
 

AREA QUALIT À, PROGRAMMAZIONE E SUPPORTO STRATEGICO  
SETTORE STRATEGIA PER LA RICERCA  
U. O. DOTTORATI  
 

 

Dottorato in Scienze della Terra e del Mare 

Dipartimento di Scienze della Terra e del Mare. 

Settore Scientifico Disciplinare (GEO/08) 
 

 

 

 

 

 

 

Noble gas and CO2 isotopic signatures of the lithospheric mantle  

underneath Mexico and the Canary Islands: clues from mantle 

xenoliths and arc lavas 

 
 

 

 

 

 

 
 IL DOTTORE IL COORDINATORE 

 Andres Libardo Sandoval Velasquez Prof. Marco Milazzo 
 

 

 

 

 

 IL TUTOR I CO-TUTORS 
 Prof. Alessandro Aiuppa Dr. Andrea Luca Rizzo 

  Prof.ssa Maria Luce Frezzotti 
 

 

 

 

 

 

 

 

 

 

 
CICLO XXXIV 

ANNO CONSEGUIMENTO TITOLO 2022



i 
 

ACKNOWLEDGMENT S 

 

This research was funded by the Italian Miur (Grant N. 2017LMNLAW) and from Deep Carbon 

Observatory. Raman facilities were provided by DISAT at Universit y of Milano Bicocca within the 

frame of MIUR Progetti di Eccellenza  2018-2022. My gratitude extends to the Department of Earth 

and Marine Sciences (DiSTeM) for the funding opportunity to undertake my studies at the 

University of Palermo (Italy). I would like to thank the Department of Mineral Sciences of the 

Smithsonian Institution for providing samples of Mexican mantle xenoliths  from the Durango and 

San Quintin volcanic fields . I also thank Prof. Susanne Straub (Lamont Doherty Earth Observatory 

of Columbia University ) for her collaboration  and for sharing her samples of volcanic rocks from the 

Sierra Chich inautzin (Mexico).  

 

I am extremely grateful to my supervisors Prof. Alessandro Aiuppa, Dr. Andrea Luca Rizzo and Prof. 

Maria Luce Frezzotti for their invaluable support and advice during the course of my PhD degree. I 

would also like to thank Prof. Marco Milazzo (PhD  coordinator of the cycle 34 °). I thank Mariagrazia 

Misseri and Mariano Tantillo for helping in sample preparation and in the isotope analysis of noble 

gases carried out in the noble gas laboratory of INGV-Palermo. I  appreciate the support of Ygor 

Oliveri and Giorgio Capasso in the INGV-Palermo stable-isotopes laboratory. Additionally, I would 

like to express my gratitude to Prof. James Day, Prof.  Sæmundur Ari Halldórsson , Prof. Raymond 

Burgess, Dr. Jens Hopp, Dr. Michael  Ward Broadley and Dr. Peter Barry for their valuable 

comments and suggestions that improved this manuscript.  

 

Finally , I really appreciate the constant support and help of my family, my partner  Laura Calderon 

and my friends. My appreciation also goes out to Dr. Joao Pedro Lages and Marcello Bite tto who 

always offered me their unconditional  help and advice during my stay in Palermo. 

 

 

 

 

 

 



ii 
 

ABSTRACT 

Studying the isotopic composition of fluids trapped in mantle xenoliths opens avenues to understand 

the origin and cycling of volatiles in the Earthõs upper mantle. In this PhD dissertation, new and in 

most cases the very first data regarding the isotopic (noble gases and CO2) characterization of the 

lithospheric mantle portions of three different geodynamic environments are presented: (i) Central 

and NW Mexico, a continental setting dominated by extension; (ii) the Transmexican Volcanic Belt 

(TMVB) a subduction setting, and (i ii) the Canary Islands, particularl y El Hierro  and Lanzarote, 

two oceanic islands formed by mantle plume-derived intraplate volcanism. In total 32 peridotites 

(including spinel lherzolites, spinel harzburgites, 1 pyroxenite and 1 dunite) and four  arc lavas (from 

the TMVB) were investigated.  

To characterize the isotopic signature of the Mexican lithospheric mantle, the present work was 

focused on the analysis of fluid inclusions entrapped in mantle xenoliths found in pyroclastic 

deposits of the Ventura Espiritu Santo Volcanic Field (VESVF) , the Durango Volcanic Field (DVF) , 

the San Quintin Volcanic Field (SQVF)  (three Quaternary monogenetic volcanic fields formed in 

the Basin and Range extensional province). Fluid inclusions in olivine phenocrysts found in arc 

lavas from the Sierra Chichinautzin Volcanic Field (SCN)  (a Quaternary monogenetic field located 

in the Transmexican Volcanic Belt (TMVB))  were also analyzed. According to the petrographic 

analysis, all xenoliths exhibit  similar  mineralogy (Ol> Opx> Cpx >> Sp ). The VESVF xenoliths, in 

particular, bring textural evidence of interstitial glass veins bearing dendritic trails of secondary melt 

and fluid inclusions related to pervasive mantle metasomatism driven by carbonate -rich silicate 

melts. Inclusions are composed of silicate glass ± CO2 ± Mg -Ca carbonates ± pyrite as indicated  by 

Raman microspectroscopy. Excluding samples possibly affected by secondary processes, the 

averages Rc/Ra ratios (3He/4He ratios corrected for atmospheric contamination) measured in 

Mexican localities are within t he MORB-like range: VESVF = 7.39 ± 0.14 Ra  (1s, n = 30), DVF= 

8.39 ± 0.24 Ra  (1s, n = 10) , SQVF = 7.43 ± 0.19 Ra (1s, n = 1) and SCN lavas = 7.24 ± 0.33 Ra  

(1s, n = 4) . This noble gas similarity between the VESVF and SCN samples supports the existence 

of a homogeneous mantle in central Mexico . The 3He/4He signatures observed in xenoliths suggest 

that (i) either the mantle He budget was scarcely modified by the Farallon plate subduction , and/or 

(ii) that any (large) crustal contribution was masked by a later metasomatism/refertilization episode, 

possibly driven by the upwelling mantle from the asthenosphere and the subsequent Basin and 

Range extension. The association between glass veins and fluid inclusions in VESVF xenoliths  

revealed that the metasomatism/ refertilization  was driven by a silicate-rich  melt  which  is consistent 

with a calculated helium residence time in the  VESVF mantle (20 to 60 Ma) that overlaps the timing 

of the above geodynamic events. It is proposed that, after the refertilization event (e.g., over the last 

~20  Ma), the lithospheric mantle has evolved in a steady-state, becoming slightly more radiogenic. 

The relative proximity  between the DVF and the VESVF suggests a similar process should have 

happened beneath Durango, and that the difference in 3He/4He ratios with the  VESVF is likely to 

be associated with different ages of mantle refertilization  and He residence times (more r ecent for 

the DVF mantle ; 4 to 10Ma). The Ar and Ne systematics reflect a mixing between MORB-like upper 

mantle and atmosphere-derived fluids. The mantle beneath the SQVF and the DVF seems to be 

more impacted by the interaction with atmospheric fluids , as proved by a systematic decrease in 
40Ar/36Ar and 4He/20Ne ratios from central (VESVF) to western Mexico (DVF, SQVF)  It is proposed 

that these atmospheric components were likely air -derived fluids recycled by the Farallon plate 

subduction. 3He fl uxes (0.027 - 0.080 mol/g), 4He production rates (340 - 1000 mol/yr), and mantle 

CO2 fluxes (3.93 x 10 7 mol/yr to 1.18  x 108 mol/yr) were also estimated using the helium isotopic 
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values measured in VESVF mantle xenoliths. Finally, DVF and VESVF nodules exhibit CO 2/3He 

ratios comparable to those of the upper mantle (from 3.38 x 10 8 to 3.82 x 109) but more positive 

ɿ13C values (between -1.0 and -4.0Ą), supporting the involvement of a recycled crustal carbonate 

component likely inherited by the Fara llon plate subduction. Conversely, the SCN samples exhibit 

ɿ13C values within the MORB range (comparable to other values previously reported in fluid 

inclusions and fumaroles from Popocatépetl, Colima and Ceboruco volcanoes) and unlike the 

mantle beneath VESVF-DVF, indicate a negligible mantle contamination by subduction -related 

crustal carbon. 

The Canary Islands, in the central -eastern Atlantic, are among the most enigmatic Oceanic Island 

provinces on Earth, as the mantle source feeding their  volcanism is spatially heterogeneous and 

with a multiplicity of involved components. Multi -isotope whole-rock studies have long revealed the 

presence of a recycled oceanic crust/lithosphere in the mantle. However, noble gas systematics have 

been more challenging to interpret, and carbon isotope data have remained sparse and incomplete. 

Our very first  fluid inclusion  data for El Hierro and Lanzarote nodules indicate  carbon isotopic 

compositions of CO2 (ɿ13C) range from ð2.38 to ð1.23Ą in pyroxenes and from ð0.19 to +0.96Ą 

in olivines. These unusually positive ɿ13C values, well above the typical upper mantle range (ð

8Ą<ɿ13C<ð4Ą), prove, for the first time, the presence of a regional recycled crustal carbon 

component in mantle  beneath the Canary Islands. We interpret this 13C-rich component as 

inherited from a mantl e metasomatism event(s) driven by fluids carrying carbon from subducted 

altered oceanic crust (AOC) and/or oceanic lithosphere (OL) . Regarding noble gas isotopes, El 

Hierro xenoliths identify a depleted mantle  source with MORB-like He signature . The average Rc/Ra 

ratio ( 3He/4He normalised to air ratio and corrected for atmospheric contamination) of 7.45±0.26 

Ra (2s, n = 14) overall indicat es a marginal role played by past subduction events in modifying the 

local mantle He budget. Instead, Lanzarote xenoliths point to a more radiogenic mantle with an 

average of 5.97± 0.44 Ra (2s, n = 1 3) which we interpret as reflecting the  involvement of an EM 

component. When put in the context of previous 3He/4He measurements in fluid inclusions and 

surface gases along the Canary archipelago, these results confirm an overall west -to-east decrease 

of Rc/Ra ratios (from El Hierro to Lanzarote) , which may reflect a combination of  i) increasing 

contributions of the African continental  lithosphere, ii) the addition of radiogenic 4He during magma 

migration in the oceanic crust (whose thickness increases eastward) and/or iii) magma ageing. 

Finally, as proposed for Mexico, the involvement of depleted mantle -like fluids, variably admixed 

with air -derived components (possibly recycled via paleo-subduction event(s)), is corroborated by 

Ne-Ar isotopic compositions.  
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CHAPTER 1. INTRODUCTION  
 

Subduction , mantle convection and  volcanism are the main geological processes that govern the 

exchange of major volatiles between the mantle and the Earthõs surface (Hier -Majumder and 

Hirschmann, 2017; Oppenheimer et al., 2014; Aiuppa et al., 2017, 2019; Plank and Manning, 2019; 

Regier et al., 2020; Bekaert et al., 2021). Such exchange affects the chemistry  of the Earthõs interior 

and governs the composition of the atmosphere/hydrosphere with implications for the evolution of 

life. Carbon, hydrogen (as water) and sulfur  play a key role in building a habitable climate  in the 

Earth , and small changes in their fluxes (through volcanic emissions) can produce critical impacts 

in  the atmosphere over timescales of millions of years (Robock, 2000; Oppenheimer et al., 2014; 

Plank and Manning, 2019) . Noble gases, on the other hand, do not have the same impact on climate, 

however, their relative ly low concentration s in the atmosphere (especially helium) facilitate the 

acquisition of essential information about mantle degassing and the origin of Earthõs volatiles 

(Burnard et al., 1997; Dunai and Porcelli, 2002; Gautheron and Moreira, 2002; Graham, 2002; 

Burnard, 2013; Moreira, 2013; Moreira and Kurz, 2013; Mukhopadhyay and Parai, 2019; Avice and 

Marty, 2020)  

Volatiles can be measured in volcanic emissions or fluid inclusions trapped in  volcanic materials or 

mantle-derived rocks. For instance, the study of the isotopic composition of fluids trapped in mantle 

rocks (e.g., Deines, 2002; Gautheron and Moreira, 2002; Pearson et al., 2014; Day et al., 2015) can 

shed light into  mantle characteristics and evolution over time, as they provide clues on the cycling 

of volatiles in Earthõs interior (e.g., Vance et al., 1989; Deines, 1992, 2002; von Gehlen, 1992; 

Williams and Hemley, 2001; Matsumoto et al.,  2001; Dunai and Porcelli, 2002; Gautheron and 

Moreira, 2002; Li et al., 2008; Dasgupta and Hirschmann, 2010; Marty, 2011, 2012; Hauri et al., 

2019; Regier et al., 2020). Volatiles in the mantle may exist as free elements or molecules along 

grain boundaries, fluid inclusions or species dispersed in mineral structures (Zhang et al., 2009) . 

Sulfur usually occurs as sulfides (e.g., pyrrhotite ; Bishop et al., 1975; von Gehlen, 1992; Guo et al., 

1999; Giuliani et al., 2016) ; carbon has been identified  in fluid inclusions as pure CO 2, CO, CH 4 

and COS, forming solid phases such as graphite, diamond, carbonates, moissanite, carbonatitic 

melts or forming solid solutions in silicates (Murck et al., 1978; Bergman and Dubessy, 1984; 

Roedder, 1984; Deines, 1992, 2002; McDonough and Rudnick, 1998; Dasgupta and Hirschmann, 

2010; Frezzotti and Touret, 2014; Hauri et al., 2019; Stagno, 2019; Regier et al., 2020) ; hydrogen 

is generally stored in the mantle as water in hydrous minerals (e.g., phlogopite) or as defects in 

anhydrous phases (Bell and Rossman, 1992; Ingrin and Skogby, 2000; Williams and Hemley, 2001) ; 

while nobles gases are usually found in fluid inclusions  (e.g., Dunai and Baur, 1995; Dunai and 

Porcelli, 2002; Gautheron and Moreira, 20 02; Gautheron et al., 2005a; Nuccio et al., 2008; Correale 

et al., 2015, 2016, 2019; Rizzo et al., 2018). Noble gases and carbon in mantle xenoliths, in 

particular, are proven tools for constraining the relative mixing proportions among different mantle 

reservoirs (e.g., Gurenko et al., 2006; Day and Hilton, 2011, 2021; Broadley et al., 2016; Rizzo et 

al., 2018; Kobayashi et al., 2019), and are key species for understanding carbon recycling in the 

lithospheric as well as in the deeper mantle via subduction of crustal carbon components (e.g., 

organic matter and sedimentary carbonate) (Dasgupta and Hirschmann, 2010; Aiuppa et al., 2017 ; 

Duncan and Dasgupta, 2017; Li et al., 2019; Plank and Manning, 2019; Bekaert et al., 2021).  

However, despite recent advances in the field, many questions remain yet unsolved, as mantle-

derived rocks found on the Earthõs surface represent a minimum portio n of the mantle and  the 

isotopic studies in fluid inclusions , particularly regarding carbon, are still limited to a relatively small 

number of localities .  



2 
 

This project arises from the need to increase our knowledge about the nature of volatile species 

trapped in ultramafic mantle rocks.  For this  purpose, two different geodynamic settings with mantle 

xenoliths were selected: 1) the central and northwestern Mexico and 2) the Canary Islands.  The 

studied Mexican xenoliths come from alkaline monogenetic volcanic fields distributed along the 

central and northwestern portion of the country. This volcanism is closely related to the Basin and 

Range Province, which is the result of intense periods of continental  extension likely driven by the 

cessation of the Farallon subduction ~30 Ma ago (Sedlock, 2003). It is believed that the thinning 

of the continental lithosphere favored the decompression and melting of the upper mantle (Nieto -

Samaniego et al., 1999). The resulting magmas would have produced the above-mentioned 

monogenetic complexes bringing with them considerably amounts of mantle xenoliths. These now 

open a window to analyze different sections of the local lithospheric mantle (Luhr and Aranda -

Gomez, 1997 and references therein). Like Mexico, vol canism in the Canary Islands has brought to 

the surface important quantities of ultramafic nodules, which reflect the compositional 

heterogeneity of the mantle  source; here, I  analyzed xenoliths collected in two different islands: El 

Hierro and Lanzarote. Several studies performed in volcanic materials and xenoliths have 

demonstrated that the local mantle beneath the Canaries is the result of mixing between different 

components including  a general MORB signature mixed with  a mantle plume component identified 

in geothermal samples from La Palma; a HIMU component recognized in the western islands (El 

Hierro, La Palma and La Gomera) , likely derived from paleo-subduction episodes; and an Enri ched 

mantle (EM)  component in the eastern portion of the archipelago  (Tenerife, Gran Canaria, 

Fuerteventura and Lanzarote) , possibly inherited from the African Sub-Continental Lithospheric 

Mantle (SCLM) (Hoernle et al., 1991; Gurenko et al., 2006; Day et al., 2010; Day and Hilton, 2011, 

2020).  

In this doctoral dissertation , new data on the composition of noble gases and CO2 in mantle xenoliths  

are reported. This new information  was integrated with information on petrography, mineral 

chemistry and fluid inclusions õ compositions from the same suite of samples. The aim is to deepen 

the knowledge on the characteristics and the evolution of the local lithospheric mantle in distinct  

geodynamic environments, as well as the occurrence of partial melting, mantle metasomatism  

and/or refertilization  events. Another important aspect of this study regards the involvement of 

mantle plumes for explaining the recent magmatism , and the recycling into the mantle of  noble 

gases and carbon related to recent or fossil subduction(s).  

Chapter 2 offers a brief overview about the study of the mantle xenoliths , fluid inclusions and noble 

gas and carbon isotopes. Chapter 3 discusses the methodology and the analytical procedures used 

to analyse mantle xenoliths . Chapter 4 presents an overview of the geodynamic setting and tectonic 

history of the study areas. Chapters 5 and 6 discuss the noble gas and CO2 composition of the central 

and northwestern Mexican lithospheric mantle based on the study of fluid inclusions trapped in 

mantle xenoliths collected from the Ventura Espiritu Santo  (VESVF), Durango (DVF) and San 

Quintin (SQVF) volcanic fields. These are monogenetic volcanic complexes recognized as three of 

the most important mantle xenolith -bearing alkali basalt localities emplaced along the Mexican 

Basin and Range Province. In chapter 5, isotopic studies are coupled with  petrological analysis 

(petrography and Raman microspectroscopy) in order to accurately determine the origin and 

evolution of the fluids that may have interacted with these xenoliths. The information obtained from 

fluid inclusions  suggest a very complex history in which the lithospheric mantle composi tion has 

been modified by partial melting and metasomatism/refertilization events driven by old subduction 

processes and the tectonic reorganization of the western continental margin of North America 

during the Mesozoic and early Cenozoic. Chapter 7 explores the composition of volatiles trapped in 

olivine phenocrysts collected from the Sierra Chichinautzin (SCN) , a Quaternary monogenetic 

volcanic field located in the  central part of the  Trans-Mexican Volcanic Belt (TMVB) . The objective 
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of this chapter  is to investigate the isotopic signature of the mantle wedge located beneath the 

TMVB, the effect of subduction processes in the noble gases and carbon abundances, and the main 

differences regarding the lithospheric mantle sampled in the Ventura Espiritu Santo,  Durango and 

San Quintin volcanic fields.   

Finally, chapters 8 and 9 report the first isotopic results for CO 2 and noble gas in mantle xenoliths 

collected from El Hierro and Lanzarote (Canary Islands). In these chapters, the CO2 carbon isotopic 

compositions of El Hierro xenoliths prove the existence of a recycled crustal carbon component in 

the local source mantle. This component would reflect the infiltration of metasomatic fluids likely 

derived from subducted altered oceanic crust (AOC) and/or oceanic lithosphere (OL)  materials. 

Integrating the evidence of volcanic gases and erupted rocks, noble gas compositions in fluid 

inclusions constrain a MORB -like signature of the mantle beneath El Hierro  and indicates a more 

radiogenic nature for the Lanzarote mantle. A careful review of 3He/4He data available for the Canary 

Islands is also undertaken and offers new insights to interpret the west -to-east isotopic variation 

over the archipelago. 
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CHAPTER 2. STATE OF THE ART  
 

The following presents a brief review about the study of mantle xenoliths, the isotopic study of noble 

gases and CO2 in fluid inclusions and the structure of the thesis.  

2.1. A brief review on the study of mantle xenoliths  

The chemistry of the upper mantle is accessible to direct  examination from analysis of  mantle rocks 

exposed to the Earthõs surface; these rocks are commonly found in peridotite massifs, in ophiolit ic 

complexes, as xenoliths hosted in alkali-basalt- kimberlitic -lamproitic lavas or hosted in arc lavas 

related to subduction zones such as Kamchatka or the Philippine s (Jackson, 1998; Hopp and Ionov, 

2011; Pearson et al., 2014; Payot et al., 2018).  Although peridotite massifs and ophiolites provide 

an excellent opportunity to study not only t he geochemical signature of mantle rocks but also field 

relationships, their  relative long journey to the surface may have led to modifications of the original 

mineralogy and chemical composition  (Jackson, 1998). Conversely, even hough mantle xenoliths  

may be susceptible to interaction by their host melts, these are expected to retain  the pristine 

mineralogy and geochemical/isotopic characteristics of the source due to their relative rapid ascent 

through the crust . Besides, one of the major advantages of mantle xenoliths, despite their small size, 

is their huge spatial distribution acr oss the globe (Fig. 1) ; these rocks have been found in a great 

diversity of geodynamic environments  including continental and oceanic rift, subduction  and 

hotspots (Rodgers et al., 1975; Nixon et al., 1981; Vance et al., 1989; Arai, 1994; Downes, 1997; 

Luhr and Aranda -Gomez, 1997; Coltorti et al., 2000, 2010; Conceição et al., 2005; Arai et al., 2007; 

Arai and Ishimaru, 2008; Li et al., 2008; Nasir and Rollinson, 2009; Aldanmaz, 2012; Hopp et al., 

2004; Jackson et al., 2016; Alemayehu et al., 2017; Payot et al., 2018; Snortum et al., 2019; Ionov 

et al., 2020; Martin et al., 2021; Mazzeo et al., 2021) . 

