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Abstract 23 

Extrusion tectonics has been invoked to explain recent magmatism across Indochina (e.g., 24 

Hoang & Flower, 1998). Lithospheric mantle xenoliths sampled from two alkali basalts in south-25 

central Vietnam, Pleiku and Xuan Loc, comprise fertile spinel peridotites. To better determine 26 

the origins of the Indochinese subcontinental lithospheric mantle (SCLM), including impacts of 27 

tectonic extrusion, we present major and trace elements, 28 

and 87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb in xenolith mineral separates. 29 

Most peridotites from Pleiku and Xuan Loc have fertile major element compositions, 30 

“depleted” and “spoon-shaped” rare earth element (REE) patterns, interpreted to record prior 31 

melt depletion followed by melt metasomatism, and depleted isotopic signatures (e.g., 87Sr/86Sr = 32 

0.70238–0.70337 and 143Nd/144Nd = 0.512921–0.514190). A small group of refractory 33 

peridotites have “enriched” REE patterns suggesting more extensive metasomatism, and 34 

enriched isotope ratios (87Sr/86Sr = 0.70405 and 143Nd/144Nd = 0.512755-0.512800). The 35 

presence of both fertile and refractory xenoliths records a heterogeneous SCLM beneath 36 

Vietnam. Based on geothermobarometry calculations, fertile xenoliths have equilibrium 37 

temperatures of 923-1,034 °C and pressures of 11.7-15.8 kbar, while refractory xenoliths have 38 

comparable temperatures of 923-1,006 ºC, but lower pressures of 7.1-10.0 kbar, suggesting 39 

refractory rocks are dominantly present at shallower depths. 40 

We suggest that the regional lithospheric mantle has experienced variable melt extraction, 41 

producing heterogeneous compositions. While we cannot rule out partial removal and 42 

replacement of the lithosphere, large-scale delamination is not necessary to explain observed 43 

characteristics. The entire SCLM was more recently metasomatized by melts resembling 44 
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Cenozoic basalts, suggesting recent asthenospheric melting has modified the SCLM by melt 45 

infiltration. 46 

 47 

 48 

Key Points 49 

Main point #1: Lithospheric mantle xenoliths in Vietnam record a heterogeneous SCLM 50 

beneath Indochina, containing fertile and refractory compositions 51 

Main point #2: Refractory xenoliths overall derive from shallower depths than fertile 52 

xenoliths, suggesting a chemically stratified Indochinese SCLM 53 

Main point #3: The SCLM was metasomatized by melts resembling Cenozoic basalts, 54 

suggesting one melt infiltration event that does not require delamination 55 

  56 
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1. Introduction 57 

The diffuse igneous province of Indochina is a collision-adjacent, complex tectonic 58 

region with extensive basaltic magmatism (Hoang & Flower, 1998; Hoang et al., 1996). 59 

Vietnamese Cenozoic plateau basalts record two-stage eruptive cycles that initiated ~17 Ma, and 60 

consist of large volumes of tholeiitic followed by smaller quantities of alkaline basalt eruptions, 61 

several of which host crustal and lithospheric mantle xenoliths (e.g., Anh et al., 2021; Hoang & 62 

Flower, 1998; Hoang et al, 1996; Nguyen & Kil, 2019, 2020). Prior geochemical analysis of 63 

Vietnamese basalts has included major element and trace element compositions and 87Sr/86Sr, 64 

143Nd/144Nd, 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb isotopes, and suggests that early-stage 65 

tholeiitic volcanism may record partial melt contributions from a subcontinental lithospheric 66 

mantle (SCLM) source, while later-stage volcanism derives from an asthenospheric source 67 

(Hoang & Flower, 1998; Hoang et al., 1996). Hoang et al. (2013) further suggested that some 68 

early-stage volcanism may have been moderately chemically contaminated by crustal 69 

assimilation. Traditional tectonic regimes associated with mantle upwelling and partial melting, 70 

such as regional extension, do not adequately explain the observed abundance (70,000 km2) of 71 

volcanic activity in Indochina (Hoang & Flower, 1998). Previous studies have instead proposed a 72 

role for extrusion tectonics, positing that the adjacent Himalayan collision extruded Southeast 73 

Asia eastward and caused accompanying local mantle upwelling beneath Indochina (Figure 1) 74 

(Flower et al., 1998; Hoang & Flower, 1998; Hoang et al., 1996, 2013; Jolivet et al., 2018). 75 

However, the origin and character of the proposed mantle upwelling and associated partial 76 

melting have not been clearly explained. 77 

Lithospheric mantle xenoliths provide an opportunity to constrain the depth, temperature, 78 

and composition of the local SCLM, and thereby better understand part of the local partial 79 
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melting and melt transport environment beneath a continent (e.g., Byerly & Lassiter, 2012). 80 

Subcontinental lithospheric mantle is typically an ancient, cold layer, variably enriched in trace 81 

elements, that separates the continental crust from the underlying convecting asthenosphere 82 

(McDonough, 1990). Lithospheric mantle xenoliths are typically thought to represent either the 83 

ancient SCLM or, in some circumstances, younger, more recently emplaced asthenosphere 84 

beneath continents, and may track underlying magmatic processes such as partial melting, melt 85 

enrichment, and metasomatic events. For example, major and trace element concentrations in 86 

mantle xenolith mineral phases can be used to calculate the equilibration temperature and 87 

pressure history of a xenolith, which can in turn be used to infer the thickness and thermal 88 

evolution of the SCLM (Ballhaus et al., 1991; Brey & Kohler, 1990; Liang et al., 2013; Lierman 89 

& Ganguly, 2003; Putirka, 2008). Mantle xenoliths thus provide a “window” into the SCLM, and 90 

by characterizing the SCLM spatially and temporally, we can further constrain local lithospheric 91 

and mantle dynamics to inform more realistic tectonic and dynamical models. 92 

To date, mantle xenoliths from Vietnam have not clearly constrained the regional 93 

tectonics and dynamics in Indochina. Recent studies in central Vietnam at the Pleiku and Dalat 94 

volcanic centers have suggested that the mantle beneath Indochina experienced both a prior melt 95 

depletion event and various chemical re-enrichment processes (Anh et al., 2021; Nguyen & Kil, 96 

2019, 2020). Pleiku lithospheric mantle xenoliths from Nguyen and Kil (2019) have estimated 97 

two-pyroxene equilibrium temperatures ranging from 825-1131ºC and may have experienced 1-98 

20% fractional melting, followed by silicate melt metasomatism. Xenoliths from locations 99 

farther to the south in the Dalat volcanic center, including Ba Ria and Nui Nua, have likewise 100 

experienced low degrees of melt extraction (1-13%), equilibrated between 714-1211ºC, and 101 

experienced varying degrees of metasomatism (Anh et al., 2021; Nguyen & Kil, 2020). Our 102 
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current study expands this xenolith dataset and further characterizes the local Vietnamese SCLM 103 

using additional major and trace element and 87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb, 207Pb/204Pb, and 104 

208Pb/204Pb compositions, for additional xenoliths collected from the Pleiku and Xuan Loc 105 

(south-central Vietnam) volcanic centers, comprising a total of 25 new spinel peridotite samples 106 

(Table 1, Figure 1b). The three objectives of this study are to: (1) track magmatic processes in 107 

the local SCLM; (2) compare the SCLM sampled by xenoliths across two different sites in 108 

Vietnam, to better characterize its spatial variability (Pleiku and Xuan Loc); and (3) better 109 

constrain local mantle evolution beneath a tectonically extruding Indochina. 110 

 111 

2. Background 112 

2.1. Geologic Background 113 

 Indochina was rifted from Gondwana and subsequently sutured to Asia during the closure 114 

of a series of Tethyan ocean basins in the Permian and Triassic (Metcalfe, 2013). Subsequent 115 

subduction-related magmatism occurred over Indochina during the Cretaceous as a result of 116 

northward subduction of the Tethyan seafloor, emplacing Cordilleran-type granitic batholiths 117 

(Gibbons et al., 2015; Shellnutt et al., 2013). The initial collision of Indian continental 118 

lithosphere with Eurasia occurred in the Miocene at ~50 Ma (Gibbons et al., 2015). The 119 

continued movement of the Indian block northward (~3000 km) after the initial continental 120 

collision led to the onset of extrusion tectonics in Asia by 35 Ma (Rohrmann et al., 2012; Royden 121 

et al., 2008). The extrusion and clockwise rotation of Indochina occurred as left-lateral 122 

movement along large-scale block-bounding, regional transform faults (Figure 1a) (the Ailao 123 

Shan‐Red River Fault Zone and Mae Ping Fault Zone) from ~35 to ~17 Ma, when motion along 124 

the transform faults became right-lateral, coeval with the cessation of South China Sea/East 125 
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Vietnam Sea rifting (Li et al., 2015; Zhu et al., 2009). This reconfiguration event was 126 

accompanied by the onset of diffuse volcanic activity in Indochina at ~17 Ma, which has 127 

continued through the Holocene and peaked within the last 3 Ma (Hoang & Flower, 1998; Hoang 128 

et al., 1996). The dominant driving mechanism of anomalous Cenozoic basaltic magmatism 129 

across Indochina has alternatively been attributed to either ongoing, reorganized extrusion 130 

tectonics, or the onset of a new phase of regional continental extension (Cullen et al., 2010; 131 

Flower et al., 1998; Hoang & Flower, 1998). The continued extrusional tectonic scenario, 132 

accompanied by coupled mantle flow and local upwelling, was suggested as an explanation for 133 

the observed local sequences of 1) early-stage tholeiites, proposed to be partial melts of 134 

refractory SCLM due to the arrival of extruded, possibly upwelling asthenospheric mantle and 135 

associated lithospheric heating, followed by 2) alkali basalts, thought to be partial melts sourced 136 

from the decompressing asthenosphere. 137 

 The basaltic plateaus across central and southern Vietnam cover an area of 23,000 km2 138 

and have an estimated volume of ~8,000 km3 (Hoang & Flower, 1998). The Pleiku basaltic 139 

plateau (Figure 1b) covers an area of ~4,000 km2 and is characterized by the two-stage eruptive 140 

cycle typical of most eruptive centers in southern Vietnam (Hoang & Flower, 1998; Hoang et al., 141 

2013). The Xuan Loc plateau basalts cover a smaller area of ~2400 km2 (Figure 1b) (Hoang et 142 

al., 2013). The earlier stage eruptive units at both localities consist of quartz and olivine 143 

tholeiites with relatively high SiO2 (48-55 wt.%) and low FeO (8.0-10.5 wt.%) and have been 144 

dated at Pleiku from 6.5-3.4 Ma using 40Ar/39Ar methods (Hoang & Flower, 1998; Hoang et al., 145 

