribute the metasomatic agent/s to silicate melts 65 

similar to the host lavas as for Pali Aike (Kempton et al., 1999; Stern et al. 1999). Gorring and Kay 66 

(2000) provide information about a possible involvement of a carbonatite melt at Gobernador Gregores,67 

while a plume-related melt has been inferred by Bjerg et al (2005) for the Patagonian mantle. Slab 68 

derived metasomatism has been proposed for one of the westernmost localities (i.e. the closest to the 69 

trench) represented by Cerro del Fraile (Kilian et al., 1998; Kilian and Stern, 2002; Faccini et al., 70 

2013), as well as for Cerro de los Chenques (Rivalenti et al., 2007), Gobernador Gregores and Pali Aike 71 

(Stern et al., 1989; Laurora et al., 2001). 72 

In this study we present new major and trace element compositions of a suite of mantle xenoliths 73 

sampled at Estancia Sol de Mayo (ESM), belonging to Meseta Lago Buenos Aires (MLBA, Fig. 1B), 74 

which is one of the five back-arc Mesetas situated between 46° and 49°S. Our aim is to identify the 75 

refertilization processes that could have affected this Central Patagonia locality and to constrain the 76 

origin of the melts that have percolated into and interacted with the mantle. 77 

2. Geological setting  78 

In Patagonia the Andean volcanic arc is distinguished into a Southern Volcanic Zone (SVZ; Thorpe et 79 

al., 1982) and an Austral Volcanic Zone (AVZ; Stern and Kilian, 1996) separated by a volcanic gap 80 

occurring between 46.30° and 49.00°S latitude. The geological history during the Cenozoic for both 81 

SVZ and AVZ is related to the subduction of the Nazca (convergence rate of 10 cm*yr
-1

) and Antarctic 82 
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(convergence rate of 2 cm*yr
-1

) plates beneath the South American plate. The two plates are separated 83 

by the Chile ridge, and the present day position of the triple point between the Nazca, South American84 

and Antarctic plates (Chile Triple Junction, CTJ) occur at 46.30°S. (Cande and Leslie, 1986; Forsythe et 85 

al., 1986). 86 

A peculiar feature of Patagonia is the presence of several continental mafic volcanic plateaus ranging in 87 

age from late Paleocene to Recent times (Ramos and Kay, 1992) (Fig. 1A). The sequence pre-plateaus –88 

main plateaus – post-plateaus is usually recognized, with the second stage being the most voluminous. 89 

The Somoncura igneous province, the largest post-Eocene mafic volcanic field of Northern Patagonia,90 

occurs between ~ 40°S and 46°S. It consists of a series of Oligocene to early Miocene volcanic fields 91 

that cover more than 55,000 km
2

in the Meseta de Somuncura and surrounding region (Meseta de Cari 92 

Laufquen and Meseta de Canquel), overlying a late Precambrian to Paleozoic magmatic and 93 

metamorphic basement itself covered by the extensive Jurassic silicic volcanic rocks of the Chon Aike 94 

province (Kay et al., 1989; Pankhurst and Rapela, 1995; Kay et al., 2007), as well as Cretaceous to 95 

Tertiary volcanic and sedimentary rocks (Rapela and Kay, 1988; Rapela et al., 1988; Ardolino et al., 96 

1999). Oligocene intraplate alkaline basalts and hawaiites are typical of the pre-plateau stage, followed97 

by a voluminous ~27±2 Ma hyperstene-normative basalt and basaltic andesite plateau sequence and by 98 

intermediate to low volume post-plateau alkali olivine basalts and hawaiites (~23-17Ma) (Kay et al., 99 

2007).100 

In Central Patagonia (between 46°S and 49°S) the middle Miocene to Recent northward migration of 101 

the CTJ from approximately 50°S (Cande and Leslie, 1986; Forsythe et al., 1986) to 46.30°S has 102 

generated unique geodynamic, structural and magmatic features (Gorring et al., 1997), namely the 103 

modern volcanic arc gap between the SVZ and the AVZ, the eruption of arc adakitic magmas (Kay et 104 

al., 1993) and finally the extensive late Miocene to Pleistocene magmatism that originated the Triple 105 

Junction Province (TJP). It can be subdivided into a voluminous, late Miocene to early Pliocene main 106 

plateau sequence, and a less voluminous, latest Miocene to Plio-Pleistocene post-plateau sequence 107 

(Gorring et al., 1997). The main plateau sequence forms the smaller mesetas to the northeast (called 108 

“northeastern region”) and the large and elevated plateaus of the de la Muerte (MM), Belgrano (MB), 109 
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Central (MC) and Lago Buenos Aires (MLBA) Mesetas (Fig. 1B). The post-plateau sequence comprises 110 

small scoria cones, as well as lava flows and pyroclastic deposits capping the main plateau sequence. 111 

OIB-like tholeiitic main plateau (~12-5 Ma) and alkaline post-plateau lavas (~7-2 Ma) are related to the112 

slab window tectonic evolution (Ramos and Kay, 1992; Kay et al., 1993; Gorring et al., 1997).113 

Finally between 49°S and 52°S (i.e. Southern Patagonia) there is the occurrence of the southernmost and 114 

youngest (~3.8 Ma to Recent, D’Orazio et al., 2000) Cenozoic back-arc Patagonian lavas, represented 115 

by the Pali Aike Volcanic Field (PAVF), being characterized by alkaline and olivine basalts and 116 

basanites. It covers an area of about 4,500 km
2

north of the Magallanes fault system and is situated 200 117 

km east of the Andean Cordillera. More than 80% of the totality of the volcanic products consists of an 118 

extensive succession of plateau-like basaltic lava flows, while the remaining 20% consists of more than 119 

450 monogenetic structures represented by maars, tuff-rings, scoria and spatter cones, and associated 120 

lava flows (D’Orazio et al., 2000). D’Orazio et al. (2000) observed two main elongation trends of the 121 

cones, one with an ENE direction and another with a NW direction, the first being linked to the still 122 

active Magallanes Strait Rift System described by Diraison et al. (1997) while the second is probably 123 

connected with the Mesozoic Patagonian Austral Rift (Corbella et al., 1996). 124 

125 

3. Analytical methods 126 

This study is based on the major and trace element characterization of the mineral phases of Patagonian 127 

mantle xenoliths carried out with an Electron Microprobe (EMP) and a Laser Ablation Inductively 128 

Coupled Plasma Mass Spectrometer (LA-ICP-MS). Major and trace element compositions of the 129 

entraining lavas were performed with X-Ray Fluorescence (XRF). All the analysis were performed at 130 

the UMR 5563 (LMTG, Observatoire Midi-Pyrenees) of the University Paul Sabatier (Toulouse III), 131 

except the bulk rock composition of the lava, performed at the University of Ferrara.132 

Major element compositions of minerals were determined with the CAMECA SX50 electron 133 

microprobe and a standard program: beam current of 20 nA and an acceleration voltage of 15 kV, 10 –134 

30 s of peak counting, 10 s of background counting, and natural and synthetic minerals as standards. 135 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

6 

 

Nominal concentrations were subsequently corrected using the PAP data reduction method (Pouchou 136 

and Pichoir 1984). The theoretical lower limits of detection are about 100 ppm (0.01%).137 

Concentrations of REE and trace elements in cpx and orthopyroxene (opx) were determined in situ 138 

using the Agilent 7500 ICP – MS instrument coupled either with CETAC laser ablation module that 139 

uses either a 266 nm frequency-quadrupled Nd-YAG laser or a commercial femtosecond Ti : Sa laser 140 

system (Amplitude Technologies Pulsar 10) based on the Chirped-pulse amplification (CPA) technique. 141 