Different approaches have been employed to investigate the composition of mantle xenoliths : 

petrography, bulk and mineral chemistry, thermobarometry , radiogenic and stable isotope 

geochemistry and fluid -melt inclusion analysis . A key result of published work is that the mantle is 

far from being an homogeneous reservoir (Roden and Murthy, 1985; McDonough and Frey, 1989; 

Nadeau et al., 1990; Arai, 1994; Downes, 1997; Luhr and Ar anda-Gomez, 1997; Jackson, 1998; 

McDonough and Rudnick, 1998; Coltorti et al., 2010; Deines, 2002; Dunai and Porcelli, 2002; 

Gautheron and Moreira, 2002; Gautheron et al., 2005a; Conceição et al., 2005; Arai et al., 2007; 

Einstein, 2007; Davies, 2011; OõReilly and Griffin, 2013; Pearson et al., 2014; Day et al., 2015; Day 

and Hilton, 2020) . For instance, petrological studies in m antle xenoliths suggest that the  upper 

mantle composition is continuously  modified by the effect of metasomatic and partial melting 

episodes (Roden and Murthy, 1985; Coltorti et al., 2000; Konzett et al., 2000; Andersen and 

Neumann, 2001; Frezzotti et al., 2002a, 2009; Concei­«o et al., 2005; OõReilly and Griffin, 2013; 

Frezzotti and Touret, 2014; Kiseeva et al., 2017; McDonough and Frey, 1989; McDonough and 

Rudnick, 1998; Safonov et al., 2019) . Such episodes are driven by the action of fluids or melts that 

pervade and react with the mantle, forming new minerals and/or changing its chemistry , masking 

previous information related to melt extraction . These fluids may come from the asthenospheric or 

lower mantle (plumes) , the int eraction with recycled SCLM (EM)  or derived from  the recycling of 

material related to  subducted slabs  (Jackson, 1998; Dunai and Porcelli, 2002; OõReilly and Griffin, 

2013; Howarth et al., 2014; Frezzotti and Ferrando, 2015; Kiseeva et al., 2017) . Metasomatic fluids 

recognized in mantle xenoliths are carbonate-rich  melts, silicate melts, alkali -silica rich fluids or 

simply H 2O/CO2-rich fluids ( Frezzotti et al., 2002b and references therein).  
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Figure 1. This map was designed based on the data reported in the literature:  Vance et al. (1989), Nadeau et al. (1990), Pineau and Mathez (1990), Porcelli et al. (1992), Stern et 

al. (1999), Gautheron and Moreira (200 2), Witt -Eickschen (2003), Hopp et al. (2004, 2007a, 2007b), Bonadiman et al. (2005), Buikin et al. (2005), Gautheron et al. (2005a), 

Czuppon et al. (2009), Karmalkar et al. (2009), Comin -Chiaramonti et al. (2010), Martelli et al. (2011), Correale et al. ( 2012, 2015, 2016, 2019), Halldórsson et al. (2014), Pearson 

et al. (2014), Broadley et al. (2016), Rizzo et al. (2018) and Faccini et al. (2020) . 
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Xenoliths usually contain melt/fluid inclusions , which  represent remnants of mantle melting or 

metasomatism; it is therefore not surprising that these are considered as valuable sources of 

information about the nature of fluids and the evolution of volatiles in the Earthõs mantle (e.g., 

Andersen and Neumann, 2001; Deines, 2002; Dunai and Porcelli, 2002; Frezzot ti et al., 2002a; 

Correale et al., 2016, 2019; Rizzo et al., 2018; Faccini et al., 2020) . Scientists have developed 

different techniques to analyze the chemical and isotopic composition of inclusions , including non -

destructive and destructive methods (Roedder, 1984). Some nondestructive methods include fluid 

inclusion petrography, microthermometry  and Raman microspectroscopy (Roedder, 1984; 

Andersen and Neumann, 2001; Frezzotti et al., 2012a) , while destructive methods include melting 

or crushing techniques that are usually employed to analyze volatile species (e.g., Deines, 2002; 

Graham, 2002; Burnard, 2013; Gennaro et al., 2017; Rizzo et al., 2018) . Thanks to the development 

of these methods, today we know that fluid inclusions in mantle xenoliths exhibit a large 

compositional spectrum: although fluid inclusions are generally dominated by CO2, silicate and 

sulphide melts, these can also contain carbonates, ni trogen, water, methane, carbon monoxide, 

sulphur species and noble gases (Roedder, 1984; Andersen and Neumann, 2001) .  

 

2.1.1. Mineralogy and c lassification of mantle xenoliths  

Recently, mantle xenoliths have been classified based on tectonic setting (Pearson et al., 2014) in 

cratonic /circumcratonic xenoliths and non -cratonic xenoliths.  

As their name implies, cratonic and circum -cratonic xenoliths are exposed on cratonic  areas and 

are commonly associated with Kimberlite -related volcanics (Pearson et al., 2003; Kopylova and 

Caro, 2004; Simon et al., 2007; Ionov et al., 2010b) ; some examples are the kimberlites recognized 

in the Kaapvaal craton (Africa), Siber ia craton, the Slave craton (Canada) and the Colorado-

Wyoming craton (USA). An exception are the ultramafic nodules found in  Cenozoic basalts erupted 

on the Yangtze and the North China cratons (Lu et al., 2013; Tang et al., 2014; Correale et al., 

2016; Dai and Zheng, 2019) . Xenoliths found in these areas predominantly belong to the spinel and 

garnet facies (Pearson et al., 2014) including  harzburgites, garnet lherzolites (equilibrated above 2.5 

GPa; Nicolas, 1986), garnet websterites, pyroxenites, dunites, phlogopite-rich mafic mantle 

xenoliths, eclogites, grospydes, alkremites and ultra-deep peridotites. Conversely, non-cratonic 

xenoliths are erupted by alkalic and potassic magmas in areas that have been affected by lithospheric 

thinning  (Pearson et al., 2014). For instance, western Mexico and USA (Luhr and Aranda -Gomez, 

1997; Li et al., 2008) , Victoria (SE Australia ; Yaxley et al., 1997), South America (Stern et al., 1999) , 

Europe and the circum -Mediterranean area (Gautheron and Moreira, 2002; Gautheron et al., 

2005a; Buikin et al., 2005; Martelli et al., 2011; Correale et al., 2012; Rizzo et al., 2018, 2021; 

Faccini et al., 2020) , the Red Sea region (Hopp et al., 2004) , the East African Rift system (Hopp et 

al., 2007b; Halldórsson et al., 2014) and the West Antarctic Rift System (WARS;  Zipfel and Wörner, 

1992; Day et al., 2019). Spinel lherzolites and harzburgites are the dominant xenoliths in alkali 

basalts erupted in continental and oceanic settings (Nicolas, 1986) ; other types of peridotites such 

as wehrlites, clinopyroxenites,  dunites, websterites, lherzolites, gabbros, and garnet 

clinopyroxenites-websterites have been also found in non -cratonic settings. 

Mantle xenoliths mainly consist of olivine, orthopyroxene and clinopyrox ene with small quantities 

of spinel, garnet, mica (phlogopite) and in rare cases plagioclase (Mercier and Nicolas, 1975; 

Nicolas, 1986; Pearson et al., 2014). Although other minerals such as ilmenite, amphibole  

(pargasites, kaersutites and K-richterittes) , apatite, monazite and zircon may be present, these are 

interpreted to result from secondary processes (such as metasomatism) that have modified the 

original composition of the mantle (e.g., Konzett et al., 2000; Kaczmarek et al., 2016; Dávalos-

Elizondo et al., 2016; Safonov et al., 2019). Olivine is the most abundant mineral phase in mantle 



7 
 

xenoliths (>40%) and is considered the major host for Mg, Fe and Ni in these rocks (Pearson et al., 

2014). The Mg# of olivines varies between 88 and 94 and is commonly used as a proxy of melt 

depletion or enrichment in iron produced by partial melting or metasomati c episodes. 

Orthopyroxenes (Opx) in mantle xenoliths generally are enstatite s with Mg# similar to or higher 

than olivines. In spinel and garnet facies, Opx usually exhibi t Al2O3 and CaO contents between 1 

and 6 wt% and from 0.2 to 2wt%, respectively, and depend on different factors such as temperature 

and pressure of equilibrium of the sample , degree of partial melting and the effect of metasomatism 

or refertilization processes (McDonough and Rudnick, 1998; Coltorti et al., 2000; Dawson, 2002; 

Pearson et al., 2003; Shaw et al., 2005). Clinopyroxenes commonly exhibit a Mg# higher than 

olivines and are considered important host for Na, Cr and Ti in mantle xenoliths (Pearson et al., 

2014). The Na2O in clinopyroxenes varies between 0.2 and 3wt% while Al2O3 generally varies 

between 1 and 7 wt%. Xenoliths generally exhibit <2% of spinel  and its Fe, Mg, Cr and Al 

concentrations  give sensitive information about the degree of depletion of the xenolith and 

temperature /pressure of equilibration  (Nicolas, 1986; Pearson et al., 2014). Similarly, garnet in 

mantle xenoliths usually are Cr-pyrope and can be use as barometer or as indicator of depletion of 

the host xenolith (Griffin et al., 1999) .  

 

2.1.2. Bulk geochemistry and radiogenic isotopes 

Mean abundances of SiO2, Mg# and Al 2O3 measured in mantle xenoliths from both cratonic and 

non-cratonic areas show interesting trends (Fig . 2). Although n o systematic variation is observed 

when studying the SiO2 abundances in mantle xenoliths  (SiO2 concentrations vary in a narrow range 

from 41 to 47 wt% ), major differences are observed in Mg# and Al 2O3 contents. Al2O3 and Mg#  are 

commonly used as depletion index in  mantle-derived rocks (Pearson et al., 2014; Harvey et al., 

2015; Ionov et al., 2020; Faccini et al., 2020) ; for example, the low Al2O3 observed in xenoliths from 

cratons and ocean settings, combined with  high Mg# (in the case of cratonic xenoliths) , reflect a 

high levels of depletion if compared with non -cratonic continental settings  (Fig. 2B). It is worth 

noting that ind icators such as Mg#  may be compromised by the effect of 

metasomatism/refertilization  processes or superficial weathering  which may lead to 

misinterpretations about the mantle composition  (OõReilly and Griffin, 2013). Aluminium /Si and 

Mg/Si relationships are also recognized as good parameters to evaluate the depleted nature of mantle 

xenoliths. Fig. 3 shows a negative correlation between Al/Si and Mg/Si ratios measured in several 

nodules collected from around the globe. According to Pearson et al. (2014) this array reflect s the 

residual character of mantle xenoliths; w hen pressure decreases (along the peridotite solidus), 

mineral phases such as pyroxenes and spinel become instable and start to melt, these reactions 

produce olivine and liquid,  and the mantle becomes progressively depleted in Si-Al and enriched in 

Mg. The intersection between the xenoliths field and the chondritic array (at Mg/Si º 1 and Al/Si 

=0.1 ð 0.12) has been interpreted as the primitive upper mantle composition, i.e., the bulk  

composition of the silicate Earth (Pearson et al., 2014 and references therein).  

Like Mg# , the trace element abundances may be compromised by the effect of secondary processes 

such as metasomatism, infiltration of the host magma or chemical weathering (McDonough and 

Frey, 1989; McDonough and Rudnick, 1998; Coltorti et al., 2000; Pearson et al., 2014). For 

instance, the existence of glass veins, which is a common characteristic in most xenoliths, is usually 

interpreted as the result of interaction with metasomatic agents that could modify the original trace-

element budgets (McDonough and Frey, 1989; Coltorti et al., 2000) . Coltorti et al. (2000) described 

three different types of metasomatized glasses found in mantle xenoliths sampled in several 

localities around the globe (Fig. 4A): (i) carbonatite -related glasses that show the highest CaO and 

Na2O abundances, (ii) K -alkali silicate glasses that exhibit the highest TiO 2 and K2O contents, and 
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(iii) Na -alkali silicate glasses with intermediate compositions. In terms of trace elements, it is also 

possible to make a similar distinction between carbonatite -related and N/K glasses when comparing 

Zr, Sm, Ti and Eu normalized abundances (Fig. 4B).  

 

 
Figure 2. A) Mg# vs SiO 2 and B) Mg# vs Al 2O3 abundances in mantle xenoliths from different tectonic settings. Plotted 

values are averages from Pearson et al. (2014). Plotted uncertainties are 1s. 

 

 

Figure 3. Al/Si vs Mg/Si abundances after whole rock analysis in mantle xenoliths. From Pearson et al. (2014) . 

While it is certainly possible that most of xenoliths may have suffered important chemical variations , 

some trace elements have proved to be particularly useful; in fact, Ni , Co and Sc often show good 

correlations with Al 2O3 and MgO that make them excellent tr acers of xenoliths depletion (Pearson 

et al., 2014). Some studies have also demonstrated the close relationship between V abundances 

and the variabil ity of oxygen fugacity (fO2) during partial melting episodes (e.g., Canil, 2002) ; this 
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characteristic makes V a potential proxy for paleo-redox conditions at the time of lithosphere 

formation. As for REE (Rare-Earth Elements)  abundances, mantle xenoliths (both spinel and 

garnet-rich peridotites) display a great variability (McDonough and Frey, 1989; McDonough and 

Rudnick, 1998) : xenoliths with CaO and Al2O3 contents >2 wt% usually show both enriched and 

depleted LREE patterns while xenoliths with CaO and Al2O3 contents <2 wt% generally are 

enriched in LREE relative to chondrite (Fig. 5A -B-C). 

 

Figure 4. A) CaO, Na2O, TiO 2 and K2O abundances, and B) (Ti/Eu) N vs (Zr/Sm) N ratios measured in mantle glasses 

associated with metasomatism (values were normalized after Sun and McDonough, 1989 ). From Coltorti et al. (2000) . 

The paradox between the depletion in whole -rock major and compatible trace elements (e.g., CaO, 

Al2O3, Ni, Co and V) and the enrichment in incompatible elements (e.g. , LREE, Sr, K) observed in 

different geodynamic settings is usually justified by a complex history, which includes different 

partial melting events followed by re-enrichment processes driven by the infiltration of incompatible 

element-rich melts (McDonough and Frey, 1989; Pearson et al., 2014). Mineral chemistry analysis 

have shown that Opx are typically LREE-depleted which is usually associated with partial melting 

(Fig. 5D); conversely, Cpx is more prone to be modified and generally exhibit enriched LREE 

patterns (Fig. 5E) due to silicate and/or carbonatite metasomatism (e.g., Coltort i et al., 1999; Ionov, 
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2002a; Bodinier, 2004; Touron et al., 2008; Ackerman et al., 2013; le Roex and Class, 2016; Touron 

et al., 2008). Garnets in mantle xenoliths may display two different REE patterns (Fig. 5F; Griffin 

et al., 1999; Gregoire, 2003; Pearson et al., 2014; le Roex and Class, 2016): (i) a normal pattern 

observed in melt residues defined by low LREE and high MREE and HREE, and (ii) a sinusoidal 

REE pattern (which is less LREE depleted and less HREE enriched) commonly linked to 

metasomatism.  

 

Figure 5. A, B, C: Whole-rock abundances of CaO, Al2O3 and REE in mantle xenoliths, from McDonough and Frey (1989) . 

D, E, F: REE patterns obtained for Opx, Cpx and garnets  in mantle xenoliths from cratonic and non -cratonic areas, data 

from Pearson et al. (2014). 

The Sr-Nd-Pb-Os isotopic systematics of mantle xenoliths  also demonstrate wide heterogeneity 

(Figs. 6 and 7). As shown in Fig. 6, cratonic samples display a greater variation than non -cratonic  

xenoliths. Cratonic samples show 87Sr/86Sr and 143Nd/ 144Nd ratios similar to those observed in 

continental rocks while non -cratonic samples exhibit a narrow field concurring with the oceanic 

mantle range (Fig. 6A). When comparing 206Pb/204Pb and 87Sr/86Sr ratios, cratonic xen oliths exhibit 
87Sr/86Sr ratios even higher (>0.73; Fig. 6B) and their variability may be explained using three  

geochemically different mantle components as proposed by Zindler and Hart (1986) : a HIMU 

component with high 206Pb/204Pb (>21) and relative low 87Sr/86Sr and two Enriched Mantle 

components (EM -I and EM -II)  whose origin has been attributed to mantle metasomatism, 

subducted continental/oceanic crust and/or delamination of the subcontinental lithosphere  (Cohen 
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and OõNions, 1982; White and Hofmann, 1982; McKenzie and OõNions, 1983; Zindler and Hart, 

1986); the main difference between the two EM components is the relative high 87Sr/86Sr of EM-II 

at a given 206Pb/204Pb ratio which not only has been identified in mantle xenoliths but also in OIB 

and MORB (Zindler and Hart, 1986; Jackson and Dasgupta, 2008) . The great variation of cratonic 

xenoliths relative to non -cratonic ones is generally explained by the antiquity of cratonic SCLM  and 

the effect of  different events of melt extraction and metasomatism (Pearson et al., 2014). The 

addition of agents such as silicate melt s, H 2O-rich or carbonatite fluids derived from paleo-

subduction events have been evoked to explain th e variability  of radiogenic isotopes in mantle 

xenoliths (e.g., Ionov, 2002b; Witt -Eickschen, 2003; Demény et al., 2004; Wu et al., 2017) . A 

summary of the Sr-Nd-Pb-Os isotopic signatures measured in mantle xenoliths from cratonic and 

non-cratonic areas is presented in Fig. 7.  

 

Figure 6. Strontium -Nd-Pb systematics measured in cratonic and non-cratonic mantle xenoliths. From Pearson et al. 

(2014).  

 

Figure 7. Summary of the main radiogenic isotopes and Mg# measured in cratonic and non -cratonic mantle xenoliths. 

Modified from Pearson et al. (2014).  
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2.1.3. Noble gases and CO2 isotopes in fluid inclusions  

Several studies on noble gases have proved their utility as geodynamic tracers to comprehend the 

degassing history of the mantle, the origin of Earthõs volatiles and the relationship between different 

mantle components (Burnard et al., 1997; Dunai and Porcelli, 2002; Gautheron and Moreira, 2002; 

Graham, 2002; Burnard, 2013; Moreira and Kur z, 2013; Mukhopadhyay and Parai, 2019).  

Noble gases measured in ultramafic  xenoliths, lavas and volcanic gases across the globe suggest the 

existence of at least three main volatile reservoirs in the mantle (Burnard et al., 1997; Dunai and 

Porcelli, 2002; Graham, 2002; Yang et al., 2009; Moreira and Kurz, 2013) : (i) a  less degassed lower 

mantle reservoir sampled in hotspots settin gs such as Hawaii, Iceland, la Réunion and Galapagos; 

(ii) a more degassed MORB-like upper mantle reservoir ; and (iii ) the Subcontinental Lithospheric 

Mantle (SCLM) . In terms of helium isotopes , a lower mantle component is represented by high 

R/Ra ratios > 9 Ra (where R is the 3He/4He ratio measured in the sample and Ra the atmospheric 
3He/4He ratio equal to 1.3 84x10-6; Clarke et al., 1976) while t he MORB-like upper mantle reservoir 

generally display a relative low and narrow range of R/Ra values of between 7 and 9 Ra (Burnard et 

al., 1997; Graham, 2002; Ozima and Podosek, 2002);.   

The third reservoir, t he SCLM, has been defined as an isolated fraction of the upper mantle located 

directly beneath the continents , which has evolved separately from the convective mantle (Dunai 

and Porcelli, 2002) . It has been proposed that the SCLM is the result of the incorporation  of 

volatiles-rich melts  coming from different mantle domains, these includes mantle plumes, the 

MORB-like upper mantle and the mantle wedge associated with subduction processes (Dunai and 

Porcelli, 2002) . According to these authors, the SCLM has developed a unique geochemical and 

isotopic signature and may retain important amounts of noble gases. Gautheron and Moreira (2002)  

proposes that the mean helium isotopic signature of the SCLM is equal to 6.1 ±  0.9 Ra based on 

different analysis performed in fluid inclusions hosted in mantle xenoliths and la va phenocrysts 

from Europe, southwest USA, Antarctic , Australia and West Africa. Day et al (2015) also proposed 

a similar  value (6.1 +  2.1 Ra) considering peridotites from on -craton settings such as Kaapvaal 

(South Africa), Slave (Canada) and Siberia, and from off -craton settings such as San Carlos (USA) 

and Vitim (Siberia). Although this value indicates that the SCLM is more radiogenic than the MORB  

range (8 ± 1Ra; Graham, 2002) and that the global lithospheric mantle is in steady -state for helium , 

recent studies in Mexico (this work)  and the West Antarctic rift system (Broadley et al., 2016; 

Correale et al., 2019) also suggest R/Ra values higher than 7 Ra (within the MORB range ) commonly 

associated with the action of deep metasomatism and/or refertilization events. These evidences 

leave open the scientific debate on the origin and the heterogeneity of the SCLM geochemical 

features. 

The extremely low abundance of helium in the atmosphere generally prevents the 3He/4He ratios 

from being affected by air contamination  (Farley and Neroda, 1998; Graham, 2002) . This 

characteristic allows researchers to make accurate inferences regarding the structure and the 

composition of the solid earth. Conversely, heavier noble gases have accumulated in the atmosphere 

over the Earthõs history, to the point that  atmospheric contamination becomes a serious problem 

when interpreting isotopic ratios (Farley and Neroda, 1998; Mukhopadhyay and Parai, 2019) . For 

instance, neon and argon isotopes measured in mantle rocks always reflect mixing trajectories 

between mantle and atmospheric compositions (Farley and Poreda, 1993; Matsumoto et al., 2001; 

Graham, 2002; Ozima and Podosek, 2002; Hopp et al., 2007a; Martelli et al., 2011; Rizzo et al., 

2018). Whil e atmospheric contamination of fluid inclusions can occur during eruption of the 

transporting magmas, or during exposure of mantle xenoliths to the surface, the recycling of 

atmospheric gases in the local mantle should also be considered. Holland and Ballentine (2006) 

demonstrated that important quantities of seawater -derived noble gases are continuously 
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introduced into the convective mantle during subduction. Besides, Matsumoto et al. (2001) and 

Hopp et al. (2007a)  also proved the existence of a recycled atmospheric component in the 

lithospheric mantle from the variability of  3He/36Ar, 4He/20Ne, 20Ne/22Ne, 21Ne/22Ne, 36Ar/22Ne and 
40Ar/36Ar ratios measured in fluid inclusions . According to these authors, isotopic features such as 

the correlation between 3He and 36Ar abundances, low 40Ar/36Ar, low 4He/20Ne and high 36Ar/22Ne 

ratios, reflect  mantle contamination commonly attributable to the infiltration of atmospheric fluids 

derived from subduction processes. 

Like noble gases, carbon isotopes are also unique geochemical tracers. Carbon isotopes are 

commonly analyzed in volcanic gases or fluid inclusions using the ɿ13C notation which indicates the 

ratio of stable isotopes 13C and 12C reported in parts per thousand (ă). As discussed above, fluid 

inclusions in mantle xenoliths are ge nerally dominated by CO2 and may contain carbon species such 

as CH4, CO and carbonates. This characteristic makes them excellent targets to study the carbon 

isotopic signature of the mantle and the nature of metasomatic fluids that have modif ied its original 

composition (Deines, 2002; Gennaro et al., 2017; Boudoire et al., 2018 and references therein; 

Rizzo et al., 2018). Values of ɿ13C in mantle xenoliths show a wide range of variability (from -30ă 

to +1ă; Deines, 2002; Demény et al., 2010; Correale et al., 2015; Rizzo et al., 2018; this work) 

when compared with the range proposed for the upper mantle ( -8 ă <  ɿ13C < -4ă; Sano and Marty, 

1995). This variability  is usually explained by the contribution of three different endmembers: 

mantle carbon (ɿ13C~ -5ă; Deines, 2002), organic carbon (-30ă <  ɿ13C<  -10ă; Faure, 1987), and 

carbonate carbon (-1ă <  ɿ13C <+1 ă; Sano and Marty, 1995). According to Deines (2002) , 

sedimentary carbon (organic and carbonates) may represent more than the 50% of the total carbon 

found in ultramafic  xenoliths and would be the result of carbon recycling via subduction of crustal 

components.  

Carbon ingassing to the Earthõs mantle is governed by subduction of carbonate and organic materials 

present in sediments, altered oceanic crust (AOC)  and in the mantle layers attached to the oceanic 

slab (Plank and Manning, 2019) . Several studies have proved that important quantiti es of carbon 

are incorporated (as carbonates) in AOC and mantle layers during  hydrothermal reactions at mid 

ocean ridges (Fig. 8; Alt and Teagle, 1999; Alt and Shanks, 2003; Alt et al., 2013; Thomson et al., 

2016; Li et al., 2019; Plank and Manning, 2019) . In subduction zones, carbon can be released by 

mechanical removal, metamorphic decarbonation or melting at different depth s depending on the 

temperature conditions and the carbon minerals present in the slab (Dasgupta and Hirschmann, 

2010; Plank and Manning, 2019) ; for instance, hot slab conditions and fusible carbon minerals 

(siderite or ankeri te) favor the release of carbon at shallow depths into the mantle wedge, while cold 

conditions and refractory carbon species (calcite or graphite) facilitates the introduction of carbon 

in the deep mantle  (Fig. 8) . Some studies have proposed that a little part of the subducted carbon 

is returned to the exosphere (after dehydration of the oceanic slab) through volcanic arcs (Thomson 

et al., 2016) and that most of the crustal carbon is transferred  into the deep mantle. According to 

Thomson et al. (2016) and Regier et al. (2020) , when the slab reaches the transition zone, it starts 

to melt and release the carbonate components present in the oceanic lithosphere, then the resulting 

carbonatite melts react with the overlying mantle  promoting  the production of diamonds and 

metasomatism of the surrounding peridotite  (see Fig. 8). These studies argue that the transition 

zone acts as a barrier that retains most of the subducted carbon restricting  the quantity of carbon 

transported in to the lower mantle . The chemical reactions and the new carbon phases produced 

along the transition zone will influence the formation of different chemical and isotopic reservoirs 

in the mantle , which have huge implications for our understanding of crustal recycling and the 

major geological processes that governs the deep carbon cycling. 