1996, 2013). In both locations, a series of tholeiitic flows is overlain by smaller eruptions of 146 

predominantly alkali basalt, with relatively low SiO2 (40-50 wt.%) and high FeO (9.0-14.5 wt.%) 147 

that have been dated at Pleiku from 2.4-0.2 Ma (Hoang & Flower, 1998; Hoang et al., 1996, 148 
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2013). Although the individual flows have not been measured in as much detail, Xuan Loc 149 

plateau basalts span a similar range of measured ages to the Pleiku lavas (5.0-0.3 Ma) (Hoang et 150 

al., 2013). 151 

Alkali basalts from both volcanic plateaus host numerous mantle-derived xenoliths 152 

including spinel lherzolites, spinel harzburgites, wehrlites, websterites, and pyroxenites (Hoang 153 

& Flower, 1998; Hoang et al., 2013, Nguyen & Kil, 2019, 2020). Basalts from both localities 154 

have 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 87Sr/86Sr, and εNd compositions that extend from the 155 

Indian MORB field towards a more enriched composition that resembles the Enriched Mantle 2 156 

(EM2) mantle component (e.g., Sims & Hart, 2006; Workman et al., 2004) (where “enriched” 157 

refers to elevated time-integrated incompatible element concentrations recorded as relatively 158 

high 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 87Sr/86Sr and low εNd), with slightly more enriched 159 

isotopic compositions in Pleiku basalts relative to Xuan Loc; tholeiitic basalts likewise exhibit 160 

more enriched isotopic compositions overall relative to the alkali basalts (Hoang et al., 1996; 161 

2013). 162 

2.2. Tracking magmatic processes in the SCLM 163 

 The compositions of mantle xenoliths provide insight into magmatic processes that have 164 

affected the local lithospheric mantle, such as the nature of prior melt extraction (e.g., the degree 165 

of melting), which depletes residual peridotites in incompatible elements (Frey & Green, 1974; 166 

Michael & Bonatti, 1985). Melting models can help to infer degrees of prior melting, given the 167 

measured incompatible element concentrations of the residual rock. To apply these methods to 168 

the study of residual rocks, Johnson et al. (1990) revised the basic melting equations of Gast 169 

(1968) and Shaw (1970) to describe melting as the change of element concentration in 170 
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clinopyroxene (cpx) during melting of mantle peridotites, because cpx hosts the highest 171 

concentrations of incompatible trace elements. 172 

 Metasomatism, the process of fluid (aqueous or carbonitic)-rock or silicate melt-rock 173 

reaction, can also affect incompatible element concentrations in lithospheric mantle rocks. 174 

Metasomatism is considered “modal” when the metasomatic agent introduces new phases (i.e., 175 

precipitates new minerals along reactive pathways) and “cryptic” when reactions are only 176 

recorded in trace element compositions (Dawson, 1984). Because metasomatism can partially or 177 

fully overprint previous magmatic events, however, simultaneously deciphering the 178 

characteristics (e.g., source, timing, and melt/fluid compositions) of both metasomatism and 179 

partial melting processes is potentially complex (Ionov, 2002). For instance, the trace element 180 

makeup of the metasomatic agent itself is a controlling factor over the resulting trace elements 181 

patterns in the host rock. Highly variable and heterogeneous metasomatic enrichment of trace 182 

elements in local rocks can likewise be produced by chromatographic fractionation of elements 183 

around, e.g., interstitial fluid-filled veins in peridotites; counterintuitively, such chromatographic 184 

processes may preferentially re-enrich harzburgites over lherzolites in trace elements (Navon & 185 

Stolper, 1987; Toramaru & Fujii, 1986). From modelling results, Ionov et al. (2002) suggested 186 

that such chromatographic fractionation effects could cause wide ranges of trace element patterns 187 

in host rocks during a single metasomatic event, where some rocks develop trace element 188 

patterns primarily controlled by the composition of the metasomatic agent, while others are 189 

controlled by trace element fractionation between coexisting phases. Despite the described 190 

complexity, we can nonetheless interpret the trace element concentrations and radiogenic isotope 191 

compositions of lithospheric mantle xenoliths to better understand the magmatic history of the 192 
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SCLM using a combination of partial melting and temperature and pressure equilibration 193 

models, as explored further below. 194 

 195 

3. Analytical Methods 196 

3.1. Electron microprobe analysis 197 

The analytical techniques for this study were conducted at the University of Texas at 198 

Austin. Major elements for spinel (sp), orthopyroxene (opx), cpx, and olivine (ol) were measured 199 

on mineral separates in epoxy mounts with a JEOL JXA-8200 electron microprobe analyzer 200 

(EPMA) with wavelength dispersive spectrometry (WDS). Generally, at least one core and rim 201 

measurement were analyzed per grain, and typically five grains were measured for each sample. 202 

Analytical spot size was a diameter of 2 µm with a beam voltage of 15 kV and an operating 203 

current of 50 nA. Elemental concentrations were acquired using K peak signals with analyzing 204 

crystal detectors, assigned as follows: LiFH – Mn, Ti, Cr; LiF – Fe, Ni; PETH – Ca; TAP – Na, 205 

Mg, Al, Si. The on-peak count times were variable for elements in each mineral (40-120 s on-206 

peak, with equal time spent measuring background signals) and correspond to expected element 207 

concentrations in a given mineral, with minor elements having longer count times than major 208 

elements. The off-peak correction method was linear for all elements in ol and opx (except Ti in 209 

ol, for which we used an exponential correction). Spinel was calibrated using the mean atomic 210 

number (MAN) background intensity calibration curve. For cpx, we conducted the 211 

measurements in two rounds, one using the linear off-peak correction method and the other using 212 

the MAN background intensity calibration curve. Natural and synthetic crystalline solids with 213 

known major element compositions were used as calibration standards, and the matrix 214 

corrections used were ZAF and ϕ(ρZ) (Armstrong, 1988). Average calculated major element 215 
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concentrations have standard deviations broadly correlated with elemental concentration. Major 216 

elements with concentrations > 5 wt.% typically have uncertainties (1) < 2% (except for Al), 217 

with higher uncertainties ranging from 3-20% in elements with concentrations < 5 wt.%. These 218 

uncertainties incorporate both analytical error and intra-sample heterogeneity (Table S1). Such 219 

natural heterogeneity within a sample is recorded, for example, in systematic core-rim variations 220 

in clinopyroxene Al and Cr content, and in the MgO and FeO variations between grains for 221 

sample VN-2018-21-PL-4 (see below). 222 

3.2. In-situ trace element analysis 223 

Trace element measurements were performed for the same cpx and opx epoxy mounts 224 

prepared for major element analysis, using an Agilent 7500ce laser-ablation inductively-coupled 225 

plasma mass spectrometer (LA-ICP-MS) with a NWR193-FX laser system. The analytical spot 226 

size had a diameter of 150 µm, to increase the signal intensity of low trace element 227 

concentrations in opx, and overlapped with EPMA spot locations. Samples were pre-ablated, 228 

with a dwell time of 60 s and washout time of 30 s. The Si wt.% from the EPMA measurements 229 

was used as the internal standard, NIST 612 was used as the primary analytical standard, and 230 

NIST 610, BHVO-2G, and NIST 616 were used as secondary standards. Analysis of NIST 610 231 

and BHVO2G for all elements was generally within 5% of accepted values (for NIST 610, [Tm] 232 

was < 10 %; for BHVO2G, [Na] and [Nd] were within <10% and [Ca] and [Pb] were <20%). 233 

Results of NIST 616 analysis for all elements were within 10 % of expected values, except for 234 

elements with concentrations near detection limits (i.e., Nd, Gd, Dy, Ho, and Er, which were 235 

within 20 % of expected values). [Ti] and [Yb] for NIST 616, however, did not agree with 236 

expected values within 20%. Analyzed NIST 610 concentrations for all measured trace elements 237 
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are precise within 4% (1 standard error, with n = 27), with reproducibilities within 6% of 238 

expected certified concentrations for all elements, with a mean difference of 2%. 239 

3.3. Sr-Nd-Pb isotope geochemistry 240 

Strontium, Nd, and Pb isotopes were measured in cpx separates. After hand-picking, the 241 

cpx separates were leached using a 2 N HCl solution in an ultrasonic bath for 5 minutes to 242 

remove surface coatings. 100 mg of cpx mineral separates from each sample were then dissolved 243 

in 5 mL concentrated HF and 1 mL concentrated HNO3 in an oven at 105°C. After the initial 244 

dissolution, samples were dried and then dissolved in 6 N HCl in an oven at 105°C. The samples 245 

were redissolved in HCl + HBr and passed through AG1-X8 anion exchange resin to separate Pb. 246 

The washes containing Sr and Nd were then dried down and redissolved in HNO3. The washes 247 

were then passed through Sr-Spec resin to separate Sr followed by RE-Spec resin to separate the 248 

rare earth elements (REE). Finally, the rare earth portions were converted to a HCl solution and 249 

passed through LN-Spec resin to separate Nd from other REE (procedures after Lassiter et al., 250 

2003). 251 

Lead isotopes were measured using a Nu Plasma 3D multi-collector ICP-MS. Lead 252 

separates were diluted to concentrations of 10 ppb in 2% HNO3 and doped with 2 ppb Tl for 253 

pseudo-internal standard normalization. 203Tl and 205Tl were used to correct for mass 254 

fractionation of Pb and Hg isotopes using an exponential law. NBS 981 was used for standard-255 

sample-bracketing to correct for analytical drift using the accepted values of 206Pb/204Pb = 256 

16.9405, 207Pb/204Pb = 15.4967, and 208Pb/204Pb = 36.7220. Standard-sample-bracketing was 257 

used to linearly interpolate and correct for analytical drift. BCR-2 and BHVO-2 were measured 258 

as unknowns to assess external reproducibility; our measured values are largely consistent with 259 

values reported by Baker et al. (2004), except for 206Pb/204Pb in BHVO-2, where we measured a 260 
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very minor difference in values from reported compositions (Table 2). Five samples with low Pb 261 

concentrations were additionally diluted to a concentration of 0.25 ppb and analyzed using a 262 

multi-Daly detector array using sample-standard bracketing with NBS 981 as the bracketing 263 

standard (Table 2). 264 

Strontium and Nd isotopes were measured using a Triton thermal ionization mass 265 

spectrometer as metals precipitated on Re filaments. We measured NBS 987 87Sr/86Sr = 266 

0.701254 ± 0.000009 (2σ; n=33). BCR-2 and BHVO-2 were measured as unknowns for external 267 

reproducibility and are within 0.000008 of accepted values (Table 2). We measured JNdi-1 268 

143Nd/144Nd = 0.512114 ± 0.000013 (2σ; n=15). The cpx mineral separates analyzed generally 269 

contained 2.5-50 ng of Pb, 1,000-10,000 ng of Sr, and 100-1,000 ng of Nd, making the impact of 270 

procedural blanks (<130 pg Pb; <140 pg Sr; < 200 pg Nd) negligible. 271 

 272 

4. Results 273 

4.1. Petrology of Vietnamese mantle xenoliths 274 

Mantle peridotite xenoliths from Pleiku and Xuan Loc are classified as group-1 xenoliths 275 

based on the classification scheme by Frey and Prinz (1978) and consist of sp, cpx, opx, and ol 276 

