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ABSTRACT 

The Cenozoic mafic alkaline rocks found in northwestern Uruguay, in the 

southernmost portion of the Paraná Basin, comprise three subvolcanic plugs 

composed of Ne-tephrites. They cut through basalts that make up the Paraná 

Magmatic Province as well as part of the sandstones of the Late Jurassic–Early 

Cretaceous age. These mafic rocks are characterized by an aphanitic 

hypocrystalline texture that is occasionally porphyritic with pyroxene and olivine 

macrocrysts/xenocrysts. We present the first lithogeochemical results that also 

include the Sr–Nd–Pb isotopes to determine the petrogenetic processes. These 

mafic rocks are enriched in light rare earth elements (La/LuN = 23.12–28.81) with 

respect to chondrite, in large-ion lithophile elements (Ba, U, and La), and in high-

field-strength elements, such as Ta, Nb, and Zr, with respect to primitive mantle, 

and have a Mg# of 0.53–0.56. The trace element geochemistry and isotopic data 

(low radiogenic 206Pb/204Pb and low 87Sr/86Sri between 18.315 and 18.733, 

0.70397 and 0.70443, respectively) indicate that the primary magma could be the 

product of the melting of an enriched mantle source with the possible involvement 

of metasomatic processes, lacking significant contamination by the continental 

crust. The K–Ar (whole rock) geochronology conducted on two samples yielded 

ages of 63.7 ± 2.5 and 51.5 ± 1.7 Ma for this magmatic event. 
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1. INTRODUCTION 

The widespread continental magmatism associated with the large igneous 

provinces is characterized as one of the largest and most extensive volcanic 



expressions, with sub-volcanic intrusions accumulated over a short time (Renne 

et al., 1992; Coffin and Eldholm, 1994; Bryan and Ernst, 2008). In South America, 

the well-preserved Paraná Magmatic Province (PMP; Peate, 1997), with lava 

volumes of approximately 1,0 × 106 km3, infills and covers the Paraná Basin (PB) 

with an approximate area of 1,2 × 106 km2 over southern Brazil, eastern 

Paraguay, northern Argentina, and northwestern Uruguay (Piccirillo et al., 1988; 

Figure 1). 

Regarding the petrology of the PMP, the predominance of tholeiitic basalts and 

related mafic intrusions can be highlighted. The age of the main tholeiitic 

magmatic activity of the PMP is constrained approximately 135–131 Ma (Renne 

et al., 1992 and Féraud et al., 1999, and from recalculated 40Ar/39Ar ages from 

Janasi et al., 2011). However, there are many records of the alkaline magmatic 

activity with a wide lithological and chemical variety (Ulbrich and Gomes, 1981; 

Milner et al., 1995; Huang et al., 1995; and later authors herein). In addition, 

alkaline magmatism can be found for different geochronological intervals, some 

of which are different ages than the main volcanic tholeiitic event of the PMP 

(Ulbrich and Gomes 1981; Comin-Chiramonti et al., 1991; Renne et al., 1993; 

Gomes et al., 1996; Gomes et al., 2003; Comin-Chiaramonti and Gomes, 2005a, 

b; Cernuschi et al., 2015; among others). 

According to the geographic distribution and age, the record of alkaline pulses 

spanned from the Permo-Triassic until the Eocene, making up substantial 

number of alkaline provinces throughout Brazil, Paraguay, Argentina, Uruguay 

and Bolivia, mostly of Early-Late Cretaceous age (Litherland et al., 1986; Fletcher 

and Bleddoc-Stephens, 1987; Muzio, 2000; Comin-Chiaramonti and Gomes, 

2005b; Cernuschi et al., 2015; Lagorio et al., 2016). In Paraguay, the alkaline 



magmatic activity predates the tholeiitic volcanism of the PMP since the Permo-

Triassic and spans until the Eocene (Gomes et al., 1996; Velázquez et al., 2006; 

Gomes et al., 2013). In addition, other alkaline complexes corresponding to 

Cenozoic magmatic events have been found in Brazil (Riccomini et al., 2005).  

Both the lithological and chemical characteristics of these subvolcanic alkaline 

intrusions are significantly diverse. SiO2-saturated to SiO2-undersaturated rock 

series are common in most alkaline provinces, as well as the presence of potassic 

or sodic chemical affinity, including alkaline rocks such as lamproites, 

carbonatites and kimberlites (Biondi, 2005; Gomes and Comin-Chiaramonti, 

2017). 

One of the models suggested for the genesis of alkaline magmatism is the melting 

of metasomatized lithospheric mantle (Menzies and Murthy, 1980; Roden and 

Murthy, 1985; Bailey, 1987; among other authors). According to Beccaluva et al. 

(2008), the REE patterns, volatile concentrations, isotopes, and modelling of 

alkaline rocks and their xenoliths suggest that metasomatism plays a 

considerable role.  