Pulses were amplified in this set-up by a regenerative and a multipass amplifier up to 12 mJ. This 142 

system provides laser pulses at 800 nm with variable pulse energy and pulse duration as short as 50 fs. 143 

Its contrast on 10 ps is on the order of 10
-7

. Its repetition rate can be varied between 1 Hz and 10 Hz. 144 

The shot-to-shot stability (RMS) is 2 %. The linearly polarized laser beam is injected in a BX51 145 

microscope (Olympus). The beam is reflected by a 45° dielectric mirror and focused down to the sample 146 

placed in an ablation cell mounted on an XY stage, using a 0.9 Cassegrain objective. The NIST 610 and 147 

NIST 612 glass standards were used to calibrate relative element sensitivities of cpx and opx, 148 

respectively (provided as supplementary data). Precision and accuracy (<5% and <20% respectively) 149 

were assessed from repeated analyses of NIST 612 and NIST 610 as unknowns. Each analysis was 150 

normalized using CaO and SiO2 values, first determined by electron microprobe, for cpx and opx 151 

respectively. A beam diameter of 50 – 100 μm and a scanning rate of 20 μm/s were used. The 152 

theoretical limits of detection range from 10 – 20 ppb for REE, Ba, Th, U, Zr to 2 ppm for Ti..153 

Whole-rock major elements and some trace elements (Zn, Cu, Sc, Ga, Ni, Co, Cr, V, Rb, Ba, Th, Nb, 154 

Sr, Zr, and Y) were obtained by X-ray fluorescence (XRF) on pressed-powder pellets, using an ARL 155 

Advant-XP automated X-ray spectrometer. Calibration was performed using international reference 156 

samples (some of which were also run as unknowns in order to determine accuracy and detection 157 

limits), and the matrix correction method proposed by Lachance and Traill (1966) was applied. Mean 158 

accuracies were generally better than 2% for major oxides, and better than 5% for trace element 159 

determinations, while the detection limits for trace elements were: Zn, Ba, Cu, Sc = 5 ppm; Ni, Co, Cr, 160 

V, Rb, Y, Th, Nb = 1 ppm; and Sr, Zr, Ga = 2 ppm. Volatile contents were determined to be lost on161 

ignition at 1000 °C.162 
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163 

4. Chemical composition of the host lavas 164 

Six alkaline post-plateau host rocks have been analysed in this work. The samples do not represent an 165 

extensive ad hoc sampling of MLBA. Previous works on the Plio-Pleistocene post-plateau volcanism in 166 

this area (Gorring et al., 2003) link its origin to the opening of an astenospheric window during the 167 

subduction of the Chile Ridge beneath the Andean margin ~6 Ma ago.168 

The lavas analysed are quite fresh, characterized by a porphyritic texture with 2 to 5% phenocrysts. 169 

They are overwhelmingly dominated by euhedral olivine (ol), sometimes occurring in glomerophyric 170 

assemblages (in some cases surrounded by a marked rim of reaction) that, since they carry mantle 171 

xenoliths, should be of mantle origin. The groundmass is microcrystalline indicating a rapid magma 172 

cooling, with abundant acicular plagioclase, associated with cpx, ol and Fe-Ti oxides.173 

The geochemical composition of MLBA lavas analyzed in this study is given in Table 1. MLBA post-174 

plateau lavas are sodic alkaline (~50 wt.% SiO2; ~8 wt.% Na2O+K2O, with Na2O/ K2O >2), plotting in 175 

the basaltic trachy-andesite field on a Total Alkali–Silica classification diagram (Fig. 2). They have low 176 

MgO content (~4 wt. %) as well as Ni and Cr, the first being ~45 ppm and the second varying from 164 177 

to 210 ppm. 178 

Chondrite-normalized trace element concentrations of the samples are shown in Fig. 3. The patterns of 179 

the lavas in this work resemble those of the OIB, as well as those of the main and post-plateau from the 180 

TJ province, the latter having slightly higher incompatible trace element concentrations with respect to 181 

those of the main plateau. The OIB signature of the samples is also highlighted by the low Ba/Nb ratios 182 

that are less than 10 (typical of the composition within plate lavas).183 

184 

5. Petrography of the samples 185 

Fifteen xenoliths occurring in the post-plateau lavas of the MLBA have been studied. Most of them are 186 

very small in size (a few centimeters across) and are rounded in shape. Their modal composition has 187 

been calculated by counting over 1,000 points per thin section.188 
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The xenoliths are mainly represented by anhydrous spinel-bearing harzburgites (7) and dunites (5), with 189 

minor lherzolites (2) and one wehrlite (Fig. 4). They are characterized by a coarse grained protogranular 190 

texture (Mercier and Nicolas, 1975) and they are devoid of metasomatic features, such as spongy rims, 191 

reaction rims around spinel (sp) and/or opx, glassy patches, as well as any hydrous minerals.192 

Common textural features are the presence of two kinds of cpx and sp, as well as three types of opx. The 193 

former generally occur as protogranular in the peridotitic matrix (cpx1, Fig. 5A) or growing around the 194 

sp (cpx2, Fig. 5B); in this case the sp is identified as “spcpx” (Fig. 5B), whereas when separated from the 195 

cpx it is called “sp”. Opx is present as i) large protogranular crystals with exsolution lamellae of cpx 196 

(opx1, Fig. 5A), ii) small clean and undeformed grains without exsolution lamellae (opx2, Fig. 5B) and 197 

iii) as smaller grains arranged in vein (opx3, Fig. 5C).198 

6. Geochemistry of the mineral phases 199 

6.1. Major elements 200 

6.1.1. Olivine 201 

Ol of lherzolites have a Fo content ranging from 90.5 to 91.3 (Table 2). Ol in the two lherzolite samples 202 

are characterized by a wide range of SiO2 content, with MGP2b2 (39.5-42.1 wt. %) showing a higher 203 

variation than MGP2b (40.2-41.4 wt. %), and by a similar range of NiO (0.27-0.50 wt. %). Ol in 204 

harzburgites have Fo varying from 84.2 up to 92.1. Apart from sample MGP4b, which presents a Fo 205 

content (91.7-92.1) higher than those of lherzolitic ol and a narrow range of variation of SiO2 (40.9-41.7206 

wt. %) and NiO (0.33-0.45 wt. %), the remaining harzburgites have similar or lower Fo content (89.2-207 

90.8). Ol of harzburgites MGP1b and MGP1g have particularly low Fo (84.2-88.6) as well as SiO2 and 208 

NiO contents, the former varying from 39.2 to 40.4 wt. % and the latter from 0.17 to 0.46 wt. %209 

respectively. Ol of dunites (MGP1h and MGP2a) are characterized by Fo (89.4-91.4) contents akin to 210 

those of lherzolites with sample MGP1h (90.1-91.4) showing a range slightly higher than the one of 211 

MGP2a (89.4-90.1). Also the SiO2 and NiO content variations are similar to those of lherzolites, varying 212 

from 39.6 to 41.2 wt. % and from 0.21 to 0.46 wt. %, respectively. Finally, ol of the wehrlite shows the 213 
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lowest Fo values, ranging from 81.3 to 82.1. They also show low SiO2 and NiO values, ranging, 214 

respectively, from 38.9 to 39.7 wt. % and 0.14 to 0.20 wt. %.215 

6.1.2. Clinopyroxene 216 

Cpx are classified according to their textural features i.e. those occurring as protogranular (cpx1) and 217 

those linked to sp (cpx2) (Fig. 5A and B).218 

Cpx1 and cpx2 from lherzolites have similar mg#, the former ranging from 91.0 to 92.0 and the latter 219 

between 90.6 and 91.9. Cpx2 shows slightly higher Al2O3 and Cr2O3 (Table 3 and Fig. 6A) contents 220 