(Figure S1). By definition, group-1 xenoliths are typically lherzolites, harzburgites, and dunites 277 

that contain Cr-rich, Al2O3-poor and TiO2-poor sp and pyroxenes (Frey & Prinz, 1978). All 278 

samples from Pleiku for this study are spinel lherzolites; however, the Pleiku basaltic plateau has 279 

also produced harzburgite and dunite xenoliths (Hoang et al., 2013; Nguyen & Kil, 2019). Xuan 280 

Loc xenolith samples are more diverse, containing lherzolites, harzburgites, and dunites. Sample 281 

VN-2018-36-XL-1 is a dunite and only contains ol with minor cpx and sp. Samples have been 282 

further subdivided into two groups based on sp Cr# (molar Cr / (Al + Cr)) after methods from 283 
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Byerly and Lassiter (2012): type-F (fertile) samples have a sp Cr# <0.25 and type-R (refractory) 284 

samples have sp Cr# ≥0.25, where the relative “fertility” of the peridotite refers to how readily 285 

and productively it can generate magma upon partial melting (Figure 3). Based on this Cr# 286 

definition, Pleiku samples from this study except for VN-2018-21-PL-4 are all type-F peridotites, 287 

while the more southerly Xuan Loc samples contain several samples that are both type-F and 288 

type-R peridotites. For comparison, xenoliths from other eruptive centers in the southern Dalat 289 

province (including Nui Nua and Ba Ria in the Dalat volcanic plateau) and from Pleiku include 290 

both type-R and type-F peridotites (Anh et al., 2021; Nguyen & Kil, 2019, 2020), indicating that 291 

both fertile and refractory types have been identified from both sampled regions. 292 

4.2. Major element compositions 293 

Major element data for ol, opx, cpx, and sp mineral separates from Pleiku and Xuan Loc 294 

peridotites are provided in Table S1. Generally, all samples exhibit low heterogeneity on the 295 

grain scale between core measurements, except the major element data for sample VN-2018-21-296 

PL-4, which indicate that it is heterogeneous on a grain scale (e.g., FeO and MgO in ol and opx 297 

separates of < 32% and < 7% RSD, respectively). Clinopyroxene and opx display variations 298 

between rim and core measurements in all samples except VN-2018-21-PL-5 and VN-2018-36-299 

XL-11. The core-to-rim variation is present across all localities and sample types (Figure 2). 300 

Clinopyroxene Al2O3 and Cr2O3 concentrations are lower in the rims by ~0.2 to 1.0 wt. % and 301 

~0.1 to 0.2 wt. %, respectively. Similarly, opx grains have rims that are lower by ~0.1 to 0.6 wt. 302 

% in Al2O3 and by up to 0.1 wt. % in Cr2O3. Samples VN-2018-21-PL-1 and VN-2018-36-XL-303 

14 also display rims with slightly higher CaO (0.75 wt. % and 0.94 wt. %, respectively). In light 304 

of this variation, we present average core and rim compositions for each mineral as separate data 305 

sets (Table S1). Averaged core measurements are expected to best preserve the compositions of 306 
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the peridotites prior to entrainment and exhumation and, thus, have been used here to 307 

characterize the SCLM.  308 

The Mg# (molar Mg / (Mg + Fe2+)) of ol from Pleiku and Xuan Loc xenoliths are 309 

between 0.86 and 0.91 (Table S1), which lies within the compositional range of SCLM (Arai, 310 

1994). Lherzolites have overlapping but slightly lower core ol Mg# (0.86-0.91) than harzburgites 311 

and dunites (0.89-0.91). Olivine Mg# correlates with cpx Mg#, opx Mg#, and sp Cr#. The CaO 312 

content of ol is less than 0.06 wt.% and NiO is between 0.3 to 0.42 wt. % for all samples. 313 

We find that sp compositions are highly variable across Vietnam peridotites. Spinel 314 

grains in lherzolites have Al2O3 and MgO ranges of 52.9 to 60.0 wt.% and 19.3 to 20.9 wt.%, 315 

respectively. Harzburgite and dunite samples have lower Al2O3 (32.3-34.6 wt.%) and lower MgO 316 

(12.9-16.7 wt.%) than lherzolites. One dunite sample, VN-2018-36-XL-1, has notably higher 317 

FeO (26.1 wt.%) and lower Al2O3 (24.0 wt.%) than the other refractory, i.e., harzburgite and 318 

dunite samples (13.5 wt. % and 33.1 wt. %, respectively). Spinel Cr# for the lherzolites (0.08-319 

0.17) and harzburgites/dunites (0.40-0.50) all lie within the compositional range previously 320 

documented for SCLM-derived xenoliths (Arai, 1994).  321 

Lherzolites from Pleiku and Xuan Loc have cpx cores with high Al2O3 (5.48-7.37 wt.%), 322 

low Cr# (0.06-0.12), and high Na2O (1.43-1.93 wt.%) (Figure 2b). Clinopyroxene cores from 323 

harzburgites generally exhibit comparatively low Al2O3 (1.49-2.73 wt.%), high Cr# (0.18-0.38), 324 

and low Na2O (0.57-1.60 wt.%). Orthopyroxene displays a similar pattern to cpx, with lherzolite-325 

hosted grains exhibiting high Al2O3 (3.26-4.43 wt.%) and low Cr# (0.04-0.08 wt.%), while opx 326 

in harzburgites exhibits relatively low Al2O3 (1.86-2.21 wt.%) and high Cr# (0.11-0.16). 327 

4.3. Trace element concentrations 328 
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 Average trace element data for cpx and opx from Pleiku and Xuan Loc peridotites are 329 

provided in Table S2. The primitive mantle normalized trace element concentrations and REE 330 

patterns (REEPM) for cpx are shown in Figure 3a-b. Type-F cpx from Pleiku and Xuan Loc 331 

display depleted, spoon-shaped, and enriched REEPM patterns. The “depleted” and “spoon-332 

shaped” patterns for Pleiku xenoliths are generally more steeply sloped than those for Xuan Loc 333 

samples, with a median (Ce/Yb)PM of 0.17 for Pleiku versus 0.51 for Xuan Loc. Most type-F 334 

xenoliths have a relatively flat slope from the middle rare earth elements (MREE) to heavy rare 335 

earth elements (HREE), with Pleiku and Xuan Loc having (Sm/Yb)PM from 0.53 to 1.04 and 0.60 336 

to 1.22, respectively. “Depleted” patterns show a positive steep slope from light rare earth 337 

elements (LREEs) to MREEs with Pleiku and Xuan Loc showing (La/Sm)PM from 0.10 to 0.14 338 

and 0.33 to 0.61, respectively. “Spoon-shaped” patterns are similar, but also exhibit a LREE 339 

enrichment with (La/Ce)PM = 1.08 to 1.79 (Pleiku) and 1.22 and 1.38 (Xuan Loc). VN-2018-36-340 

XL-8 and VN-2018-21-PL-4 have “enriched” REEPM patterns exhibiting negative slopes from 341 

LREE to MREE ((La/Sm)PM = 1.55). Similar types of REE patterns have been observed in type-342 

F xenoliths from prior studies in both the Pleiku and Dalat volcanic plateaus (Figure 3) (Anh et 343 

al., 2021; Nguyen & Kil, 2019, 2020). 344 

The Type-R cpx have enriched REEPM patterns and, in this study, are only present in the 345 

Xuan Loc suite of samples, but similar REE patterns have likewise been reported for published 346 

xenolith samples from Dalat and Pleiku (Figure 3a,b) (Anh et al., 2021; Nguyen & Kil, 2019, 347 

2020). Clinopyroxenes from the refractory xenoliths studied here have elevated LREE and low 348 

HREE, with steep negative slopes from LREEs to HREEs. These incompatible element enriched 349 

patterns exhibit (Ce/Yb)PM from 6.14 to 9.15. Clinopyroxene from sample VN-2018-36-XL-1 350 
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has an S-shaped REEPM pattern, with a positive slope from the MREEs to HREEs and (La/Sm)PM 351 

of 0.71. 352 

Additional trace element compositions show that other incompatible elements in cpx (Rb, 353 

Nb, Pb, Sr, Ti) are overall fractionated compared to the REE (Figure 3c,d). Rubidium in cpx is 354 

depleted in almost all samples, with concentrations near or below analytical detection limits. 355 

Titanium, Pb, and Nb display negative anomalies across all samples compared to neighboring 356 

REE in Figure 3c-d. Sample VN-2018-21-PL-2 has a steep negative slope from UPM to PbPM. 357 

Strontium is also variably enriched and depleted in the samples when compared to REEPM, and 358 

high-Sr samples overall tend to exhibit spoon-shaped REEPM patterns. 359 

Orthopyroxene grains have REEPM concentration patterns that strongly correlate with cpx 360 

patterns (Figure 3e). Type-F opx overall have REEPM that exhibit depleted and spoon-shaped 361 

patterns. Some opx samples have very low LREE concentrations near analytical detection limits. 362 

Type-R opx have convex downward REEPM patterns, with a negative slope from LREE to 363 

MREE and a positive slope from MREE to HREE. Moderately incompatible high-field strength 364 

elements (HFSE) Ti, Zr, and Hf have positive anomalies relative to REE. The Lu/Hf ratios in 365 

opx are also systematically higher by a factor of 3.8 than those in coexisting cpx. 366 

4.4. Radiogenic isotopes 367 

The Sr, Nd, and Pb isotopic compositions of cpx mineral separates from Pleiku and Xuan 368 

Loc are provided in Table 2 and Figure 4. Samples VN-2018-21-PL-1, VN-2018-21-PL-3, VN-369 

2018-21-PL-6, VN-2018-21-PL-7, and VN-2018-21-PL-9 all contained low Pb abundances 370 

which necessitated analysis via multi-Daly measurement. Although the analytical uncertainty for 371 

these measurements is ~10x greater than for the measurements using Tl for mass fractionation 372 

correction (Table 2), these samples fall along the same 206Pb/204Pb-207Pb/204Pb and 206Pb/204Pb-373 
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208Pb/204Pb correlations as other samples (Figure 4a,c). Clinopyroxenes from Pleiku lherzolites 374 

exhibit highly variable isotopic compositions: 206Pb/204Pb = 16.69-18.86, 207Pb/204Pb = 15.34-375 

15.58, 208Pb/204Pb = 36.48–38.85, 87Sr/86Sr = 0.70238-0.70337, and 143Nd/144Nd = 0.513091-376 

0.514190 (Figure 4). Clinopyroxene grains from the Xuan Loc peridotites display a similar range 377 

of isotopic compositions to those from Pleiku: 206Pb/204Pb = 17.13-18.37, 207Pb/204Pb = 15.44-378 