1.1. Nearby alkaline provinces in the region  

At a regional scale, the alkaline provinces closest to Uruguay associated with the 

PB and with the Late Cretaceous – Eocene age are the Asunción (Paraguay), 

and Piratini Provinces (Rio Grande do Sul, Brazil; Figure 1).  

The emplacement of the Asunción Province has been attributed to the Cenozoic 

evolution of the Asunción Rift (De Graff, 1985; Riccomini et al., 2001), which 

developed during the Paleogene between 68 and 52 Ma (Gomes et al., 2003). 

According to Riccomini et al. (2001), the ascent of the magmas would have 



occurred through deep faults, whose activity caused a loss of energy in the 

asthenosphere, leading to melting of the asthenospheric mantle in a short period. 

The Asunción Province comprises plugs, necks, lavas and dikes of alkaline 

affinity, classified as ankaratrites, nephelinites, and subordinate peralkaline 

phonolites (Comin-Chiaramonti et al., 2013). Based on their isotopic signatures 

(87Sr/86Sr=0.70362-0.70392 and 143Nd/144Nd=0.51225-051242), the 

sublithospheric mantle has been suggested as the origin (Comin-Chiaramonti et 

al., 1991; 1995: 1997). Analyses of the xenoliths hosted in these alkaline rocks 

indicate depths greater than 60 km for the genesis of these magmas (Comin-

Chiaramonti et al., 1991). However, these rocks extend within the depleted 

quadrant (Sri=0.70351, Ndi=0.51273), toward the HIMU and DMM compositional 

fields (Antonini et al., 2005). According to isotopic data, it has been inferred that 

from the Late Cretaceous until the Tertiary, depleted mantle domain(s) played a 

major role in the genesis of alkaline magmatism in eastern Paraguay (Comin-

Chiaramonti et al., 1999). In addition, the Tertiary sodic rocks of Paraguay present 

the youngest values of TDM in the region (approximately 500 Ma), suggesting a 

metasomatic event along the Late Proterozoic as a trigger mechanism for their 

genesis, according to Antonini et al. (2005). 

The Late Cretaceous alkaline rocks corresponding to the Piratini Province (sensu 

Riccomini et al., 2005) comprise a considerable number of subvolcanic intrusions 

distributed in the Sul-Riograndense Shield, near the Piratini locality. Originally, 

they were known as the Rio Grande do Sul Alkaline Province (Ribeiro, 1971), and 

later as the Passo da Capela Alkaline Suite (e.g., Barbieri et al., 1987; da Silva, 

2018) or Piratini Suite (Philipp et al., 2005; Gomes and Comin-Chiaramonti, 

2017). 



According to Almeida (1983), the ascent and emplacement of these alkaline rocks 

are associated with a Mesozoic – Cenozoic taphrogenic event, including old fault 

reactivation and new fault/fracture generation, in the Sul-Riograndense Shield, 

and are responsible for the opening of the South Atlantic Ocean. Moreover, 

subvolcanic intrusions and plugs are emplaced mostly along the NW structures 

(Burger et al., 1988).  

The compositional diversity of this alkaline province ranges from tephrite-

phonolites to phonolites and peralkaline phonolites (Barbieri et al., 1987), 

associated with a NE-SW olivine-diabase dike, with K-Ar ages between 99.3 and 

76.0 Ma. This represents a late alkaline event in southernmost Brazil. Potassic 

and ultrapotassic dikes and pipes (lamproites and kimberlites) have also been 

found (Philipp et al., 2005).  

The mean Sr-Nd isotope composition (87Sr/86Sr(i)=0.70533; 

143Nd/144Nd(i)=0.51225-0.51230) is in the same range as other Brazilian alkaline 

provinces and also of the spatially associated Early Cretaceous tholeiitic basalts 

of the southern PB (Piccirillo and Melfi, 1988). Crustal contamination has been 

discarded for these magmas by Vieira Jr. (1985), and their components are 

similar to those of the EMI mantle (Philipp et al., 2005). 

1.2. Background in Uruguay 

The exposed volcanic areas of the PB in Uruguay are represented by tholeiitic 

basalt lava flows and related mafic intrusions, which are restricted to the Lower 

Cretaceous (Creer et al., 1965; Turner et al., 1999; Muzio et al., 2017). Until 

recently, the occurrence of Uruguayan Na-alkaline rocks related to the 

Gondwana break-up has been restricted to the southeastern Laguna Merin Basin 

(Figure 1), associated with the Santa Lucia-Aiguá-Merin lineament (Rossello et 



al., 2000) and the South Atlantic Ocean opening.  They comprise SiO2-saturated 

rocks (quartz syenites, syenites, granites, and rhyolites), included in the Valle 

Chico and Lascano alkaline complexes, all of which have an Early Cretaceous 

age (Muzio, 2000; Lustrino et al., 2005; Cernuschi et al., 2015). Based on their 

chemical and isotopic compositions, an enriched mantle source with EMI 

components has been assigned (Lustrino et al., 2005; Cernuschi et al., 2015). 