(4.01-4.31 wt. % and 1.19-1.45 wt. %, respectively) with respect to cpx1 (3.21-4.12 wt. %, with one 221 

reaching 4.52 wt. %, and 0.56-1.02 wt. %, respectively). Both types of cpx have similar CaO (20.9-21.6222 

wt. %), Na2O (0.76-1.02 wt. %) and TiO2 (0.12-0.39 wt. % with a couple of cpx1 having 0.05 and 0.08 223 

wt. %) contents, whereas SiO2 varies widely, with cpx2 marked by lower values (50.0-53.1 wt. % for 224 

cpx2 and 51.1-53.7 wt. % for cpx1).225 

The mg# of cpx1 from harzburgites varies from 89.9 up to 92.9; they are also characterized by higher 226 

SiO2 (51.8-54.1 wt. %) contents than those of the lherzolites, lower Al2O3 (1.75-3.56 wt. %) as well as 227 

TiO2 (0.05-0.2 wt. %) contents, but similar Cr2O3 (0.57-1.45 wt. %), Na2O (0.71-1.0 wt. %), and CaO228 

(20.8-21.7 wt. %) contents. All cpx2 (except those belonging to harzburgite MGP1b [mg# 87.9-88.9])229 

show a range of mg# (91.5-92.3), Al2O3 (3.46-4.45 wt. %), Cr2O3 (1.26-1.59 wt. %), CaO (21.0-21.3), 230 

and TiO2 (0.12-0.31 wt. %) akin to those of cpx2 from lherzolite, showing a narrower range of SiO2231 

(52.3-53.1 wt. %) and a higher content of Na2O (0.95-1.18 wt. %). Cpx2 from harzburgite MGP1b do 232 

not show any compositional differences with the cpx1 from the same sample.233 

Cpx1 from dunites have a very narrow mg# range, from 89.5 to 91.5 similar to that in harzburgite 234 

MGP3b. They also display the same Al2O3 (1.75-3.12 wt. %) but with a slightly lower Cr2O3 (from 0.73 235 

to 1.20 wt. %) content. At comparable mg# with harzburgites, they are characterized by higher TiO2236 

(0.07-0.30 wt. %) and Na2O (0.74-1.13 wt. %) contents (but similar to those of lherzolites) and lower 237 

SiO2 (52.1-53.4 wt. %) and CaO (20.5-21.8 wt. %) contents. With respect to cpx1, cpx2 have mg# 238 

(89.6-90.9) similar to that of the cpx1, but have higher Al2O3 (2.65-4.03 wt. %) and Na2O (1.00-1.27 wt. 239 

%), slightly higher Cr2O3 (0.91-1.36) and TiO2 (0.24-0.51 wt. %) and slightly lower SiO2 and CaO 240 
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contents (varying from 51.6 to 52.8 and from 19.9 to 21.1, respectively). All these features collocate the 241 

cpx2 of dunites in the same field as those previously described for lherzolites and harzburgites (with the 242 

exception of cpx2 from harzburgite MGP1b).243 

Cpx of the wehrlite show the lowest mg# ranging from 81.5 to 84.6. They are characterized by the 244 

highest Al2O3 and TiO2 contents (5.13 - 7.3 wt. % and 0.65 - 1.17 wt. %, respectively) and the lowest 245 

Cr2O3 (0.37-0.86 wt. %), CaO (15.75-21.4 wt. %), Na2O (0.63-1.00 wt. %) and SiO2 (49.4-51.6 wt. %)246 

contents.247 

6.1.3. Orthopyroxene 248 

Opx have been divided in three groups on the basis of their petrographic and textural features (Fig. 5A,249 

B and C). No differences between opx1 and opx2 have been found in terms of major element 250 

composition, whereas opx arranged in vein (opx3, dunite MGP2a) is always quite well discriminated251 

chemically, too.252 

Opx from lherzolites have mg# ranging from 90.1 to 91.5 with an Al2O3 content ranging from 2.62 to 253 

2.97 wt. % (Table 4, Fig. 6B). They also show high and quite variable Cr2O3 (0.48-0.70 wt. %), SiO2254 

(55.3-56.4 wt. %) and CaO (0.84-0.99 wt. %) contents. Opx of harzburgites are characterized by a wider255 

mg# range varying from 84.2 to 93.0. Two samples (harzburgites MGP3b and MGP1c) have mg# akin256 

to those of lherzolites (90.1-91.6), with lower Al2O3 (1.37-2.14 wt. %), slightly lower Cr2O3 (0.26 to 257 

0.63 wt. %), similar CaO [0.82 and 0.97 wt. % (one grain belonging to harzburgite MGP1d with 0.72 258 

wt. %)] and higher SiO2 contents (55.8-57.1 wt. %). Opx from the other two harzburgites (MGP1b and 259 

MGP1g) have Al2O3 (2.30-3.32 wt. %) contents comparable (or slightly higher) than those of lherzolites 260 

but they have lower mg#, ranging from 84.2 to 88.7. They are also marked by similar CaO contents 261 

(0.79-0.98 wt. %) but lower SiO2 (54.1-55.9 wt. %) and Cr2O3 (0.26-0.60 wt. %) contents. Finally opx262 

from the harzburgites MGP4b are characterized by a very high mg# (91.6-93.0), and by Al2O3 (2.38-263 

2.94 wt. %,), SiO2 (55.8-57.2 wt. %) and CaO (0.85-1.00 wt. %) similar to those of lherzolites. Cr2O3264 

content is slightly higher, ranging from 0.44 to 0.73 wt. %.265 

Opx3 (those arranged in vein in the dunite MGP2a) are always distinguished from the other two kinds 266 

of opx. Mg# is analogous to those of opx from lherzolites and harzburgites MGP1c and MGP3b, 267 
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comprised between 89.2 and 90.6, but, at comparable mg#, they have (higher Al2O3 (3.02-3.52 wt. %), 268 

and lower CaO (0.76-0.89 wt. %), SiO2 (54.0-55.5 wt. %) and Cr2O3 (0.20-0.40 wt. %) contents. Opx1 269 

from the other dunitic sample (MGP1h) have similar Cr2O3 (comprised in the range 0.25-0.42 wt. %,270 

except one analyses, up to 0.56 wt. %) and CaO (0.80-0.96 wt. %) contents to those of opx3 of dunite271 

MGP2a, but this latter one shows higher SiO2 (57.3-57.9 wt. %) and lower Al2O3 (1.18-1.59 wt. %)272 

contents.273 

6.1.4. Spinel 274 

On the basis of their petrolographic and textural features, sp have been classified in two groups: those 275 

occurring with cpx (spcpx) and those not related to pyroxene (sp). The first group is composed solely of 276 

spcpx that have higher Al2O3 content with respect to Cr2O3 (mg# ranging from 61.2 to 77.2 and cr# 277 

between 37.1 and 51.0). The other sp group can be characterized by higher cr# (49.2-60.6) and mg# 278 

comprised between 62.0 and 67.4. A few grains of both sp and spcpx plot outside these two groups, at279 

very low cr# (17.5-26.5) and mg# (55.0-64.9).280 

Taking into account the lithotype, sp from lherzolites have mg# and cr# ranging from 72.3 to 73.1, and 281 

from 37.1 to 38.2 respectively, with only one grain of sample MGP2b2 falling outside these ranges 282 

