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Abstract  

We investigate the expression of the Middle Darriwilian isotope carbon excursion 

(MDICE) across marine shelf environments in the Argentine Precordillera. Previous work 

identified the MDICE in the Las Chacritas Formation in Argentina, but did not recognize the 

expression of the MDICE in time-equivalent strata of the deeper-water Las Aguaditas Formation 

(Albanesi et al., 2013; Palaeogeography, Palaeoclimatology, Palaeoecology, v. 398, p. 48–66). 

Recent biostratigraphic investigations of these units have, for the first time, provided the 

opportunity for high-resolution correlation, which suggest that the MDICE, or at least the 

initiation of the MDICE, should be observed in both the Las Chacritas and Las Aguaditas 

formations. Here we present new paired carbon isotope data of carbonate and organic carbon 

from the Las Chacritas and Las Aguaditas formations. We identify a 2 ‰ positive shift in the 
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isotopic composition of marine carbonate in the Las Chacritas Formation, whereas values 

abruptly fall to < −1 ‰ in equivalent strata of the Las Aguaditas Formation. This is the first 

record of divergence from the globally recognized MDICE event. There are also small, yet 

distinct differences in the isotopic composition of marine organic matter between these two 

sections. We suggest that the divergent C-isotope trends of carbonate in the Las Chacritas and 

Las Aguaditas formations represent deposition in fundamentally different parts of the water 

column — above and below the marine chemocline, respectively — during the MDICE interval. 

This interpretation is consistent with data from the Las Aguaditas Formation that shows elevated 

Mn and Fe concentrations in carbonate phases with little evidence for recrystallization, and with 

a growing consensus for regionally anoxic conditions for the Middle Ordovician. Our data 

indicate that redox gradients can play a critical role in the behavior of marine carbon isotope 

excursions.  

 

Keywords: Carbon isotopes; Chemostratigraphy; MDICE; Precordillera; Darriwilian 
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1. Introduction 

 The carbon isotope record of marine carbonate minerals has become a widely used 

geochemical tool for correlating stratigraphic sections (cf. Berger and Vincent, 1981; Saltzman 

and Thomas, 2012; Kah et al., 2012; Azmy et al., 2014). Because dissolved inorganic carbon 

(DIC) in surface oceans has a relatively short residence time relative to oceanic mixing, high 

resolution stratigraphic signatures may be resolved. Globally recognized excursions in the carbon 

isotope composition of marine carbonate minerals thus allow for chemostratigraphic correlation 

among geographically disparate sections, even in the absence of biostratigraphic control 

(Halverson et al., 2005).  

Marine carbonate rocks of the Ordovician are bracketed by large (+5 ‰ to +7 ‰) 

perturbations in the isotopic composition of marine DIC including the late Cambrian Steptoean 

positive carbon isotope excursion (SPICE; Saltzman et al., 1998) and the late Ordovician Katian 

(Saltzman and Young, 2005) and Hirnantian carbon isotope excursions (HICE; Brenchley et al., 

1994; Finney et al., 1999). These large-scale perturbations have been associated with episodes of 

climatic cooling, enhanced ocean circulation, and elevated organic productivity (Saltzman, 

2005). Between these periods of isotopic volatility, stability in marine carbon isotopes is 

hypothesized to result from generally sluggish circulation and reduced organic productivity 

driven by greenhouse climates. Such periods of enhanced stability are recognized by only small-

magnitude isotope excursions (to approximately +2 ‰), such as the Middle Darriwilian isotope 

carbon excursion (MDICE).  

 The MDICE was first recognized in Baltoscandia (Ainsaar et al., 2004; Meidla et al., 

2004; Martma, 2005; Ainsaar et al., 2007; Kaljo et al., 2007; Calner et al., 2014), and later 

recognized in equivalent-aged strata in China (Schmitz et al., 2010; Zhang et al., 2010; Kah et 
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al., 2016), North America (Leslie et al., 2011; Thompson et al., 2012; Young et al., 2016), and in 

the Precordillera of Argentina (Thompson et al., 2012; Albanesi et al., 2013), making it one of 

the most widely recognized Ordovician excursions. The MDICE is characterized by a near 

monotonic rise of carbon isotope compositions from approximately −2 ‰ during the Dapingian 

to values > +1 ‰ during the middle Darriwilian. Although relatively small in magnitude, the 