Neither SiO2-undersaturated nor younger alkaline rocks have been reported to 

date in Uruguay. 

Recent studies have demonstrated the occurrence of mafic subvolcanic rocks 

that crosscut the basaltic pile filling the Uruguayan portion of the PB, classified 

as Ne-tephrites by Olivera (2019) and Muzio et al. (2019).  

This study aims to present the main petrological features of the youngest and first 

reported SiO2-undersaturated alkaline magmatism found in Uruguay, in the 

extreme southernmost region of the PB. 



      

 

Figure 1 – Simplified geological map of the Paraná Basin, with the regional location of the Paraná 

Magmatic Province and the main alkaline provinces close to Uruguay (modified after Piccirillo et 

al.,1988; Renner et al., 2011). 

 

2. GEOLOGIC FRAMEWORK 

The northwestern region of Uruguay is geologically underlain by the southern 

portion of the PB (Cordani et al., 1984), which is locally known as the Norte Basin 

(NB, Ucha and de Santa Ana, 1994; Figure 2a). The sedimentary pile comprises 



Devonian to Late Cretaceous sedimentary sequences intercalated with Early 

Cretaceous rocks related to the PMP. More than 40,000 km2 of lava flows are 

well exposed in this basin, as well as part of the related mafic intrusions (Muzio 

et al., 2017). The volcanic sedimentary rock package corresponds to the 

Gondwana III super sequence (Milani et al., 2007) and is represented by the 

Tacuarembó Formation (Bossi, 1966) and PMP-related volcanic and intrusive 

units. The Tacuarembó Formation comprises fluvial and aeolian sandstones of 

the Late Jurassic–Early Cretaceous age, and is correlated with the Botucatú 

Formation (Almeida, 1954; Salamuni and Bigarella, 1967) in Brazil. The 

magmatism of basaltic composition and tholeiitic nature is represented by the 

lava flows of the Arapey Formation (Bossi, 1966), and the related mafic intrusive 

bodies (dikes and sills) included in the Cuaró Formation (Preciozzi et al., 1985). 

These volcanic and mafic intrusive units correlate with those of the Serra Geral 

Formation of the PMP (Peate, 1997).  

The studies conducted by Soto (2014) near the Pepe Núñez region (East Salto 

Department, Uruguay, Figure 2) suggested the presence of “infrequent mafic 

lithotypes,” which were interpreted as possible volcanic necks or conduits. 

Subsequent studies, comprising detailed petrographic sampling and 

geochemistry (Olivera, 2019; Muzio et al., 2019), along with the data presented 

in this study, help to confirm the occurrence of a different magmatic event from 

that recognized for the PMP basalts. The study area in the present work is located 

490 km northwest from Montevideo (Figure 2b).  

 

 



 

Figure 2 – (a) Location map with the main structural framework and (b) simplified geological map 

of the study region, northwestern Uruguay (Olivera, 2019).  

 

The rocks of interest crop out of the basalts of the Arapey Formation, and partially 

out of the sandstones of the Tacuarembó Formation. Owing to soil coverage, no 

thermal features were observed in the surrounding basalts or sandstones. They 

make up three rounded to elliptical hills locally named Bonito, La Virgen, and 

Picazo (Figure 2b), with a mean height of approximately 300 m above sea level 

and maximum dimensions for their major axis or diameters of approximately 500 

m, exhibiting a marked columnar disjunction. All the rocks are dark black and 

exhibit an aphanitic hypocrystalline texture that is occasionally porphyritic with 

pyroxene (augite) and Mg-rich olivine macrocrysts/xenocrysts (less than 10% in 

content, with a mean size of 3 mm). The groundmass was composed of olivine, 

augite, nepheline, and opaque minerals (predominatly ulvospinel and pyrite). 

Qualitative compositional estimations have also been assessed using scanning 



electron microscopy–energy-dispersive spectroscopy, particularly for nepheline 

and opaque minerals (Olivera and Muzio, 2019). No other internal textural 

variations were observed in any of the hills, which allowed the separation of the 

petrographic facies.  

 

3. METHODOLOGY 

Two samples (Table 1) were dated using K–Ar (whole rock) at ACTLABS 

Laboratories (Ontario, Canada). For the analysis, aliquots of the samples were 

weighed into Al containers, loaded into the sample system of the extraction unit, 

and degassed at approximately 100C for 2 days to remove the surface gases. 

Ar was extracted from the samples in a double-vacuum furnace at 1700C. The 

radiogenic Ar content was determined twice on an MI-1201 IG mass spectrometer 

using the isotope dilution method with 38Ar, which was spiked into the sample 

system prior to each extraction. The extracted gases were cleaned in a two-step 

purification system, and then, pure Ar was introduced into a custom-built 

magnetic sector mass spectrometer (Reinolds type). The K content was 

determined via flame photometry using an FPA-01 spectrometer. 