(mg#=77.2 and cr#=38.5) (Table 5). Those belonging to harzburgites have a quite different 283 

geochemical composition, with one sample (MGP4b) having the highest mg# (74.8-76.9) and cr# (38.3-284 

40.5) similar to that of lherzolites; three harzburgites (MGP1b, MGP1c and MGP3b) are characterized 285 

by higher cr# with respect to harzburgite MGP4b and two lherzolites (42.6-60.0) and lower mg# (61.2-286 

67.5), and two sp of harzburgite MGP1g with a very low mg# and cr#. Sp of dunites fall in the field 287 

defined by the three harzburgites MGP1b, MGP1c and MGP3b, with mg# ranging from 62.0 to 66.4 and 288 

cr# from 46.6 to 57.1. Three spcpx from dunite MGP1h plot outside this group, having slightly higher 289 

mg# (69.6-70.4) and lower cr# (43.5-43.9). Finally sp of the wehrlite are the most aluminiferous (cr# 290 

17.5-20.8) with mg# ranging from 62.6 to 64.9.291 

6.2. Trace elements 292 

6.2.1. Clinopyroxene 293 
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Chondrite-normalized (Sun and McDonough, 1989) trace elements and rare earth element (REE) 294 

compositions for each sample are reported in Fig. 7 and Table 6. No correlation between composition 295 

and textural position and/or the lithotype have been observed for cpx1 and cpx2. They are practically 296 

indistinguishable solely on the basis of trace element composition. 297 

Cpx from lherzolites are characterized by a remarkable Th positive anomaly, a strong Nb and less 298 

pronounced Zr and Ti negative anomalies. Most of them are light REE (LREE) enriched with (La/Yb)N299 

ranging from 2.09 to 5.57. A few grains are characterized by a lower (La/Yb)N ratio comprised between 300 

1.55 and 1.96, related to an increase of the heavy REE (HREE) content. Cpx from harzburgites show 301 

anomalies similar to those highlighted for the lherzolites. With respect to these latter they are 302 

characterized by a more pronounced negative Ti anomaly and by a variable, but always negative, Zr 303 

anomaly. Harzburgite MGP1c (and a few grains of MGP4b) show a slightly negative Zr anomaly, 304 

whereas cpx from harzburgites MGP1b, MGP3b and MGP4b are marked by a strong negative Zr 305 

anomaly. The REE patterns resemble those of the lherzolites, with an enrichment in LREE, most of the 306 

cpx having a (La/Yb)N comprised between 2.09 and 7.28. As for lherzolites, some cpx in harzburgites 307 

are characterized by HREE enrichment, leading to a decrease of the (La/Yb)N ratio (0.87-1.68).308 

Only one cpx crystal was found and analysed in dunite MGP2a. It shows a more fractionated 309 

incompatible trace element pattern, always characterized by the prominent positive Th and negative Nb 310 

anomalies. It also has marked Zr and Ti negative anomalies, and a steep REE pattern, with a (La/Yb)N311 

equal to 4.11.312 

Cpx of the wehrlite are also characterized by negative Nb and positive Th anomalies, even if the latter is 313 

less marked than that of the other cpx. Indeed, in lherzolites Th content varies from 0.24 up to 14.7 314 

ppm, in the harzburgites from 0.71 to 14.2 ppm, in the dunite it is equal to 2 ppm, whereas in wehrlite it315 

ranges from 0.12 and 0.41 ppm. The two negative Zr and Ti anomalies are present in the wehrlitic 316 

clinopyroxenes, the former anomaly being generally marked and the second varying from slight to 317 

strong. REE patterns highlight two different compositions, one with a convex upward pattern and a 318 

(La/Yb)N ranging from 0.79 and 1.04 and the other with LREE enrichment and a (La/Yb)N varying from 319 

2.87 up to 5.26. These two compositions, however, are not related to different textural position.320 
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6.2.2. Orthopyroxene 321 

Chondrite-normalized (Sun and McDonough, 1989) trace elements profiles and REE of opx are reported 322 

in Fig 8 and Table 7. Lherzolites are characterized by a prominent positive Th and negative Sr, Zr and 323 

Ti anomalies. They also show depleted LREE with a negative Ce anomaly and HREE at about 5X 324 

chondritic, with (La/Yb)N ratios varying between 0.06 and 0.30.325 

Opx from harzburgites MGP1b and MGP1c display the same anomalies observed for the lherzolites, i.e. 326 

positive Th and negative Sr, Zr and Ti anomalies as well as flat HREE with a drastic LREE depletion 327 

resulting in a (La/Yb)N ratio ranging from 0.14 to 0.74. The other three harzburgites (MGP1g, MGP3b 328 

and MGP4b) are characterized by the same strong positive Th and negative Sr anomalies but slightly 329 

negative Zr and Ti anomalies. The REE patterns show flat HREE and depleted LREE, with (La/Yb)N330 

ranging from 0.16 and 0.74.331 

Opx analysed in the two dunites MGP1h and MGP2a always show marked positive Th and negative Sr 332 

anomalies, but the former has slightly negative Zr and Ti anomalies, the latter (opx3 in vein) displays a333 

positive Zr and a prominent negative Ti anomaly. The REE patterns are similar to those described 334 

above, with flat HREE and a depletion in LREE also resulting in this case in the low (La/Yb)N ratio,335 

between 0.21 and 0.36. Considering the different REE patterns and the negative Ti anomaly, Ti* 336 

[TiN/((EuN+GdN)/2)] is plotted versus (Ce/Yb)N, highlighting the presence of two groups of opx, one at 337 

low Ti* (i.e. prominent Ti negative anomaly) and (Ce/Yb)N and one at higher values of both (Ce/Yb)N338 

and Ti* (Fig. 9A). Fig. 9B better constrains this subdivision by taking into account the Zr negative 339 

anomaly (Zr*, [ZrN /((SmN +NdN)/2)]) which varies from slight to prominent, but also positive in one 340 

case. Moreover it allows distinguishing a third group constituted by the opx in the vein of sample 341 

MGP2a that clearly plots outside Group II due to its positive Zr anomaly.342 

7. P-T conditions and fO2. 343 

Temperature and Pressure conditions were estimated using the two-pyroxene thermometer of Brey and 344 

Kölher (1990) and the Kölher and Brey (1990) barometer, this latter one based on the Ca exchange 345 

between ol and cpx. Temperature has been estimated on lamellae-free opx. Some care is needed 346 
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regarding the pressure estimates because the Ca content of the ol has only been measured by electron 347 

microprobe. Beside some unreasonably high (>30 Kb) and low (<5 Kb) pressure values, most of the 348 

samples fall in the spinel stability field (P ranging from 12 to 20 Kb) within a narrow range of 349 

temperature (1003 ºC – 1040 ºC). 350 

Temperature estimates for ESM compare favourably to the upper ranges of estimates from other Central 351 

Patagonia localities. Bjerg et al. (2005) calculated at Gobernador Gregores equilibration temperatures352 

for spinel peridotites ranging from 830 ºC to 1090 ºC; Dantas (2007) reports temperatures from 850 ºC 353 

to 1100 ºC for the same locality. Temperatures of spinel lherzolites from Tres Lagos range between 728354 

ºC and 1040 ºC (Ntaflos et al., 2006), while Faccini et al. (2013) calculates temperatures between 872355 

ºC and 1006 ºC at Cerro Fraile. 356 

ΔlogfO2 (QFM) have been calculated using the equilibrium of the ol-sp-opx assemblage according to 357 