MDICE broadly coincides in time with an inferred decrease in ocean temperatures prior to the 

Hirnantian glaciation (Trotter et al., 2008) and potential deep-water ventilation (Thompson et al., 

2012; Marenco et al., 2013; Kah et al., 2016), both of which suggest that fundamental changes in 

the behavior of the oceans may have participated in the Great Ordovician Biodiversification 

Event (GOBE; Webby et al., 2004; Harper et al., 2006; Servais et al., 2010; Rasmussen et al., 

2016). The behavior of the MDICE across a variety of environments may therefore provide an 

additional constraint on the physical and chemical behavior of marine systems at this time. 

Recent revisions to the biostratigraphy of Darriwilian carbonate successions in the 

Argentine Precordillera (Serra et al., 2015; Feltes et al., 2016) suggest that the MDICE, or at 

least its initiation, should occur in the upper Eoplacognathus pseudoplanus and lower 

Eoplacognathus suecicus conodont biozones of the Las Chacritas and Las Aguaditas formations, 

whose facies represent distinct environments on a deepening marine shelf. Here we use recent 

biostratigraphic correlations to explore the relationships between C-isotope records of carbonate 

and organic matter during the middle Darriwilian within time-equivalent, yet distinct, 

depositional environments. This is the first study to use paired C-isotopes record of carbonate 

and organic carbon to evaluate the expression of the MDICE across time correlative units and 

distinct depositional environments, and will further our understanding of potential marine 

conditions at this critical interval in Earth history. 
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2. Geologic setting and age 

2.1 The Argentine Precordillera 

The Precordillera is the remnant of an independent microcontinent terrane that rifted from 

the southeast margin of Laurentia in the early Cambrian (ca. 530–539 Ma; Thomas et al., 2001), 

and migrated across the Iapetus ocean before docking with Gondwana during the Late 

Ordovician (Ramos et al., 1986; Astini et al., 1995; Thomas and Astini, 1996; Astini and 

Thomas, 1999; Thomas et al., 2002; Thomas, 2011). Although the paleogeographic location of 

the Precordillera through this interval is not well constrained (Fig. 1; Cocks and Torsvik, 2002); 

migration of the Precordilleran microcontinent across the Iapetus Ocean is inferred from a 

decrease in fauna with Laurentian affinity through the Tremadocian and an increase in biotic 

exchange with Baltica and Gondwana during the Darriwilian and Sandbian (Harper et al., 1996; 

Benedetto, 2004; Benedetto et al., 2009). Proximity of the Precordillera terrane to the 

Gondwanan margin by the Dapingian (Thompson et al., 2012) is confirmed by the presence of 

bentonite deposits that are associated with volcanism in the Famatina arc province (Astini et al., 

1995; Huff et al., 1995; Huff et al., 1997; Huff et al., 1998; Pankhurst et al., 2000; Fanning et al., 

2004). 

Within the Precordillera, more than 2500 m of Cambrian to Ordovician strata are exposed 

in a series of North–South trending thrust sheets that comprise the Andean foothills between 28˚ 

and 33˚ S (Fig. 2; Ramos et al., 1986; Astini et al., 1995; Keller, 1999). The region is subdivided 

into the eastern and western tectofacies, which record carbonate, evaporite, and siliciclastic 

deposition in marine shelf and slope environments (Astini et al., 1995). Little deformed and 

unmetamorphosed strata of the eastern tectofacies record a transition from passive margin 
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carbonate deposition to siliciclastic deposition associated with the development of a foreland 

basin inboard of the Precordillera terrane (Astini et al., 1995). Deeper-water facies of the western 

tectofacies are more strongly deformed, and were subjected to low-grade metamorphism during 

regional shortening (Allmendinger et al., 1990; Zapata and Allmendinger, 1996; Alvarez-Marron 

et al., 2006; Allmendinger and Judge, 2014). 