The tests were performed twice for each sample to ensure consistency of the 

results. The final values provided by ACTLABS in Table 1 represent the average 

values for each sample. Two globally accepted standards (P-207 muscovite and 

1/65 “Asia” rhyolite matrix) were used for 38Ar spike calibration. For the age 

calculations, the international values of the constants were used as follows: λK = 

0.581 × 10−10y−1, λβ- = 4.962 × 10−10y−1, and 40K = 0.01167 (аt.%). 

 

Table 1 – Results of K-Ar dating (whole rock). 

Sample Location latitude longitude %K ± σ 40Ar rad (ng/g) %40Ar air Age (My) error 2σ
CV04 La Virgen hill  31°23'47.05"S  56°23'6.44"W 1.24 ± 0.02 5.58 ± 0.08 47.6 63.7 2.5

CB10 Bonito hill  31°24'46.14"S  56°23'19.06"W 0.970 ± 0.015 3.51 ± 0.02 30 51.5 1.7



Nine samples with no visible secondary alteration were selected for lithochemical 

analyses. All the samples were carefully cleaned, crushed, and pulverized at the 

Instituto de Ciencias Geológicas (Montevideo). Major and trace elements were 

analyzed by the ACME-Bureau Veritas Laboratories (Vancouver, Canada), 

following the LF-202 Litho-Research package methodology. Ba, Sr, Y, Sc, Zr, V, 

and Be were analyzed using inductively coupled plasma atomic emission 

spectrometry (ICP-AES). Trace elements (including REE) were determined via 

ICP mass spectrometry (ICP-MS). The analytical protocol at the ACME 

Laboratory included an analysis of the reference material STD-SO-19. All the 

lithochemical and isotope data were processed using the GCDkit 6.0 software 

(Janousek et al., 2006). The whole-rock analyses were recalculated to 100% on 

an anhydrous basis and are presented in Table 2. 



 

 

Table 2 – Geochemical data for the Ne-tephrites from northwestern Uruguay.  

References: CV – La Virgen hill; CP – Picazo hill and, CB – Bonito hill. 

 



The Nd–Sr–Pb isotopic analyses of six freshly selected samples were conducted 

at the Geochronological Research Center (CPGeo-USP) at the University of São 

Paulo, Brazil. All the interpreted isotopic data and locations of the samples are 

listed in Table 3. The Nd analysis was conducted using an ICP-MS Thermo-

Neptune mass spectrometer. 

 

Sample latitude longitude 87Sr/86Sr(0) error (2σ) 87Sr/86Sr(i)  

CP - 03 31°23´40.32S 56°21´13.69W 0.70453 0.000021 0.70406  

CP - 07 31°23´37.90S 56°21´15.72W 0.70424 0.000015 0.70403  

CV - 04b 31°23´47.05S 56°23´6.44W 0.70416 0.000020 0.70443  

CV - 06 31°23´49.97S 56°23´0.01W 0.70412 0.000024 0.70414  

CB - 06 31°24´42.81S 56°23´15.59W 0.70409 0.000017 0.70398  

CB - 09 31°24´44.39S 56°23´18.52W 0.70403 0.000018 0.70397  

       

Sample 143Nd/144Nd(0) error (2σ) εNd(0) εNd(i) 143Nd/144Nd(i) TDM 

CP - 03 0.512635 0.000005 -0.05805986 0.600000 0.512594 0.740 

CP - 07 0.512634 0.000006 -0.07444574 0.970000 0.512614 0.693 

CV - 04b 0.512637 0.000006 -0.01904587 0.560000 0.512592 0.741 

CV - 06 0.512655 0.000005 0.322326578 0.590000 0.512594 0.694 

CB - 06 0.512665 0.000005 0.526759908 1.140000 0.512622 0.702 

CB - 09 0.512660 0.000005 0.429029852 1.100000 0.512620 0.661 

       

Sample 206Pb/204Pb error (2σ) 207Pb/204Pb error (2σ) 208Pb/204Pb error (2σ) 
CP - 03 18.315 0.005241 15.505 0.004665 38.500 0.011023 

CP - 07 18.364 0.008052 15.506 0.007656 38.507 0.022197 

CV - 04b 18.495 0.005996 15.519 0.006309 38.603 0.018973 

CV - 06 18.448 0.007302 15.517 0.006413 38.555 0.016176 

CB - 06 18.718 0.005287 15.527 0.004494 38.548 0.011653 

CB - 09 18.733 0.007646 15.527 0.008122 38.550 0.022055 
 

Table 3 – Sr - Nd – Pb isotopic compositions for the Ne-tephrites from northwestern Uruguay. 

Initial ratios for Sr, Nd and epsilon values were calculated to a mean age of 57.6 Ma. References: 

CV – La Virgen hill; CP – Picazo hill and, CB – Bonito hill.  