15.57, 208Pb/204Pb = 37.08–38.64, 87Sr/86Sr = 0.70257-0.70405, and 143Nd/144Nd = 0.512755-379 

0.513371, but the more enriched values (e.g., higher 87Sr/86Sr and lower 143Nd/144Nd) are 380 

observed in the refractory samples for that locality. 381 

 The cpx Pb isotopic compositions mostly lie near or within the range observed in Indian 382 

MORB (Gale et al., 2013) and form positive correlations between 206Pb/204Pb and both 383 

207Pb/204Pb and 208Pb/204Pb that plot above the northern hemisphere reference line (NHRL) 384 

(Figure 4a,c). The Xuan Loc cpx compositions also overall exhibit systematically more 385 

radiogenic 208Pb/204Pb than Pleiku cpx on a plot of 208Pb/204Pb versus 206Pb/204Pb (Figure 4c). 386 

206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb and 87Sr/86Sr in the xenoliths largely do not exhibit 387 

well-defined correlations with trace element data, though there is a broad correlation between 388 

87Sr/86Sr and Sm/Nd ratios. Clinopyroxene 87Sr/86Sr and εNd exhibit a negative correlation 389 

extending from the Indian-MORB field to highly radiogenic 143Nd/144Nd and unradiogenic 390 

87Sr/86Sr, most clearly in Pleiku fertile xenoliths (Figure 4d). 143Nd/144Nd also exhibits a positive 391 

correlation with Sm/Nd ratios and a strong negative correlation with Ce/YbPM (Figure 5). Type-R 392 

xenoliths with 87Sr/86Sr and 143Nd/144Nd measurements plot at the far right side of the type-F 393 

xenolith range, at the enriched limit of the Indian MORB field. Type-F xenoliths also have 394 

highly variable 143Nd/144Nd (0.512921-0.348419) with many samples plotting to the left of and 395 

above the MORB field in Figure 4d. 396 

4.5. Thermometry and barometry of Vietnam xenoliths 397 
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Calculated equilibrium temperatures and pressures for Vietnam xenoliths from this study 398 

are presented in Table 3 and Figure 6. Temperatures based on major element composition were 399 

calculated using the two-pyroxene thermometer (TBKN) of Brey and Kohler (1990) and the two-400 

pyroxene thermometer (equation 36) of Putirka (2008) (T36), and temperatures based on REE + 401 

Y compositions were calculated using the two-pyroxene thermometer (TREE) of Liang et al. 402 

(2013) (Figure S2). For TBKN, we assumed a pressure of 15 kbar, and a ±5 kbar change in 403 

pressure results in a 10 °C difference in calculated temperature. Temperatures and pressure were 404 

also calculated iteratively using equation 36 for temperature (T36) and equation 38 for pressure 405 

from Putirka (2008) (P38). The two-pyroxene barometer we used (P38) is temperature-406 

independent. The temperature-dependent barometer of Putirka (2008; equation 39) in principle 407 

provides greater precision; however, pressures determined with this barometer were geologically 408 

unreasonable, providing either negative values or placing many of the mantle peridotites within 409 

the crust (<5 kbar). The pressures calculated using equation P38, in contrast, largely appear 410 

geologically reasonable, generally straddling the calculated geotherm estimated from local heat 411 

flow (see Section 5.2). Based on our observations and calculated results, the cpx and opx from 412 

this study appear to have experienced protracted cooling and subsolidus exsolution. As a result, 413 

the cpx and opx compositions have higher and lower wollastonite components, respectively, than 414 

the pyroxenes used by Putirka (2008) to calibrate the 2-pyroxene thermobarometers (Putirka, 415 

pers. comm.). We thus consider the temperature-independent pressure estimates (P38) to be more 416 

accurate for the xenoliths analyzed here. 417 

Equilibration pressures and temperatures of the xenolith samples were determined using 418 

the equations described above and by pairing either average cpx and opx core compositions or 419 

average cpx and opx rim compositions together, to evaluate multiple possible episodes of 420 
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equilibration under different conditions. For most samples, core and rim P and T estimates are 421 

very similar: the average absolute differences between core and rim temperatures are 10 ºC for 422 

T36 and 20 ºC for TBKN. Likewise, absolute differences in estimated core and rim pressures 423 

average 0.8 kbar, which is well within the ±3.7 kbar uncertainty of the barometer (Putirka, 2008). 424 

However, although small on average, differences in estimated core and rim temperatures were 425 

systematically larger using TBKN than T36, and several samples had estimated rim temperatures 426 

over 50 ºC less than core estimates. In contrast, all rim-core estimated temperatures were within 427 

25 ºC for T36 calculations, except for two samples (VN-2018-36-XL-15 and VN-2018-36-XL-428 

19), which had lower estimated rim than core temperatures by differences of 37 and 35 ºC, 429 

respectively. 430 

The equilibrium TBKN temperatures for Pleiku and Xuan Loc xenoliths range from 891-431 

1067 ºC and 765-1026 ºC, respectively, calculated using mineral core compositions (Figure 6). 432 

Calculated T36 values span a narrower range, from 956-1034 and 926-1006 ºC in the Pleiku and 433 

Xuan Loc xenoliths, respectively. TREE spans a similar range, with Pleiku xenoliths ranging from 434 

887 to 1032 ºC and Xuan Loc xenoliths from 821 to 1076 ºC. Although on average, TREE and T36 435 

are in good agreement (with an average absolute difference of 56 ºC for the full data set), and the 436 

differences between the two calculators do not appear to be systematic, several samples have 437 

calculated TREE values that are either higher or lower than T36 by over 100 ºC. Significantly, both 438 

TREE and the absolute difference between TREE and T36 are negatively correlated with the 439 

calculated pressure, P38. This negative correlation is the opposite of the expected temperature 440 

profile for the mantle lithosphere, and we thus consider it to likely be an artifact of the rare earth 441 

thermometer inadequately incorporating the pressure dependance of REE partitioning between 442 

cpx and opx. 443 
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Calculated pressures (P38) for Pleiku xenoliths range from 11.7-15.8 kbar, similar to type-444 

F peridotites from Xuan Loc, which have calculated equilibration pressures of 12.1-16.1 kbar. In 445 

contrast, type-R xenoliths have lower pressures ranging from 7.1 to 10.0 kbar. No correlation is 446 

observed between P38 and the temperatures calculated using the Putirka two-pyroxene 447 

thermometer (T36). However, a broad positive correlation between P38 and temperature is 448 

observed for TBKN. This pressure-temperature correlation roughly parallels the geothermal 449 

gradient calculated below (Section 5.2, Figure 7) using the local estimated surface heat flow. 450 

 451 

5. Discussion 452 

5.1. Partial melting of the lithospheric mantle beneath Indochina 453 

 The observed variations in major element, trace element, and isotopic compositions 454 

among Vietnam xenoliths are indicative of mantle residues that have undergone variable degrees 455 

of progressive melt extraction and other magmatic processes (e.g., melt addition, refertilization, 456 

and metasomatism). The presence of two compositional groups of xenoliths, type-F and type-R, 457 

also suggests that the SCLM beneath Indochina may record two distinct histories, although the 458 

presence of some overlapping and intermediate compositions among all samples from Vietnam 459 

(e.g., Figures 3, 4, and 5) (Anh et al., 2021; Nguyen & Kil, 2019, 2020) makes it less certain that 460 

this is the case. 461 

 Xenoliths from Pleiku and Xuan Loc span a wide range in composition, from relatively 462 

fertile lherzolites characterized by high (>5 wt.%) Al2O3 in cpx and low (<0.2) spinel Cr#, to 463 

refractory harzburgites with lower Al2O3 (<3 wt.%) in cpx and high sp Cr# (>0.4) (Figure 2, 5). 464 

Although the additional published data from Anh et al. (2021) and Nguyen and Kil (2019, 2020) 465 

include a few intermediate or overlapping compositions, the reported xenolith compositions are 466 
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largely bimodal, defining fertile (type-F) and refractory (type-R) populations. We interpret these 467 

major element variations to primarily indicate that the two populations of xenoliths have 468 

experienced different extents of prior partial melting. 469 

Type-R harzburgites and dunites exhibit major element and trace element mineral 470 

compositions similar to other mantle xenoliths thought to derive from ancient SCLM (Griffin et 471 

al., 2008; McDonough, 1990), namely low Al2O3 (1.5-2.8 wt.%), high Mg# (0.918-0.938), and 472 

high (LREE/HREE)PM in cpx. Low modal cpx in these samples is also indicative of previous 473 

partial melting that consumes clinopyroxene (Herzberg, 1999). Type-R samples from Xuan Loc 474 

have high sp Cr#s and strong depletions in HREE (Table S1), which also likely indicate a high 475 

degree of partial melt extraction. There is also a strong negative correlation between Ti and sp 476 

Cr# across all type-R xenoliths, which can be generated by high degrees of partial melt 477 

extraction (Figure 5). The refractory harzburgites from Pleiku (Nguyen & Kil, 2019) also have 478 

major and trace element compositions that resemble type-R refractory samples from Xuan Loc, 479 

suggesting that both the Pleiku and Xuan Loc volcanic centers overlie SCLM containing highly-480 

depleted residues, while harzburgites from Ba Ria and Nui Nua appear more intermediate, with 481 

higher Al2O3 that overlaps with the fertile lherzolites from the region (Nguyen & Kil, 2020). 482 

Relatedly, refractory xenoliths from Ba Ria and Nui Nua have REE patterns that more closely 483 

resemble fertile xenoliths (Nguyen & Kil, 2020), while all type-R xenoliths from both Pleiku and 484 

Xuan Loc have relatively high LREE enrichment and are characterized by low Nd (+2.3 to +3.2) 485 

(Nguyen & Kil, 2019) (Table 2), suggesting an overall complex history of metasomatism or 486 

melt-rock interaction. 487 

In contrast, Type-F xenoliths from Vietnam contain cpx with relatively fertile major 488 

element compositions (e.g., Al2O3 = 5.5 - 7.4 wt.%) that fall within the range of abyssal 489 
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peridotites, though Vietnamese xenoliths are slightly less fertile than estimates for depleted 490 

mantle cpx compositions (~7.9 wt. % Al2O3 in cpx) (Warren, 2016; Workman & Hart, 2005). 491 

The depleted and spoon-shaped REEPM patterns exhibited by some type-F lherzolites from 492 

Pleiku, Xuan Loc, and Dalat are consistent with both partial melting, and modest subsequent 493 

enrichment during silicate melt metasomatism (see Section 5.3 for further discussion of 494 

metasomatism). Clinopyroxenes from abyssal peridotites display similar LREE patterns to our 495 

depleted xenoliths, although they typically exhibit even more extreme LREE depletion (Figure 3) 496 

(Warren, 2016, and references therein). While Type-F lherzolites from Pleiku, Xuan Loc, and 497 