Recently, some studies of fluid inclusions in mantle xenoliths  have combined the analysis of carbon 

and noble gases isotopes (Figs. 9 and 10). These studies suggest that the isotopic characteristics of 
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the SCLM are variable and strongly linked with the geodynamic history of the study area and the 

nature of the metasomatic/refertilization events that have affected the local mantle. For instance, 

Correale et al. (2012, 2015)  report a complex history of melt extraction and degassing events in the 

upper mantle beneath the Hyblean plateau based on the variability of 3He/4He and 4He/40Ar* ratios 

in ultram afic nodules (Fig. 9A); besides, they report elevated ʵ13C and CO2/
3He values that reflect  a 

mixing between MORB-like upper mantle carbon and crustal-derived carbonate fluids likely 

inherited from fossil subductions (Fig. 9B). Similarly, Gennaro et al. (2017)  report ʵ13C between 

ĭ2.8Ą and ĭ1.5Ą versus V-PDB in fluid in clusions trapped in ultramafic cumulates from 

Stromboli and suggest a contamination of the mantle wedge by recycled sediments derived from the 

Ionian slab. On the other hand , Rizzo et al. (2018) propose that the fluid inclusions observed in 

mantl e xenoliths collected in SE Poland are a mix between a residual mantle (resulting from partial 

melting) and a metasomatizing agent (He -deleted and CO2-rich fluid) characterized by a MORB -

like 3He/4He and ʵ13C signature (Fig. 9B). Moreover, these authors suggest that the European SCLM 

has been contaminated by the introduction of atmospheric fluids and radiogenic 4He likely derived 

from dehydration of the subduct ed oceanic crust. Other reference is the investigation performed by 

Boudoire et al. (2018) ; here, although the authors focused in the usefulness of noble gas and carbon 

abundances to unveil the magmatic system of the Piton de la Fournaise volcano and the extent of 

mantle degassing, they also revealed the existence of a carbon-rich mantle plume source feeding  

the magmatic system of the island which  differs from other OIB localities because the relative high 

carbon concentration  identified in ultramafic enclaves . 

 

 

Figure 8. Model for the deep mantle carbon cycle, modified from Thomson et al. (2016) . Red (inputs) and wh ite (outputs) 

numbers are global carbon (C) fluxes in megatons per year (Mt yr -1); values are from Plank and Manning (2019) and 

references therein.  

Although the above-mentioned studies clearly illustrate the progress made in the study of volatiles 

in the Earthõs mantle, some limitations prevent a complete understanding of the deep volatile cycle 

and several questions remain unsolved, for example: i) the disproportion between petrological and 

volatiles studies in mantle xenoliths that restricts the interpretations about the  typology of the 

metasomatic agents and the relationship with the volatiles that participate in metasomatic 

processes; ii) the real impact of the recycled crustal material (inherited from subduction) in the 
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noble gas and CO2 signature of the mantle; ii) the influence of HIMU and EM reservoirs in the 

variability of noble gas compositions and what signature expect considering the variability of 3He/4He 

ratios in some regions (e.g., Canary and Azores Islands); iii) how these isotopic signatures vary 

between continental and oceanic contexts and iv) how the existence of these reservoirs controls the 

variability of the ʵ13C in the mantle.  

As discussed in the following sections, this dissertation seeks to address these key issues combining 

the information from petrology and fluid inclusions composition of mantle xenoliths and gives new 

insights about the evolution of the lithospheric mantle in both continental and oceanic settings (i.e., 

Mexico and Canary Islands). 

 

 

Figure 9. A) ɿ13C vs 4He/40Ar* and B) vs Rc/Ra (3He/4He corrected for atmospheric contamination) measured in mantle 

xenoliths. Data from Correale et al. (2012, 2015), Boudoire et al. (2018), Rizzo et al. (2018) . 
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Figure 10. Blue squares and red circles represent localities where noble gas and CO2 isotopic compositions have been measured in mantle xenoliths, respectively. Green stars 

represent other localities with mantle xenoliths. References are provided in Fig. 1.  
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CHAPTER 3. METHODOLOGY  
 

The analyzed suite of rocks consists of 31 ultramafic nodules  and four  basalts: 22 samples from 

Mexico and 13 from the Canary Islands.  

Of the 22 Mexican samples, 13 peridotites come from the VESVF (San Luis Potosi state), five from 

the Durango Volcanic Field (DVF; Durango state), one from SQVF (Baja California State) and four 

basalts from the Sierra Chichinautzin (TMVB near Mexico City). The Canarian samples consist of 

six peridotites from El Hierro and seven from Lanzarote.  

 

3.1. Petrography and fluid inclusion analyses  

Eight nodules from the VESVF were selected for petrographic analysis on thin and polished sections. 

Petrographic analysis was performed at the petrography laboratory of the University of Milano -

Biccoca based on the textural classification proposed by Mercier and Nicolas (1975) ; the modal 

composition was carried out by point counting (from 4000 to 7000 points per section).  Two double-

polished rock sections of about 130 µm thickness were selected for the Raman of fluid inclusions. 

Analyzed fluid inclusions are located at 10 to 20 µm depth below the sample surface. Analyses were 

performed using a Labram Evolution (Horiba Scientific, Japan) at the Dipartimento di Sc ienze 

dellõAmbiente e della Terra, Universit¨ Milano Bicocca. The polarized Raman spectra were excited 

using a green Ar-ion laser operating at 532 nm, with 50 -70 mW emission power. Spectra acquisition 

was performed with a backscattered geometry and a 600 g/mm diffraction grating. A transmitted 

light Olympus B40 microscope with a 100 × objective (Numerical aperture, N.A., = 0.90) was used 

for all the acquisitions (spa tial resolution < = 1µm). Confocality was maintained with a pinhole of 

100 µm. Spectra were collected with variable acquisition times (from 20 to 30 sec). The 

spectrometer was calibrated using a Silicon standard. To increase band attribution accuracy bette r 

than 0.2 cm -1, spectra were baseline corrected and processed by statistical analysis (Fityk software; 

Wojdyr, 2010)  using a Voigt Pseudo-function, a convolution of a Lorentzian with a Gaussian line 

shape. Mineral and fluid identification has been based on our reference spectra database (Frezzotti 

et al., 2012a). 

Petrological characteristics and geochemical information of mantle xenoliths and basalts from the 

DVF, SQVF and Sierra Chichinautzin are presented elsewhere (Luhr and Aranda -Gomez, 1997; 

Straub et al., 2011) . Petrological, geochemical and fluid inclusion data of the same suite of mantle 

xenoliths from El Hierro and Lanzarote are reported in Siena et al. (1991), Oglialoro et al. (2017), 

Remigi et al. (2019) and Colombo (2020) . 

 

3.2. Noble gas and CO2 isotopic analysis  

Noble gas and CO2 isotopic determinations were performed at the noble gas and stable isotopes 

laboratories of INGV, Sezione di Palermo, following the preparation methods and analytical 

procedures described in Gennaro et al. (2017), Rizzo et al. (2018), Faccini et al. (2020) . All xenoliths 

were crushed and sieved with the aim of hand -picking crystals with diameters >0. 25 mm. - aliquots 

(13 Ol, 11 Opx and 13 Cpx) of crystals (weights of 0.05 to 2 g) were selected for noble gas isotopic 

analysis. Before analysis, samples were cleaned ultrasonically in 6.5% HNO 3 (for CO 2 analysis 

samples were cleaned in HCl), deionized water and high -purity acetone. After drying, samples were 

accurately weighed and loaded into an ultra -high-vacuum (UHV) crusher (capable of holding up to 

six samples; holders are numbered from 1 to 6 in Fig. 11) for noble gas analyses that was pumped 
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and backed for 48h at 120°C. As soon as the ultra-high-vacuum was reached, fluid inclusions were 

released by single-step crushing at about 200 bar and room temperature (21°C). Single step 

technique was used to minimize the addition of secondary helium (cosmogenic 3He and radiogenic 
4He) accumulated in the crystal lattice  (Kurz, 1986; Graham, 2002; Rizzo et al., 2018; Correale et 

al., 2019); unlike the multistep  technique, the single step is less efficien t because this conservative 

technique crushes less sample and therefore releases less gas (more material is needed) . The moles 

of CO2 were quantified by measuring the total pressure of gas (generally CO2+N 2+O 2+noble gases) 

released during crushing (by an IONIVAC Transmitters ITR90) in a known volume of the system, 

then subtracting the residual pressure of N 2+O 2+noble gases after removing CO2 in a òcold fingeró 

immersed in liquid nitrogen. After the manometric determination of the CO 2 concentration, the 

resulting gas mixture was purified in a stainless -steel ultra-high-vacuum preparation line to remove 

all gas species (N2, H 2, H 2O, CO2) except noble gases. For noble gas analysis, the residual gas mixture 

was purified under Zr -Al getter pumps in a UHV stainless-steel preparation line  (see Fig. 11). These 

getters pumps base their operation on selective adsorption by a particular Zr-Al bond which has a 

different reactivity depending on the temperature ; at room temperature, the  getter pumps mainly 

adsorb H2, while at temperatures around 250 -300 °C they adsorb N2, CO2, H 2O and other carbon 

compounds. After then, Ar  (and Kr and Xe) was removed in a òcold fingeró with active charcoal 

immersed in liquid nitrogen. Finally, He and Ne were adsorbed in a cold head with active charcoal 

cooled at 10K and then moved at 40 and 80K in order to release first He and then Ne, resp ectively. 

He and Ne isotopes were analyzed using two different split-flight -tube mass spectrometers (Helix 

SFT-Thermo), while Ar isotopes were analyzed by a multi -collector mass spectrometer (Argus, GVI); 

typical blanks for He, Ne, and Ar were < 10 -15, <10 -16, and <  10-14 mol, respectively.  

The measured 3He/4He ratios are expressed as R/Ra (where R is the ratio of the sample and Ra the 

He isotopic ratio of air = 1.39×10 -6); this ratio was corrected for atmospheric contamination based 

on the measured 4He/20Ne ratio and the values are expressed as Rc/Ra (eq.1): 

Rc/Ra = ((R M/Ra)(He/Ne) M ĭ (He/Ne)A)/((He/Ne) M ĭ (He/Ne)A)  eq.1 

where RM/Ra and (He/Ne) M are the measured values and (He/Ne)A refers to the atmospheric 

theoretical value (0.318). 40Ar values were also corrected for atmospheric contamination:  

40Ar* = 40Arsample ð (
36Arsample · (

40Ar/36Ar) air)    eq.2 

where 40Ar* is the corrected 40Ar, 40Ar/36Arair = 298.56 (Lee et al., 2006)  and 21Ne/22Neair = 0.029 
(Steiger and Jäger, 1977; Ozima and Podosek, 2002). Values of 20Ne, 21Ne, 22Ne, 36Ar, and 38Ar are 
also reported. Analytical uncertainties ( 2ʎ) for 3He/4He, 20Ne/22Ne, 21Ne/22Ne, 40Ar/36Ar, and 38Ar/36Ar 
ratios are <2.7%, <6.3%, <7.5%, <2.0%, and <1.7%, respectively. The 20Ne/22Ne and 21Ne/22Ne 
ratios are corrected for isobaric interferences at m/z values of 20 ( 40Ar2+ ) and 22 ( 44CO2

+2 ); 
corrections are performed by measuring 20Ne, 21Ne, 22Ne, 40Ar, and 44CO2 during the same analysis, 
and considering the previously determined 40Ar2+ /40Ar+  and 44CO2

+ 2 /CO2
+  ratios on the same Helix 

SFT that run the samples (Rizzo et al., 2018; Faccini et al., 2020) . For each analytical session, it is  
analyzed at least one standard of He, Ne, and Ar that had previously been purified from air and 
stored in tanks (Rizzo et al., 2018). 
 
After noble gas analysis, the aliquots with the highest concentrations of CO 2 (2 aliquots of Ol, 4 of 

Opx and 1 of Cpx) were selected to determine the carbon isotopic composition of flu id inclusions  

(13C/12C) in the stable isotopes laboratory of INGV-Palermo. Selected crystals were cleaned in an 

ultrasonic bath in 10% HCl, weighed and loaded in a crusher system consisting of a stainless- steel 

sample holder, a hydraulic crusher (which exerts a single-step pressure of approximately 200 bar), 

a glass sampler to freeze CO2, and a pump to ensure the vacuum inside the system (Fig. 12A).  
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Figure 11. Schematic diagram that represents the crushing system and the purification line used for the analysis of noble 

gases. 

During crystals crushing, a glass sampler submerged in liquid nitrogen was maintained online to 

freeze CO2, and eventually, those gaseous species condensing at a temperature Ó-196°C. 

Subsequently, the gas mixture trapped was released in a glass line equipped with a 626B Baratron® 

Absolute Capacitance Manometer MKS (measuring range 10-3-10-4 mbar), for the puri fication 

procedure and quantification of CO 2 concentration (mol/g)  (Fig. 12B) . The released CO2 and H 2O 

were condensed in the first cold trap immersed  in liquid nitrogen at ĭ196 ÁC, while the atmospheric 

and non-condensable gases (N2 +O 2 + noble gases) were pumped away. After pumping, the cold 

trap was heated by a mixture of liquid nitrogen and ethyl alcohol  that increased the temperature up 

to about ĭ100 ÁC (under these conditions, CO2 becomes gaseous while H 2O remains trapped as 
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ice). The purified CO 2 was then condensed in the same glass sampler immersed in liquid nitrogen 

(adjusted to atmospheric pressure by adding pure helium) and transferred to the laboratory of stable 

isotopes for the following isotopic measurements. The 13C/12C ratios were measured using a Thermo 

(Finnigan) Delta Plus XP CF -IRMS connected to a Trace GC gas chromatograph and a Thermo 

(Finnigan) GC/C III interface . Results are expressed in parts per mil (Ą; relative to the V-PDB 

international standard) using the delta notation ( ɿ13C). The analytical error estimated as 2ʎ was 

better than 0.6Ą . Further detai ls on the adopted analytical procedure can be found in Gennaro et 

al. (2017) and Rizzo et al. (2018)  that followed analogous protocols. 

 

 

Figure 12. Schematic diagram that represents the crushing system and the purification line used for the analysis of CO 2. 
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CHAPTER 4. BRIEF OVERVIEW REGARDING THE GEODYNAMICS OF 

THE STUDY AREAS 
 

4.1. The Basin and Range province and the i ntraplate volcanism along central and 

north -western Mexico 

The Basin and Range is an extensional province identified in western North America that extends 

for almost 2500 km from the Idaho -Montana border (USA) to central Mexico (Dickinson, 2002; 

Henry and Aranda-Gomez, 1992); this gets its name from its distinctive morphology which is 

characterized by elongated horst alternating with alluviated basins. It is held that the evolution of 

Basin and Range tectonism started 30 Ma ago (during the middle -late Oligocene) as a result of the 

rollback and consumption of the horizontally dipping Farallon slab beneath the North American 

plate (Atwater, 1989; Ferrari et al., 2012; Henry and Aranda -Gomez, 1992; Sedlock, 2003); in fact, 

the subduction of the Farallon slab gave rise to enormous changes in the tectonic configuration of  

the northwestern coast of Mexico including the transition from a compressive to a transform margin  

(formation of the San Andreas fault system and the Mendocino and Rivera triple junctions  º 20Ma 

ago), and the beginning of a regional extension that produce d the Gulf of California ( º 10 - 5 Ma 

ago) and the Basin and Range Province (Figs. 13 and 14).   

 

Figure 13. Evolution of the western margin of North America during the last 30 Ma. After Wallace (1990) . 

Like areas within the USA portion of the Basin and Range, the Mexican Basin and Range was 

accompanied by intraplate magmatism which generated several volcanic fields north of the 
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Transmexican Volcanic Belt ( Fig 14A). These fields are typically monogenetic complexes associated 

with the eruption of alkaline basalts and basanites that have brought to the surface significant 

amounts of ultramafic xenoliths  (mainly h arzburgites and lherzolites) . Their origin remains 

somewhat enigmatic. Some examples are the Ventura Espiritu Santo Volcanic Field (VESVF) , the 

Santo Domingo Volcanic Field (SDVF), the Pinacate Volcanic Field (PiVF), Las Palomas Volcanic 

Field (PaVF), the Potrillo maar (Po), the Camargo Volcanic Field (CVF), the  Durango Volcanic Field 

(DVF), the San Quintin Volcanic Field (SQVF) and Isla Isabel  (II; Fig . 14A; Basu, 1977; Gutmann, 

1986; Aranda-Gómez and Ortega-Gutiérrez, 1987; Aranda-Gómez et al., 1992; Luhr and Aranda-

Gomez, 1997; Housh et al., 2010; Dávalos-Elizondo et al., 2016) . 

In thi s dissertation analyses were performed in mantle xenoliths collected from the Ventura Espiritu 

Santo Volcanic Field (VESVF), the Durango Volcanic Field (DVF) and the San Quintin Volcanic 

Field (SQVF). 

 

4.2. The Transmexican Volcanic Belt  (TMVB)  

The TMVB is defined as a continental magmatic arc that extends E - W through central Mexico and 

contains around 8000 volcanic structures and some intrusive bodies  (Fig. 14B; Gómez-Tuena et al., 

2007). The province extends for about 1000 km with a variable width between 80 and 230 km  from 

the Pacific (in Nayarit and Jalisco states) to the Gulf of Mexico  (Pardo and Suárez, 1995; Ferrari et 

al., 1999, 2012; Gómez-Tuena et al., 2007) . Although the origin of the TMVB is commonly attributed 

to the subduction of the Cocos and Rivera plate under the North American plate (Pardo and Suárez, 

1995 and references therein) , some studies suggest the existence of an active fracture zone (or a 

hotspot) due to the anomalous orientation of the volcanic arc relative to the trench and the existence 

of OIB-like volcanic rocks (Shurbet and Cebull, 1984; Moore et al., 1994; Márquez e t al., 1999b). 

Ferrari et al. (1999)  suggest the migration of the volcanic arc from the N -NW Sierra Madre 

Occidental to the E -W TMVB to explain the origi n of the actual volcanism in central Mexico. This 

transition would have taken place 30 ð 7 Ma ago as a direct result of the reorganization of the 

western margin of North America driven by the subduction of the Farallon slab (Figs. 13); this 

reorientation w ould have also marked a compositional change of the volcanism from high silicic 

rhyolites and ignimbrites to mainly andesites and basalts. According to Ferrari et al. (2012) , the 

western TMVB was built on Jurassic-Cenozoic volcanic rocks (here the crust exhibits a thickness of 

35 - 40 km), conversely, the eastern portion of the TMVB (east of 101° W where the SCN is located; 

Fig. 14) rests on Precambrian and Paleozoic rocks where the continental crust can reach a 

maximum thickness of 55 km.  

 

4.3. The Canary Islands: El Hierro and Lanzarote  

The Canary Islands are an archipelago composed of seven main volcanic islands (from East to West: 

Lanzarote, Fuerteventura, Gran Canaria, Tenerife, La Gomera, La Palma and El Hierro) located in 

front of the west ern coast of North Africa and extended for almost 500 km (Fig. 1 5). The volcanic 

islands and seamounts formed on oceanic lithosphere of Jurassic age close to a passive continental 

margin (Schmincke, 1982; Carracedo et al., 1998 ; Anguita and Hernán, 2000; Troll and Carracedo, 

2016). Although the volcanism that formed the Canary started more than 20 Ma, ages between 47 

and 142 Ma have been also reported for the old seamounts located NE and SW of the archipelago 

(Schmincke, 1982; Carracedo et al., 1998; van den Bogaard, 2013).  



23 
 

 

Figure 14. A) The map shows the Mexican part of the Basin and Range Province. Adapted from Aranda-Gómez et al. 

(2000) . VESVF: Ventura Espiritu Santo Volcanic Field, SDVF: Santo Domingo Volcanic Field, PiVF: Pinacate Volcanic 

Field, PaVF: Las Palomas Volcanic Field, Po: Potrillo maar, CVF: the Camargo Volcanic Field, DVF: Durango Volcanic 

Field, SQVF: San Quintin Volcanic Field, II: Isla Isabel , SCN: Sierra Chichinautzin.  Contours of Sierra Madre Occidental, 

Sierra Madre Oriental, the Transmexican Volcanic Belt and Mesa Central provinces were build based on Gómez-Tuena 

et al. (2007) . B) Closer view of the Transmexican Volcanic Belt (TMVB) and location of some volcanoes where 3He/4He 

and ʵ13C have been reported. The dash line represents the limit of the Jalisco block located in western Mexico.  
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Quaternary volcanic deposits have been reported along the Canary Islands (except for La Gomera) 

and most of them are considered volcanically active (Carracedo et al., 1998; Troll and Carracedo, 

2016). The most recent eruptive events corresponto to the 2011-2012 submarine eruption in El 

Hierro (Padrón et al., 2013)  and recently the September-December 2021eruption in La Palma   

The Canary Islands exhibit an enormous spectrum of volcanic rocks, from carbonatites, 

nephelinites, basanites, tephrites, tholeiitic and alkali olivin e basalts associated with shield-

volcanism processes to rhyodacites, rhyolites, trachytes and phonolites related to a highly explosive 

felsic volcanism (Schmincke, 1982; Abratis et al., 2002; Carracedo et al., 1998; Troll and Carracedo, 

2016). It is worth mentioning that this magmatic activity has brought to the surface important 

quantities of ultramafic xenoliths along the entire a rchipelago (e.g., Admunsen, 1987; Siena et al., 

1991; Neumann and Wulff -Pedersen, 1997; Frezzotti et al., 2002a; Oglialoro et al., 2017).  

Several hypotheses have been formulated about the origin of the Canary Islands: Anguita and 

Hernan (1975)  proposed a connection between the Islands and the Atlas Mountains by a mega-

shear that experienced a tensional phase causing decompression melting and volcanism. Araña and 

Ortiz (1991)  suggested that compressive tectonics are the cause of the magmatism and the uplift of 

the archipelago; instead, Hoernle and Schmincke (1993) and Carracedo et al. (1998)  described a 

mantle plume model where volcanism is generated by a thermal mantle anomaly (a hot -spot) which 

is supported by geochemical evidence, the progressive west-to-east age increase of the islands and 

the relative movement of the African plate (approximately 2 cm/year; Carracedo et al., 1998). 

Finally, Anguita and Hernán (2000)  integrated these hypotheses and proposed a ôunified modelõ to 

explain th e complexity of the thermal and tectonic evolution of the Canary Islands.  

 

Figure 15. The Canary Islands archipelago. Modified from Anguita and Hernán (2000), Oglialo ro et al. (2017) and Day 

and Hilton (2020) . Ages in Ma represent the maximum ages reported in lavas for each Island (see Day et al., 2010). The 

path of the Canary hotspot was traced based on Holik et al. (1991) and Carracedo et al. (1998). Plume, HIMU and 

Enriched mantle arrows represent the geochemical affinity of the islands based on the data reported by Hoernle et al. 