Ballhaus et al. (1991) (Fig. 10). Pressure used for the oxygen fugacity is 15 Kbar, while temperatures, 358 

varying between 912 ºC and 980 ºC, are in good agreement with those calculated with the Brey and 359 

Kölher (1990) thermometer (Table 8). All samples have positive ΔlogfO2 indicating oxidized 360 

conditions. The two lherzolites have the lowest values (+0.02 and +0.62) while the harzburgites have 361 

values higher than +1, with the most oxidized samples reaching +1.47. The mean value of the fO2 is 362 

+0.86, slightly higher than that calculated for supra-subduction mantle xenoliths (+0.51, Foley, 2011).363 

The oxygen fugacity calculated at ESM is quite different from that calculated at Cerro del Fraile. For 364 

this locality, an average ΔlogfO2 of -0.41 and -0.34 were calculated by Faccini et al. (2013) and Wang 365 

et al. (2007) respectively.366 

367 

8. Discussion 368 

8.1. Depletion processes 369 

Partial melting of ESM mantle xenoliths has been estimated using trace (Johnson et al., 1990) and 370 

major element (Bonadiman et al., 2011) modelling, the former based on the HREE content in cpx and 371 

the second on the Al2O3 content in cpx and opx.372 
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It is well known that HREE in peridotites are very sensitive to the partial melting degree (F), i.e. an 373 

increase of F corresponds to a decrease of HREE in the residue. Contrary to LREE, HREE values are 374 

also less affected by successive enrichment due to metasomatism. In Fig. 11A and B the melting curves 375 

for REE (with Zr, Ti and Y) are reported according to the equations of Johnson et al. (1990), starting 376 

from a Primitive Mantle (PM) composition from Bonadiman et al. (2005) and assuming a modal 377 

composition of 55% ol, 22% opx, 20% cpx and 3% sp, at 1.5 GPa. Cpx HREE contents in lherzolites 378 

suggest an F between ~ 5% and ~ 13% (Fig.11A); cpx from harzburgite MGP3b and few cpx from 379 

MGP4b fall in the range of F comprised between ~ 5% and ~ 15% (Fig. 11B). The cpx of the other 380 

harzburgites (MGP1b and MGP1c) have HREE equal or higher than PM and for this reason they do not 381 

lead to any result. 382 

The melting history of the ESM mantle is also provided by the Al2O3 variation for cpx and opx, 383 

according to the melting trends of Bonadiman et al. (2011) (Fig. 12). Al2O3 behavior is strictly related 384 

to partial melting processes in basaltic systems, i.e. the increasing of melting results in a decreasing of 385 

the Al2O3 in opx, cpx and sp, and for this reason it can be chosen as a robust geochemical parameter 386 

when dealing with partial melting modelling (Ionov and Hofmann, 2007; Bonadiman et al., 2011). In 387 

the Al2O3 vs. MgO diagram (Fig. 12A and B) an F comprised between ~ 15% and ~ 30% for the opx 388 

(Fig. 12A) and between ~ 16% and ~ 23% for cpx (Fig. 12B) is indicated, with opx being more 389 

scattered than cpx.390 

Opx from the two lherzolites record the same degree of melting (F ~ 20%) while the cpx spans from ~ 391 

16% to 20%. Opx from harzburgites are distributed quite well along the partial melting line in both 392 

cases, even if those from MGP1c tend to diverge towards lower and higher values of MgO and Al2O3393 

respectively and those of MGP4b towards higher values of both oxides. In this case the estimated F394 

ranges from ~ 20% to ~ 30%. On the contrary, cpx of harzburgites are well aligned on the curve, 395 

recording an F between ~ 16% and ~ 23%. Cpx from dunites are slightly scattered towards lower Al2O3396 

values aligning along a partial melting curve parallel to that of Bonadiman et al. (2011) with F similar 397 

to that of the cpx from harzburgites ranging from ~ 16% to ~ 23%. Opx from MGP2a recording an F398 
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similar to that of the lherzolites (~ 16%) should not be considered because it is arranged in vein and it 399 

clearly postdates the partial melting event(s).400 

To summarize, HREE modelling of cpx from lherzolites record an F varying between ~ 5% and ~ 13%. 401 

The highest values (F ranging from ~ 16% and ~ 23%.) obtained through the Al2O3 model are probably 402 

too high to be reliable, also taking into account the fact that the cpx modal content of this lithotype 403 

varies from 9.5% (MGP2b) to 13.3% (MGP2b2). On the other hand, HREE content of cpx from 404 

harzburgites MGP3b and MGP4b record an F comprised between ~ 5% and ~ 15%. In this case the 405 

highest values (F comprised between ~ 20% and ~ 30%.) obtained by the major element modelling are 406 

compatible with the modal composition of 73% ol, 21% opx, 4% cpx and 2% sp. 407 

8.2. Enrichment processes and nature of the incoming melt(s) 408 

Cpx and opx of ESM are characterized by a decrease in Al2O3 content related to an increase in mg# 409 

(Fig. 6A and B). Furthermore a correlation between the increase of the mg# and the nature of the 410 

lithotype, i.e. the modal content of cpx left after the partial melting (a gradual shift from lherzolites to 411 

harzburgites to dunites) is not observed. An evolution of the mantle beneath ESM linked only to a 412 

partial melting event is also ruled out by the negative correlation between major (in terms of Al2O3413 

contents) and trace element compositions (namely LREE and Sr, Fig. 13A and B). A residue after 414 

partial melting in fact would have minor Al2O3 content coupled with a decrease in LREE (i.e. a decrease415 

of the La/Yb ratio) and Sr (i.e. a positive correlation), contrary to what was observed at ESM. These 416 

geochemical features, together with the petrographic evidence of two texturally different cpx and the 417 

presence of a vein of recrystallized opx, highlight the occurrence of possible metasomatic and/or418 

refertilization events affecting the upper mantle beneath ESM. 419 

The main problem when dealing with metasomatism/refertilization events is the identification of the 420 

liquid percolating through the mantle thereby modifying its geochemical features. In order to constrain 421 

the nature of the melt, we compared the incompatible trace elements and REE patterns of the ESM cpx422 

with those of pyroxenites and wehrlites from northern and central Patagonia (Dantas, 2007) (Fig. 14A-423 

F). Four main processes are accounted for the generation of pyroxenites. Various authors consider them 424 
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as (1) formed by oceanic crust recycling (Polvé & Allègre, 1980; Allègre & Turcotte, 1986; Kornprobst 425 

et al., 1990; Kerr et al., 1995), or (2) as cumulus at the base of the magmatic chamber (DeBari &426 

Coleman, 1989; Schiano et al., 2000), as well as (3) segregated at high pressure from mafic silicate 427 

liquids (Downes, 2005) or (4) as products of the interaction between the peridotite with melts at mantle 428 

depth, suggesting the presence of refertilization/metasomatic event(s) (Kelemen et al., 1992; Smith & 429 

Riter, 1997; Wilkinson & Stolz, 1997; Garrido & Bodinier, 1999; Smith et al., 1999; Zanetti et al., 1999;430 

McInnes et al., 2001; Wang et al., 2001). In this case, the samples are porphyroclastic to equigranular 431 

opx-rich websterites from Cerro Rio Chubut and Cerro Aznare (Fig. 1, Northern Patagonia), as well as 432 

porphyroclastic to equigranular olivine and spinel websterites from Cerro de Los Chenques (Fig. 1,433 

Northern Patagonia), and porphyroclastic spinel clinopyroxenites from Cerro Clark (Fig. 1, Central 434 