Dalat all exhibit a range of depleted, spoon-shaped, and LREE-enriched REEPM patterns in cpx, 498 

our Pleiku xenoliths are generally more LREE-depleted, extending to lower (LREE/HREE)PM 499 

than our Xuan Loc samples (Figure 5) and comparable to the most LREE-depleted Dalat samples 500 

from the literature (Anh et al., 2021; Nguyen & Kil 2020). Rather than recording a partial 501 

melting history, the trace element depletion patterns in some type-F xenoliths may reflect 502 

moderately high degrees of metasomatic enrichment, in agreement with the more radiogenic 503 

87Sr/86Sr and unradiogenic Nd in many of the fertile xenoliths, and as explored further in Section 504 

5.3. Sample VN-2018-36-XL-8 appears to be the most affected by this character of metasomatic 505 

enrichment among the Vietnamese type-F xenoliths: it displays notable LREE-enrichment and 506 

has the most enriched radiogenic isotopic composition of the F-type xenoliths analyzed in this 507 

study. 508 

Previous studies have shown that sp Cr# and cpx Yb content are well correlated in many 509 

mantle peridotites, and can be used to estimate the extent of prior partial melting (e.g., 510 

Hellebrand et al., 2001). However, although incompatible trace element abundances and ratios 511 

(e.g., La/Sm) should also be strongly affected by partial melting, numerous studies have shown 512 
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that highly incompatible elements like the LREE are particularly susceptible to subsequent 513 

metasomatic reenrichment (e.g., Warren, 2016), and so may not directly record prior melt 514 

extraction in lithospheric mantle peridotites. The spoon-shaped and LREE-enriched REE 515 

patterns observed in many of the xenoliths examined here thus suggest they have experienced 516 

metasomatic enrichment. However, this metasomatism does not appear to have significantly 517 

affected either sp compositions or HREE abundances in cpx, as evidenced by the strong 518 

correlation between cpx [Yb] and spinel Cr# in our samples (Figure 5). 519 

The melting model of Hellebrand et al. (2001) calculates the degree of fractional melting 520 

experienced by mantle peridotites as a function of sp Cr#, assuming an initial LREE-depleted 521 

lherzolite composition after Loubet et al. (1975). The Hellebrand et al. (2001) empirical function 522 

was derived using melt fractions calculated from Dy, Er, and Yb concentrations, after the 523 

approach of Johnson et al. (1990). Calculations using this model for Vietnam xenoliths yield 524 

melt fractions of 15-17% for type-R xenoliths from Xuan Loc, and up to 6.1% for type-F 525 

xenoliths from both localities (Figure 5). The different xenolith populations are also 526 

characterized by notably different pressures of equilibration, with the refractory xenoliths 527 

constrained to shallower pressures overall. Our Xuan Loc type-R xenoliths all have pressures < 528 

10 kbar, and type-R xenoliths from the nearby Dalat volcanic plateau have calculated pressure 529 

estimates of 9.3 to 12.4 kbar (Nguyn & Kil, 2020). Applying this melting model to the published 530 

Pleiku dataset from Nguyen and Kil (2019) yields melt fractions of 10.3-18.5% and up to 7.1% 531 

for type-R and type-F xenoliths, respectively, ranges which overlap with or approach results for 532 

our samples. However, unlike Xuan Loc xenoliths, the refractory Pleiku xenoliths are not 533 

entirely restricted to low (< 10 kbar) equilibration pressures. Nguyen and Kil (2020) likewise 534 

estimated partial melting of 1-13% for their harzburgite and lherzolite xenolith samples, and Anh 535 
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et al. (2021) calculated that their type-F lherzolite xenoliths from Dalat experienced up to 5% 536 

partial melting, consistent with our type-F samples. 537 

5.2. Thermal and chemical structure of the SCLM beneath Pleiku and Xuan Loc 538 

Our pressure and temperature estimates for the Pleiku and Xuan Loc xenoliths, combined 539 

with their chemical and isotopic compositions, provide a more detailed picture of the thermal and 540 

chemical structure of the SCLM beneath these regions. Figure 7 shows the estimated pressures and 541 

temperatures of the Xuan Loc and Pleiku xenoliths for our temperature estimates, using both the 542 

Brey & Kohler (1990) two-pyroxene thermometer (TBKN) (Figure 7a) and the two-pyroxene 543 

thermometer of Putirka (2008) (T36) (Figure 7b). Using the same methods, we also determined 544 

pressure and temperature estimates for the Dalat and Pleiku xenoliths analyzed by Nguyen and Kil 545 

(2019, 2020) and Anh et al. (2021), and these estimates are included in Figure 7 for comparison. 546 

Figure 7 indicates that the calculated xenolith equilibration pressures and temperatures 547 

generally cluster near geothermal gradients calculated using regional heat flow data, suggesting 548 

they are broadly in agreement with those estimated gradients. Unfortunately, there are currently 549 

no local heat flow data in the immediate vicinity of the study area, so best estimates come from 550 

regional datasets, which have been compiled into a heat flow map (Hall, 2002). From this map, 551 

the estimated heat flow values for our study areas are 85 mW/m2 and 90 mW/m2 for Pleiku and 552 

Xuan Loc, respectively. The measured thickness of the crust is 32 km at Pleiku and 28 km at Xuan 553 

Loc, from broadband seismic data (Yu et al., 2017a). We assumed average densities (𝜌) of 2800 554 

kg/m3 and 3250 kg/m3 for the crust and mantle, respectively, with thermal conductivities of 2.7 555 

W/(mK) for the crust and 4.0 W/(mK) for the mantle (Turcotte & Schubert, 2002). The heat 556 

generation (HG) of the crust was then calculated using the model of Hasterok and Chapman 557 

(2011):  558 
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𝐻𝐺 = 10−5𝜌[3.5CK2O + 9.67CU + 2.63CTh] 559 

where HG is expressed in units of µW/m3, and Ci values indicate concentrations for each species 560 

i. Here we used the estimated abundances of heat-producing elements in the average continental 561 

crust from Rudnick and Fountain (1995): 1.88 w.t% K2, 5.6 ppm Th, and 1.4 ppm U. 562 

Xenolith P-T estimates using T36 are located above and below the estimated geothermal 563 

gradients and show no clear correlation between depth and temperature (Figure 7b). In contrast, 564 

the P-T estimates using TBKN are generally closer to the geothermal gradients, though shifted to 565 

moderately lower temperatures at a given pressure, especially at higher pressures (Figure 7a). One 566 

possible explanation for this mismatch is that regional surface heat flow does not reflect a semi-567 

steady-state conductive gradient, but may have been elevated due to heat deposition in the crust 568 

during magma transport and storage. Thus, the actual conductive heat flow within the local SCLM 569 

may be lower than required to support a measured surface heat flow of 85-90 mW/m2. 570 

Regardless of the thermometer used, the Dalat and Xuan Loc xenoliths record a chemically 571 

stratified lithospheric mantle. Specifically, the population of refractory (type-R) xenoliths from 572 

Dalat and Xuan Loc generally have lower estimated pressures than fertile-type xenoliths from 573 

Dalat, Xuan Loc, or Pleiku, though the populations do overlap (Figure 7). However, similar 574 

stratification is not as clear for the type-R xenoliths sampled at Pleiku, which is located to the north 575 

of Dalat and Xuan Loc: although the current study only retrieved fertile (type-F) xenoliths from 576 

Pleiku, data from Nguyen and Kil (2019) include type-R Pleiku xenoliths that are not as restricted 577 

to shallow equilibration depths. That said, although Pleiku xenoliths do exhibit more overlap, they 578 

nonetheless appear to have some depth dependence. For example, in Figure 7, 5-6 Pleiku samples 579 

with shallower equilibration depths (< 40 km) are refractory, while the majority of those with 580 

greater equilibration pressures are fertile. 581 
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The shallower, type-R Xuan Loc xenoliths are also LREE-enriched with relatively 582 

unradiogenic 143Nd/144Nd signatures compared to the deeper, type-F xenoliths. Figure 7c shows 583 

the resulting variations in 143Nd/144Nd with estimated depth. Although two type-F Dalat samples 584 

have somewhat shallower equilibration pressures relative to their 143Nd/144Nd compositions (Anh 585 

et al., 2021; Nguyen & Kil, 2020), the other samples record a broad compositional correlation with 586 

depth. Correlations between depth and isotopic compositions are weaker for 87Sr/86Sr and absent 587 

for Pb-isotopes, however, perhaps reflecting a greater sensitivity of Sr and Pb to metasomatic 588 

overprinting than Nd in the local lithospheric mantle, whether because of the initial composition 589 

of the unmetasomatized type-R peridotites or due to the composition of the metasomatizing fluid, 590 

which is explored in further detail in Section 5.3. Although these isotopes may reflect a more 591 

complex history, at Xuan Loc and Dalat, the refractory-type lithosphere does appear to be 592 

underlain by more fertile, LREE-depleted mantle. One possible explanation for the apparent depth-593 

dependent compositional distribution in Figure 7c, which is consistent with the presence of two 594 

largely distinct xenolith populations, is that the refractory samples represent fragments of the 595 

original lithospheric mantle, which has since been partially replaced by more fertile material, an 596 

interpretation that is consistent with the model suggested by Anh et al. (2021). These more fertile 597 

peridotites, in turn, may have been emplaced more recently in a younger, deeper layer, and were 598 

derived from the more recently convecting asthenospheric mantle. However, in contrast, both the 599 

handful of more intermediate xenolith compositions (e.g., harzburgites with elevated Al2O3 and sp 600 

Cr# = ~0.25; Nguyen & Kil, 2020), and the correlations shown in Figure 5 suggest that the 601 

xenoliths were all affected by a single metasomatic episode or event, which would not necessitate 602 

the proposed history of thinning and replacement of the deep lithospheric mantle layer.  603 
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The following section explores the metasomatic histories recorded by F- and R-type 604 

xenoliths further, and aims to clarify which genetic models are most consistent with all of the 605 

observed geochemical correlations and variations in mantle composition with depth. 606 

5.3. Metasomatism of the SCLM beneath Vietnam 607 

Given that LREE are highly incompatible, they should be strongly depleted by removal 608 

from the source rock during partial melting. As discussed above, the apparent enrichment in 609 

these elements in both fertile and refractory xenoliths with “spoon-shaped” and LREE-enriched 610 

REEPM patterns requires an additional explanation, and likely indicates metasomatism of 611 

incompatible-element depleted residues by the later addition of a LREE-enriched melt or fluid. 612 

This evidence for variable metasomatic enrichment in all sampled regions (Pleiku, Dalat, and 613 