(1991), Simonsen et al. (2000), Gurenko et al. (2006), Day  and Hilton (2011, 2020) . 
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The Canary Islands represent a natural laboratory for studying heterogeneities in noble gas and 

carbon mantle signatures, as ultramafic xenoliths, volcanic rocks, and surface emissions associated 

with the active volcanism of th e archipelago prove the involvement of multiple sources at play in the 

mantle source (Gurenko et al., 2006; Day and Hilton, 2020) . In terms of noble gases, only the 

geothermal gases of the Taburiente caldera (La Palma island), with their 3He/4He of > 9Ra (where 

Ra is the 3He/4He atmospheric ratio), identify a primordial component in the Canary mantle source 

(Pérez et al., 1994, 1996; Hilton et al., 2000; Day and Hilton, 2020 ; Fig. 15). In contrast, volcanic 

rocks of the same island mainly record a depleted mantle (MORB; Middle Oceanic Ridge Basalt) 

signature (some seamount series my exhibit values > 9Ra; e.g., Hilton et al., 2000; Day and Hilton, 

2011), and other Islands ( 3He/4He are available for El Hierro, Gran Canaria, Tenerife, La Gomera, 

Fuerteventura and Lanzarote) generally exhibit MORB -like, or even more radiogenic (lower 3He/4He 

ratios) signatures (see Table S1 for isotopic values and references). These variations have been 

taken as evidence of mantle heterogeneities in the sources of magmas. In particular, stemming from 

multi -isotope (He-Nd-Sr-Pb-Os-O) results, an Enriched Mantle (EM) component has been 

proposed in the eastern portion of the archipelago (Hoernle et al., 1991; Carnevale et al., 2021) , 

while a HIMU (High -µ= elevated 238U/ 204Pb) mantle signature has been identif ied in its western 

edge (Gurenko et al., 2006; Day and Hilton, 2011, 2020) . These results indicate  that recycled 

volatiles (e.g., derived from melting of old subducted oceanic crust/lithosphere in the case of the 

HIMU component) have been admixed with depleted (MORB) and plume mantle sources 

underneath the archipelago (Day and Hilton, 2011, 2020) . 
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CHAPTER 5. THE COMPOSITION OF FLUIDS STORED IN THE 

CENTRAL MEXICAN LITHOSPHERIC MANTLE: INFERENCES FROM 

NOBLE GASES AND CO2 IN MANTLE XENOLITHS FROM THE JOYA 

HONDA MAAR.   
 

Published in Chemical Geology: https://doi.org/10.1016/j.chemgeo.2021.120270   

(Sandoval-Velasquez et al., 2021a) 

 

5.1. Geological and volcanological setting of the Ventura Espiritu Santo Volcanic 

Field (VESVF)  

The VESVF is located in the southern portion of the province known as the Mesa Central (Raisz, 

1959; Nieto -Samaniego et al., 2005); very close to the Sierra Madre Oriental province (Fig . 14A). 

The Mesa Central, located north of the TMVB, comprises a portion of continental c rust that has a 

thickness of 32 km and is delimited by regional faults (Fix, 1975; Nieto -Samaniego et al., 2005). 

The oldest exposed rocks found in this province are muscovite schists from the Paleozoic (252 Ma), 

superimposed by turbiditic sequences of the Triassic and volcano-sedimentary sequences of 

continental origin formed during the mid -late Jurassic (Barboza-Gudino et al., 1999; Morán -

Zenteno et al., 2005; Nieto -Samaniego et al., 2005). The most abundant outcrops correspond to 

sequences of calcareous rocks of marine origin, formed during a transgression episode during the 

end of the late Jurassic and the Cretaceous (Carrillo -Bravo, 1971; López-Doncel, 2003; Nieto -

Samaniego et al., 2005); these rocks make up the so-called Valles-San Luis Potosí Platform (PVSLP) 

and the Mesozoic Basin of Central Mexico whose thickness can reach 5 km and 6 km, respectively. 

Cenozoic rocks are mainly volcanic and sedimentary (of continental origin), the most recent being 

the alkaline basalts of the VESVF, SDVF and DVF whose origin is related to a melting zone located 

34 km deep under the Mesa Central  (Fix, 1975) . 

The VESVF is comprised of some isolated scoria cones and three maars among which is the Joya 

Honda maar (Aranda-Gómez et al., 2007; Saucedo et al., 2017). The Joya Honda maar (JH)  is 

located at the intersection betw een the PVSLP and the Mesozoic Basin of central Mexico (22 ° 

25'4.97 "N and 100 ° 47'15.62" W) and is thought to have formed at about 311 ± 19 ka (Saucedo et 

al., 2017). This volcano is recognized as one of the most spectacular volcanic structure in  Mexico 

(Saucedo et al., 2017), with its elliptical crater having vertical walls defining a 150 ð 300 m deep 

depression (Fig. 16). The maar formed through a series of mixed magmatic and phreatomagmatic 

eruptions that emplaced a sequence of pyroclastic falls and base surge deposits (having a maximum 

thickness of ~100 m ; Aranda-Gómez and Luhr, 1996; Saucedo et al., 2017). Magmaðgroundwater 

interaction is thought to have occurred during magma ascent through of a NE -SW normal fault 

system cutting folded limestones, calcareous mudstones, chert lenses and shales which are part of 

the Cuesta del Cura (Albian-Cenomanian) and Tamaulipas (Aptian) Formations (Aranda-Gómez 

and Luhr, 1996; Aranda -Gómez et al., 2000; Saucedo et al., 2017). Saucedo et al. (2017) identified 

five eruptive phases, the last two of which generated deposits rich in mantle xenoliths. The erup ted 

magmas are alkaline and mafic in composition (olivine -nepheline basanites and olivine basalts), and 

their origin is thought to be associated with decompressional melting of the asthenosphere and 

lithospheric mantle under la Mesa Central, as proposed fo r other volcanic fields associated to the 

Basin and Range extension (Aranda-Gómez and Ortega-Gutiérrez, 1987; Luhr et a l., 1989; Lee, 

2005; Aranda-Gómez et al., 2007). 

https://doi.org/10.1016/j.chemgeo.2021.120270
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Samples were collected from the eastern part of the JH (Fig . 16), where units IV and V emerge 

according to the stratigraphy described by Saucedo et al. (2017) . These units are composed of 

pyroclastic fall and flow deposits where the highest concentration of mantle xenoliths is found. The 

nodules are usually dispersed within or hosted in basanitic lavas. Thirteen fresh nodules were 

selected with diameters between 5 and 10 cm; additionally, a pyroxenite sample was studied (sample 

V-C) and was only used for noble gas analysis due to its small diameter (<5 cm).  

 

Figure 16. Image from Google Earth (February 20th, 2020) showing the Joya Honda maar (JH) morphology and sampling 

area. 

 

5.2. Petrological background 

The JH mantle xenoliths have been previously studied and described as spinel lherzolites and 

harzburgites (Aranda-Gómez and Ortega-Gutiérrez, 1987; Liang and Elthon, 1990; Luhr and 

Aranda-Gomez, 1997). The modal composition indicates a relatively constant paragenesis: Ol is the 

most abundant phase (55-88%), followed by Opx (17-32%), Cpx (1-17%) and Spinel (Sp; 0.3 - 5%); 

in very few cases, the presence of phlogopite is also reported with percentages below 1% (Luhr and 

Aranda-Gomez, 1997). Compositionally, Ol has a Mg# (Mg# = 100 x Mg/(Mg + ×Fe)) ranging from 

87.5 to 91, Opx from 88.6 to 91.2, Cpx from 87.7 to 91.4 and Sp from 75.5 to 82.5 (Liang and 

Elthon, 1990) . These authors also report the development of Na-Al poor spongy rims on Opx, Cpx 

and spinel, explained as due to variable degrees of partial melting that have affected the local upper 

mantle. 

Liang and Elthon (1990)  classified the xenoliths into two groups based on their modal and 

geochemical compositions (groups Ia and Ib). Mantle xenoliths from group Ia are interpreted as 

mantle residues generated by different degrees of partial melting and extraction of picritic melts in 

the upper mantle; these authors calculated a degree of partial melting between 7% and 22% for Ia 

xenoliths, using melting models based on bulk-rock MgO, Ni and Sc abundances. Group Ib 

peridotites exhibit similar degrees of partial melting (1 -20%) followed by metasomatic enrichment 
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(Liang and Elthon, 1990) . One of the most important characteristic of Ib xenoliths is the extreme 

core-to-rim chemical zoning (and LREE -enriched patterns; (La/Yb)N> 0.8) in clinopyroxene, 

revealed by a decrease of  of Al2O3 and Na2O towards the rim, while Mg#, CaO, TiO 2 and Cr2O3 

tend to incre ase  (Liang and Elthon, 1990) . According to these authors, high FeO-Na2O contents in 

the cores of Ib minerals and LREE enrichment in Cpx crystals suggest interaction between silicate 

melts (basanitic in composition) and a residual mantle similar to group Ia xenoliths. Additionally, 

they explain the extreme core-to-rim chemical zoning, and reaction rims in Cpx, by the reaction 

with H 2O-rich fluids depleting Cpx rims in Na 2O and Al2O3 (also increasing TiO2 contents). 

 

5.3. Results 

5.3.1. Petrography 

The suite of xenoliths exhibits the same mineralogy: Ol> Opx> Cpx  >> Sp. All samples are 

plagioclase-free and are classified as spinel lherzolites and harzburgites (Table 1, Fig. 17). 

Peridotites show protogranular to porphyroclastic textures, in which two generations of Ol, Opx and 

Cpx crystals are observed (Fig. 18): the first generation corresponds to large, elongated and 

deformed crystals of sizes greater than 3 mm (porphyroclasts); the second generation corresponds 

to smaller crystals with polygonal shapes (neoblasts < 3mm), which o ccur in the rock as a 

consequence of an intense recrystallization process.  

 

 

Table 1. Modal composition of JH mantle xenoliths.   

Sample Rock type Ol (%) 
Opx 

(%) 

Cpx 

(%) 

Sp 

(%) 

VE Lherzolite 54.47 28.96 14.37 2.2 

VJ Lherzolite 52.01 32.31 13.39 2.29 

IVA Lherzolite 72.48 15.86 10.45 1.21 

VF Lherzolite 52.08 33.97 11.93 2.02 

VI Lherzolite 53.41 23.48 19.79 3.32 

VG Harzburgite 68.14 30.04 1.26 0.56 

VK Lherzolite 61.27 24.59 13.69 0.44 

VH Harzburgite 62.08 31.26 4.47 2.18 

 

 

 

 

Figure 17. Ternary classification for ultramafic and 

mafic rocks, from Streckeisen (1976). 

Olivines are present as translucent crystals without alteration. Ol porphyroclasts exhibit anhedral 

forms (size <4.5 mm) with curved grain bo undaries, kink bands and numerous fractures due to 

deformation (Fig . 18A); some crystals have Opx and Cpx inclusions (<1mm) with rounded shapes. 

Most of the neoblasts are less than 2 mm long and are characterized by straight borders and 

subhedral forms. Orthopyroxenes exhibit light brown colours without alteration; opx porphyroclasts 

are characterized by anhedral and elongated forms with curved grain boundaries and diameters < 

4.5 mm (Fig . 18B-C-D). Neoblasts exhibit euhedral forms with well -developed straight boundaries 

and sizes less than 2 mm; Opx tends to concentrate forming clusters of three or more crystals, where 

vermicular spinel is commonly observed (Fig . 18E-F); some Opx may contain small Cpx inclusions 

(<0.2mm). Opx may exhibit a rough areas (especially over the rims) that resembles spongy rims, 
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which may expand over the entire crystal (Fig . 18B-C-F). Cpx crystals are light green, with subhedral 

to anhedral forms, sizes < 2 mm (rare crys tals with diameters greater than 4 mm are present). 

Spongy textures along crystal rims in Cpx are very common and varies in thickness, this texture 

sometimes develops as bands or affecting the entire crystal surface (Fig. 18C-G). Finally, spinel 

occurs as dark brown crystals with irregular shapes (anhedral forms with curved grain borders), 

sizes < 2 mm and develop as vermicular intergrowths in pyroxene clusters (Fig . 18E-F).  

Peridotites are cut by glass veins that develop along the crystal borders, extending into single crystals 

as micro-fractures. Veins have variable thicknesses, the largest being 0.3 mm thick (Fig. 18D-F-H). 

Veins do not show a genetic relation with the host lava and are mainly formed by glass and may 

contain relatively large (<0.25 mm) c rystals of Cpx, tiny crystals with high birefringence, identified 

as carbonates; and rare opaque minerals. 

 

5.3.2. Fluid and melt inclusions  

Olivine crystals contain abundant dendritic trails of secondary inclusions consisting of glass, mineral 

phases, and a fluid phase. Dendritic inclusion trails are intragranular and typically originate from 

the glass/carbonate microveins permeating the rocks (Fi g. 19A). Fig. 19 shows this peculiar texture 

resulting from the association of large (15 -30 µm) irregularly -shaped inclusions containing silicate 

glass (melt) with subordinate crystals and a fluid phase in variable proportions, along with smaller 

(<20 µm ) inclusions dominated by glass (melt) or fluid, ± crystals. Similar inclusion textures are 

also observed in orthopyroxene and clinopyroxene, while fluid inclusions in the absence of glass, 

generally observed in peridotites (Andersen and Neumann, 2001; Frezzotti and Touret, 201 4), are 

extremely rare. In inclusions, the silicate glass is colorless, isotropic, and does not show any 

devitrification (Fig . 19B). Mineral phases (< 30 µm) are high birefringent and texturally associated 

with the glass (Fig. 19C). The fluid is CO 2-rich, one or two phases (L, or L+V). Fluid -dominated 

inclusions may contain tiny mineral grains, among which there is an opaque phase (Fig . 19D).  

 

5.3.3. Raman microspectroscopy 

Raman microspectroscopy analyses of dendritic inclusions reveal that mineral phases texturally 

associated with silicate glass are Mg-calcite (Fig . 20A; vibrations at 1088, 714, 284, 158 cm -1). The 

fluid is pure CO 2 (Fig. 20B; Fermi doublet at about 1282 -1387 cm-1). Interestingl y, in most CO2 

inclusions, Raman spectra also reveal the presence of dolomite (Fig. 20C; vibrations at 1094-1096, 

722-723, 299-300 cm-1). Dolomite vibrations, however, are unexpectedly weak (likely linked to 

disorder; Frezzotti et al., 2012a) and broad (full width at half maximum up to 15 cm -1) (Fig . 20C). 

Also, the main vibration at 1098 cm -1 is downshifted from 2 to 4 cm -1. These spectral characteristics 

indicate a relevant order decrease in the crystalline structure as it occurs in decomposing carbonates 

(Frezzotti and Peccerillo, 2007; Carteret et al., 2009; Frezzotti et al., 2012a) . The tiny mineral grains 

observed in a few CO2 inclusions are magnesite (Fig. 20D; vibrations at 1094, 723, 322, 202 cm -1). 

An opaque mineral has been identified as pyrite (Fig . 20D; vibrations at 342 and 377 cm -1). The 

association of Mg-carbonate ± pyrite in C O2-rich inclusions is suggestive of fluid inclusion -host 

olivine reactions at low temperatures  (Frezzotti et al., 2012b) , probably during host lava cooling at 

the surface. 
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Figure 18. Microphotographs of the JH mantle xenoliths in cross -polarized light (A, B, C, D, E, G, H) and transmitted 

plane-polarized light (F). Ol: olivine, Opx: orthopyroxene, Cpx: clinopyroxene, Sp: spinel. A) Ol porphyroclast with well -

developed kink bands and glass-rich veins. B) Spongy rims developed in Opx crystals; C) Cpx and Opx crystals are almost 

and totally replaced by the spongy rim. D) Porphyroclastic texture; Opx crystal being cut by a glass-rich vein. E) Opx 

cluster. F) Opx cluster cut by a vein compo sed of light brown glass and some opaque minerals, note the presence of spongy 

rims in Opx. G) Cpx porphyroclast with development of spongy bands. H) Glass-rich veins around Opx porphyroclast.  



31 
 

 

Figure 19. Microphotographs of inclusions identified in olivine. A) Melt and fluid inclusions originating from microveins. B) Intragranu lar 

trail of dendritic inclusions. C) Inclusions composed by glass and high birefringent mineral phases (cross -polarized light ill umination). 

D) Opaque phases associated to fluid inclusions.  

 

Figure 20. Raman spectroscopy applied in olivine inclusions. A) Raman spectra of birefringent mineral phases (Mg -calcite) observed in 

Fig. 19C. B) Raman spectra of pure CO2 fluid inclusions identified in Fig . 19D. C) Raman spectra of dolomite contained in some 

inclusions of Fig . 19B. D) Raman spectra of magnesite and pyrite contained in olivine inclusions.  
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5.3.4. Elemental and Isotopic composition 

The elemental and isotopic composition of the crystal -hosted fluid inclusions (bulk mineral crushes) 

in the JH mantle xenoliths are reported in Table 2; reported errors are 1 ʎ uncertainties, except for 
21Ne/22Neext ratios whose errors are 2ʎ uncertainti es. Concentrations of 4He range between 8.56 x 

10-14 and 1.29 x 10-11 mol/g where the highest concentrations are observed in Cpx (~4.28 x 10 -12 

mol/g) followed by Ol (~2.21 x 10 -12 mol/g) and Opx (~2.06 x 10 -12 mol/g). 4He concentrations for 

the V-I crystals are significantly lower than those measured in other nodules. 40Ar* content ranges 

from 5.37 x 10 -14 to 1.08 x 10-11 mol/g; in general, both 40Ar* and 4He values are similar to those 

previously reported in m antle xenoliths from the European Subcontinental Lithospheric Mantle 

(European SCLM), the West Antarctic Rift System (WARS), the Eastern Australia SCLM and some 

regions belonging the East African Rift (Northern/Southern Kenya rifts and the Ethiopia -Afar 

region; Fig. 21A; Matsumoto et al., 1998, 2000; Hopp et al., 2004, 2007a,  2007b; Buikin et al., 2005; 

Gautheron et al., 2005a; Czuppon et al., 2009; Martelli et al., 2011; Halldórsson et al., 2014; 

Broadley et al., 2016; Rizzo et al., 2018; Correale et al., 2019; Faccini et al., 2020) . 20Ne, 21Ne and 
22Ne values tend to be high in Cpx and Opx; 20Ne ranges from 1.42 x 10-16 to 5.08 x 10-14 mol/g, 21Ne 

from 5.22 x 10 -19 to 1.21 x 10-16 mol/g and 22Ne from 1.34 x 10 -17 to 4.90 x 10-15 mol/g. CO2 is the most 

abundant gas, on average its contents are higher in Cpx and Opx (1.02 x 10-7 ± 1.03 x 10-7 and 3.18 

x 10-8 ± 3.71 x 10-8 mol/g, respectively) than in Ol (3.43 x 10 -9 ± 6.36  x 10-9 mol/g); CO 2 contents 

are positively correlated  with 4He, 40Ar* , 20Ne, 21Ne and 22Ne, but are lower than those observed in 

European SCLM xenoliths (Fig . 21B-C). In detail, the Rc/Ra values vary as follows: Ol from 7.13 ± 

0.10 to 7.68 ± 0.07 Ra (1s), Opx from 6.15 ± 0.08 to 7.54 ± 0.08 Ra (1s), and Cpx from 5.40  ±  

0.14 to 7.59 ± 0.07 Ra (1s). The 4He/40Ar* ratios vary between 0.14 and 3.11 (Fig. 22), which 

overlaps in part the typical production ratio of the mantle ( 4He/40Ar* = 1 ð 5; Yamamoto et al., 2009; 

Marty, 2012) ; on average the highest values belong to Ol crystals (1.51 ± 0.76; 1s), compared to 

Opx (0.72 ± 0.25 ; 1s) and Cpx (0.78 ± 0.40 ; 1s). 4He/20Ne values range from 2.4 to 10483; the 

highest values are recorded in Cpx and Ol (on average 2223.2 ± 3196.8 and 1498.6 ± 1306.1  (1s), 

respectively), while Opx exhibits considerably lower ratios (<639). This tendency is also observed 

for 40Ar/36Ar ratios that vary from 303.48 ± 0.08 to 8231.50 ± 13.81 in Cpx, from 39 1.97 ± 1.17  to 

2518.41 ± 13.00  in Ol, and from 339.74 ± 0.26  to 1436.20 ± 1.91  in Opx (1s). It should be noted 

that those samples with the lowest values of Rc/Ra, also are depleted in 4He/40Ar*,  40Ar/36Ar and 
4He/20Ne. On average 20Ne/22Ne and 21Ne/22Ne ratios are 10.2 ± 0.50 and 0.0332 ± 0.0058  (1s), 

respectively; in both cases, the values are slightly higher in Cpx compared to Ol and Opx. Finally, 

the isotope composition of CO2 expressed as ɿ13C values (V-PDB) varies between -0.97 and -2.86Ą  

and does not exhibit a systematic variation between Ol, Opx and Cpx. The most negative value (-

2.86Ą ) was reported in IV -A Opx while the most positive values belong to two aliquots of the same 

nodule: V-K Ol ( -1.10) and V-K Opx (-0.97). 

 

5.4. Discussion 

Present textural and Raman spectroscopy observations indicate that the JH fluid inclusions are CO 2-

dominated (Fig s. 19 and 20) and, even more importantly, that they are strictly associated wit h the 

pervasive infiltration of glass veins (Figs. 18 and 19). The inclusions typically exhibit the coexistence 

of glass, mineral phases, and a fluid phase, and form dendritic trails of fluid inclusions originating 

from the glass/carbonate microveins permeating the rocks (Fig. 19A). The close association between 

glass and fluid inclusions, and their originating from the glass microveins, are strongly suggestive of 

trapping of fluids delivered by degassing of a carbonate-rich silicate melt at mantle depth. T extural 

observations and preliminary compositional information (indicating that glass veins contain 59±3 

wt % SiO2) clearly exclude that the glass veins are related to the basanitic to basaltic host magma.  
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Figure 21. 4He, 40Ar* and CO2 contents measured in fluid inclusions hosted in JH mantle xenoliths. SCLM: Subcontinental 

Lithospheric Mantle. The West Antarctic Rift System (WARS) SCLM compositional range was built using fluid inclusions 

data measured by Broadley et al. (2016) and Correale et al. (2019) . European SCLM range includes fluid inclusions values 

measured in mantle xenoliths from the Rhenish Massif (Germany), Pannonian basin, Massif Central (Central France), 

Tallante - Calatrava (Spain), Lower Silesia (Poland) and the Eastern Transylvanian Basin; data was taken from Buikin et 

al. (2005), Gautheron et al. (2005a), Martelli et al. (2011), Rizzo et al. (2018) and Faccini et al. (2020) . Eastern Australia 

SCLM data was taken from Matsumoto et al. (1998, 2000) and Czuppon et al. (2009) . Red sea region data from Hopp et 

al. (2004, 2007a) and Halldórsson et al. (2014) . Northern/South ern Kenya rifts data was taken from Hopp et al. (2007b) 

and Halldórsson et al. (2014) . The Ethiopia (afar) field was designed after Halldórsson et al. (2014) . 
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Table 2. Fluid inclusions compositions from JH mantle xenoliths. Concentrations are reported in mol/g.  r*: reply made in sample V -I. Estimated errors for 3He, 
4He, 20Ne, 21Ne, 22Ne, 40Ar, 36Ar and CO2 are <5%, <0.03%, <7%, <5%, <0.7%, <0.07%, <0.1% and <5%, respectively.  