 

The isotopic ratios of 143Nd/144Nd (measured as Nd+) were normalized to 

146Nd/144Nd = 0.7219 (De Paolo, 1981), and the 143Nd/144Nd average for the JNDi-



1 standard was 0.512102 ± 0.000003 (2σ). The εNd(0) parameter corresponds to 

the actual value (t = 0) and was calculated according to the equation: εNd(0) = 

{[(143Nd/144Nd)a.m.u./0.512638]−1} × 1 × 104, where 143Nd/144NdCHUR = 0.512638 

(Hamilton et al., 1983). The analytical blanks were approximately 202 pg. 

The Sr isotope analyses were conducted using TIMS-Thermo Triton equipment. 

The 87Sr/86Sr isotopic ratios were normalized to 86Sr/88Sr = 0.1194, with analytical 

blanks of 178 pg. The mean value used to determine the 87Sr/86Sr ratio was the 

NBS-987 pattern of 0.710248 ± 0.000016 (2σ), which corresponds to June 2017 

to May 2018. 

The Pb isotopic determinations were performed using a TIMS–Finnigan MAT 262 

equipment. The isotopic ratios were corrected for 0.12%/a.m.u. mass 

fractionation (207Pb/204Pb ratio) and 0.13%/a.m.u. mass fractionation (206Pb/204Pb 

and 208Pb/204Pb ratios). The mean values used for the isotopic ratios of the NBS-

981 standard were 206Pb/204Pb = 16.891 ± 0.005, 207Pb/204Pb = 15.429 ± 0.007, 

and 208Pb/204Pb = 36.503 ± 0.022. The blanks used during the Pb analysis were 

approximately 100 pg. 

4. RESULTS 

4.1. K–Ar geochronology 

The analytical data from the K–Ar dating (whole rock) are presented in Table 1. 

Two samples were dated (CV-04 and CB-010 from Virgen Hill and Bonito Hill, 

respectively; see Figure 2). The ages obtained (63.7 ± 2.5 and 51.5 ± 1.7 Ma) are 

the first documented dates for magmatic activity during the Cenozoic (Paleocene-

Early Eocene), both in the Norte Basin and for all of Uruguay. 

4.2. Lithogeochemistry 



Chemical data of the analyzed samples and corresponding location are given in 

Table 2.  

The samples present the following chemical compositions: SiO2 ranging from 

40.83 to 44.26 wt %, TiO2 from 2.20 to 2.57 wt%, Al2O3 from 12.64 to 13.05 wt%, 

Fe2O3 from 13.00 to 14.03 wt%, MgO from 7.96 to 8.82 wt. %, CaO from 11.85 

to 13.01 wt%, Na2O from 3.45 to 5.11 wt%, K2O from 0.98 to 2.01 wt%, and P2O5 

from 1.49 to 1.80 wt%. The Mg# varies from 0.53 to 0.56.  

According to the classification diagram presented by Le Bas et al. (1986), all the 

samples lie in the basanite–tephrite field (Figure 3). Based on the normative 

olivine content (less than 10%; following Le Maître, 2002), and on previous 

studies developed by Olivera (2019), the samples classify as Ne-tephrites. 

                           

Figure 3 – Classification diagram for the Ne-tephrites, according to Le Bas et al. (1986).  

 

Because this is the first documented report of Cenozoic SiO2-subsaturated 

alkaline rocks in Uruguay, we compared the chemical data with nearby alkaline 

complexes of similar ages. Therefore, available data from the Piratini (Late 

Cretaceous), and Asunción (Eocene) provinces, were considered.  



The sodic affinity of the Ne-tephrites is presented in the K2O vs. Na2O 

classification diagram (Figure 4), sharing not only the sodic nature but also the 

rank of ages with the sodic alkaline rocks of the Asunción Province. These 

alkaline rocks from Paraguay are spatially near those of the present study and 

exhibit similar chemical features and ages, which are restricted to a time window 

between 66 and 33 Ma (Chiaramonti et al., 1997; Comin-Chiaramonti et al., 

2007b; Comin-Chiaramonti et al., 2013). Hereafter, we continue to use the 

chemical data to compare the Ne-tephrites with the Paraguayan sodic alkaline 

rocks. 

                                           

Figure 4 – Classification diagram for the Ne-tephrites, according to the distribution of K2O vs. 

Na2O (Middlemost, 1975). The shaded areas represent average values for the Na-alkaline rocks 

of Asunción (Eocene) and Piratini Provinces (Late Cretaceous); taken from Comin-Chiaramonti 

et al. (1991); Comin-Chiaramonti et al. (2013) and da Silva (2018). 

 

The Ne-tephrites are enriched in large-ion lithophile elements and high field 

strength elements in the multielement diagram compared with the primitive 

mantle (Figure 5a; Sun and McDonough, 1989). Negative K and Ti anomalies 

were clearly observed, coupled with positive peaks of Ba, U, Ta, La, P, and Zr. 

Furthermore, in Figure 5b, a mild enrichment in light rare earth elements (LREE) 



(La/LuN = 23.12–28.81) is observed, with ΣREE = 347.34–390.90, normalized to 

chondrite values (Boyton, 1984). A range of values of incompatible elements with 

respect to the primitive mantle is expected for rocks with alkaline affinity.  