 

2.2. Middle Ordovician strata 

Relatively undeformed Early and Middle Ordovician strata are exposed within the 

Niquivil thrust sheet in San Juan Province, Argentina (von Gosen, 1997). Strata include the 

Tremadocian La Silla Formation, the Floian–Darriwilian San Juan Formation, and the 

Darriwilian–Sandbian Las Chacritas, Las Aguaditas, and Gualcamayo formations. The transition 

to Middle Ordovician (Dapingian) strata occurs in the San Juan Formation, which records the 

transition from shallow subtidal carbonate deposition to storm-dominated subtidal deposits 

(Cañas, 2003). The contact between the San Juan Formation and overlying strata of the Las 

Chacritas, Las Aguaditas, and Gualcamayo formations is marked by a transition to deeper-water, 

siliciclastic-rich to siliciclastic-dominated facies (Astini, 1995b; Carrera and Astini, 1998). This 

transition is time-transgressive (Astini, 1995a), reflecting differential subsidence as the 

Precordilleran terrane converged upon Gondwana. In some places (e.g., Talacasto and Pachaco 

sections, Thompson et al., 2012), the San Juan Formation is terminated by an unconformity and 

overlain by Silurian strata. This unconformity is associated with the formation of the Talacasto-

Tambolar Arch and migration of the forebulge during the Late Ordovician, and resulted in the 

removal of late Darriwilian through early Silurian strata across much of the Precordillera (Astini 

et al., 1995). 
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Precise chronologic ages are best determined for the San Juan Formation, which contains 

abundant bentonites (Huff et al., 1995). The most recent determination of dates from the San 

Juan Formation range from 473.45 ± 0.70 Ma to 469.53 ± 0.62 Ma (U-Pbzircon; Thompson et al., 

2012), which is consistent with earlier analyses that yielded dates of 470 ± 3.3 Ma to 469 ± 3.2 

Ma (Fanning et al., 2004). As noted previously, the upper San Juan Formation is diachronous 

and, in places, is truncated by an unconformity. These Dapingian ages therefore do not distinctly 

define the age of the uppermost San Juan Formation. There are no current geochronological 

dates to precisely constrain the age of overlying Las Chacritas, Las Aguaditas, and Gualcamayo 

formations. 

 

2.2.1. Las Chacritas Formation  

 For this study, the Las Chacritas Formation was investigated in the northern La Trampa 

Range along the Las Chacritas River, approximately 37 km south of San Jose de Jáchal, San Juan 

Province, Argentina (30°33'39.06" S, 68°51'49.62" W; Fig. 2). Sedimentologic and 

biostratigraphic relationships at the Las Chacritas River section have been previously reported 

(Peralta and Baldis, 1995; Carrera and Astini, 1998; Peralta et al., 1999; Heredia et al., 2005; 

Albanesi et al., 2013; Serra et al., 2015; Serra et al., 2017). The following is a summary of both 

previous investigations and current observations of the Las Chacritas River section. The Las 

Chacritas Formation is an approximately 60-m-thick succession of interbedded carbonate and 

black shale that conformably, and transitionally, overlies fossiliferous packstone, wackestone, 

and mudstone lithologies of the San Juan Formation (Keller, 1999). Strata of San Juan Formation 

vary from 5 cm to 1 m in thickness, thinning toward the top of the unit. The contact between the 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 8 

San Juan Formation and the overlying Las Chacritas Formation is marked by a hardground 

surface and the occurrence of a thin bentonite horizon.  

The Las Chacritas Formation is divided into two members; a lower member of 

fossiliferous mudstone, wackestone, and packstone and an upper member of mudstone and 

spiculitic mudstone, with a thin interval of bioclastic grainstone (Peralta et al., 1999). At the 

locality sampled for this study, the Las Chacritas Formation is approximately 65 m thick based 

on field measurement combined with conodont biostratigraphy (Serra et al., 2015). The 

formation consists of 2–10 cm thick beds of fossiliferous mudstone, wackestone, and packstone 

interbedded with < 2 cm thick partings of black shale. Higher in the section, fossiliferous 

wackestone and spiculitic mudstone beds are thinner (2–5 cm thick) with correspondingly thicker 

(> 2 cm thick) interbeds of black shale. Carrera (1997) identified sponges in the Las Chacritas 

Formation belonging to the Archaeoscyphia Biofacies which is associated with deposition below 

fair-weather wave base, but above storm wave base. The top of the Las Chacritas Formation is 

marked by a regional unconformity overlain by Sandbian calcareous and siliciclastic deposits of 

the deeper-water, middle member of the Las Aguaditas Formation (Peralta et al., 1999).  