Sample  Phase Weight (g) 3He 4He 20 Ne 21Ne 22Ne CO2
a 40Ar 36Ar 40*Ar 4He/20Ne 4He/40Ar* R/Ra Rc/Ra 

error +/-     
όмԎύ 

V-A  Ol  0.95855 1.67E-17 1.65E-12 9.11E-16 2.72E-18 9.26E-17 2.80E-11 2.09E-12 1.50E-15 1.65E-12 1814.0 1.00 7.26 7.26 0.06 
V-A  Opx 0.26388 4.74E-18 4.91E-13 8.90E-15 2.59E-17 9.00E-16 3.91E-10 3.61E-12 5.45E-15 2.00E-12 55.2 0.25 6.91 6.94 0.13 
V-A  Cpx 0.21991 6.45E-18 6.57E-13 5.81E-16 2.62E-18 5.41E-17 6.23E-09 5.16E-12 1.55E-15 4.70E-12 1131.4 0.14 7.06 7.06 0.13 
V-B Ol  0.99706 2.53E-17 2.48E-12 1.84E-15 5.52E-18 1.88E-16 2.26E-10 3.70E-12 6.01E-15 1.92E-12 1349.7 1.29 7.32 7.33 0.06 
V-B Opx 0.4776 3.43E-17 3.36E-12 6.75E-15 1.97E-17 6.61E-16 4.88E-08 7.67E-12 7.95E-15 5.32E-12 497.5 0.63 7.34 7.35 0.06 
V-B Cpx 0.48584 4.67E-17 4.62E-12 4.41E-16 2.00E-18 3.61E-17 9.70E-08 1.12E-11 1.36E-15 1.08E-11 10483.3 0.43 7.27 7.27 0.06 
V-C Ol  0.59294 3.71E-18 3.74E-13 2.35E-16 n.a 2.61E-17 2.38E-10 8.96E-13 3.56E-16 7.91E-13 1593.9 0.47 7.13 7.13 0.10 
V-C Cpx 0.5587 8.55E-18 8.40E-13 5.73E-16 1.82E-18 5.87E-17 7.61E-10 2.57E-12 1.02E-15 2.27E-12 1466.6 0.37 7.32 7.33 0.07 
V-D Ol  1.02241 2.08E-17 2.08E-12 3.76E-16 1.25E-18 3.67E-17 9.18E-10 2.76E-12 1.27E-15 2.38E-12 5534.0 0.87 7.19 7.19 0.06 
V-D Opx 0.49922 9.46E-18 9.43E-13 2.33E-15 7.04E-18 2.39E-16 4.39E-09 2.07E-12 3.30E-15 1.09E-12 404.4 0.86 7.21 7.22 0.08 
V-D Cpx 0.47389 2.66E-17 2.59E-12 3.02E-16 1.23E-18 2.73E-17 3.25E-08 6.01E-12 7.58E-16 5.78E-12 8576.0 0.45 7.37 7.37 0.07 
V-E Ol  1.02916 2.51E-17 2.42E-12 1.22E-15 3.90E-18 1.19E-16 4.11E-09 8.79E-13 3.38E-16 7.79E-13 1982.0 3.11 7.47 7.47 0.07 
V-E Opx 0.51352 1.98E-17 1.90E-12 5.12E-15 1.56E-17 5.16E-16 2.74E-08 3.03E-12 2.11E-15 2.41E-12 371.6 0.79 7.49 7.50 0.07 
V-E Cpx 0.32954 3.96E-17 3.81E-12 3.93E-15 1.27E-17 3.81E-16 1.25E-07 7.06E-12 1.50E-15 6.62E-12 970.0 0.58 7.48 7.48 0.07 
V-F Ol  1.01203 2.57E-17 2.44E-12 3.49E-15 1.05E-17 3.55E-16 2.81E-09 2.50E-12 2.81E-15 1.67E-12 700.6 1.46 7.57 7.57 0.07 
V-F Opx 0.52681 1.66E-17 1.61E-12 4.91E-15 1.51E-17 4.98E-16 1.85E-08 2.37E-12 2.11E-15 1.75E-12 328.5 0.92 7.41 7.42 0.08 
V-F Cpx 0.31734 5.58E-17 5.29E-12 2.01E-14 6.07E-17 1.99E-15 1.78E-07 1.06E-11 1.24E-14 6.98E-12 262.9 0.76 7.58 7.59 0.07 
V-G Ol  1.00336 1.94E-17 1.81E-12 7.91E-16 2.44E-18 7.78E-17 3.91E-11 1.19E-12 1.72E-15 6.81E-13 2292.1 2.66 7.68 7.68 0.07 
V-G Opx 0.50526 1.29E-17 1.23E-12 3.20E-15 9.62E-18 3.26E-16 4.54E-09 1.47E-12 1.69E-15 9.68E-13 384.5 1.27 7.53 7.53 0.08 
V-G Cpx 0.32136 3.21E-17 3.15E-12 1.57E-15 5.55E-18 1.52E-16 2.24E-08 3.17E-12 9.41E-16 2.89E-12 2003.4 1.09 7.32 7.32 0.07 
V-H Ol  1.0181 4.21E-17 4.03E-12 4.72E-15 1.47E-17 4.66E-16 4.72E-09 6.44E-12 6.29E-15 4.58E-12 853.7 0.88 7.51 7.52 0.08 
V-H Opx 0.53853 1.95E-17 1.86E-12 4.01E-14 1.16E-16 3.94E-15 1.23E-08 1.52E-11 4.14E-14 2.93E-12 46.5 0.64 7.47 7.52 0.08 
V-H Cpx 0.30754 3.92E-17 3.73E-12 3.52E-15 1.13E-17 3.46E-16 5.09E-08 4.74E-12 1.93E-15 4.17E-12 1062.1 0.90 7.56 7.56 0.07 
V-I  Ol  1.0437 8.62E-19 8.56E-14 1.42E-16 5.22E-19 1.39E-17 4.74E-11 2.25E-13 5.78E-16 5.37E-14 604.6 1.59 7.24 7.25 0.13 
V-I Opx 0.5057 9.92E-19 9.93E-14 1.55E-16 6.59E-19 1.34E-17 2.26E-10 3.77E-13 8.58E-16 1.23E-13 639.0 0.8 7.18 7.19 0.15 
V-I Cpx 0.49525 9.34E-19 1.23E-13 5.08E-14 1.46E-16 4.90E-15 n.a 1.13E-11 3.72E-14 2.97E-13 2.4 0.41 4.84 5.46 0.14 

V-I r* Ol  1.01139 9.47E-19 9.25E-14 4.09E-16 1.32E-18 4.07E-17 7.54E-10 1.75E-13 4.48E-16 4.32E-14 226.0 2.14 7.36 7.37 0.17 
V-I r* Opx 0.50086 9.81E-19 1.15E-13 1.13E-14 3.37E-17 1.14E-15 1.31E-09 2.02E-12 5.94E-15 2.63E-13 10.1 0.44 5.98 6.15 0.08 
V-I r* Cpx 0.57112 7.37E-19 9.81E-14 9.68E-15 2.89E-17 9.72E-16 4.07E-10 5.64E-13 1.62E-15 8.59E-14 10.1 1.14 5.26 5.40 0.14 
V-J Ol  1.0333 3.63E-17 3.53E-12 3.77E-15 1.15E-17 3.76E-16 4.55E-09 5.30E-12 6.20E-15 3.47E-12 937.0 1.02 7.38 7.38 0.07 
V-J Opx 0.5061 5.02E-17 4.93E-12 7.60E-15 2.36E-17 7.58E-16 1.08E-07 1.02E-11 7.88E-15 7.87E-12 649.1 0.63 7.32 7.33 0.08 
V-J Cpx 0.30875 1.11E-16 1.07E-11 6.19E-15 2.02E-17 6.07E-16 3.23E-07 8.59E-12 2.87E-15 7.75E-12 1726.7 1.38 7.50 7.50 0.07 
V-K  Ol  1.0225 5.42E-17 5.24E-12 4.99E-15 1.58E-17 4.99E-16 2.46E-08 7.72E-12 6.93E-15 5.67E-12 1049.9 0.92 7.45 7.45 0.08 

V-K  Opx 0.52687 5.37E-17 5.13E-12 2.48E-14 7.37E-17 2.38E-15 1.05E-07 1.54E-11 2.07E-14 9.25E-12 206.6 0.55 7.53 7.54 0.08 

V-K  Cpx 0.30567 7.40E-17 7.07E-12 4.08E-14 1.21E-16 4.11E-15 1.16E-07 1.06E-11 1.40E-14 6.47E-12 173.4 1.09 7.52 7.53 0.07 
IV A Ol  1.03046 2.52E-17 2.43E-12 4.47E-15 1.29E-17 4.34E-16 1.47E-09 2.09E-12 3.40E-15 1.08E-12 543.9 2.24 7.45 7.45 0.08 
IV A Opx 0.49715 3.04E-17 3.02E-12 1.05E-14 3.07E-17 1.03E-15 4.49E-08 5.48E-12 6.38E-15 3.59E-12 286.9 0.84 7.23 7.23 0.10 
IV A Cpx 0.47966 1.29E-16 1.29E-11 1.25E-14 3.82E-17 1.22E-15 2.73E-07 1.20E-11 9.65E-15 9.11E-12 1033.2 1.42 7.21 7.21 0.06 
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Table 2. Continued. a. First estimation of CO 2 during noble gases analysis; b. CO2 measured from glass line. 

Sample Phase 40Ar/ 36Ar 
error +/- 
όмԎύ 

20Ne/22Ne 
error +/- 
όмԎύ 

21Ne/22Ne 
error 

+/- όмԎύ 
(21Ne/22Ne)     
EX to 12.5 

error +/- 
όнԎύ CO2/ 3He 3He/36Ar CO2/ 3He CO2

b ʵ13C 

V-A  Ol  1391.46 1.24 9.93 0.06 0.0297 0.00135 0.043 0.003 1.68E+06 0.0111 n.a n.a n.a 

V-A  Opx 662.11 0.93 9.87 0.04 0.0288 0.00050 n.a n.a 8.24E+07 0.0009 n.a n.a n.a 

V-A  Cpx 3320.08 9.83 n.a n.a n.a n.a n.a n.a 9.66E+08 0.0041 n.a n.a n.a 

V-B Ol  614.85 0.37 9.87 0.04 0.0296 0.00082 0.053 0.003 8.93E+06 0.0042 n.a n.a n.a 

V-B Opx 964.58 0.65 9.97 0.03 0.0298 0.00045 0.041 0.001 1.42E+09 0.0043 2.58E+09 1.17E-07 -2.30 

V-B Cpx 8231.50 13.81 12.18 0.26 0.0553 0.00431 n.a n.a 2.07E+09 0.0343 n.a n.a n.a 

V-C Ol  2518.41 13.00 n.a n.a n.a n.a n.a n.a 6.43E+07 0.0104 n.a n.a n.a 

V-C Cpx 2511.64 5.81 n.a n.a n.a n.a n.a n.a 8.90E+07 0.0084 n.a n.a n.a 

V-D Ol  2177.87 2.53 10.57 0.16 0.0354 0.00227 n.a n.a 4.41E+07 0.0164 n.a n.a n.a 

V-D Opx 626.23 0.62 n.a n.a n.a n.a n.a n.a 4.64E+08 0.0029 n.a n.a n.a 

V-D Cpx 7926.55 24.39 11.03 0.39 0.0452 0.00659 n.a n.a 1.22E+09 0.0350 1.61E+09 4.27E-08 -1.55 

V-E Ol  2598.15 11.14 10.37 0.07 0.0332 0.00107 0.049 0.003 1.64E+08 0.0743 n.a n.a n.a 

V-E Opx 1436.20 1.91 10.00 0.04 0.0306 0.00046 0.050 0.002 1.39E+09 0.0094 n.a n.a n.a 

V-E Cpx 4719.85 15.56 10.25 0.05 0.0338 0.00115 0.058 0.004 3.16E+09 0.0265 9.17E+08 3.63E-08 -2.66 

V-F Ol  889.63 0.69 9.87 0.04 0.0297 0.00064 n.a 0.003 1.09E+08 0.0091 n.a n.a n.a 

V-F Opx 1123.07 1.53 9.93 0.04 0.0307 0.00072 0.063 0.003 1.11E+09 0.0079 1.15E+09 1.91E-08 -1.34 

V-F Cpx 856.84 0.53 10.12 0.03 0.0306 0.00045 0.042 0.001 3.18E+09 0.0045 1.12E+09 6.22E-08 -1.66 

V-G Ol  690.44 0.68 10.23 0.06 0.0316 0.00117 0.045 0.003 2.02E+06 0.0112 n.a n.a n.a 

V-G Opx 866.39 1.50 9.85 0.04 0.0296 0.00062 n.a n.a 3.52E+08 0.0076 n.a n.a n.a 

V-G Cpx 3371.87 14.57 11.06 0.11 0.0390 0.00227 n.a n.a 6.97E+08 0.0341 n.a n.a n.a 

V-H Ol  1023.71 0.63 10.18 0.03 0.0317 0.00041 0.048 0.001 1.12E+08 0.0067 n.a n.a n.a 

V-H Opx 366.42 0.00 10.11 0.02 0.0301 0.00027 0.039 0.001 6.33E+08 0.0005 n.a n.a n.a 

V-H Cpx 2457.00 6.70 10.15 0.05 0.0326 0.00104 0.056 0.004 1.30E+09 0.0203 n.a n.a n.a 

V-I  Ol  388.43 0.86 n.a n.a n.a n.a n.a n.a 5.50E+07 0.0015 n.a n.a n.a 
V-I Opx 439.10 1.49 11.59 0.73 0.0492 0.01944 n.a n.a 2.28E+08 0.0586 n.a n.a n.a 
V-I Cpx 303.48 0.16 10.24 0.01 0.0323 0.00025 n.a n.a 0.00E+00 0.0000 n.a n.a n.a 

V-I r* Ol  391.97 1.17 10.39 0.16 0.0336 0.00251 n.a n.a 7.95E+08 0.0021 n.a n.a n.a 
V-I r* Opx 339.74 0.26 9.91 0.03 0.0296 0.00029 n.a n.a 1.33E+09 0.0002 n.a n.a n.a 
V-I r* Cpx 348.57 0.56 9.98 0.03 0.0298 0.00034 n.a n.a 5.52E+08 0.0005 n.a n.a n.a 

V-J Ol  854.91 0.48 10.05 0.03 0.0307 0.00053 0.047 0.002 1.25E+08 0.0058 n.a n.a n.a 

V-J Opx 1294.25 0.87 10.08 0.03 0.0313 0.00056 0.051 0.002 2.15E+09 0.0064 3.82E+09 1.92E-07 -2.13 

V-J Cpx 2993.26 5.58 10.24 0.03 0.0335 0.00071 0.056 0.002 2.90E+09 0.0388 2.10E+09 2.34E-07 -1.30 

V-K  Ol  1114.13 0.00 10.07 0.03 0.0319 0.00049 0.058 0.002 4.54E+08 0.0078 3.82E+08 2.07E-08 -1.10 

V-K  Opx 741.96 0.00 10.32 0.02 0.0316 0.00031 0.042 0.001 1.95E+09 0.0026 1.88E+09 1.01E-07 -2.08 

V-K  Cpx 756.34 0.50 9.92 0.02 0.0296 0.00029 0.041 0.001 1.57E+09 0.0053 3.38E+08 2.50E-08 -0.97 

IV A Ol  614.05 0.43 10.14 0.04 0.0303 0.00050 0.039 0.001 5.84E+07 0.0074 n.a n.a n.a 

IV A Opx 858.77 0.49 10.10 0.03 0.0298 0.00045 n.a n.a 1.48E+09 0.0048 2.22E+09 6.76E-08 -2.86 

IV A Cpx 1238.93 24.70 10.25 0.03 0.0314 0.00047 0.043 0.001 2.11E+09 0.0134 1.18E+09 1.52E-07 -1.25 
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In view of the above, and in line with previous work (Liang and Elthon, 1990; Luhr and Aranda -

Gomez, 1997), we relate the fluid inclusions trapped in JH xenoliths to a melt -related metasomatic 

event deep in the source mantle. The overprinted textures in Cpx along crystal rims (named as 

spongy rims by Luhr and Aranda-Gómez, 1997) (see Fig. 18) have also been associated to this 

metasomatic event (Liang and Elthon, 1990) . 

In the discussion below, we combined the above petrographic evidence and the isotopic signatures 

(noble gases and CO2) of the JH fluid inclusions to constrain volatile origin and mantle 

characteristics. However, an initial screening of the dataset was necessary to filter out samples that 

have suffered from to secondary processes affecting fluid inclusion compositions. The filtered 

dataset is used below to infer volatile sources ad processes deep in the mantle.  

 

5.4.1. Diffusive Fractionation  

As shown in Fig. 21, the lowest noble gas concentrations (especially helium) were measured in V-I 

crystals and, to a minor extent, in V -A and V-C (4He<10 -12 mol/g). Some CO2 depletion is also 

evident in sample V-I (Fig . 21C). When plotting 3He, 4He, 40Ar*, and 4He/40Ar* vs. Rc/Ra (Figs. 22 

and 23), we find that in sample V -I the He and Ar depletion is also accompanied by 3He/4He <6.15 

Ra, which are sensibly lower than the dataset average (7.39± 0. 14 Ra; 1s, n = 30 ). In samples V-A 

and V-C, the 3He/4He decrease is less important. It is worth noting that the lower Rc/Ra values 

mostly correspond to pyroxenes (Opx and Cpx) from the same nodule, while Ol crystals are less or 

not modified. Indeed, Ol from V -I show 3He/4He values (7.25 ð 7.37 Ra) that are within the above 

reported average of the dataset.  

Following Burnard et al. (1998), Burnard (2004) and Yamamoto et al. (2009) , this data variability 

can be interpreted as due to preferential loss of He (relative to Ar and CO 2) due to diffus ive 

fractionation. In fact, in case of radiogenic 4He in -growth or addition to fluid inclusions, an increase 

of 4He concentration with decreasing 3He/4He values should be expected, without any relative 

decrease of 3He, 40Ar*, and 4He/40Ar*. We highlight th at He diffusion into the fast flowing melt -filled 

dissolution channels cutting the mantle is commonly invoked during partial melting (Burnard, 

2004; Yamamoto et al., 2009; Faccini et al., 2020)  and/or metasomatism of solid mantle that 

prevalently affects pyroxene crystals. Previous studies suggest that the 4He diffusion coefficient is 

considerably higher than that of 40Ar (D 4He/D 40Ar = 3.16 in solid mantle; Burnard, 2004; Yamamoto 

et al., 2009); this is fundament ally based on the assumption that the difference in the atomic masses 

of the two elements are the key controls of their different diffusion coefficients. Likewise, the 

difference in mass between 3He and 4He implies important differences in their diffusivit ies 

(D 3He/D 4He = 1.15; Trull and Kurz, 1993; Burnard, 2004; Yamamoto et al., 2009) . Hence, in case 

of diffusive loss of He, a decrease in 3He/4He and 4He/40Ar* is expected, as observed in V-A and V-I 

pyroxenes. Because the clearest evidence of diffusive fractionation is observed in pyroxenes, we 

exclude V-C because Ol from this sample show 3He/4He values (7.13 Ra) comparable to Opx (7.33 

Ra) from the same nodule (although Ol have lower He concentrations). In any case, in order to 

properly interpret the origin of the He in the following sections of the discussion, pyroxenes from V -

I and V-A nodules will not be discussed further.   

To support the hypothesis of a diffusive fractionation, in Figs. 22 and 23A-B-C we model this process 

based on the approach proposed by Burnard et al. (1998), Burnard (2004), Yamamoto et al. (2009) , 

and already applied in Boudoire et al. (2020) and Faccini et al. (2020) . We consider a starting 

mantle composition of 3He = 1.56 x 10 -17 mol/g, 4He = 1.5 x 10 -12 mol/g, and 40Ar*= 6 x 10 -13 mol/g, 

which corresponds to the lowest concentrations of these species in nodules not evidently modified 

by diffusion. We additionally use a starting 4He/40Ar* = 2.5 (the average mantle production ratio), 
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and a 3He/4He = 7.5 Ra, which is within the Rc/Ra variability of the dataset. According to our 

modeling, diffusive fractio nation is able to justify the data variability observed in pyroxene from V -A 

and V-I samples, which will not be discussed anymore.  

 

Figure 22. 4He/40Ar* vs 3He/4He corrected for air contamination (Rc /Ra) ratios of fluid inclusions from JH mantle 

xenoliths. MORB range is reported at Rc/Ra = 8 ± 1 (Graham, 2002) and 4He/40Ar* from 1 to 5 (Yamamoto et al., 2009). 

The WARS SCLM, European SCLM, Ethiopia (Afar), N/S Kenya rifts, Eastern Australia SCLM and Red sea compositional 

ranges were built using fluid inclusions data cited in Fig . 21. The diffusive fractionation path is modeled using the diffusion 

coefficient (D) of 3He, 4He, and 40Ar* (D 3He/D4He=1.15 and D 4He/D 40Ar=3.16 in solid mantle  (Burnard, 2004; 

Yamamoto et al., 2009). Partial melting (see arrow) can lead to decreasing 4He/40Ar* (see subsection 5.4.3).  

 

5.4.2. Exposure to cosmic rays  

Several studies have shown that rocks exposed to cosmic rays (i.e. after eruption) favor the 

accumulation of 3He in the crystal lattices shifting the original 3He/4He ratios to higher values (Kurz, 

1986; Lal, 1987; Dunai and Baur, 1995; Dunai, 2010; Broadley et al., 201 6; Nesterenok and 

Yakubovich, 2016; Correale et al., 2019). According to e.g. Dunai and Baur (1995) and Correale et 

al. (2019 and references therein), crystals with low He concentrations are more prone to changes 

due to the diffusion of 3He from lattice s into the fluid inclusions. However, in the case of the JH 

mantle xenoliths, the aliquots with the lowest He contents ( 3He <10 -17 and 4He < 10 -12; Fig. 23A-B) 

generally show an opposite effect, that is a decrease in 3He/4He compared to the samples with th e 

highest helium concentrations that we interpreted as the result of diffusive fractionation. The 

eruption time of JH xenoliths (311 ± 19 ka; Saucedo et al., 2017) limits the exposure time to cosmic  

rays. Finally, the single step crushing method prevents the contribution of secondary He 

accumulated in the crystal lattice (cosmogenic 3He and radiogenic 4He), as evidenced by other 

authors (Kurz, 1986; Graham, 2002; Rizzo et al., 2018; Correale et al., 2019; Faccini et al., 2020) . 

We therefore conclude that the effect of cosmogenic 3He in our samples is negligible.  
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Figure 23. A) 3He, B) 4He and C) 40Ar* vs 3He/4He corrected for air contamination (Rc /Ra). MORB range is report ed at 

Rc/Ra = 8 ± 1 (Graham, 2002) . D) 21Ne/22Ne EX ratios vs 4He/3He ratios, adapted from Hopp et al. (2004) and Halldórsson 

et al. (2014) . Values with 2  uncertainties <10% are plotted. Dotted lines are binary mixing between three endmembers: 

1) Plume, at 20Ra and 21Ne/22Ne EX = 0.034 ± 0.001, 2) MORB -like upper mantle at 8 Ra, 7 Ra and 21Ne/22Ne EX = 0.06 

± 0.001 and SCLM at 6.1 ± 0.9 Ra and 21Ne/22Ne EX = 0.07 ± 0.001.  

 

5.4.3. Effects on fluid inclusions by mantle melting and/or fluid -melt partitioning  

It has been previously inferred that the noble gas signature of mantle xenoliths can depend to som e 

extent on the melting history of the mantle source, and that the 4He/40Ar* ratio is a useful tracer to 

recognize relative variations of partial melting degree in mantle xenoliths (Graham, 2002; Burnard, 

2004; Yamamoto et al., 2009; Correale et al., 2012, 2016, 2019; Rizzo et al., 2018; Faccini et al., 

2020). The utility of 4He/40Ar* stands on the different mineral/melt partition coefficients of the tw o 

elements (e.g., olivine, DHe =0.00017 and DAr =0.0011; Heber et al., 2007) . In detail, it is 

suggested that, even considering the wide uncertainties in the derived partition coefficients (Heber 

et al., 2007), He is more incompatible than Ar, and can thus escape the mantle more effectively 

during partial melting, ultimately causing a 4He/40Ar* decrease in the mantle residuum  (Burnard, 

2004; Heber et al., 2007; Yamamoto et al., 2009). This possible mantle partial melting trend is 

indicated in Fig . 22.  