Patagonia).435 

The first group of pyroxenites from Northern Patagonia is characterized by prominent Nb and slightly 436 

negative Ti anomalies, depleted LREE and enriched-to-flat HREE (Trend 1, Fig.14A and B). The same 437 

feature can also be observed for the cpx of the pyroxenites from central Patagonia that fall in the same 438 

group, except for a slightly negative Zr anomaly and for less enriched REE patterns. Wehrlites from 439 

central Patagonia show the highest trace element concentrations, with prominent negative Nb and Ti 440 

anomalies, a negative to positive Zr anomaly, enriched LREE and fractionated HREE (Trend 2,441 

Fig.14C and D). Finally, a second group of cpx of pyroxenites from northern Patagonia is characterized 442 

by a wider range of trace element concentrations, with negative Nb, Zr and Ti anomalies. LREE 443 

contents vary from depleted to slightly enriched and fractionated to flat HREE (Trend 3, Fig.14E and 444 

F). The grey field in Fig. 14, corresponding to the ESM cpx, resembles the pattern of cpx of Trend 3.  445 

To constrain the origin of Trend 1, the REE patterns of cpx belonging to the pyroxenites of Northern 446 

and Central Patagonia have been compared to those of cpx phenocrysts from tholeiitic lavas from 447 

Ethiopian Rift (Beccaluva et al., 2009) (Fig. 15). To the best of our knowledge no trace element 448 

analyses are available on cpx phenocrysts from Patagonian lavas. The overlap between cpx in 449 

equilibrium and Ethiopian tholeiitic lavas is quite remarkable. This fact lends support to the percolation 450 

of sub-alkaline SiO2 – saturated melt beneath Northern and Central Patagonia. In the main plateau –451 
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post-plateau (and in some cases also pre-plateau) eruption sequence typical of the Somoncura and Triple 452 

Junction mesetas, tholeiitic products are predominant especially in the voluminous main plateau453 

volcanic stage. It is thus likely that the northern and central Patagonian mantle suffered tholeiitic 454 

refertilization processes, characterized by a much higher melt/rock ratio with respect to a metasomatic 455 

event.456 

The cpx REE patterns of wehrlites belonging to Trend 2 appear enriched in LREE with a La/Lu ranging 457 

from 6.89 to 30.5 and a high content of Nb, Sr and Zr. These resemble typical patterns for mineral 458 

crystallized from alkaline melts. According to Dantas (2007) these patterns are, in fact attributed to 459 

CaO-rich SiO2-undersaturated melt. 460 

Incompatible trace elements and REE patterns of ESM cpx resemble those of pyroxenites from Northern 461 

Patagonia generating Trend 3 (Fig. 14E and F). The pattern of the cpx in equilibrium with the 462 

transitional/alkaline lavas from the post-plateau stage of these provinces were calculated using the 463 

appropriate partition coefficient (data from GERM, http://earthref.org/GERM/, provided as a464 

supplementary table) and considering the most and the least enriched lavas belonging to the Triple 465 

Junction Province. As can be seen in Fig. 16 cpx calculated (provided as supplementary data) in 466 

equilibrium with the transitional/alkaline lavas from TJ province have patterns that are quite comparable 467 

with those of the cpx from Northern Patagonia pyroxenites (Trend 3) and from ESM. This is also 468 

supported by a favourable comparison between La/Yb ratios of cpx from ESM (comprised between 0.87 469 

and 7.28), those of cpx from pyroxenites (between 0.26 and 6.95) and those of the calculated cpx 470 

(between 0.57 and 6.44).471 

This supports the idea that a transitional alkaline/subalkaline melt refertilization event has affected the 472 

mantle beneath ESM, as also suggested by the textural features represented by cpx2 and opx in vein. A473 

few samples show an incongruent Al2O3 behavior between opx and cpx (Fig. 6) that can be explained 474 

by an incomplete refertilization process. In fact cpx2 and opx3 tend to be enriched in Al2O3 with respect 475 

to the cpx1 and opx1. This, together with the presence of small vein of opx, would point toward a 476 

process occurring in recent time, just prior to xenolith entrainment.477 
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It is to be pointed out that, while migrating through the mantle, transitional-type basalts can easily move 478 

above and below the saturation threshold. Reaction and dissolution of opx would in fact increase the 479 

SiO2-saturation level, while its crystallization as completely new minerals or in substitution of ol would 480 

decrease it (Arai et al., 2006) Within this framework we can place the slightly different, more alkaline, 481 

pattern of the cpx in dunite MGP2a, as well as the presence of small opx in vein suggesting a SiO2-rich 482 

melt. Whether or not these affinities represent truly distinct families of melts or simple, small volume 483 

variations of a unique transitional melt will be the topic of a forthcoming paper taking into consideration 484 

the metasomatic/refertilization petrological modifications of the entire Patagonia (Melchiorre et al., in 485 

prep.)486 

9. Conclusions 487 

Anhydrous spinel-bearing peridotites (mainly harzburgites and dunites, with minor lherzolites and one 488 

wehrlite) sampled at ESM (Patagonia), without any evidence of spongy rims or glassy patches, show 489 

two and three texturally different cpx and opx, respectively. They depict two different trends, one 490 

characterized by high Al2O3 content at almost constant mg# and the second by a slight increase of the 491 

Al2O3 content with a decreasing of mg#. The trace element concentrations do not evidence any 492 

difference between cpx1 and cpx2, but discriminate three groups of opx, in agreement with the observed 493 

petrographical features: one is represented by the opx3 (those arranged in vein) characterized by a 494 

prominent positive Zr anomaly, while the other two always show prominent-to-slightly negative Ti and 495 

Zr anomalies and LREE depleted patterns.496 

Equilibration temperature estimates of ESM peridotites range from 1003 ºC and 1040 ºC, comparing 497 

favourably to the upper ranges of estimates from other Central Patagonia localities. Positive ΔlogfO2498 

(QFM, average of +0.86) is compatible with that calculated for a supra-subductive mantle by Foley 499 

(2001) (+0.51), revealing an oxidizing environment, on the contrary of what was proposed by Wang et 500 

al (2007) and Faccini et al. (2013) at Cerro del Fraile (-0.34 and -0.41 respectively). Major and trace 501 

element modelling of partial melting reveals an F ranging from ~ 5% and ~ 13% for the lherzolites and 502 

between ~ 20% and ~ 30% for the harzburgites. 503 
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The correlation between incompatible trace elements [(La/Yb)N and SrN] and Al2O3 of the cpx highlight 504 

the presence of a refertilization event affecting the ESM upper mantle, evidenced by the enrichment of 505 

the LREE and Sr correlated to a decrease in the Al2O3 content. The agent that can account for this506 

process has a transitional affinity and is analogous to the lavas occurring within the various post-plateau 507 

stages of the mesetas belonging to the Triple Junction Province. This conclusion has been reached by 508 

reconstructing the REE patterns of a cpx in equilibrium with lavas with the lowest and highest trace 509 

element contents from this province that resemble those of the cpx from ESM.  510 
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Figure caption. 752 

 753 

Fig. 1: Sketch map of Patagonia (A, after D’Orazio et al., 2000). VG stands for “Volcanic Gap”. (a), 754 

(b) and (c) indicate the back-arc volcanic fields respectively of Northern Patagonia, Central Patagonia 755 

and Southern Patagonia. 1 Cerro Aznare; 2 Cerro Rio Chubut; 3 Cerro de los Chenques; 4 Cerro 756 

Clark. Sketch map B (from Gorring et al., 1997) shows the occurrence of the different plateau of 757 

Central Patagonia. In grey and black are represented the main and post-plateau sequences respectively. 758 