Xuan Loc) raises several related questions: 1) Do the different enrichment patterns observed in 614 

the fertile and refractory xenoliths reflect two distinct metasomatic episodes, or are they related 615 

to a single event? 2) When did metasomatic enrichment occur? and 3) What was the nature of the 616 

metasomatic agent(s)? 617 

One scenario that could explain the character of type-F xenoliths is more recent 618 

emplacement of fertile (type-F), young lithospheric mantle from the convecting asthenosphere, 619 

similar to the lithospheric replacement model suggested by, e.g., Anh et al. (2021). As discussed 620 

previously, refractory xenoliths at Xuan Loc and Dalat are restricted to relatively shallow 621 

equilibration pressures (≤ 12.4 kbar; Figure 7). In this scenario, the type-F xenoliths from Pleiku 622 

and from the deeper portions of the Xuan Loc and Dalat lithosphere derived from convecting 623 

asthenospheric mantle material that was relatively recently emplaced as younger lithosphere, 624 

beneath the older refractory rocks. This model is similar to that proposed to explain the presence 625 

of a bimodal xenolith population with similar refractory/LREE-enriched and fertile/LREE-626 
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depleted characteristics within the Rio Grande Rift, North America (Byerly and Lassiter, 2012) 627 

and was previously proposed by Nguyen and Kil (2019) to explain the presence of both 628 

refractory and fertile mantle beneath Pleiku. In this scenario, the metasomatic enrichment of the 629 

older, refractory xenoliths could reflect addition of subduction-derived melts or fluids during the 630 

Mesozoic. The modest metasomatic enrichment observed in some fertile xenoliths with spoon-631 

shaped REE profiles then perhaps reflect a second metasomatic episode, unrelated to that 632 

observed in the older refractory xenoliths; this second event could have occurred either before 633 

(i.e., still within the convecting asthenosphere) or after emplacement as new lithosphere. In 634 

either case, this second metasomatic episode could potentially indicate the addition of low-635 

degree melts generated during tectonic extrusion or otherwise related to Cenozoic volcanism in 636 

Vietnam. 637 

However, the Pleiku and Xuan Loc xenoliths also display a strong correlation between 638 

143Nd/144Nd and LREE enrichment, which strongly suggests a single mixing trend has affected 639 

both the refractory and fertile xenoliths. Figure 5 illustrates the correlations between 143Nd/144Nd 640 

and both Sm/Nd and Ce/Yb, across both (fertile and refractory) xenolith populations, suggesting 641 

modification by a single metasomatic agent for all of the xenoliths. Other geochemical patterns 642 

(e.g., Figures 3-4) show overlap and intermediate compositions between the xenolith types and 643 

locales, shedding doubt on the proposed bimodal character of the SCLM. As a second, 644 

alternative scenario, type-F xenoliths in Vietnam may thus record a related but less extensive 645 

history of melt-rock interactions to the type-R xenoliths, which would be consistent with the 646 

generally lower, and thus more easily modified trace element abundances in the refractory 647 

samples. That said, while type-F xenoliths from Pleiku and Xuan Loc share similar 648 

characteristics that suggest comparable processes have produced parts of the fertile SCLM in 649 
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both locations, samples from the two sites do exhibit a noteworthy difference in their trace 650 

element and radiogenic isotope compositions, specifically less radiogenic 208Pb/204Pb in Pleiku 651 

type-F xenoliths compared to those from Xuan Loc. This suggests a slightly different 652 

geochemical character to the metasomatic enrichment beneath Pleiku. Nonetheless, the fact that 653 

the Xuan Loc and Pleiku fertile xenoliths both fall along the same Ce/Yb-143Nd/144Nd and 654 

Sm/Nd-143Nd/144Nd trends, which also extend to the refractory xenolith compositions, strongly 655 

suggests that the metasomatism of the fertile and refractory xenoliths occurred as a single event. 656 

In our proposed scenario, this single metasomatic event could be related to modification 657 

of the SCLM by subduction-related melts or fluids in the Mesozoic, or it could reflect more 658 

recent modification, possibly related to Cenozoic volcanism. A better understanding of the nature 659 

of the metasomatic agent(s) (e.g., whether or not the agent is subduction-related) may help to 660 

clarify the relationships between mantle lithospheric metasomatism and the tectonic evolution of 661 

the regional Indochinese SCLM. Nguyen and Kil (2019) previously suggested that the trace 662 

element characteristics of metasomatized, refractory Pleiku xenoliths suggest involvement of a 663 

subduction-related carbonate-rich melt and/or H2O-CO2-rich fluids, and Anh et al. (2021) 664 

similarly advocated for a hydrous silicate metasomatizing agent beneath Dalat. Depletions of Ti 665 

relative to HREE and comparative enrichments in LREE in mantle rocks have previously been 666 

invoked to characterize the metasomatic agents responsible for melt-rock interactions (Coltorti et 667 

al., 1999). Given the notably low Ti/Eu (<1500) and high (La/Yb)N in type-R cpx from Xuan 668 

Loc, such CO2-rich silicate melts (i.e., subduction-related melts) may be a plausible metasomatic 669 

agent here as well. Given the presence of Mesozoic subduction-related granitic batholiths 670 

throughout Indochina (Shellnutt et al., 2013; Gibbons et al., 2015), a carbonated silicate melt 671 
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would also likely support a Mesozoic origin for the metasomatism recorded in the refractory 672 

xenoliths. 673 

Subduction-derived, CO2-rich silicate melts, like those posited to have metasomatized the 674 

Pleiku xenoliths (Nguyen and Kil, 2019), are also expected to be enriched in large-ion lithophile 675 

elements (e.g., Rb, Sr) and depleted in high field-strength elements (HFSE) like Nb, Zr, and Hf 676 

(Ionov, 2002). At first glance, Vietnam xenolith cpx trace element patterns do appear consistent 677 

with involvement of a subduction-related, either carbonated or hydrous silicate melt (e.g., Anh et 678 

al., 2021), since many samples display depletions in Zr, Hf, and Ti (Figure 3). However, in most 679 

samples, these depletions in cpx are mirrored by positive anomalies in the same elements in 680 

coexisting opx (Figure 3e). Trace element patterns in cpx are controlled not only by the 681 

compositions of melts or fluids added to or removed from the host peridotite, but also by cpx/opx 682 

partitioning within the rock, which is a function of mineral composition, temperature, and 683 

pressure. Previous studies have demonstrated that HFSE anomalies in peridotitic cpx do not 684 

necessarily always reflect HFSE depletion of the bulk peridotite rock, and thus may not uniquely 685 

fingerprint a subduction origin for metasomatic enrichment (e.g., Byerly and Lassiter, 2015). 686 

Although the trace element patterns described above provide somewhat ambiguous 687 

constraints on the origins of metasomatic overprinting, the isotopic compositions of the 688 

refractory and fertile xenoliths suggest the recorded metasomatism may be instead best explained 689 

by infiltration of melts similar to Cenozoic Vietnamese volcanic products. The refractory Xuan 690 

Loc xenoliths, which appear to record the greatest extent of metasomatic overprinting, have 691 

radiogenic isotope compositions that overlap with the depleted end of the field defined by 692 

Cenozoic basalts from south and central Vietnam. Many of the fertile samples from Xuan Loc, 693 

Dalat, and Pleiku, in contrast, overlap with the field defined by Indian MORB, and extend to 694 



 32 

even more depleted compositions, particularly for Pb and Nd isotopes (Anh et al., 2021; Nguyen 695 

& Kil 2019, 2020). Although previous studies have proposed that the local SCLM is a significant 696 

melt source component in Cenozoic Vietnamese basalts, here we present an alternative 697 

interpretation from our xenolith measurements. We suggest that Cenozoic basalts, generated 698 

from enriched, possibly subduction-modified asthenospheric mantle components upwelling 699 

beneath the Vietnamese lithosphere, have themselves metasomatized and enriched the local 700 

SCLM, and that refractory lithospheric harzburgites were particularly susceptible to this 701 

overprinting. 702 

In summary, although we cannot definitively preclude a scenario in which the refractory 703 

and fertile xenolith groups each experienced temporally separate metasomatic events with 704 

distinct origins, a more parsimonious interpretation of the correlations observed in Figure 5 is 705 

that both suites of xenoliths experienced a single metasomatic event, but were affected to 706 

differing degrees; and that this metasomatism is likely related to the same episode of mantle 707 

melting that generated the basalts which ultimately brought these xenoliths to the surface. 708 

5.4. Working model of the evolution of SCLM beneath Vietnam  709 

In the analysis above, we have made two potentially conflicting observations: 1) 710 

lithospheric mantle xenoliths from Vietnam mostly fall into two distinct populations (type-F and 711 

type-R) that have, on average, equilibrated at different depths and experienced different histories 712 

of melt extraction, and 2) the mantle xenoliths from Vietnam also exhibit trace element vs. 713 

radiogenic isotope compositions that suggest simultaneous metasomatism throughout the 714 

regional lithospheric mantle. Both of these observations appear robust: although they overlap, the 715 

type-F mantle xenoliths mostly have asthenosphere-like compositions, mineral compositions 716 

corresponding to equilibration depths between ~30-55 km (Figure 7), and a limited overall extent 717 
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of metasomatism compared to type-R xenoliths. Likewise, all measured Vietnamese mantle 718 

xenoliths exhibit 143Nd/144Nd vs. incompatible element correlations most consistent with a single, 719 

partially-overprinting metasomatic event. 720 

Previous studies (e.g., Pan et al., 2013) have suggested that at some time in the past, some 721 

portions of the SCLM beneath Vietnam were replaced by asthenospheric mantle. In at least some 722 

locations, we also do observe that type-R xenoliths are restricted to shallower areas, suggesting 723 

they could derive from older refractory lithosphere that was not replaced. Our depth observations 724 

thus suggest that some portions of the older continental lithospheric mantle may have been 725 

partially removed by thinning or erosion during a prior event. Even neglecting our calculated 726 

mantle temperatures and xenolith trace element compositions, we do note that the xenolith 727 

equilibration pressures alone support a relatively thin continental lithospheric layer. The type-F 728 

xenoliths likewise exhibit 87Sr/86Sr (0.703724-0.703365) and εNd isotopes (+5.51 to +30.28) that 729 

range from values resembling ultra-depleted mantle (Byerly and Lassiter, 2014; Cipriani et al., 730 

2011; Mallick et al., 2014; Stracke et al., 2011) to those of MORB (Hofmann, 2007; Salters and 731 

Stracke, 2004; Workman and Hart, 2005). Type-F xenoliths also have relatively fertile major 732 

element compositions that likely experienced relatively small degrees of prior partial melting, 733 

suggesting the xenoliths were previously a part of a moderately depleted mantle region that 734 

underwent limited decompression melting. 735 

Determining the pre-metasomatic origins of type-R xenoliths is more complex, given the 736 

high levels of overprinting of trace elements and isotopic compositions due to likely more 737 

thorough metasomatism (e.g., Figure 3). Mantle xenoliths with similar trace element and isotopic 738 

characteristics to the Vietnam type-R xenoliths have previously been attributed, but are not 739 

unique to pre-Phanerozoic lithosphere (e.g., Rio Grande Rift, Colorado Plateau, Zealandia, North 740 
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China Craton, Central Asian Orogenic Belt) (Byerly and Lassiter, 2012; Liu et al., 2012; 741 