 

           

Figure 5 – Multielement diagram and REE patterns for the Ne-tephrites normalized according to 

(a) Primitive mantle (Sun and Mc Donough, 1989); (b) Chondrite (Boynton, 1984). The shaded 

areas in green represent average values for the Na-alkaline rocks of Asunción, taken from Comin-

Chiaramonti et al. (1991); Comin-Chiaramonti et al. (2013).   

 

Eu anomalies are not observed for the Ne-tephrites, which present values 

between 0.98 and 1.03 (Eu/Eu*= EuN/[SmN x GdN]0.5). As shown in Figure 6, the 

Ne-tephrites lie within the mantle array at values corresponding to MORB-OIB 

sources, suggesting an enriched source for the genesis of this magma and 



reinforcing the geochemical signature defined by the incompatible element 

pattern. 

 

Figure 6 –(a) Th/Yb vs. Nb/Yb and (b) TiO2 vs. Nb/Yb incompatible element ratio diagrams for 

the Ne-tephrites, after Pearce (2008). 

4.3. Isotope geochemistry 

The analytical results obtained for Sr, Nd, and Pb are presented in Table 3 and 

Figures 7–9. The initial 87Sr/86Sr and 143Nd/144Nd ratios were calculated to an age 

of 57.6 Ma (mean age value). 

The initial values of the 87Sr/86Sr and 143Nd/144Nd ratios ranged from 0.70398 to 

0.70443 and 0.512592 to 0.512622, respectively. The epsilon neodymium values 

range from +0.56 to +1.14, with TDM ages between 661 and 741 Ma. According 

to the diagram presented in Figure 7, all the samples lie in the DM - PREMA array 



(Stracke, 2012). The isotopic data closely resembles to the source of the coeval 

sodic alkaline rocks from Paraguay (area in green).  

                                     

Figure 7 – Initial 87Sr/86Sr vs. 143Nd/144Nd diagram for the Ne-tephrites from Uruguay, modified 

after De Paolo and Wasserburg (1979) and Zindler and Hart (1986). The shaded area in green 

represents average values for contemporary sodic alkaline rocks from Paraguay (taken from 

Gomes et al., 2013). References: MORB: Mid Ocean Ridge Basalts, DM: Depleted Mantle, MA-

OIB: Mantle Array- Ocean Island Basalts, BSE: Bulk Silicate Earth, HIMU: High µ mantle 

component (µ=238U/204U), EM (I, II): Enriched Mantle. 

 

The present-day Pb isotope compositions ranged from 18.315 to 18.733 for 

206Pb/204Pb, 15.505 to 15.527 for 207Pb/204Pb, and 38.500 to 38.603 for 

208Pb/204Pb (Figure 8). 

In both the 206Pb/204Pb vs. 87Sr/86Sr and 206Pb/204Pb vs. 143Nd/144Nd diagrams 

(Figure 9), the studied rocks exhibit similar behaviors and lie close to the 

PREMA/BSE mantle reservoir field. 

 



                             

Figure 8 – (a) 207Pb/204Pb vs. 206Pb/204Pb and (b) 208Pb/204Pb vs. 206Pb/204Pb isotope compositions 

for the Ne-tephrites compared to mantle components (Zindler and Hart, 1986). NHRL – Northern 

Hemisphere Reference Line (Hart, 1984). The shaded area in green represents average values 

for contemporary sodic alkaline rocks from Paraguay (taken from Gomes et al., 2013). 

References: MORB: Mid Ocean Ridge Basalts, DM: Depleted Mantle, BSE: Bulk Silicate Earth, 

PREMA: Prevalent Mantle, EM (I, II): Enriched Mantle. 



                         

Figure 9 – (a) 87Sr/86Sr(i) vs. 206Pb/204Pb and (b)143Nd/144Nd(i) vs. 206Pb/204Pb isotope compositions 

for the Ne-tephrites compared to the fields of mantle components (Zindler and Hart, 1986). The 

shaded area in green represents average values for contemporary sodic alkaline rocks from 

Paraguay (taken from Gomes et al., 2013). References: MORB: Mid Ocean Ridge Basalts, DM: 

Depleted Mantle, BSE: Bulk Silicate Earth, PREMA: Prevalent Mantle, EM (I, II): Enriched Mantle, 

HIMU: High µ mantle component (µ=238U/204U). 

5. DISCUSSION 

The ultramafic Na-alkaline rocks found in northwestern Uruguay, described 

herein, are restricted in composition to Ne-tephrites, indicating no evidence of 

magmatic differentiation processes. One diagnostic feature of the multielement 



diagram normalized to chondrite (Figure 5a) is the negative K anomaly. Late 

Cretaceous to Tertiary sodic alkaline rocks generally differ from other alkaline 

rocks because of the presence of a strong negative anomaly of K, and positive 

anomalies of Nb, P, and Y (Antonini et al. (2005). According to Comin-

Chiaramonti et al. (1997), this anomaly can be explained by the residual phase 

of phlogopite in the mantle source.  