Black star localizes sampling site of xenoliths at Estancia Sol de Mayo (ESM).759 

Fig. 2: Total alkali vs. silica diagram of Le Bas and Streckeisen (1991). Dash dot line separates the 760 

alkaline and subalkaline domains.761 

Fig. 3: Chondrite normalized (Sun and McDonough, 1989) trace element compositions of Meseta 762 

Lago Buenos Aires (MLBA) post-plateau lavas. 763 

Fig. 4: Ultramafic classification diagram (after Streckeisen, 1976) of the Estancia Sol de Mayo (ESM)764 

mantle xenoliths. Empty symbols indicate samples studied only petrographically, while full symbols 765 

indicate those studied both petrographically and geochemically.766 
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Fig. 5: Transmitted plane-polarized photomicrographs of representative assemblages in the Estancia 767 

Sol de Mayo (ESM) xenoliths. Ol, olivine; opx, orthopyroxene; cpx, clinopyroxene; sp, spinel. Cpx 768 

are further classified as cpx1 and cpx2. The former generally occur as protogranular in the peridotitic 769 

matrix, while the latter is observed around the sp. Opx is subdivided in opx1, opx2 and opx3: the first 770 

present as large protogranular crystals with exsolution lamellae while the second as small clean and 771 

undeformed grains without exsolution lamellae; the third occur as smaller grains arranged in vein. (A)772 

Protogranular anhydrous spinel-bearing harzburgite MGP4b comprising ol, cpx1 and opx1. (B)773 

Protogranular to porphyroclastic anhydrous spinel-bearing harzburgite MGP1b comprising ol, small 774 

porphyroclastic clean and undeformed grains of opx2, a cpx1 grain and a cpx2 growing around a black 775 

sp. (C) Vein of opx3 in dunite MGP2a. Opx3 are surrounded by a black matrix constituted by very 776 

small grains of ol, cpx and plagioclase. 777 

Fig. 6: Al2O3 vs mg# of clinopyroxenes and orthopyroxenes. Diamonds refer to lherzolites, squares to 778 

harzburgites, triangles to dunites and asterisk to wehrlite. In A, black symbols represent cpx1 while 779 

grey symbols cpx2.  780 

Fig. 7: Chondrite-normalized (Sun and McDonough, 1989) incompatible trace elements (A, B, C, D)781 

and REE (A’, B’, C’, D’) of clinopyroxenes.782 

Fig. 8: Chondrite-normalized (Sun and McDonough, 1989) incompatible trace elements (A, B, C) and 783 

REE (A’, B’, C’) of orthopyroxenes.784 

Fig. 9: Ti* (calculated as [TiN/((EuN+GdN)/2)]) and Zr* (calculated as [ZrN/((SmN+NdN)/2)]) vs. 785 

(Ce/Yb)N for some selected orthopyroxenes from Estancia Sol de Mayo (ESM). For symbols refer to 786 

Fig. 6.787 

Fig. 10: Oxygen fugacity [calculated as ΔlogfO2 (QFM) (Ballhaus et al., 1991)] vs. temperature (from 788 

Brey and Kölher, 1990) of Estancia Sol de Mayo (ESM) peridotites. For comparison oxygen fugacity 789 

of Cerro del Fraile from Wang et al. (2007) and Faccini et al. (2013).790 

Fig. 11: Chondrite-normalized REE of cpx from Estancia Sol de Mayo (ESM, white lines) from 791 

lherzolites (A) and harzburgites (B) compared to the curves (black dashed lines) of 5%, 10%, 15%, 792 

20%, 25% and 26% fractional partial melting (Johnson et al., 1990) of a starting fertile cpx (bold 793 

black line) from Bonadiman et al. (2005).794 

Fig. 12: Al2O3 vs MgO melting trends from Bonadiman et al., (2011) for opx and cpx in Estancia Sol 795 

de Mayo (ESM) mantle xenoliths. Primitive Mantle (PM) opx and cpx composition in terms of Al2O3796 

and MgO were calculated on the basis of the primitive mantle composition of McDonough & Sun 797 

(1995). Black crosses on curves indicate partial melting percentages.798 

Fig. 13: Variation in some selected samples of (La/Yb)N and SrN vs. Al2O3 of clinopyroxenes. A799 

negative correlation between the two geochemical markers and the content of Al2O3 is highlighted. For 800 

symbols refer to Fig. 6.801 

Fig. 14: Chondrite-normalized (Sun and McDonough, 1989) incompatible trace elements (A, C, E)802 

and REE patterns (B, D, F) of clinopyroxenes from pyroxenites of Nothern and Central Patagonia and 803 

wehrlites from Central Patagonia (Dantas, 2007). Light grey field represents the clinopyroxenes from 804 

Estancia Sol de Mayo (ESM).805 

Fig. 15: Chondrite-normalized (Sun and McDonough, 1989) incompatible trace elements of 806 

clinopyroxenes from pyroxenites of Nothern and Central Patagonia (Dantas, 2007) and807 
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clinopyroxenes phenocrysts entrained in Northern Ethiopian continental flood basalts (from Beccaluva 808 

et al., 2004).809 

Fig. 16: Chondrite-normalized (Sun and McDonough, 1989) incompatible trace elements pattern 810 

reconstructions of clinopyroxenes from transitional/alkaline mafic lavas from the Triple Junction 811 

Province. 812 

813 

Table caption. 814 

Table 1: Bulk rock major (in wt. %) and trace (in ppm) element analysis of six host lavas from 815 

Estancia Sol de Mayo (ESM). Mg# (MgO/(MgO+FeO) mol %) is calculated with Fe2O3=0.15*FeO 816 

(Green et al., 1974).817 

Table 2: Representative major element composition (in wt. %) of olivines of Estancia Sol de Mayo 818 

(ESM) mantle xenoliths. Ol: olivine; Fo: forsterite.819 

Table 3: Representative major element composition (in wt. %) of clinopyroxenes of Estancia Sol de 820 

Mayo (ESM) mantle xenoliths.  821 

Table 4: Representative major element composition (in wt. %) of orthopyroxenes of Estancia Sol de 822 

Mayo (ESM) mantle xenoliths.  823 

Table 5: Representative major element composition (in wt. %) of spinels of Estancia Sol de Mayo 824 

(ESM) mantle xenoliths.  825 

Table 6: Trace element contents (ppm) of Estancia Sol de Mayo (ESM) clinopyroxenes. 826 

Table 7: Trace element contents (ppm) of Estancia Sol de Mayo (ESM) orthopyroxenes. 827 

Table 8: Equilibration temperature, pressure and fO2 estimates of Estancia Sol de Mayo (ESM) 828 

mantle xenoliths. 829 
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Sample MGP1 MGP2 MGP3 MGP4 MGP5 MGP6