McDonough, 1990; Pan et al., 2013; Scott et al., 2014; Warren, 2016). Type-R xenoliths from 742 

Vietnam (Nguyen and Kil, 2019, 2020) also exhibit some characteristics of peridotites that have 743 

experienced high degrees of fractional melting, and three Xuan Loc type-R xenoliths measured 744 

for radiogenic isotopes have both very consistent and relatively enriched isotopic signatures 745 

(e.g., moderately unradiogenic 143Nd/144Nd = 0.512755-0.512800), in agreement with the 746 

previously published type-R xenolith from Dalat (0.512766; Nguyen & Kil, 2020). It is thus 747 

possible that the relatively shallow, type-R xenoliths are samples of an older lithospheric mantle 748 

that has now been partially removed (i.e., eroded or delaminated), consistent with past 749 

interpretations. 750 

However, we note the presence of intermediate and even overlapping compositions and 751 

depths between the type-R and type-F groups, suggesting the distribution is not truly bimodal. 752 

This pattern, revealed by the compilation of more recent, larger data sets (Anh et al., 2021; 753 

Nguyen & Kil 2019, 2020) and this study, argues against the presence of such distinct regional 754 

layering and such a dramatic, wholesale lithospheric replacement scenario. While the ages and 755 

origins of Indochinese type-R and type-F xenoliths are uncertain, we posit that a single, major 756 

metasomatic episode has recently modified the entire lithospheric layer, but that metasomatic 757 

overprinting of prior geochemical signatures was incomplete. This scenario is most consistent 758 

with the observed geochemical correlations shown in Figure 5, which suggest one major 759 

metasomatic episode. The likely metasomatic agent is most consistent with infiltration and melt-760 

rock reaction by Cenozoic magmas, indicating that metasomatism has been a recent event that 761 

may be particularly localized beneath the major Cenozoic volcanic centers. 762 
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We thus suggest an internally consistent, working model for the evolution and tectonic 763 

history of the lithospheric mantle beneath Vietnam and Indochina. In our model, the prior 764 

presence of both fertile and refractory mantle beneath Vietnam may not require a history of 765 

lithospheric removal and replacement, although the trend of generally higher fertility with depth 766 

is consistent with a fossil residue of ancient adiabatic upwelling. To place recent events in a 767 

tectonic context, during the India-Eurasia collision, Indochina was extruded along the Ailao 768 

Shan‐Red River Fault Zone until the tectonic reorganization associated with a change in strike-769 

slip sense along that fault zone and the coeval cessation of rifting in the South China Sea/East 770 

Vietnam Sea (Li et al., 2015; Zhu et al., 2009). Following that reorganization, the Sundaland 771 

block, which includes Indochina, lacked a “free surface” into which it could continue to laterally 772 

extrude due to the tectonic position of Borneo. It is unclear why such a scenario may have 773 

simultaneously induced such voluminous (70,000 km2) tholeiitic basalt production through 774 

mantle decompression, but one explanation is that the loss of a free surface during extrusion 775 

could have caused coupled lateral flow of the underlying asthenosphere to encounter an opposing 776 

mantle flow boundary beneath Borneo, triggering local upwelling and partial melting. 777 

Alternately or concurrently, the prior subduction and eventual sinking of the Pacific crustal slab 778 

under Indochina may have induced local upper mantle upwelling, as suggested by Yu et al. 779 

(2017b). Upwelling of the asthenosphere then resulted in small degrees of decompression 780 

melting, causing metasomatism of the overlying mantle lithosphere. This scenario would 781 

ultimately produce a relatively heterogeneous SCLM that partially preserves an older history of 782 

variable melt removal, but with metasomatic overprinting, perhaps especially under active 783 

Cenozoic volcanic centers. Although only one possible scenario, our working model can explain 784 
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the timing and geochemical compositions of Indochina basalts and xenoliths, in a way that is 785 

consistent with local tectonics. 786 

 787 

6. Conclusions 788 

In this study, we have characterized two suites of lithospheric mantle xenoliths from 789 

southern Vietnam. The measured major elements of peridotite mineral separates, trace elements 790 

of cpx and opx, and radiogenic isotope compositions of clinopyroxene in mantle peridotite 791 

xenoliths from two sites, Pleiku and Xuan Loc, provide the following insights into the 792 

lithospheric mantle of Vietnam: 793 

1. The lithospheric mantle beneath Vietnam experienced a complex history of variable partial 794 

melting and subsequent metasomatism, which is preserved in lithospheric mantle-derived spinel 795 

peridotites. 796 

2. Type-F or “fertile” spinel peridotites from Pleiku, Xuan Loc, and Dalat based on their spinel Cr#, 797 

exhibit fertile compositions with depleted, enriched, and spoon-shaped REEPM patterns indicative 798 

of a lithosphere that has undergone low degrees of prior partial melting, and subsequently, 799 

variable degrees of silicate melt metasomatism. Type-F xenoliths from all three field locations 800 

have calculated equilibration temperatures and pressures that cover a wide range (Anh et al., 801 

2021; Nguyen & Kil, 2019, 2020). 802 

3. Similar to comparable xenoliths from previous work (Nguyen and Kil, 2019, 2020), type-R or 803 

“refractory” spinel peridotite xenoliths from Xuan Loc display refractory compositions with 804 

enriched and S-shaped REEPM patterns, which indicate high degrees of partial melting followed 805 

by pervasive metasomatic enrichment, and share characteristics typical of ancient refractory 806 

SCLM. Calculated equilibration pressures for type-R xenoliths are notably restricted to relatively 807 

shallow equilibration depths. 808 
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4. The dramatic lithospheric erosion and replacement suggested by prior studies (e.g., Anh et al., 809 

2021) may not in fact be necessary to explain Vietnam xenolith compositions. Regardless of the 810 

lithospheric mantle’s more ancient origins, however, we posit that the underlying asthenosphere 811 

has recently upwelled and experienced decompression partial melting, both metasomatizing the 812 

overlying lithospheric mantle and producing extensive local basalt flows. 813 
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 1035 

FIGURE CAPTIONS 1036 

Figure 1. a. Map of southern and southeast Asia, illustrating extrusion of Indochina due to the 1037 

India-Eurasia collision (gray arrows) (after Taponnier et al., 1986, 1990). “Red river” = Ailao 1038 

Shan‐Red River Fault Zone. b. Map of study area and sample collection localities. Major 1039 

mapped faults and volcanic centers are modified from published literature (Hoang et al., 1996, 1040 

2013; Nguyen et al., 2012; Phach & Anh, 2018). 1041 

Figure 2. a. Clinopyroxene Al2O3 rim/core ratio versus cpx Cr2O3 rim/core ratio. b. Cpx core 1042 

Al2O3 wt% vs. cpx Mg# (molar Mg/(Mg + Fe)). Small symbols show published xenolith data 1043 

from Pleiku (Nguyen & Kil, 2019) and Dalat (Anh et al., 2021; Nguyen & Kil, 2020). 1044 

Figure 3. Rare earth and trace element concentrations of samples from this study normalized to 1045 

primitive mantle (Sun and McDonough, 1989). Gray solid lines show type-F xenoliths and gray 1046 

dashed lines show type-R xenoliths from Pleiku and Dalat (Anh et al., 2021; Nguyen and Kil, 1047 

2019, 2020). Shaded grey fields show the range of cpx compositions in abyssal peridotites 1048 

(Warren, 2016), except where noted otherwise. a. Clinopyroxene rare earth element 1049 

concentrations for type-F Pleiku peridotites (solid blue lines), with Pleiku xenoliths from Nguyen 1050 

and Kil (2019) shown as solid (type-F) and dashed (type-R) gray lines for comparison. b. 1051 

Clinopyroxene rare earth element concentrations for Xuan Loc peridotites, where type-R 1052 

peridotites are shown by dashed and type-F peridotites by solid red lines; Dalat xenoliths from 1053 

Ang et al. (2021) and Nguyen and Kil (2020) are shown as solid (type-F) and dashed (type-R) 1054 

gray lines for comparison. c. Clinopyroxene trace element concentrations for Pleiku peridotite 1055 

xenoliths from this study; d. cpx trace element concentrations of Xuan Loc peridotites from this 1056 

study; and e. opx trace element concentrations of both Pleiku and Xuan Loc peridotites from this 1057 

study; the grey field represents the detection limits for each element. 1058 
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Figure 4. a. 207Pb/204Pb and c. 208Pb/204Pb versus 206Pb/204Pb; b. 206Pb/204Pb and d. εNd versus 1059 

87Sr/86Sr; and e. 206Pb/204Pb vs. εNd for cpx from Pleiku (blue squares) and Xuan Loc (red circles) 1060 

peridotites for this study (larger square and circle symbols). Uncertainty ranges (2σ) are smaller 1061 

than symbol size. Small gray circles show Indian MORB compositions after Gale et al. (2013). 1062 

Enriched mantle (EM) compositions are after Hofmann (2007), and the northern hemisphere 1063 

reference line (NHRL) is after Hart (1984). Local basalt compositions from the Pleiku and Xuan 1064 

Loc volcanic centers are from Hoang et al. (1996; 2013). Literature data for Pleiku and Dalat 1065 

xenolith compositions (smaller symbols) are from Anh et al. (2021) and Nguyen and Kil (2019, 1066 

2020). 1067 

Figure 5. Spinel Cr# vs a. Al2O3 wt%, b. YbN, and c. [Ti] in cpx; d. Nd in cpx vs. (Ce/Yb)PM in 1068 

cpx, and e. 143Nd/144Nd vs. Sm/Yb in cpx, for Vietnam xenoliths from this study and prior studies 1069 

(Anh et al., 2021; Nguyen & Kil, 2019, 2020). Low Al2O3, low Yb, and high sp Cr# characterize 1070 

xenoliths that have undergone extensive melt extraction. The dashed line and tickmarks show the 1071 

calculated degree of melting as a percentage, where the degrees of melting are a function of sp 1072 

Cr# (Hellebrand et al., 2001) and Yb concentration (Johnson et al., 1990). 1073 

Figure 6. Comparison of equilibrium temperatures of Vietnam xenoliths with a. T36 and b. TREE 1074 

plotted versus TBKN. The uncertainties (1) are ± 45 ºC for T36, ±50 °C for TBKN (Putirka, 2008), 1075 

and as shown with error bars for TREE. Black solid line is the 1:1 ratio, with the dotted lines 1076 

representing ±50 °C.  1077 

Figure 7. Estimated equilibration temperatures (a. T36 and b. TBKN) and c. measured 143Nd/144Nd 1078 

isotopes, versus pressures (P38) for xenolith samples from this study and prior studies (Anh et al., 1079 