In the JH nodules, the majority of Ol crystals have 4He/40Ar* values within the typical production 

ratio of a fertile mantle ( 4He/40Ar* = 1 -5; Marty, 2012) , while Opx and Cpx crystals exhibit slightly 

lower 4He/40Ar* ratios, from 0.4 to 1.4. In general, the 4He/40Ar* population of our samples could 
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imply that mantle melting may have to some extent impacted the Opx and Cpx noble gas signature, 

but not that of Ol, ultimately suggesting a low degree of partial melting. However, any detailed 

consideration on this process is prevented by the lack of mineral chemistry in our samples to be 

compared to the composition of fluid inclusions. In addition, we stress that the degrees of partial 

melting are not well constrained on petrological basis for the JH spinel lherzolites, as a wide range  

(7-22%) has been proposed in previous work (Liang and Elthon, 1990) .  

The mentioned behavior of 4He/40Ar* in relation to partial melting is valid if fluid inclusions trapped 

in mantle min erals represent a residuum rather than inclusions degassed from melt(s) percolating 

and metasomatizing the local mantle. Nevertheless, our suite of samples exhibits textural evidence 

of interstitial glass veins bearing dendritic trails of secondary melt an d fluid inclusions related to 

pervasive mantle metasomatism driven by carbonate-rich silicate melt. This suggests that the 

composition of fluid inclusions (e.g., 4He/40Ar*) could also, or alternatively (to mantle melting), be 

influenced by fluid -melt parti tioning from the metasomatizing melt. In fact, assuming a mantle with 
4He/40Ar*=1, and considering the olivine/melt partition coefficient proposed by Heber et al. (2007) , 

the first melt should have 4He/40Ar*=6.5 whi le the first gas exsolved from the melt should have 
4He/40Ar*=0.92 (assuming a solubility ratio SHe/SAr~7; Lux, 1987) . This implies, that a 

metasomatizing melt poorly or slightly degassed would equally fit most of the dataset. According to 

the petrographic evidence, metasomatic melt degassing seems the most reasonable process to 

explain most of our fluid inclusions compositional variability.  

 

5.4.4 Inferences on the noble gas signature of the JH source mantle  

5.4.4.1. Interaction with atmospheric fluids and evidence for a recycled atmospheric component  

In order to correctly interpret the noble gas data obtained in fluid inclusions from the JH mantle 

xenoliths, it is necessary to evaluate the interaction with atmospher ic fluids. It is well known that 

Ar and Ne are more susceptible (relative to He) to contamination, due to their higher abundances 

in atmosphere relative to the mantle fluids. For this reason, tracers such as 40Ar and 36Ar, 4He/20Ne, 
20Ne/22Ne, 21Ne/22Ne, and 40Ar/36Ar are normally used to investigate the isotopic contribution from 

the atmosphere (Matsumoto et  al., 2001; Gurenko et al., 2006; Hopp et al., 2004, 2007a, 2007b; 

Nuccio et al., 2008; Martelli et al., 2014; Oppenheimer et al., 2014; Rizzo et al., 2018) . Helium , Ne 

and Ar systematics suggest the existence of an atmospheric component in our samples (especially 

in nodule V -I). In general, the measured R/Ra and 4He/20Ne values fall along an air-MORB mixing 

curve, and overlap with those measured in mantle xenoliths from the European SCLM, the West 

Antarctic Rift System (WARS), Eastern Australia, Red sea region and N/S Kenya rifts (Fig . 24A). 

The existence of such an atmospheric component is corroborated by 40Ar/36Ar and 20Ne/22Ne ratios 

significantly below the expected MORB values (44,000 and 12.5, respectively; Burnard et al., 1997; 

Moreira et al., 1998; Sarda, 2004) . As shown in Fig. 24B, 40Ar/36Ar and 3He/36Ar values also fall along 

a two-component mixing between a MORB-like upper mantle and atmosphere (He/Ar* ratios of 0.14 

to 3.5 explain the whole data variability; see also Fig. 25B). Likewise, samples fit the binary mixing 

air-MORB when using the three -isotope neon plot (Fig. 24C), confirming the existence of 

atmospheric fluids in our inclu sions. The atmospheric component is especially notable in nodule V-

I that exhibits an isotopic signature close to that of air with 4He/20Ne ratios below 10 (for Opx and 

Cpx) and 40Ar/36Ar values below 392. These compositions confirm that this nodule likely  suffered 

secondary processes that modified its pristine mantle signature. This sample is therefore not 

considered representative of the local SCLM (and omitted from the following discussion).  
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Figure 24. A) 4He/20Ne vs R/Ra diagram, the solid lines represent the binary mixing between air and an upper mantle source with R/Ra 

values between 7 and 8, B) 3He/40Ar vs 40Ar/36Ar diagram. C) 21Ne/22Ne vs. 20Ne/22Ne diagram in which the green line represents the 

binary mixi ng air-MORB mantle as defined by Sarda (2004) and Moreira et al. (1998)  at 21Ne/22Neair = 0.029 and 20Ne/22Ne air = 9.8 and 
21Ne/22Ne = 0.06 and 20Ne/22Ne = 12.5; the primordial neon composition is reported as Solar wind  at 21Ne/22Ne = 0.0328 and 20Ne/22Ne 

= 13.8 (Heber et al., 2009) ; the crust endmember was plotted at 21Ne/22Ne = 0.614 5 and 20Ne/22Ne = 0.3 (Kennedy et al., 1990) . The 

WARS SCLM, European SCLM,  Ethiopia (Afar), N/S Kenya rifts, Eastern Australia SCLM and Red Sea compositional ranges were built 

using fluid inclusions data cited in Fig. 21. 
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The atmospheric component identified in the fluid inclusions may derive from two main possible 

processes, as summarized by Nuccio et al. (2008 ), Martelli et al. (2011), Correale et al. (2012), 

Rizzo et al. (2018), Faccini et al. (2020) : a) air entrapment in crystal fractures during or after 

eruption of transporting lava, and b) the interaction with subducted atmospheric fluids recycled in 

the upper mantle.  

Although air entrapment in crystals microcracks cannot be totally discarded due to surface exposure 

of the xenoliths over the last 300 ky, the positive relation between 3He and 36Ar suggests a deep 

origin (Fig . 25A), i.e., a recycled atmospheric component in the lithospheric mantle likely inherited 

from subduction (Matsumoto et al., 2001) . In view of the above, and with the aim of constraining 

the 40Ar/36Ar signature expected for the local mantle, we also evaluate the relationship between 
20Ne/22Ne and 40Ar/36Ar ratios (Fig. 25B), using the approach used by Langmuir et al. (1978) and 

Hopp et al. (2007a) . Considering an upper mantle 20Ne/22Ne equal to 12.5 (Sarda et al., 1988; 

Moreira et al., 1998) , 36Ar/22Ne ratios between 4.21 and 93.5, a maximum 4He/20Ne ratio of 11,000 

and 4He/40Ar* ratios between 0.14 and 3.11 (as observed in our samples; see Figs. 22 and 24A), we 

calculate a 40Ar/36Ar signature of about 10,500 for the local upper mantle (see Fig . 25B and Table 

3). Assuming a MORB-like 40Ar/36Ar signature of the pristine upper mantle (~44,000; Moreira et al., 

1998), these calculations further support the existence of an atmospheric compone nt in the 

Mexican lithospheric mantle, likely recycled during subduction events. Similar indications were 

observed in SCLM xenoliths from European localities, West Antarctic Rift System (WARS), Eastern 

Australia, Red sea region, N/S Kenya rifts and Ethiopia (Afar) (Matsumoto et al., 1998, 2000; Hopp 

et al., 2004, 2007a, 2007b; Buikin et al., 2005; Gautheron et al., 2005a; Czuppon et al., 2009; 

Martelli et al., 2011; Halldórsson et al., 2014; Broadley et al., 2016; Rizzo et al., 2018; Correale et 

al., 2019; Faccini et al., 2020) . 

Petrological evidence also highlights the interaction of the local upper mantle with metasomatic 

fluids possibly coming from the subducted oceanic crust (Pier et al., 1989; Luhr and Aranda -Gomez, 

1997; Dávalos-Elizondo et al., 2016) . Even though the present-day plate geometry in central and 

southern Mexico implies tha t the oceanic crust subduction terminates beneath the TMVB (Fig . 14; 

Pardo and Suárez, 1995; Ferrari et al., 2012)  i.e. 200 km south JH, subduction of the Farallon plate 

beneath the western part of North America during the Mesozoic and Paleogene could have 

potentially modified the Mexican lithospheric mantle directly below la Mesa Central (Pier et al., 

1989; Bunge and Grand, 2000). Therefore, we consider realistic that the presence of an atmospheric 

component in fluid inclusions from JH is mostly attributable to a local SCLM feature.  

 

Table 3. Expected noble gas isotopic ratios for the Mexican lithospheric mantle. 20Ne/22Neair 
40Ar/36Arair ratios after Steiger 

and Jäger (1977), Ozima and Podosek (2002) and Lee et al. (2006) . 

Locality R/Ra 4He/40Ar*  4He/20Ne 36Ar/ 22Ne  40Ar/ 36Ar  20Ne/22Ne   
20Ne/22Ne air  

40Ar/ 36Ar air 

VESVF 7.39 ± 0.14 0.14 - 3.11 11000 4.21 - 93.5 10500 12.5 9.8 298.56 

DVF 8.39 ± 0.24 0.10 ï 3.00 2000 8.33 ï 93.50 1000 - - - 

 

5.4.4.2. Noble gas signature of the JH mantle source. 

Neon isotopes can additionally be used, in combination with He isotopes, to resolve any potential 

influence of a mantle plume on the isotopic signature of the JH mantle xenoliths. To this aim, the 

relationship between the extrapolated neon isotope ratio (i.e. the air -free mantle 21Ne/22Ne ratio 

expressed as 21Ne/22NeEX) and the 3He/4He values was evaluated (e.g., Hopp et al., 2004, 2007b; 

Halldórsson et al., 2014) . The 21Ne/22NeEX values were calculated by extrapolating the measured 
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21Ne/22Ne ratios to Neon-B (20Ne/22Ne=12.5) using the methodology proposed by Graham (2002) 

and Halldórsson et al. (2014) . Only those samples with 40Ar/36Ar ratios > 500 and 20Ne/22Ne ratios 

distinguishable from air were selected. For comparison, the same calculation was made using the 

Ne isotopes previously reported for the European SCLM (Buikin et al., 2005; Gautheron et al., 

2005a; Martelli et al., 2011; Rizzo et al., 2018; Faccini et al., 2020) , the WARS (Broadley et al., 

2016; Correale et al., 2019), Eastern Australia SCLM (Matsumoto et al., 1998, 2000) , Red Sea 

region (Hopp et al., 2004; Halldórsson et al., 2014) , Ethiopia (Afar) region (Halldórsson et al., 2014)  

and N/S Kenya rifts (Hopp et al., 2007b; Halldórsson et al., 2014) ; as a result, the graph reported in 

the Fig. 23D was obtained.  

 

Figure 25. A) 36Ar vs 3He concentration. Plotted values correspond to samples with 40Ar/36Ar > 500. B) 20Ne/22Ne vs 
40Ar/36Ar. Mixing curves are the result of mass-balance and isotopic mass balance equations using the parameters reported 

in Table 3. 
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As evidenced in Fig. 23D, samples V-K/VF Ol, VF Opx and V-E/V-H Cpx exhibit ( 21Ne/22Ne)EX and 
4He/3He ratios close to the theoretical value for a MORB -like upper mantle (as observed for some 

mantle xenoliths from the Easter Australia SCLM and the Red Sea region), the remaining values 

fall along the MORB-Plume mixing line. When comparing our samples with other portions of SCLM 

on Earth, we notice that JH nodules have similar ( 21Ne/22Ne)EX but lower 4He/3He values, confirming 

the presence of a dominating  MORB component. Instead, the Ethiopian xenoliths more clearly 

exhibit both ( 21Ne/22Ne)EX and 4He/3He ratios close to the Plume endmember.  

In the case of JH mantle xenoliths, ( 21Ne/22Ne)EX ratios <0.05 would suggest a deep-mantle 

contribution of Neon (<10%). However, it must be considered that the samples less contaminated 

by the atmospheric component fall within the AIR -MORB line when considering their error bars 

(Fig. 24C). In addition, the 3He/4He ratios reflect a homogeneous MORB-like signature. Based on 

this evidence, we conclude that the upper mantle beneath JH is predominantly MORB -like with a 

minimum contamination by a recycled crustal component, although we cannot totally discard a 

deep-mantle contribution. This conclusion supports the idea that the VESVF originates from 

extension and melting of the lithospheric mantle under the Mesa Central province.  

As discussed above, the relative invariance of the Rc/Ra values suggests that the upper mantle under 

this portion of La Mesa Central is relatively homogeneous in terms of noble gases (Rc/Ra = 7.39 ± 

0.14; Fig. 23A - C). This 3He/4He signature is similar to that measured at the WARS (7.5 ± 0.5 Ra , 

7.1 ± 0.4 Ra  and 6.8 ± 0.3 Ra Broadley et al., 2016; Correale et al., 2019; Day et al., 2019) and at 

the upper range of that inferred at the N/S Kenya rifts and Red Sea region ( 6.6 ± 0.7 Ra and 7.0 ± 

0.9 Ra, respectively; Hopp et al., 2004, 2007b; Halldórsson et al., 2014) , but manifestly less 

radiogenic than the European SCLM (6.1 ± 0.9; Gautheron and Moreira, 2002; Buikin et al., 2005; 

Gautheron et al., 2005a; Martelli et al., 2011; Rizzo et al., 2018; Faccini et al., 2020) . 

The MORB-type 3He/4He signature at JH deserves some consideration in relation to the past 

geodynamic history of the area. We envisage two possible scenarios.  

In scenario 1, the relatively homogeneous (MORB-like) 3He/4He ratios for the JH mantle xenoliths 

might be taken as indicative of a low-to-negligible recycling of crustal materials during the 

subduction of Farallon plate (20 -40 Ma). A limited input of U -Th-bearing crustal materials would 

in fact explain well the low contribution of radiogenic 4He in the local mantle. If this interpretation 

is correct, then past subduction events would only have added a recycled atmospheric component 

into the mantle (cfr 6.1.1). Alternatively, one may consider a scenario (scenario 2) in which any 

addition of (subduction -related) materials during subduction of the Farallon p late was later (during 

the <20 Ma Basin and Range extensional phase) overprinted by an influx of MORB -like materials, 

rising from deeper (asthenospheric to deep SCL) mantle domains. This latter scenario is supported 

by the geodynamic reconstructions that i ndicate a metasomatism/refertilization of the lithospheric 

mantle during the Basin and Range extensional phase. Paleo-subduction reconstructions indicate 

that the Farallon plate subducted horizontally underneath Western North -America and Northern -

Central M exico between 74 - 40Ma, producing the Laramide orogeny in the United States and the 

mountain range known as the Sierra Madre Oriental (SMOr) east of the JH (Fig . 14A; Atwater, 

1989; Cserna, 1989; Severinghaus and Atwater, 1990; Bunge and Grand, 2000; Eguiluz de 

Antuñano et al., 2000; Lee,  2005). This tectonic configuration would have changed at ~40 -20Ma, 

however, when the retreat of the Farallon slab occurred, a commonly invoked cause for initiation of 

the Basin and Range extension (Leeman and Harry, 1993; Nieto -Samaniego et al., 1999, 2005; 

Sedlock, 2003; Lee, 2005). According to Nieto-Samaniego et al. (1999), retreating of the oceanic 

slab favored the influx of younger and hotter asthenospheric material that ultimately led to melt 

generation and extension at the base of the Mesa Central. Evidence of this process comes from the 

intense normal faulting in the Mesa Central registered 30Ma, 23 -24Ma 12-13Ma ago, and from the 
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transition from calc -alkaline volcanism (in the so -called Sierra Madre Occidental; SMO; Fig . 14A) 

to intraplate alkaline volcanism (Henry and Aranda -Gómez, 1992; Nieto-Samaniego et al., 1999; 

Aranda-Gómez et al., 2000). Injection of 3He-rich (MORB -like) asthenospheric melts during the 

mid-Cenozoic could well have caused re-fertilization/re -juvenation of the Mexican lithospheric 

mantle in a model similar to that proposed for the lithospheric mantle beneath the Yangtze craton 

and the WARS (Correale et al., 2016, 2019; Faccini et al., 2020). Th is scenario is possible if we 

assume that almost all 3He comes from asthenospheric melts, as proposed by Gautheron and 

Moreira (2002) and Gautheron et al. (2005a) to explain the noble gases systematics of the European 

SCLM (a steady-state model).  

Irrespective of subduction is considered to have (scenario 2) or have not (scenario 1) impacted the 

He mantle budget, there is unquestionable petrographic evidence (this study; Liang and Elthon, 

1990; Luhr and Aranda -Gomez, 1997) for a melt -related metasomatic event affecting the JH, 

potentially dur ing Basin and Range extensional phase (Nieto -Samaniego et al., 1999). 

 

5.4.5. 3He fluxes, 4He production and the helium residence time for the Mexican lithospheric 

mantle 

The MORB-type He signature of JH xenoliths can quantitatively be interpreted in light of the SCLM 

model of Gautheron and Moreira (2002) . According to the authors (see also Griffin et al., 1999, 

2009), the geochemical and isotopic characteristics of the SCLM are the ultimate result of any past 

interaction with fluids and melts coming from (i ) deeper mantle sources and/or (2) recycled slab 

components that have alternated over geological time (Griffin et al., 1999) . In terms of helium 

isotopes, Gautheron and Moreira (2002)  argued that the SCLM is globally homogeneous (6.1±0.9 

Ra). They based this inference on the study of suites of ultramafic xenoliths and alkali basalts 

collected from different continental settings (Europe, USA, Antarctic, Australia, and West Africa).  

In order to explain its helium isotopic homogeneity, Gautheron and Moreira (2002)  proposed the 

global lithospheric mantle is in steady state for helium. In their model, the global SCLM is 

continuously metasomatized by melts and fluids with a MORB -like helium signature coming from 

the asthenosphere (affecting the entire reservoir); eventually, this signature becomes more 

radiogenic due to U and Th decay resulting in lower 3He/4He ratios ( e.g., 6.1 ± 0.9 Ra). Thus, the 

steady-state model is based on the balance between the He flux from the asthenosphere and the in-

situ production in the lithosphere of radiogenic 4He. From this model, it is possibl e to estimate the 

helium residence time in the lithospheric mantle (Rt), the 3He flux (F) and the 4He production 

(P*). The model uses the dimensions of the SCLM (thickness, surface and density) assuming a 

constant U + Th concentration. These authors report ed a Rt = ~200 Ma, F= 270 mol/yr and P* = 

6.8x106 mol/yr for the global SCLM, while Gautheron et al. (2005a)  obtained a Rt = 5 -150 Ma, F= 

3.5 x104 at/m2/s (~ 1 mol/yr) and P* ~ 3 x 10 4 mol/yr for the European SCLM.  

However, some studies on noble gas systematics (including our results) support a more fertile 

signature ( 3He/4He> 7.0 Ra) for some portions of the SCLM on Earth (e.g., Southern Australia and 

West Antarctic Rift; Matsumoto et al., 1998; Broadley et al., 2016; Correale et al., 2019) . Therefore, 

we argue that the steady state model proposed by Gautheron and Moreira (2002) should be applied 

in local portions of SCLM to eventually detail their interactions with the asthenosphere. Using this 

steady-state model, and considering the 3He/4He signature of the JH mantle xenolit hs, we estimated 

the helium residence time, the 3He flux and the 4He production for the lithospheric mantle located 

under the San Luis Potosí state (central Mexico):  
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Ὂ  
ᶻ

       eq.3 

In eq. 3, F is the 3He flux (cc STP/yr) and P* is the 4He production (P*= 2.8 *10 -14 * (4.35+Th/U) 

* U * M). U is the concentration of uranium in ppm and M is the mass of the subcontinental mantle. 

The helium residence time Rt is defined as:  

Ὑὸ
      

    eq.4 

The parameters used in the calculation are as follows: 1) the average of the 4He/3He ratios measured 

in JH mantle xenoliths equal to 97,500 (7.38 Ra) and a MORB endmember equal to 84,600 (8.5 

Ra). The latter value is higher than tha t assumed by Gautheron and Moreira (2002)  (8.0 Ra) 

because preliminary results for mantle xenoliths from other localities in central Mexico yield Rc/Ra 

values of < 8.3 9 (please see subsection 6.3); 2) U contents between 0.01 and 0.03 ppm as previously 

reported for mantle xenoliths from central Mex ico (Dávalos-Elizondo et al., 2016)  and a Th/U = 3 

as assumed by Gautheron and Moreira (2002) ; 3) A subcontinental mantle mass equal to 3.66x10 21 

g. This mass was estimated assuming a thickness of the local lithospheric mantle of ~150km 

(density of 3.3x106 g/m3; Gautheron and Moreira, 2002)  and a surface of 7.4x109 m2 that includes 

all the Cenozoic intraplate monogenetic volcanic fields located in the San Luis Potosí state (VESVF, 

SDVF and Los Encinos volcanic field; see Fig. 14A; Aranda-Gómez et al., 2007); 5) A upper mantle 
4He concentration equal to 1 x 10-6 ccSTP/g (4.5 x 10-11 mol/g), which corresponds to the maximum 

value identified for continental mantle xenoliths (Gautheron and Moreira, 2002) ; this value is 

equivalent to a 3He concentration =1.0 x 10 -11 ccSTP/g (4.5 x 10-16 mol/g) assuming a Rc/Ra = 7.38; 

thus the total 3He estimated for the local SCLM is 1.64x10 6 mol (3.66x10 10 cc STP).  The results 

obtained are reported in Table 4. 

The calculated 3He fluxes for the Mexican lithospheric mantle vary from 0.027 to 0.080 mol/g (Fig . 

26A). These fluxes are very low if compared with the values reported for the global SCLM, the 

European SCLM or MORB values (800 -1300 mol/g; Marty and Jambon, 1987; Javoy et al., 1989; 

Michael and Graham, 2015; Tucker et al., 2018) . When scaled to the surface area (7.4x109 m2) of 

volcanism in the San Luis Potosí state, our specific fluxes vary between 6.9 and 20.7 at/s/cm2 (Fig. 

26B) which are well above the MORB and the global SCLM values (4.8 at/s/cm 2 and 3.5 at/s/cm2, 

respectively; Craig et al., 1975; Gautheron and Moreira, 2002)  confirming a high 3He contribution 

from the asthenosphere under central Mexico.  

The associated Rt values range from 20 to 60 Ma. These estimates are lower if compared to the 

global SCLM and would explain the less radiogenic character of the Mexican lithospheric mantle. 

In this model, the Rt values do not depend on the area but have a close relationship with the a verage 

of the 3He/4He ratios measured in the mantle xenoliths. It is reasonable to think that the smaller 

the 3He/4He ratio measured in the xenoliths (7.38 Ra for JH xenoliths and 6.1Ra for the SCLM), the 

longer the helium residence time in the lithospheri c mantle should be. Therefore, low Rt values 

implies low 4He production and high 3He/4He ratios, as observed in JH mantle xenoliths. Moreover, 

our estimated Rt range overlaps with the inferred age range for the retreating subduction of the 

Farallon slab (40-20 Ma ago) processes, which may have triggered the injection of asthenospheric 

melts in the lithospheric mantle and the generation of the Basin and Range province (Nieto -

Samaniego et al., 1999; Lee, 2005). If correct, our results would independently indicate that the 

last major geodynamic modification in the lithospheric mantle underneath the JH occurred during 

the lower and mid -Cenozoic. We argue that the refertilization event was able to increase the 3He/4He 

signature within the MORB -like range, overprinting the pre -Cenozoic signature recorded by the 

Mexican lithospheric mantle. Since then, the latter would have evolved in a similar way to that 
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proposed by Gautheron and Moreira (2002) , i.e., in a steady state becoming slightly more radiogenic 

duri ng the last ~20Ma down to the measured 3He/4He values.  