Rock type

Basaltic 

trachy-

andesite

Basaltic 

trachy-

andesite

Basaltic 

trachy-

andesite

Basaltic 

trachy-

andesite

Basaltic 

trachy-

andesite

Basaltic 

trachy-

andesite

SiO2 (wt. %) 50.80 50.50 50.60 50.70 50.50 50.80

TiO2 2.13 2.15 2.14 2.10 2.13 2.14

Al2O3 16.30 16.30 16.40 16.50 16.40 16.20

Fe2O3 Tot 9.28 9.57 9.43 9.31 9.52 9.49

MnO 0.15 0.16 0.16 0.16 0.16 0.15

MgO 3.93 4.02 4.13 4.00 4.11 4.04

CaO 7.52 7.62 7.48 7.46 7.45 7.42

Na2O 5.69 5.59 5.45 5.64 5.57 5.63

K2O 2.65 2.58 2.51 2.55 2.57 2.55

P2O5 1.09 1.08 1.07 1.07 1.06 1.07

LOI 0.35 0.36 0.56 0.43 0.45 0.40

Total 99.89 99.93 99.93 99.92 99.92 99.89

mg# 48.65 48.45 49.51 49.05 49.15 48.79

Ni (ppm) 45.6 44.7 46.6 46.8 47.3 44.9

Co 24.1 24.1 25.5 26.2 25.0 27.1

Cr 195 182 210 173 174 164

V 157 157 161 155 158 158

Sc 19.6 19.9 20.5 18.6 20.8 18.6

Sr 682 689 681 674 685 678

Rb 32.4 32.2 31.2 31.3 32.1 32.3

Ba 398 393 376 390 387 387

Zr 256 256 253 251 254 252

Nb 49.5 49.4 49.6 47.2 49.8 48.2

Th 4.63 4.24 5.22 4.66 5.75 3.15

Y 20.4 21.3 20.5 20.6 21.4 20.5

La 26.9 26.9 29.0 29.3 25.8 25.5

Ce 91.8 91.7 96.6 98.1 88.4 78.6

Nd 37.8 38.5 36.3 37.9 36.5 38.2

Pb 9.44 9.60 6.58 10.8 12.0 12.3

Zn 66.4 70.2 67.3 66.3 66.6 67.5

Cu 39.7 38.3 40.0 38.9 38.9 40.4

Ga 30.3 35.2 28.6 27.5 28.0 27.7

Table 1: Bulk rock major (in wt. %) and trace element (in ppm) analysis

of six host lavas from Estancia Sol de Mayo (ESM). 

Mg# ((MgO/(MgO+FeO) mol %) is calculated with Fe2O3=0.15*FeO (Green 

et al., 1974 )
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a
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A B
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4

Fig. 1: Sketch map of Patagonia (A, after D'Orazio et al., 2000). VG stands for “Volcanic Gap”. (a), (b) and (c) indicate 

the back-arc volcanic fields respectively of Northern Patagonia, Central Patagonia and Southern Patagonia. 1 Cerro 

Aznare; 2 Cerro Rio Chubut; 3 Cerro de los Chenques; 4 Cerro Clark. Sketch map B (from Gorring et al., 1997) shows 

the occurrence of the different plateau of Central Patagonia. In grey and black are represented the main and post-plateau 

sequences respectively. Black star localizes sampling site of xenoliths at Estancia Sol de Mayo (ESM). 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

1
 m

m
 

o
p
x
1

o
l

o
l 

o
l 

cp
x
1

 

o
p
x
2

o
p

x
2

o
l 

o
l

o
l 

cp
x

2
 

o
p
x
2

cp
x
1

sp
cp

x
 

2
 m

m
 

1
 m

m
 

A
 

B

C
 

o
l

o
l 

o
l 

o
l 

o
l

F
ig

. 
5
: 

T
ra

n
s
m

it
te

d
 p

la
n
e
-p

o
la

ri
z
e
d
 p

h
o
to

m
ic

ro
g
ra

p
h
s
 o

f 
re

p
re

s
e
n
ta

ti
v
e
 a

s
s
e
m

b
la

g
e
s
 i

n
 t

h
e
 E

s
ta

n
c
ia

 S
o
l 

d
e
 M

a
y
o
 (

E
S

M
) 

x
e
n
o
li

th
s
. 
O

l,
 o

li
v
in

e
; 

o
p
x
, 

o
rt

h
o
p
y
ro

x
e
n
e
; 

c
p
x
, 
c
li

n
o
p
y
ro

x
e
n
e
; 

s
p
, 

s
p
in

e
l.

 C
p
x
 a

re
 f

u
rt

h
e
r 

c
la

s
s
if

ie
d
 a

s
 c

p
x
1
 a

n
d
 c

p
x
2
. 
T

h
e
 f

o
rm

e
r 

g
e
n
e
ra

ll
y
 o

c
c
u
r 

a
s
 p

ro
to

g
ra

n
u
la

r 
in

 t
h
e
 p

e
ri

d
o
ti

ti
c
 m

a
tr

ix
, 

w
h
il

e
 t

h
e
 l

a
tt

e
r 

is
 o

b
s
e
rv

e
d
 a

ro
u
n
d
 t

h
e
 s

p
. 

O
p
x
 i

s
 s

u
b
d
iv

id
e
d
 i

n
 o

p
x
1
, 
o
p
x
2
 a

n
d
 o

p
x
3
: 

th
e
 f

ir
s
t 

p
re

s
e
n
t 

a
s
 l

a
rg

e
 p

ro
to

g
ra

n
u
la

r 
c
ry

s
ta

ls
 w

it
h
 e

x
s
o
lu

ti
o
n
 l

a
m

e
ll

a
e
 

w
h
il

e
 t

h
e
 s

e
c
o
n
d
 a

s
 s

m
a
ll

 c
le

a
n
 a

n
d
 u

n
d
e
fo

rm
e
d
 g

ra
in

s
 w

it
h
o
u
t 

e
x
s
o
lu

ti
o
n
 l

a
m

e
ll

a
e
; 

th
e
 t

h
ir

d
 o

c
c
u
r 

a
s
 s

m
a
ll

e
r 

g
ra

in
s
 a

rr
a
n
g
e
d
 i

n
 v

e
in

. 
(A

) 
P

ro
to

g
ra

n
u
la

r 

a
n
h
y
d
ro

u
s
 s

p
in

e
l-

b
e
a
ri

n
g
 h

a
rz

b
u
rg

it
e
 M

G
P

4
b
 c

o
m

p
ri

s
in

g
 o

l,
 c

p
x
1
 a

n
d
 o

p
x
1
. 

(B
) 

P
ro

to
g
ra

n
u
la

r 
to

 p
o
rp

h
y
ro

c
la

s
ti

c
 a

n
h
y
d
ro

u
s
 s

p
in

e
l-

b
e
a
ri

n
g
 h

a
rz

b
u
rg

it
e
 M

G
P

1
b
 

c
o
m

p
ri

s
in

g
 o

l,
 s

m
a
ll

 p
o
rp

h
y
ro

c
la

s
ti

c
 c

le
a
n
 a

n
d
 u

n
d
e
fo

rm
e
d
 g

ra
in

s
 o

f 
o
p
x
2
, 
a
 c

p
x
1
 g

ra
in

 a
n
d
 a

 c
p
x
2
 g

ro
w

in
g
 a

ro
u
n
d
 a

 b
la

c
k
 s

p
. 

(C
) 

V
e
in

 o
f 

o
p
x
3
 i

n
 d

u
n
it

e
 

M
G

P
2
a
. 

O
p
x
3
 a

re
 s

u
rr

o
u
n
d
e
d
 b

y
 a

 b
la

c
k
 m

a
tr

ix
 c

o
n
s
ti

tu
te

d
 b

y
 v

e
ry

 s
m

a
ll

 g
ra

in
s
 o

f 
o
l,

 c
p
x
 a

n
d
 p

la
g
io

c
la

s
e
. 
 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Highlights 1 

2 

- Two clinopyroxenes and three orthopyroxenes generations in Patagonian peridotites 3 

- Al2O3 vs. mg# identify two different trends for clinopyroxenes and orthopyroxenes4 

- Clinopyroxenes in ESM peridotites match those of Northern Patagonia pyroxenites 5 

- A refertilization process due to a transitional melt occurred at mantle depth 6 

7 

8 