Other chemical features, such as the enrichment the of Ba, U, and La, and HFS 

elements, such as Zr, Ta and Nb, are common in rocks derived from alkaline 

magmas. 

Diagrams combining the isotopes and major and trace element data were used 

to discuss the possible processes that occurred during the ascent and 

crystallization of the Na-alkaline magma, as demonstrated in Figure 10. As shown 

in Figures 10a and 10b, all the samples exhibit Fractional Crystallization (FC) 

trends. In addition, a P2O5/K2O vs. ƐSr(i) diagram was used (Figure 10c). 

Depending on the P2O5/K2O ratio, mantle-derived rocks typically exhibit high 

ratios, that are greater than 0.1 (Carlson and Hart, 1987; Hart et al., 1997). The 

FC trend and values above 0.5, together with the Rb/Ba ratios between 0.05 and 

0.09, indicate that they have undergone no significant crustal contamination 

(Rudnick and Fountain, 1995).  

All samples had a SiO2-subsaturated alkaline characteristic that can be related 

to an OIB-like mantle source. The isotopic signatures (such as low radiogenic 

206Pb/204Pb and low values of 87Sr/86Sr(i)) point to an enriched mantle source, 

similar to the PREMA or BSE mantle components, following the DM-PREMA 

array field (Figure 7 and 9). Considering that the samples lack crustal 

contamination, the Sr(i) and Nd(i) compositions of the Ne-tephrites may be 



preserved and considered as representative of the isotopic composition of the 

mantle source.  

                             

Figure 10 – Indicative diagrams to evaluate crustal contamination. (a) Ba/Yb vs. 87Sr/86Sr(i) from 

Wilson (1989); (b) 87Sr/86Sr(i) vs. SiO2 (wt%) and (c) 87Sr/86Sr(i) vs. P2O5/K2O (wt%). 

 



Rocks of nearby ages and alkaline signatures have been reported in Brazil and 

Paraguay (e.g., Velázquez et al., 2006; Gomes et al., 2013). Particularly, the 

youngest Na-alkaline rocks from eastern Paraguay display an isotopic signature 

between the EMI and HIMU mantle components (Gomes et al., 2013), as the 

Uruguayan Ne-tephrites (Figure 7), or related to other mantle end members 

(Figures 8 – 9). As suggested by some authors (Comin-Chiaramonti et al., 1997; 

1999; Velázquez et al., 2006), the presence of multiple sublithospheric mantle 

heterogeneities can be attributed to metasomatic processes that probably 

affected the mantle source from the Meso- to Neoproterozoic times. The origin 

for the mantle metasomatism that affected the southeastern South American 

Platform discussed by  Azzone et al. (2018), could be assigned either to the 

infiltration of fluids related to subduction-driven processes involved in the 

agglutination of Gondwana in the Neoproterozoic (e.g. Heilbron and Machado, 

2003; Ruberti et al., 2012), or to low melting rates of the asthenospheric mantle 

in an extensional environment related to the break-up of that supercontinent 

along the Mesozoic (Almeida, 1983; Comin- Chiaramonti and Gomes, 2005b). 

Evidence of metasomatism is present on the petrography of the alkaline 

Paraguayan rocks and their xenoliths, as well as in their geochemical and isotopic 

composition (Comin-Chiaramonti et al., 2009).  

Also, metasomatic events have been suggested for the Paleoproterozoic to 

Neoproterozoic times as precursors to the alkaline and tholeiitic magmas in the 

Paraná-Angola-Etendeka system (Comin-Chiaramonti and Gomes, 2005b; 

Antonini et al., 2005; Comin-Chiaramonti et al., 2007a). Furthermore, the 

Uruguayan tholeiitic mafic intrusions related to the PMP, and distributed in the 

NB as dikes and sills reflect contributions from recycled sediments from a 



stagnant slab beneath South America during Parana volcanism (Muzio et al., 

2017).  

However, the presence of mantle heterogeneities or end-members can be 

associated in space as a function of various protoliths (Comin-Chiaramonti et al., 

2007b). According to Ferreira et al. (2022), the local mantle composition, depth, 

and crustal extension ratios determined the magma composition during the 

Gondwana break-up and subsequent scattering. Consequently, they concluded 

that this event played a prominent role in the melting processes of the 

metasomatized mantle during the Mesozoic-Paleogene period in South America.  

Considering the TDM ages from 0.741 to 0.661 Ma and ƐNdi in the range of +0.56 

to +1.14 and the preliminary chemical and isotopic data presented here, we can 

assume that the sublithospheric mantle enrichment could correspond to both 

local metasomatism inherited from the Gondwana amalgamation and the 

Gondwana break-up event. In the latter case, magma mixing due to 

decompression could have occurred, involving end-member mantle components 

(Stracke, 2012) from an enriched mantle source. 