2021; Nguyen & Kil, 2019, 2020). The calculated geothermal gradients beneath Pleiku and Xuan 1080 

Loc, which were determined using measured lithospheric thickness and estimated heat flow, are 1081 

also shown (using heat flow data after Hall (2002), and references therein). 1082 



Table 1. Sample locations for this study.
Latitude (ºN) Longitude (ºE) Elevation (ft) Xenolith type

Pleiku
VN-2018-21-PL-1 13º 52.582' 108º 3.653' 2602 spinel lherzolite
VN-2018-21-PL-2 13º 52.582' 108º 3.653' 2602 spinel lherzolite
VN-2018-21-PL-3 13º 52.582' 108º 3.653' 2602 spinel lherzolite
VN-2018-21-PL-4 13º 52.582' 108º 3.653' 2602 spinel lherzolite
VN-2018-21-PL-5 13º 52.582' 108º 3.653' 2602 spinel lherzolite
VN-2018-21-PL-6 13º 52.582' 108º 3.653' 2602 spinel lherzolite
VN-2018-21-PL-7 13º 52.582' 108º 3.653' 2602 spinel lherzolite
VN-2018-21-PL-8 13º 52.582' 108º 3.653' 2602 spinel lherzolite
VN-2018-21-PL-9 13º 52.582' 108º 3.653' 2602 spinel lherzolite

Xuan Loc
VN-2018-36-XL-1 10º 30.457' 107º 16.375' 229 dunite
VN-2018-36-XL-2 10º 30.457' 107º 16.375' 229 harzburgite
VN-2018-36-XL-3 10º 30.457' 107º 16.375' 229 spinel lherzolite
VN-2018-36-XL-4 10º 30.457' 107º 16.375' 229 harzburgite
VN-2018-36-XL-5 10º 30.457' 107º 16.375' 229 dunite
VN-2018-36-XL-7 10º 30.457' 107º 16.375' 229 spinel lherzolite
VN-2018-36-XL-8 10º 30.457' 107º 16.375' 229 spinel lherzolite
VN-2018-36-XL-9 10º 30.457' 107º 16.375' 229 spinel lherzolite
VN-2018-36-XL-11 10º 30.457' 107º 16.375' 229 dunite
VN-2018-36-XL-12 10º 30.457' 107º 16.375' 229 dunite
VN-2018-36-XL-13 10º 30.457' 107º 16.375' 229 harzburgite
VN-2018-36-XL-14 10º 30.457' 107º 16.375' 229 spinel peridotite
VN-2018-36-XL-15 10º 30.457' 107º 16.375' 229 spinel lherzolite
VN-2018-36-XL-16 10º 30.457' 107º 16.375' 229 spinel lherzolite
VN-2018-36-XL-18 10º 30.457' 107º 16.375' 229 spinel lherzolite
VN-2018-36-XL-19 10º 30.457' 107º 16.375' 229 spinel lherzolite
VN-2018-36-XL-20 10º 30.457' 107º 16.375' 229 spinel lherzolite



Table 2. Isotopic composition of Vietnam xenoliths.
Type 87Sr/86Sr 2σ ** 143Nd/144Nd 2σ** 206Pb/204Pb 2σ** 207Pb/204Pb 2σ** 208Pb/204Pb 2σ**

Pleiku
VN-2018-21-PL-1* F 0.703267 ±5 - - 16.92 ±1 15.45 ±1 36.90 ±3
VN-2018-21-PL-2 F 0.703365 ±6 0.514190 ±7 18.859 ±2 15.579 ±2 38.851 ±4
VN-2018-21-PL-3* F 0.702447 ±6 0.513637 ±7 16.69 ±1 15.34 ±1 36.48 ±3
VN-2018-21-PL-4 F 0.704211 ±6 0.512808 ±4 18.33 ±2 15.59 ±2 38.50 ±5
VN-2018-21-PL-5 F 0.702919 ±5 0.513091 ±4 18.591 ±2 15.518 ±2 38.579 ±4
VN-2018-21-PL-6* F 0.702425 ±6 0.513776 ±5 18.29 ±1 15.49 ±1 38.28 ±3
VN-2018-21-PL-7* F 0.702988 ±7 - - 17.39 ±1 15.48 ±1 37.30 ±2
VN-2018-21-PL-8 F 0.702463 ±6 - - 18.1815 ±2 15.560 ±2 38.202 ±5
VN-2018-21-PL-9* F 0.702381 ±5 0.513821 ±5 18.27 ±1 15.50 ±1 38.27 ±3

Xuan Loc
VN-2018-36-XL-1 R 0.704050 ±6 0.512800 ±5 18.179 ±2 15.548 ±1 38.436 ±4
VN-2018-36-XL-3 F 0.702645 ±5 0.513196 ±5 17.348 ±2 15.461 ±2 37.421 ±4
VN-2018-36-XL-5 R - - 0.512755 ±5 18.371 ±2 15.572 ±2 38.640 ±5
VN-2018-36-XL-8 F 0.703724 ±6 0.512921 ±5 18.284 ±2 15.541 ±2 38.505 ±5
VN-2018-36-XL-9 F 0.703162 ±6 0.513036 ±5 17.877 ±2 15.494 ±1 38.068 ±3
VN-2018-36-XL-11 R - - 0.512755 ±5 18.317 ±2 15.570 ±2 38.613 ±5
VN-2018-36-XL-14 F 0.702952 ±6 0.513176 ±4 18.019 ±2 15.512 ±2 38.247 ±5
VN-2018-36-XL-15 F 0.702565 ±6 0.513358 ±12 17.133 ±1 15.435 ±1 37.079 ±3
VN-2018-36-XL-18 F 0.702995 ±6 0.513087 ±5 18.225 ±1 15.529 ±1 38.413 ±3
VN-2018-36-XL-19 F 0.702967 ±6 0.513371 ±5 17.874 ±2 15.509 ±1 38.033 ±3
VN-2018-36-XL-20 F 0.703070 ±6 0.513110 ±5 18.026 ±2 15.520 ±1 38.283 ±3

Standards
BCR-2 n = 2 0.705006 ±8 0.512639 ±5 18.756 ±2 15.630 ±2 38.740 ±6
BHVO-2 n = 1 0.703472 ±6 0.512987 ±4 18.619 ±2 15.542 ±2 38.245 ±5
BCR-2*** n = 5 18.76 ±1 15.66 ±1 38.77 ±2
BHVO-2*** n = 5 18.61 ±1 15.56 ±1 38.20 ±2

* Pb-isotopes measured via multi-Daly measurement with sample-standard bracketing
** Uncertainties are 2s internal standard error for the last digit expressed.
*** Pb-isotope measurement via multi-Daly measurement with sample-standard bracketing during same analytical session.

 



Table 3. Equilibrium temperatures (ºC) and pressures (kbar) of Vietnam xenoliths. *
Type TBKN T36 TREE 1σ PP38

Pleiku
VN-2018-21-PL-1 F 912 959 927 ±47 11.7
VN-2018-21-PL-2 F 963 956 907 ±10 15.8
VN-2018-21-PL-3 F 891 965 926 ±25 13.4
VN-2018-21-PL-5 F 1067 1034 993 ±30 13.6
VN-2018-21-PL-6 F 958 966 892 ±13 15.1
VN-2018-21-PL-7 F 945 945 907 ±40 13.1
VN-2018-21-PL-8 F 1000 1008 1032 ±18 12.3
VN-2018-21-PL-9 F 967 972 887 ±13 15.6

Xuan Loc
VN-2018-36-XL-2 R 921 1006 - 9.6
VN-2018-36-XL-3 F 856 951 845 ±59 12.2
VN-2018-36-XL-4 R 765 942 - 8.1
VN-2018-36-XL-5 R 795 923 1004 ±94 7.1
VN-2018-36-XL-7 F 805 940 1076 ±63 12.7
VN-2018-36-XL-8 F 859 935 1070 ±37 12.1
VN-2018-36-XL-9 F 851 932 861 ±49 13.2
VN-2018-36-XL-11 R 927 942 997 ±70 10.0
VN-2018-36-XL-14 F 924 936 821 ±25 15.3
VN-2018-36-XL-15 F 1026 992 843 ±42 16.1
VN-2018-36-XL-18 F 907 927 908 ±32 12.6
VN-2018-36-XL-19 F 946 959 916 ±31 12.8
VN-2018-36-XL-20 F 894 929 885 ±23 13.2

* Major element equilibrium temperatures calculated from the two-pyroxene thermometer
(TBKN) of Brey and Kohler (1990). TBKN has an uncertainty (1s) of ± 50 ºC.
Temperatures are also calculated using the two-pyroxene thermometer of Putirka (2008)
(T36), with an uncertainty (1s) of ± 45 ºC. Trace element equilibrium temperatures are
calculated from the two-pyroxene REE thermometer (TREE) of Liang et al. (2013);
uncertainties reported are from linear fit of the inversion diagrams from that method
(see Supplementary Information). Equilibration pressures (PP38) are calculated using the 
two-pyroxene barometer of Putirka (2008), with an uncertainty of ± 3.7 kbar.
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(gray arrows) (after Taponnier et al., 1986, 1990). "Red river" = Ailao Shan‐Red River Fault Zone. b. Map of study 
area and sample collection localities. Major mapped faults and volcanic centers are modified from published literature 
(Hoang et al., 1996, 2013; Nguyen et al., 2012; Phach & Anh, 2018).
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Figure 5. Spinel Cr# vs a. Al2O3 wt%, b. YbN, and c. [Ti] in cpx; d. εNd in cpx vs. (Ce/Yb)PM in cpx, and e. 143Nd/144Nd vs. Sm/Yb 
in cpx, for Vietnam xenoliths from this study and prior studies (Anh et al., 2021; Nguyen & Kil, 2019, 2020). Low Al2O3, low Yb, 
and high sp Cr# characterize xenoliths that have undergone extensive melt extraction. The dashed line and tickmarks show the 
calculated degree of melting as a percentage, where the degrees of melting are a function of sp Cr# (Hellebrand et al., 2001) and Yb 
concentration (Johnson et al., 1990).
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Figure 6. Comparison of equilibrium temperatures of Vietnam xenoliths with a. T36 and b. TREE plotted versus TBKN. 
The uncertainties (1σ) are ± 45 ºC for T36, ±50 °C for TBKN (Putirka, 2008), and as shown with error bars for TREE. 
Black solid line is the 1:1 ratio, with the dotted lines representing ±50 °C.
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Figure 7. Estimated equilibration temperatures (a. T36 and b. TBKN) and c. measured 143Nd/144Nd isotopes, versus pressures (P38) for xenolith samples from this 
study and prior studies (Anh et al., 2021; Nguyen & Kil, 2019, 2020). The calculated geothermal gradients beneath Pleiku and Xuan Loc, which were 
determined using measured lithospheric thickness and estimated heat flow, are also shown (using heat flow data after Hall (2002), and references therein).
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