In conclusion, both the low production of 4He and the relative lower Rt (compared to other areas) 

could explain the high 3He/4He ratios measured in JH mantle xenoliths. However, we caution these 

are local estimates; therefore, in order to minimize the effect generated by the area and possible 

mantle heterogeneities, future work will target obtaining isotopic data for mantle xenol iths from 

other localities of the Basin and Range extension in Mexico. This will allow a more realistic 

reconstruction of the evolution of the Mexican lithosphere in terms of noble gases.  

Table 4. 4He production rates,  3He fluxes, helium residence time and CO 2 fluxes calculated for the lithospheric mantle 
beneath central Mexico. P*, F and Rt values were calculated based on mathematical formulations proposed y Gautheron 
and Moreira (2002). P*: 4He production, F: 3He flux, Rt:  Helium residence time.  

U (ppm) P* (ccSTP/g) P* (mol/yr) F (ccSTP/year) 
F 

(mol/yr) 
Rt (Ma) CO2 flux (mol/yr) CO2 flux (g/yr) 

0.01 7.69E+06 3.43E+02 5.99E+02 0.027 61.17 3.93E+07 1.73E+09 

0.012 9.23E+06 4.12E+02 7.19E+02 0.032 50.97 4.72E+07 2.08E+09 

0.014 1.08E+07 4.81E+02 8.38E+02 0.037 43.69 5.50E+07 2.42E+09 

0.016 1.23E+07 5.49E+02 9.58E+02 0.043 38.23 6.29E+07 2.77E+09 

0.018 1.38E+07 6.18E+02 1.08E+03 0.048 33.98 7.07E+07 3.11E+09 

0.02 1.54E+07 6.87E+02 1.20E+03 0.053 30.58 7.86E+07 3.46E+09 

0.022 1.69E+07 7.55E+02 1.32E+03 0.059 27.80 8.65E+07 3.80E+09 

0.024 1.85E+07 8.24E+02 1.44E+03 0.064 25.49 9.43E+07 4.15E+09 

0.026 2.00E+07 8.93E+02 1.56E+03 0.070 23.53 1.02E+08 4.50E+09 

0.028 2.15E+07 9.62E+02 1.68E+03 0.075 21.84 1.10E+08 4.84E+09 

0.03 2.31E+07 1.03E+03 1.80E+03 0.080 20.39 1.18E+08 5.19E+09 

 

5.4.5.1. Mantle CO2 fluxes 

We combine the 3He flux estimated above with the CO 2/
3He ratios measured in the JH xenoliths 

(e.g., Marty and Jambon, 1987; Tucker et al., 2018)  to calculate the mantle -derived CO2 fluxes in 

the area. Taking U concentrations between 0.01 ppm and 0.03 ppm and a CO 2/3He(avg) ~1.47 x 

109, the calculated CO2 fluxes range from 3.93 x 107 mol/yr (1.02 x 10 10 at/s/cm2) to 1.18 x 10 8 

mol/yr (3.05x10 10 at/s/cm2; Fig. 26C-D). Our estimated fluxes are lower than previously estimated 

for other continental rift localities (such as the EAR), consistent with the small area of the San Luis  

Potosí volcanic filed (considered in the model), and correspond to <0.1% of the MORB CO 2 fluxes; 

similarly, our fluxes are lower than estimated for hot spot settings such as Hawaii or Canary Islands 

(Hauri et al., 201 9). Additional studies on noble gas and CO2 isotopic data from other mantle 

xenoliths locations in central and northwestern Mexico are required to further validate our results.  

 

5.4.6. Inferences on CO2 origin.  

In JH peridotites, fluids are dominated by CO2 (Fig. 21), as typically recorded by other worldwide 

mantle xenoliths  (Andersen and Neumann, 2001; Deines, 2002; Frezzotti and Touret, 2014) . Thus, 

the CO2 isotopic composition can be used to constrain carbon origin. Our samples exhibit ɿ13C ratios 

between ĭ0.97 and ĭ2.86Ą  (Fig. 27A); they are therefore isotopically more positive ( 13C-rich) than 

found in European mantle xenoliths in alkaline intra -plate and extensional contexts, such as in the 

Hyblean plateau (southeast Sicily, Italy; ranging from -4 to -2Ą; Correale et al., 2015) and Lower 

Silesia (southwest Poland; ranging from -4.7 to -3.1Ą; Rizzo et al., 2018).  
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The CO2 isotopic composition in the JH peridotites is also well above the ɿ13C MORB mantle range 

(ĭ8Ą  < ɿ13C < ĭ4Ą; Sano and Marty, 1995). When ɿ13C values are plotted against Rc/Ra and 

CO2/3He ratios (Fig . 27B-C), our samples fall along a MORB-Limestone mixing line, suggesting 

source mantle Carbon contamination by C -rich fluids with a crustal carbonate signature.  

The crustal carbon component found in fluid inclusions of JH xenoliths may in principle derive 

from two main distinct processes: (i) infiltration of CO 2 rich fluids derived by assimilation of 

carbonates by host magmas during ascent through the continental crust, and (ii) ma ntle 

metasomatism by CO2-rich fluids and melts derived from subducted oceanic crust and sediments.  

 

 

Figure 26. A) Comparison between 3He fluxes measured in central Mexico based on JH mantle xenoliths analysis (at 

U=0.01 and 0.03 ppm) and other localities. MORB value was estimated using data from Michael and Graham (2015)  and 

using a CO2/
3He ratio =2.2 x 10 9 (Marty and Tolstikhin, 1998) ; SCLM value was taken from Gautheron and Moreira 

(2002) ; the European SCLM flux was calculated based on Gautheron et al. (2005a) . B) 3He fluxes scaled to the surface 

area. See the text for more details. C) Associated CO2 fluxes (mol/yr) for central Mexico compared with other tectonic 

localities. MORB CO2 flux was calculated after Michael and Graham (2015) ; EAR1 and EAR2 values were taken from Lee 

et al. (2016) and Foley and Fischer (2017) , respectively; Hawaii and Canary fluxes were obtained from Hauri et  al. (2019). 

D) CO2 fluxes scaled to the surface area. 

Infiltration of CO 2 fluids in mantle xenoliths outgassed during assimilation of carbonates in basanitic 

magmas in the continental crust should be considered since JH maar formed on carbonate deposit s 

(the Valles-San Luis Potosí calcareous platform (PVSLP) and the Mesozoic Basin of central Mexico). 

However, the relatively fast ascent rates of the host magma through the continental crust (Luhr et 

al., 1989; Pier et al., 1989) , and the lack of carbonate xenoliths in the host lava, argue against a 

crustal component inherited during sin -eruptive magma ascent. Conversely, petrographic and 

Raman evidence indicates pervasive infiltration of carbonate -bearing silicate melts and CO2-fluids 

in peridotites (Fig s. 18-19-20), strongly supporting deep carbon mobility during a metasomatic event 

in the lithospheric mantle. We, therefore, conclude that the carbonate component identified in JH 
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CO2 fluids was trapped under mantle conditions and is related to CO 2 degassing of metasomatic 

carbonate-rich sili cate melts on reaction with mantle minerals. Metasomatic processes occurred 

well before entrainment by the host magma and eruption (as proposed by Liang and Elthon, 1990) . 

As mentioned in the previous sections, northwestern Mexicoõs current tectonic configuration 

indicates that the Cocos and Rivera plates do not directly affect the mantle under the Mesa Central, 

making it difficult to consider involvement of  present subduction (Fig . 14). Moreover, some studies 

suggest that the contribution of carbonate sediments from the subducting slab is minimal. The CO 2-

rich plume gases released by arc volcanoes (e.g., Popocatepetl) come from the assimilation of 

limestone deposits, as evidenced by trace element analysis performed in mafic rocks and the 

presence of carbonate xenoliths in volcanic deposits (Goff et al., 1998, 2001; Aiuppa et al., 2017) . A 

low contribution of subducted Carbon in fluids has also been proposed for other volcanic fields 

belonging to the TMVB, such as the Sierra Chichinautzin Volcanic Field (SCVF; Verma, 2000) and 

the Michoacan-Guanajuato Volcanic Field (MGVF; Verma and Hasenaka, 2004). 

 

 

Figure 27. A) CO2 vs ɿ13C. Hyblean, Stromboli and European SCLM data from  Correale et al. (2015), Gennaro et al. 

(2017) and Rizzo et al. (2018) , respectively. B) ɿ13C vs 3He/4He corrected for air contamination (Rc /Ra). Dotted lines are 

binary mixing between two endmembers: 1) Limestone at ɿ13C = -1, 1 and Rc/Ra= 0.01 and 2) MORB -like upper mantle 

at ɿ13C = -4 and Rc/Ra = 7.38. C) ɿ13C vs CO2/
3He. Dotted lines are binary mixing between two endmembers: 1) Limestone 

at ɿ13C = -1, 1 and CO2/3He = 10 -13 and 2) MORB-like upper mantle at ɿ13C = -4 and CO2/3He = 1.00 x 10 -9, 2.00 x 10-9. 

In contrast to present -day subduction being an unlikely driver, we emphasize a possible major role 

played by older subduction of the Farallon underneath the northwestern margin of North America 

during the Mesozoic and early Cenozoic (Atwater, 1989; Ferrari et al., 2012 ; Henry and Aranda-

Gómez, 1992; Sedlock, 2003). Several authors claim that the North American lithospheric mantle 

could have been hydrated by fluids or melts released by flat subduction of the Farallon plate, as 
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evidenced by petrological studies of mantle xenoliths from the Sierra Nevada and the Color ado 

Plateau (Smith et al., 1999; Lee, 2005; Li et al., 2019) . òFarallon hydrationó (Lee, 2005)  is suggested 

to have occurred during the late Cretaceous and early Cenozoic, and to have affected the 

lithospheric mantle up to 800 km inboard of the trench (Li et al., 2008) . This metasomatic event is 

also well documented in Mexican xenoliths (Liang and Elthon, 1990; Dávalos -Elizondo et al., 2016; 

Levresse et al., 2016). For example, Luhr and Aranda -Gomez (1997) interpreted the systematic east 

to west oxygen fugacity increase in Cenozoic mantle xenoliths from central and northern Mexico as 

induced by the progressive oxidation of the lithospheric mantle by fluids released by the Farallon 

oceanic slab. 

In light of the above, the interaction between subducted fluids delivered by the Farallon plate and 

the Mexican lithospheric mantle could represent a feasible mechanism to expl ain the heavy ɿ13C 

signatures of JH mantle fluids. We argue that the crustal carbon component identified in the fluid 

inclusions would reflect a mantle feature induced by an old subduction -related carbonate 

component inherited during the mid -Cenozoic before the Basin and Range extension (Middle 

Miocene; (Henry and Aranda -Gómez, 1992; Sedlock, 2003) and recycled in the local mantle.  

 

5.5. Conclusions 

We investigate the petrography and noble gas-CO2 composition of fluid inclusions in ultramafic 

mantle xenoliths collected from JH, in central Mexico. Peridotites are classified as spinel -lherzolites 

and harzburgites.  Petrographic observations and Raman microspectroscopy analyses of fluid and 

melt inclu sions reveal the coexistence of glass/carbonate microveins and a CO2 fluid phase 

permeating the rocks, suggesting interaction between peridotites and degassing carbonate-rich 

silicate melts at mantle depth.  

The 4He/40Ar* range (0.14 - 3.11) partially overl aps that of fertile mantle (1 -5), which could indicate 

either a low degree of partial melting or the occurrence of a metasomatism/refertilization process 

by melts degassing fluids ultimately entrapped in the mantle as secondary fluid inclusions.  

Neon and Ar systematics reveal a mixing between atmospheric and MORB-like fluids, strongly 

supporting the presence of an atmospheric component eventually recycled from the Farallon plate 

subduction; 40Ar/36Ar ratios that vary from 303 to 8231 while 20Ne/22Ne and 21Ne/22Ne ratios are 10.2 

± 0.50 and 0.0332 ± 0.0058 , respectively. Although, ( 21Ne/22Ne)EX ratios suggest the existence of 

plume-derived neon in our fluid inclusions, JH mantle xenoliths exhibit homogeneous 3He/4He 

signature (7.39 ± 0.14 Ra) that is comparable to that of the MORB -like mantle and similar to other 

worldwide SCLM localities (eg., Eastern Australia, N/S Kenya rifts and WARS). This i sotopic 

signature results from a low recycling of crustal components in the local mantle possibly overprinted 

by a metasomatism/refertilization episode reasonably occurred after the retreat of the Farallon slab 

during the early and mid -Cenozoic.  

Based on the òSteady-stateó model proposed by Gautheron and Moreira (2002) , we estimated a 

helium residence time in the local SCLM between 20 -60Ma, which overlaps the geodynamic 

evolution of the area and the metasomatism/refertilization event. Since then, the lithospheric 

mantle would have evolved in a steady state for helium (from a MORB signature ~8.5 Ra) becoming 

slightly more radiogenic during the last ~20Ma. We also calculated 3He fluxes between 0.027 - 

0.080 mol/g, 4He production rates from 340 to 1000 mol/yr and mantle CO 2 fluxes from 3.93 x 10 7 

mol/yr to 1.18x108 mol/yr represent less than the 0.1% of the MORB CO 2 fluxes. 

The ɿ13C values measured in JH fluid inclusions reveal a binary mixing between a MORB -like upper 

mantle and a crustal carbonate component (limestone). We propose that the crustal CO 2/carbonate 
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component identified in JH xenoliths was trapped under mantle conditions through metasomatic 

reactions between peridotites ad C-bearing silicate melts. These would have acted as carriers in the 

local mantle of a recycled carbon component inheri ted from the Mesozoic to early Cenozoic Farallon 

subduction. 
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CHAPTER 6. THE ISOTOPIC COMPOSITION OF VOLATILES PRESENT 

IN MANTLE XENOLITHS FROM DURANGO (DVF) AND THE SAN 

QUINTIN (SQVF) VOLCANIC FIELD S, NW MEXICO.  
 

6.1. Geological setting of the DVF and the SQVF 

The DVF is located in the Mesa Central province, near the eastern border of the Sierra Madre 

Occidental (Fig. 1 4A). This field covers more than 2000 km 2 and is composed of approximately 100 

Pleistocene and Quaternary volcanic structures including maars, lava flows and cinder cones that 

represent at least 20 km3 of extruded magma (Albritton, 1958; Swanson, 1989; Aranda -Gómez et 

al., 1992; Luhr and Aranda -Gomez, 1997). In this work, the studied m antle xenoliths are from La 

Breña-El Jaguey maar complex, the most important xenolith locality recognized along the DVF 

(Aranda-Gómez et al., 1992).  

La Breña -El Jaguey maar complex is located 45 km to the NW of  the Durango city (24 ° 25' 04.69"N 

and 104 ° 32' 04.86"W) and exhibits a particular morphology generated by the intersection of two 

different maars (Fig. 28): El Jaguey and La Breña. El Jaguey is identified as a funnel -shaped maar 

with a diameter of 0.75 km while La Breña is a nearly circular maar  of 1.4 km in diameter (Swanson, 

1989; Aranda-Gómez et al., 1992). Like the JH, it is thought that these maars were produced due 

to the interaction between a superficial aquifer a nd a basanitic magma originated in the lithospheric 

mantle (Aranda-Gómez and Ortega-Gutiérrez, 1987; Henry and Aranda -Gómez, 1992; Luhr and 

Aranda-Gomez, 1997); no radiometric ages have been reported for these events, however, it is 

believed that the maar-related eruptions are Quaternary (Swanson, 1989; Aranda-Gómez et al., 

1992). The oldest outcropping rocks identified in the complex are the volcanic rocks of the Sierra 

Madre Occidental (Albritton, 1958; Swanson, 1989; Aranda -Gómez et al., 1992).  These rocks form 

a calc-alkaline sequence characterized by the occurrence of basalts, basaltic andesites, andesites 

and rhyolitic ignimbrites dat ing back to the Oligocene (Albritton, 1958; Demant et al., 1989; Nieto -

Samaniego et al., 2005). Over these rocks, Albritton (1958) proposed a sequence of Quaternary 

rocks composed of continental sedimentary sequences alternating with basaltic lava flows; it has 

been suggested that the area that comprises both El Jaguey and La Breña was initially occupied by 

a cluster of Pleistocene scoria cones and related lava flows that are now exposed in the internal walls 

of the maars. According to Aranda-Gómez et al. (1992), El Jaguey maar formed first as the result of 

a series of phreatomagmatic explosions producing several pyroclastic surge layers that now fill the 

crater and cover the surrounding areas. The eruptions associated with the formation of La Breña 

maar also generated a thick pyroclastic sequence (up to 45m thick;) including surge beds and 

scoria/ash fall layers (Swanson, 1989; Aranda-Gómez et al., 1992). The La Breña sequence is 

exposed in the upper walls of the complex and suggest that during the maar formation, the 

hydromagmatic eruptions alternated with purely magmatic activity (Swanson, 1989; Aranda-Gómez 

et al., 1992). The eruption of the complex ended with the formation of small lava and scoria cones 

within La Breña maar.  

Unlike the VESVF and the DVF, the SQVF is situated in northwestern Mexico, more precisely in 

the Baja California state, near the Mexico -USA border (Fig. 14A). The SQVF is the unique mantle -

xenolith bearing alkaline basalt complex identified in the Baja California Peninsula and its origin i s 

also closely related with the cessation of the Farallon subduction and the opening of the Gulf of 

California (Aranda-Gómez and Ortega-Gutiérrez, 1987; Luhr et al., 1995a; Luhr and Aranda -

Gomez, 1997). When the Farallon subduction ended approximately 12Ma ago, two triple junctions 

were formed along the western margin of North America (Wallace, 1990; Luhr et al., 1995a; 

Sedlock, 2003): the Mendocino and Rivera triple junctions (Fig. 13). Once formed, these would 
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have migrated northward and southward, respectively, favoring the development of a  transform 

boundary between the Pacific and the North American plate (Luhr et al., 1995a) . In the Mexican 

region this transform system is known as the San Benito - Tosco-Abreojos fault zone. The relative 

plate motion between the Pacific and the  North American plates not just triggered the development 

of the transform system but also promoted the progressive extension of the proto-gulf of California 

and the formation of several spreading centers that erupted new MORB seafloor at about 3.5 Ma 

ago (Luhr et al., 1995a; Sedlock, 2003). Some authors suggest that the deformation style was similar 

to the Basin and Range extension. In fact, the geochemical signatures of the SQVF magmas and the 

presence of mantle xenoliths closely resemble the volcanic fields developed along the central and 

northern Mexico during the same period (e.g., the VESVF and the DVF; Aranda-Gómez and Ortega-

Gutiérrez, 1987; Luhr et al., 1989; Pier et al., 1989; Luhr et al., 1995a) .  

 

 

Figure 28. Image from Google Earth (June 23rd, 2021) showing La Breña-El Jagüey maar complex. 

The SQVF is located the Yuma terrane defined by Sedlock et al. (1993). This terrane was formed in 

the early Cretaceous by the junction of two different subterranes composed of Triassic, Jurassic and 

Cretaceous volcanic and sedimentary rocks. According to Sedlock et al. (1993) , the Yuma terrane 

was intruded by batholithic bodies during the middle and late Cretaceous. The youngest rocks 

reported in the vicinity of the SQVF are marine clastic deposits, calc -alkaline rocks (associated with 

the Farallon subduction) and alkalic monogenetic fields including the SQVF (Luhr et al., 1995a) .  

It is t hough that the volcanic activity of the SQVF started during the Pleistocene and continued 

through the Holocene (Luhr et al., 1995a; Luhr and Aranda -Gomez, 1997); some deposits of 

pepperites and pillow lavas have been also identified in the volcanic field suggesting that the SQVF 
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initiated as a group of subaqueous volcanoes that later emerged. The SQVF consists of 10 different 

volcanic complexes, each complex is characterized by a well-preserved scoria cone, several eruptive 

vents and lava flows (Fig. 29; Luhr et al., 1995a; Luhr and Aranda -Gomez, 1997). The volcanic 

complexes are: the Media Luna (L) , Woodford (W), Basu (B), Riveroll (R), Kenton (K), Picacho 

Vizcaíno (P), Sudoeste (S), Ceniza (C), Monte Mazo (M) and Isla San Martin (I). Mantle xenoliths 

analyzed in this work comes from the Media Luna cone.  

 

 

Figure 29. Image from Google Earth (June 23th, 2021) showing the San Quintín Volcanic Field (SQVF) and sampling 

area. Media Luna (L), Woodford (W), Basu (B), Riveroll (R), Kenton (K), Picacho Vizcaíno (P), Sudoeste (S), Ceniza (C), 

Monte Mazo (M) and Isla San Martin (I).  

 

6.2. Petrological background of mantle xenoliths  

Peridotites samples were provided by the Department of Mineral Sciences belonging to the 

Smithsonian Institution. Samples NMNH -18, NMNH -20 and NMNH -27 were previously analyzed 

by Luhr and Aranda -Gomez (1997). Mantle xenoliths from the DVF are dominated by coarse-tabular 

and protogranular textures characterized by the presence of clusters of Sp, Opx and Cpx (possibly 
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originated from the decompressive reaction of olivine and garnet ). Ol and Opx crystals from DVF 

samples usually have diameters >2mm while Cpx and Sp exhibit variable diameters between 1 ð 2 

mm. SQVF xenoliths generally show strongly deformed fabrics with a bimodal grain -size distribution 

(porphyroclastic texture) ; samples may exhibit porphyroclasts of Ol and Opx with diameters greater 

than 5 mm surrounded by recrystallized neoblasts (diameters< 1 mm) of Ol, Opx, Cpx and Sp. A 

common characteristic  between DVF and SQVF xenolith s is the presence of interstitial glass veins 

and spongy rims in Cpx. Glasses have elevated SiO2 (54 - 57 wt%), Al 2O3 (18 - 21 wt%), Na2O (2.5 

- 6.1 wt%), K2O (1.5 - 5.7 wt%), P2O5 (0.06 - 0.81 wt%) and depleted MgO (2.5 - 3.6 wt%). Spongy 

rims in Cpx are enriched in CaO and depleted in Al 2O3 and N2O as observed in VESVF xenoliths. 

Luhr and Aranda -Gomez (1997) proposed that both glasses and spongy rims may be the result of 

two different processes: 1) the development of internal melts derived from partial melting  or 2) the 

infiltration of volatile -rich melts reacting with the  lithospheric mantle . These authors report 

pressures of 17.7 ± 1.7 kbar and fO2 values (DFMQ) of -0.2 ±  0.3 for the DVF xenoliths and 

pressures around 10.7 ± 2.5 kb ar and fO2 (DFMQ) of 0.0 ± 0.2 for the SQVF samples. Luhr and 

Aranda-Gomez (1997) argue that the systemic increase of the fugacity of mantle xenoliths from the 

DVF to the SQVF could be associated with a subduction-related oxidation of the lithospheric mantle 

due to the release of fluids from the subducted Farallon slab beneath the North American plate.  

 

6.3. Results  

The studied samples consist of six ultramafic nodules: four lherzholites and one harzburgite from 

the DVF and one lherzolite from the SQVF. The composition of fluid inclusions  are reported in 

Table 5 and Fig. 30. Samples from the DVF generally exhibit higher  gas concentrations (e.g., 4He, 
40Ar* and CO 2) than the SQVF aliquots but lower than the concentration s obtained in most of the  

pyroxenes analyzed in the VESVF xenoliths. In general, 3He and 4He concentrations vary from 

1.38x10-19 to 1.32x10-17 mol/g and 1.96x10-14 to 1.51x10-12 mol/g, respectively. 40Ar* range from 

3.02x10-14 to 2.17x10-12 mol/g. CO2 is the dominant phase in the fluid inclusions , and ranges from 

8.33x10-11 to 1.54x10-8 mol/g. The concentration of CO 2 exhibit s a positive correlation with noble 

gases as shown in Fig. 30. Rc/Ra values vary from 5.10 to 8.40 with the lowest values reported for 

the SQVF samples. On average, the Rc/Ra ratios obtained in DVF xenoliths are higher than the 

ratios observed in the SQVF nodules. Xenoliths from both localities do not exhibit systematic 

differences in 4He/20Ne and 4He/40Ar*ratios , which  range from 11.5 to 205 and from 0.11 to 2.5, 

respectively. Although, 40Ar/36Ar ratios measured in all samples are higher than the air value (<338), 

the maximum value reported is 1031 which is much lower than the MORB range (~44,0 00; Moreira 

et al., 1998). 20Ne/21Ne and 21Ne/22Ne values vary from 9.80 ± 0.01 (1 s) to 12.57 ± 0.10 (1 s) and 

from 0.0290 ± 0.0003 (1 s) to 0.056 ± 0.0024 (1 s), respectively.  