 

6. CONCLUSIONS 

 The evidence collected from field studies, lithogeochemistry, and 

geochronologic data points to an unrevealed alkaline SiO2-undersaturated 

magmatic event in the northwestern region of Uruguay, particularly for the 

southern extreme of the PB. 

 The geochemical and Sr-Nd-Pb isotopic data of the Ne-tephrites from 

northwestern Uruguay reinforce previous studies, ruling out a significant 



participation of OIB-like mantle components in their genesis, with the 

possible involvement of metasomatic processes. 

 These Ne-tephrites present geochemical and isotopic features similar to 

those of Cenozoic sodic alkaline magmatism in eastern Paraguay. 

 New studies are underway to study new discoveries of these rocks, 

integrating the petrological and structural data to understand the 

geodynamic framework. 
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FIGURE CAPTIONS 

Figure 1 – Simplified geological map of the Paraná Basin, with the regional 

location of the Paraná Magmatic Province (modified after Piccirillo et al., 1988; 

Renner et al., 2011). 

Figure 2 – (a) Location map with the main structural framework and (b) simplified 

geological map of the study region, northwestern Uruguay (Olivera, 2019). 

Figure 3 – Classification diagram for the Ne-tephrites, according to Le Bas et al. 

(1986). 

Figure 4 – Classification diagram for the Ne-tephrites, according to the distribution 

of K2O vs. Na2O (Middlemost, 1975). The shaded areas represent average 

values for the Na-alkaline rocks of Asunción (Eocene) and Piratini Provinces 

(Late Cretaceous); taken from Comin-Chiaramonti et al. (1991); Comin-

Chiaramonti et al. (2013) and da Silva (2018). 

Figure 5 – Multielement diagram and REE patterns for the Ne-tephrites 

normalized according to (a) Primitive mantle (Sun and Mc Donough, 1989); (b) 

Chondrite (Boynton, 1984). The shaded areas in green represent average values 

for the Na-alkaline rocks of Asunción, taken from Comin-Chiaramonti et al. 

(1991); Comin-Chiaramonti et al. (2013).   

Figure 6 - (a) Th/Yb vs. Nb/Yb and (b) TiO2 vs. Nb/Yb incompatible element ratio 

diagrams for the Ne-tephrites, after Pearce (2008).  

Figure 7 – Initial 87Sr/86Sr vs. 143Nd/144Nd diagram for the Ne-tephrites from 

Uruguay, modified after De Paolo and Wasserburg (1979) and Zindler and Hart 

(1986). The shaded area in green represents average values for contemporary 

sodic alkaline rocks from Paraguay (taken from Gomes et al., 2013). References: 

MORB: Mid Ocean Ridge Basalts, DM: Depleted Mantle, MA-OIB: Mantle Array- 



Ocean Island Basalts, BSE: Bulk Silicate Earth, HIMU: High µ mantle component 

(µ=238U/204U), EM (I, II): Enriched Mantle. 

Figure 8 – (a) 207Pb/204Pb vs. 206Pb/204Pb and (b) 208Pb/204Pb vs. 206Pb/204Pb 

isotope compositions for the Ne-tephrites compared to mantle components 

(Zindler and Hart, 1986). NHRL – Northern Hemisphere Reference Line (Hart, 

1984). The shaded area in green represents average values for contemporary 

sodic alkaline rocks from Paraguay (taken from Gomes et al., 2013). References: 

MORB: Mid Ocean Ridge Basalts, DM: Depleted Mantle, BSE: Bulk Silicate 

Earth, PREMA: Prevalent Mantle, EM (I, II): Enriched Mantle. 

Figure 9 – (a) 87Sr/86Sr(i) vs. 206Pb/204Pb and (b)143Nd/144Nd(i) vs. 206Pb/204Pb 

isotope compositions for the Ne-tephrites compared to the fields of mantle 

components (Zindler and Hart, 1986). The shaded area in green represents 

average values for contemporary sodic alkaline rocks from Paraguay (taken from 

Gomes et al., 2013). References: MORB: Mid Ocean Ridge Basalts, DM: 

Depleted Mantle, BSE: Bulk Silicate Earth, PREMA: Prevalent Mantle, EM (I, II): 

Enriched Mantle, HIMU: High µ mantle component (µ=238U/204U). 

Figure 10 – Indicative diagrams to evaluate crustal contamination. (a) Ba/Yb vs. 

87Sr/86Sr(i) from Wilson (1989); (b) 87Sr/86Sr(i) vs. SiO2 (wt%) and (c) 87Sr/86Sr(i) vs. 

P2O5/K2O (wt%). 

Table Captions 

Table 1 – Results of K-Ar dating (whole rock).  

Table 2 – Geochemical data for the Ne-tephrites from northwestern Uruguay. 

Table 3 – Sr - Nd – Pb isotopic compositions for the Ne-tephrites from 

northwestern Uruguay. Initial ratios for Sr, Nd and epsilon values were calculated 

to a mean age of 57.6 Ma.  