 

6.4. Discussion 

6.4.1. Processes that modified the pristine composition of fluid inclusions  

Considering the petrological information of mantle xenoliths exposed above, it is reasonable to argue 

that the original isotopic composition of fluid inclusions  has been modified by the effect of partial 

melting or metasomatism, especially in Cpx where textures such as spongy rims have been identified 

(Luhr and Aranda -Gomez, 1997). Diffusive fractionation of noble gases may derive from these 

processes affecting DVF and SQVF xenoliths and must be carefully evaluated in order to study the 

real nature of the lithospheric mantle beneath th ese localities. 
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Pyroxenes generally show lower 3He/4He ratios than olivines, except for the  sample NMNH -37 Cpx 

which exhibit the highest ratio of the dataset at 8.40Ra  (Table 5 and Fig. 31A-B). Samples NMNH 

ð 27 Opx/Cpx from the SQVF (red symbols) show an evident decrease in 3He/4He ratios 

accompanied by a depletion in 4He concentrations that are clear evidence of diffusive fractionation 

(Fig. 31) ; this decrease is also observed in CO2 contents, particularly Cpx (Fig. 30B). A  depletion in 
3He/4He is also noted in Cpx and some Opx from nodules NMNH -36, NMNH -39, NMNH -20 and 

NMNH -18, at comparable or even higher helium concentrations than those measured in Ol  (Fig 

31A-B); in the case of sample NMNH -20, pyroxenes exhibit the maximum helium concentrations 

of the dataset which are similar  to some concentrations measured in the VESVF xenoliths. 

Comparing our results with the mineral chemistry data from Luhr and Aranda -Gomez (1997), it is 

possible to see that the decrease in 3He/4He ratios observed in Cpx (nodules NMNH 18, 2 0 and 27) 

is accompanied by an increase in Mg#  ( from Ol to Cpx ) which may be interpreted as a result of 

partial melting (Fig. 32A) ; Ol from nodules NMNH 20 and 27 are near the mantle range while the 

Ol from nodule NMNH -18 exhibit higher Mg# likely representing a more depleted mantle.   

The 4He/40Ar* variability supports th e partial melting hypothesis. Ol and Opx crystals (except 

samples NMNH -39 Ol/Opx and NMNH -27 Opx) exhibit 4He/40Ar* within the mantle production 

range and are higher than the values reported for Cpx  (Fig. 31C) . This trend is also observed in Fig. 

32B where samples NMNH -18, 20 and 27 also show a decrease in 4He/40Ar* as the Mg# increase 

(from Ol to Cpx). As discussed in subsection 5.4.3, He is more incompatible than Ar, and can escape 

from the mantle more effectively during partial melting, causing a 4He/40Ar* decrease in the mantle 

residuum (Burnard, 2004; Heber et al., 20 07; Yamamoto et al., 2009). Following the petrological 

observations made by Luhr and Aranda -Gomez (1997), it is reasonable to infer that low 3He/4He and 
4He/40Ar*ratios in Cpx are the result of a partial melting /metasomatism trend  which are probably 

connected with modifications in the pristine  concentrations and isotopic ratios of fluid inclusions; 

Opx crystals from nodules NMNH - 20 and 39 also exhibit a similar behavior. Consideri ng the above 

and the lack of fluid inclusion studies that confirm the origin of fluids trapped in 3He/4He-depleted 

pyroxenes, samples NMNH ð 27 Opx/Cpx, NMNH -36 Cpx, NMNH -39 Opx/Cpx, NMNH -20 

Opx/Cpx and NMNH -18 Cpx were excluded from the following sections  of this dissertation.  

 

6.4.2. Recycled atmospheric fluids in the local mantle  

4He/20Ne vs R/Ra (3He/4He ratio not corrected for atmospheric contamination), and 3He/36Ar vs 
40Ar/36Ar diagrams clearly suggest that fluid inclusions  are composed of both mantle and atmospheric 

fluids (Figs. 33A-B). It is worth noting that the Ar and Ne systematics measured in VESVF xenoliths 

also exhibit a mixing between MORB and air, with the latter being interpreted a s a recycled 

atmospheric component possibly inherited from the Farallon subduction (see subsection 5.4.4). 

When comparing with the VESVF xenoliths, nodules from the DVF and SQVF show lower 4He/20Ne 

and 40Ar/36Ar ratios; on average DVF xenoliths exhibit 4He/20Ne = 73.18 ±  50.07 and 40Ar/36Ar = 

462.52 ±  128.51 while the VESVF xenoliths show 4He/20Ne = 1716.80 ±  2416.13 and 40Ar/36Ar = 

1962.54 ± 1958.53. Besides, as for VESVF xenoliths, there is a correlation between 3He and 36Ar 

abundances (Fig. 33C) that supports the hypothesis that the atmospheric component identified in 

both (DVF and SQVF nodules) would have been trapped at mantle conditions  (e.g., Matsumoto et 

al., 2001). 
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Table 5. Fluid inclusions compositions from DVF and SQVF mantle xenoliths . Concentrations of noble gases isotopes and CO2 are reported in mol/g.  a. First 
estimation of CO2 during noble gases analysis; b. CO2 measured from glass line. Estimated errors for 3He, 4He, 20Ne, 21Ne, 22Ne, 40Ar, 36Ar and CO2 are <5%, 
<0.03%, <7%, <5%, <0.7%, <0.07%, <0.1% and <5%, respectively.  

Sample  Phase Locality Weight (g) 3He 4He 20 Ne 21Ne 22Ne CO2
a 40Ar 40Ar* 4He/20Ne 4He/40Ar* R/Ra 

NMNH-18 Ol DVF 1.08003 2.87E-18 2.47E-13 2.10E-15 6.13E-18 2.10E-16 1.75E-09 1.72E-13 9.82E-14 117.6 2.52 8.33 
NMNH-18 Opx DVF 1.03656 3.50E-18 3.24E-13 3.51E-15 1.02E-17 3.65E-16 3.10E-09 9.20E-13 2.26E-13 92.3 1.44 7.74 
NMNH-18 Cpx DVF 0.69300 1.03E-17 1.13E-12 1.67E-14 4.85E-17 1.69E-15 1.56E-08 6.63E-12 1.84E-12 67.7 0.61 6.53 

NMNH-20 Ol DVF 1.03079 5.68E-18 5.00E-13 1.52E-14 4.57E-17 1.57E-15 5.28E-09 5.62E-12 3.94E-13 32.8 1.27 8.10 
NMNH-20 Opx DVF 1.39776 2.08E-19 2.74E-14 9.98E-16 2.80E-18 1.02E-16 2.34E-09 1.30E-13 5.36E-14 27.5 0.51 5.39 
NMNH-20 Cpx DVF 0.41756 1.39E-19 1.96E-14 1.18E-15 5.26E-18 4.36E-16 8.33E-11 4.23E-14 3.02E-14 16.5 0.65 5.02 

NMNH-27 Ol SQVF 1.07264 5.69E-19 5.51E-14 1.59E-15 4.63E-18 1.60E-16 2.36E-09 3.08E-13 3.88E-14 34.8 1.42 7.37 
NMNH-27 Opx SQVF 1.11606 1.65E-18 1.74E-13 1.10E-14 3.26E-17 1.13E-15 1.39E-08 4.38E-12 1.52E-12 15.8 0.11 6.68 
NMNH-27 Cpx SQVF 0.55603 6.51E-18 6.45E-13 3.23E-14 9.66E-17 3.29E-15 1.44E-08 1.23E-11 1.35E-12 20.0 0.48 7.16 

NMNH-36 Ol DVF 1.07046 1.15E-18 1.01E-13 3.14E-15 9.13E-18 3.22E-16 3.81E-09 8.88E-13 1.08E-13 32.2 0.93 8.13 
NMNH-36 Opx DVF 1.13955 1.78E-18 1.67E-13 2.02E-15 7.49E-18 3.90E-16 2.14E-09 3.44E-13 1.70E-13 82.5 0.98 7.65 
NMNH-36 Cpx DVF 0.57902 5.40E-18 4.63E-13 4.04E-14 1.19E-16 4.13E-15 1.54E-08 1.37E-11 1.32E-12 11.5 0.35 8.18 

NMNH-37 Ol DVF 1.07363 5.29E-19 4.80E-14 6.17E-16 1.94E-18 6.26E-17 8.83E-10 1.37E-13 4.61E-14 77.8 1.04 7.90 
NMNH-37 Opx DVF 1.10433 8.94E-18 9.15E-13 4.42E-14 1.30E-16 4.47E-15 9.87E-09 9.48E-12 n.a 20.7 n.a 6.93 
NMNH-37 Cpx DVF 0.52719 2.72E-18 2.95E-13 1.23E-14 3.60E-17 1.27E-15 1.21E-08 4.79E-12 2.17E-12 24.0 0.14 6.56 

NMNH-39 Ol DVF 1.01815 1.28E-18 1.16E-13 3.38E-15 9.90E-18 3.45E-16 2.02E-09 6.35E-13 3.35E-13 34.5 0.35 7.84 
NMNH-39 Opx DVF 1.01739 7.41E-18 7.00E-13 3.41E-15 9.37E-18 3.55E-16 3.04E-09 9.52E-13 4.93E-13 205.2 1.42 7.60 
NMNH-39 Cpx DVF 0.50192 1.76E-18 1.95E-13 2.56E-15 6.87E-18 2.74E-16 7.53E-09 1.24E-12 8.43E-13 76.2 0.23 6.46 

Sample Phase Rc/Ra 
error +/-     
όмԎύ 

40Ar/36Ar 
error +/- 
όмԎύ 

20Ne/22Ne 
error +/- 
όмԎύ 

21Ne/22Ne 
error +/- 
όмԎύ 

CO2/ 3He 3He/36Ar CO2/ 3He CO2
b 1ɻ3C 

NMNH-18 Ol 8.35 0.14 690.34 0.62 10.02 0.04 0.0293 0.0009 6.11E+08 0.0115 n.a n.a n.a 

NMNH-18 Opx 7.77 0.18 391.54 0.08 9.91 0.04 - - 8.87E+08 0.0015 n.a n.a n.a 
NMNH-18 Cpx 6.56 0.19 409.01 0.07 9.95 0.02 0.0290 0.0003 1.52E+09 0.0006 n.a n.a n.a 

NMNH-20 Ol 8.17 0.10 317.79 0.07 - - 0.0291 0.0002 9.30E+08 0.0003 n.a n.a n.a 
NMNH-20 Opx 5.44 0.25 503.73 0.44 9.91 0.12 - - 1.13E+10 0.0008 n.a n.a n.a 
NMNH-20 Cpx 5.10 0.52 1031.96 1.65 12.57 0.10 0.0562 0.0024 6.00E+08 0.0034 n.a n.a n.a 

NMNH-27 Ol 7.43 0.19 338.17 0.16 9.91 0.05 0.0290 0.0008 4.14E+09 0.0006 n.a n.a n.a 
NMNH-27 Opx 6.80 0.16 452.62 0.07 9.88 0.02 0.0293 0.0003 8.44E+09 0.0002 n.a n.a n.a 
NMNH-27 Cpx 7.27 0.14 332.06 0.35 9.80 0.01 0.0294 0.0002 2.21E+09 0.0002 n.a n.a n.a 

NMNH-36 Ol 8.20 0.16 336.63 0.05 - - - - 3.31E+09 0.0004 n.a n.a n.a 
NMNH-36 Opx 7.68 0.18 585.04 0.65 10.76 0.04 0.0400 0.0007 1.20E+09 0.0030 n.a n.a n.a 
NMNH-36 Cpx 8.40 0.16 327.04 0.30 9.84 0.01 0.0291 0.0002 2.85E+09 0.0001 n.a n.a n.a 

NMNH-37 Ol 7.93 0.24 445.15 0.42 9.85 0.10 0.0311 0.0020 1.67E+09 0.0017 n.a n.a n.a 
NMNH-37 Opx 7.03 0.14 278.99 0.27 9.94 0.01 0.0294 0.0002 1.10E+09 0.0003 n.a n.a n.a 
NMNH-37 Cpx 6.64 0.17 540.20 0.07 9.90 0.02 0.0291 0.0003 4.43E+09 0.0003 n.a n.a n.a 

NMNH-39 Ol 7.90 0.14 626.51 0.16 - - 0.0287 0.0006 1.58E+09 0.0013 n.a n.a n.a 
NMNH-39 Opx 7.62 0.16 612.69 0.13 9.94 0.05 - - 4.10E+08 0.0048 2.08E+09 1.05E-07 -2.57 
NMNH-39 Cpx 6.48 0.20 926.66 0.20 9.92 0.08 - - 4.29E+09 0.0013 3.32E+09 6.55E-09 -3.80 
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Figure 30. 4He, 40Ar* and CO2 abundances measured in mantle xenoliths from the DVF, SQVF and VESVF.  
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Figure 31. A) 3He, B) 4He and C) 4He/40Ar* vs 3He/4He ratios corrected for atmospheric contamination (Rc/Ra). MORB 

range is report ed at Rc/Ra = 8 ± 1 (Graham, 2002)  and 4He/40Ar* from 1 to 5 (Yamamoto et al., 2009). 
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Figure 32. Mg# vs A) Rc/Ra (3He/4He ratio corrected for atmospheric contamination) and vs B) 4He/40Ar*. Mg# values 

were obtained from Luhr and Aranda -Gomez (1997). 

Following the modelling presented in section 5.4.4, the isotopic characteristics of the mantle 

beneath the DVF were determined using the approach proposed by Langmuir et al. (1978) and 

Hopp et al. (2007a). The model was only applied to the DVF xenoliths given the data scarcity for 

the SQVF. Considering a theorical 20Ne/22Ne equal to 12.5 for the upper mantle  (Sarda et al., 1988; 

Moreira et al., 1998) , 4He/40Ar* ratios between 0.10 and 3.10 (Fig. 33B) and 36Ar/22Ne ratios between 

8.33 and 93.5, it was possible to estimate a 40Ar/36Ar º 1000 for the local upper mantle (with  4He/20Ne 

ratios <2000; Fig. 3 4; Table 3) which is clearly lower than the 40Ar/36Ar reported for the VESVF 

mantle (10,500). Th e difference in 4He/20Ne and 40Ar/36Ar ratios between these Mexican localities 

indicates different extends of mantle contamination. The SQVF and the DVF xenoliths ( that 
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represent the west portion of the Mexican lithospheric mantle) are evidently more impacted by the 

interaction with atmospheric fluids than the VESVF samples.   

The above is supported by the fact that DVF xenoliths show equilibration pressures comparable to 

those reported for VESVF (19.6 ± 3.0 kbar; Luhr and Aranda -Gomez, 1997) that excludes a possible 

compositional variation related to depth and  coincides with  the observations made by Luhr and 

Aranda-Gomez (1997)  who identified a systematic east-west increase in fO2 values measured in 

mantle xenoliths from the three localities . According to these authors, the increase in fO2 is the 

consequence of a subduction-related oxidation of the Mexican lithospheric mantle during the 

eastward descent of the Farallon slab beneath the North American plate. This oxidation was likely 

driven by the release of fluids from the oceanic slab that would have transported variable amounts 

of atmospheric components into the mantle . The process would be controlled by the shifts in the 

arc-trench gap (occurred during the Mesozoic and early Cenozoic) and produced a greater impact 

on the mantle regions near the paleo-trench, i.e., the west portion of the Mexican mantle  as 

observed by 4He/20Ne, 40Ar/36Ar and fO2 values. This interpretation assumes a direct relationship 

between fO2 values obtained by Luhr and Aranda -Gomez (1997) and the extent of atmospheric 

contamination observed in the samples here analyzed.  

However, it is important to clarify that this hypothesis is based on the study of nodules from three 

localities and must be complemented by future studies on noble gas in other mantle xenolith -bearing 

volcanic fields belonging to the Mexican Basin and Range Province. 

 

6.4.3.  3He/4He signature of the mantle beneath DVF and SQVF 

The 3He/4He average of the lithospheric mantle beneath the DVF is 8.39 ± 0.24 Ra (1 s). In the 

case of the SQVF, only the olivine aliquot is representative of the local mantle wit h a 3He/4He ratio 

= 7.4 ± 0.2 Ra. Both values fall within the MORB -like upper mantle range, which excludes the 

influence of a lower mantle component (plume hypothesis) beneath these localities and reinforces 

the hypothesis that the Quaternary monogenetic v olcanism of the DVF and the SQVF was produced 

by continental extension.  

Compared with the VESVF, the SQVF olivine falls within the same 3He/4He range while the DVF 

average is clearly higher and suggests the existence of a less radiogenic mantle. In section 5.4.5 the 

role of the Farallon plate was discussed to explain the 3He/4He signature of VESVF xenoliths. In this 

scenario, the retreating of the Farallon slab (~40 Ma ago) would have triggered the refertilization 

of the lithospheric mantle through the injection of 3He-rich asthenospheric melts (Nieto -Samaniego 

et al., 1999; Lee, 2005). Assuming the same geodynamic scenario and the relative proximity between 

the DVF and the VESVF, a similar process should have also occurred beneath Durango (Fig. 35). If 

we consider the tectonic configuration of the western margin of North America at the time of the 

Laramide Orogeny (74-40 Ma), in which the Farallon plate acted as a natural barrier between the 

lithospheric mantle and the asthenosphere (Fig. 35B), it is reasonable to suppose that during the 

subsequent rollback and retreating, the VESVF mantle could have been exposed to, and refertilized 

by, the hot asthenosphere first (40-20 Ma ago Fig. 35C); since then, the VESVF lithospheric mantle 

would have evolved in steady state becoming more radiogenic during the last 20 Ma (starting from 

a 3He/4He ratio ~8.5 Ra). A s the retreating process continued, the mantle beneath the DVF would 

have been refertilized at a later stage, which might explain the higher 3He/4He ratios observed there. 

These arguments imply a shorter residence time (Rt) of helium in the local subcontin ental mantle 

(see subsection 5.4.5; Figs. 14A and 35D-E). 
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Figure 33. A) 4He/20Ne vs R/Ra diagram, the dotted lines represent the binary mixing between air and an upper mantle 

source with R/Ra values between 6.5 and 8.5. B) 3He/40Ar vs 40Ar/36Ar diagram. C) 36Ar vs 3He concentrations.  
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Figure 34. B) 20Ne/22Ne vs 40Ar/36Ar. Mixing curves are the result of mass-balance and isotopic mass balance equations 

using the parameters reported in Table 3. 

 

 The above hypothesis can be tested estimating the refertilization age of the DVF mantle following 

the formula proposed by Ballentine and Burnard (2002)  for the 4He production rate:  

τὌὩ ÁÔÏÍÓ Ὣ  ώὶ σȢρρυ  ρπ  ρȢςχς  ρπ 5  χȢχρπ  ρπ 4È eq. 5 

where [U]  and [Th] are concentrations in ppm. Assuming a U concentration between 0.01 and 0.03 

ppm (and a Th/U = 3; Gautheron and Moreira, 2002)  for the Mexican mantle xenoli ths (Dávalos-

Elizondo et al., 2016) , it is possible to estimate a 4He production rate between 9.23x10-20 - 2.77x10-

19 mol/g*yr. Considering a steady state model (same as proposed for the VESVF, see subsection 5.4.5) 

for the lithospheric mantle beneath the DVF , the above-estimated 4He production rate, a starting 
3He/4He =8.5 Ra and a 4He concentration = 4.5 x 10-11 mol/g (the maximum value identified for 

continental m antle xenoliths ; Gautheron and Moreira, 2002) , we find that a residence time (Rt) of 

4 to 10Ma is needed to decrease the helium ratio from 8.5 to 8.39 Ra (the  average 3He/4He values 

measured in DVF xenoliths). In other words, these ages support the idea that the DVF mantle was 

more recently refertilized than the mantle located beneath the VESVF, where a Rt of 40 - 20Ma was 

estimated (subsection 5.4.5). This wou ld explain the higher 3He/4He ratios observed in Ol and Opx 

crystals from DVF xenoliths.  
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Figure 35. Evolution of the western margin of the North American plate during the Late Mesozoic and Cenozoic. A) 

Subduction of the Farallon slab beneath North America during the Mesozoic. B) Shallowing of the subduction angle and 

tectonic uplift of the Sierra Madre Oriental (SMO ; Laramide Orogeny). C) Rollback of the Farallon slab causing the 

introduction of asthenospheric fluids in the lithospheric mantle beneath the VESVF.  This process also caused extension 

at the base of the crust favoring the ignimbrite flare -up of the Basin and Range Province and the formation of the Sierra 

Madre Occidental (SMOcc).   D) Over time, the subduction angle increased and ceased which favored the refertilization 

of the lithospheric mantle beneath DVF . E) The lithospheric mantle beneath the DVF and VESVF evolves in steady-state 

becoming more radiogenic over time. The Basin and Range extension facilitated the formation of mantle xenolith -bearing 

alkali basalt localities (e.g., the VESVF and DVF) in the Mesa Central. Adapted from Lee (2005). 

 

6.4.4. CO2 contents 

In all Mexican xenoliths, CO2 is the dominant phase in fluid inclusions (see Tables 2 and 5). CO2 is 

positively correlated with  noble gases which means that those samples with the highest contents of 
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He and Ar commonly exhibit the highest CO 2 concentrations. This is not a new observation since 

different studies  (where fluid inclusions were extracted using the same technique)  have reported 

similar results in European ultramafic xenoliths   (Gennaro et al., 2017; Rizzo et al., 2018, 2021). 

Comparing with these European localities, VESVF samples exhibit a wide range of variability (Fig. 

36); pyroxenes show similar gas concentrations to those reported in  mantl e xenoliths from SW 

Poland and the Hyblean plateau but olivines manifest the lowest CO 2 contents.  

 

 

Figure 36. 4He vs CO2 concentrations. Those samples suspicious of diffusive fractionation were not considered. 
Compositional field for the Hyblean plateau, SW Poland and West Eifel were designed based after Correale et al. (2015),  
Gennaro et al. (2017) and Rizzo et al. (2018, 2021) . 

Fig. 36 also indicates that DVF and SQVF samples show a narrow range of CO2 concentrations and 

are among the most depleted in both helium and CO 2. As discussed in previous sections, DVF and 

VESVF xenoliths show similar equilibration pressures and different metasomatic processes that 

would explain the differences in 3He/4He and 40Ar/36Ar ratios and rules out a compositional variability 

related to depth. Although, it is not possible to discard that the difference in CO 2 could be associated 

with microscopic factors such as the quantity and volume of the fluid inclusions, the entrapment of 

different metasomatic agents characterized by different carbon contents  could explain the 

difference in CO2 concentrations observed in mantle xenoliths  (e.g., Rizzo et al., 2021). In this 

respect, the range of He/Ar* values overlapping in the SQVF, DVF and VESVF (Fig. 31) is a further 

indication that different degassing pressures (i.e., depths) are not able to justify the observed CO2 

concentration variability.  

 

6.5. Conclusions 

DVF and SQVF xenoliths offer a wider view of the variability of noble gas and carbon in the Mexican 

lithospheric mantle . 4He/40Ar* ratios suggest a systematic decrease from olivines to pyroxenes. This 
























































































































