 

2.2.2. Las Aguaditas Formation 

The Las Aguaditas Formation was investigated at its type section along Las Aguaditas 

Creek in the Los Blanquitos Range, approximately 10 km to the southwest of San Jose de Jáchal, 

San Juan Province, Argentina (30°18'16.38" S, 68°49'13.40" W; Fig. 2). The following is a 

summary of previous (Keller et al., 1993; Astini, 1995b; Keller, 1999; Albanesi et al., 2013; 

Feltes et al., 2016) and current observations of the Las Aguaditas Formation. At Las Aguaditas 

Creek, the Las Aguaditas Formation conformably, and gradationally, overlies fossiliferous and 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 9 

nodular packstone, wackestone, and mudstone lithologies of the San Juan Formation (Keller et 

al., 1993). Transitional strata of the upper San Juan Formation are dominated by 5–10-cm thick 

mudstone beds, although a 20-cm-thick packstone interval was observed just below the contact 

with calcareous mudstone of the overlying Las Aguaditas Formation.  

The Las Aguaditas Formation is approximately 300 m thick, and spans Darriwilian 

through the early Sandbian time (Keller et al., 1993; Astini, 1995b; Feltes, 2017). Darriwilian-

age strata occur in the 43-meter-thick lower member, which is composed of thinly bedded (1–5 

cm) carbonate mudstone and wackestone, interbedded with prominent intervals (< 10 cm thick) 

of calcareous black shale. Limestone of the Las Aguaditas Formation contains abundant sponge 

spicules and trilobite fragments, yet lacks evidence of bioturbation. Nodular wackestone 

intervals exhibit differential cementation and dissolution associated with bioturbation on the 

seafloor (Keller et al., 1993). The interpreted depositional setting for the lower member of the 

Las Aguaditas Formation is in relatively deep water, at or below storm wave base. The top of the 

lower member of the Las Aguaditas Formation is marked by a disconformity identified by the 

abrupt appearance of Sandbian conodonts (Albanesi et al., 2013; Feltes et al., 2016). 

 

2.3. Biostratigraphic correlation of the Las Chacritas and Las Aguaditas formations 

A general chronologic framework of Ordovician strata in the Precordillera, based on 

conodont and graptolite biostratigraphy, is well established (Albanesi and Ortega, 2016). High-

resolution conodont and graptolite biostratigraphic investigations are consistent with a primarily 

Darriwilian age for the Las Chacritas and Las Aguaditas formations, and have provided a more 

detailed correlation between these two units (Figs. 3 and 4; Albanesi et al., 2013; Serra et al., 

2015; Feltes et al., 2016; Serra et al., 2017). Conodont elements are abundant in the upper San 
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Juan and Las Chacritas formations (Serra et al., 2015). In deeper water facies of the lower 

member of the Las Aguaditas Formation, relatively few conodont elements were recovered 

(Feltes et al., 2016). Conodont fauna of the Precordillera are generally dominated by tropical, 

generally shallow-water (< 200 m) assemblages in the Early Ordovician, with an increasing 

number of temperate water taxa identified in the Middle Ordovician (Albanesi and Ortega, 

2016). 

 Conodont elements recovered from limestone of the Las Chacritas and Las Aguaditas 

formations record the presence of Yangtzeplacognathus crassus, E. pseudoplanus, E. suecicus, 

and Pygodus anserinus Zones, with the Lenodus variabilis and Y. crassus Zones occurring in the 

uppermost San Juan Formation (Fig. 3). Using the chronostratigraphic correlations of Bergström 

et al. (2009) and Webby et al. (2004), lower Darriwilian conodont Zones (stage slice (SS) Dw1 

of Bergström et al., 2009 and time slice (TS) 4a of Webby et al., 2004) are identified in the L. 

variabilis Zone and correlate to the L. variabilis Zone identified in Scandinavia and China, and 

the Histiodella sinuosa Zone in North America (Albanesi and Ortega, 2016). In the sections 

investigated for this study, the top of the L. variabilis Zone was identified in the San Juan 

Formation, 3.75 m below the base of the Las Chacritas Formation and 24 m below the base of 

the Las Aguaditas Formation.  

The Y. crassus Zone, which marks the transition to the Middle Darriwilian (SS Dw2, TS 

4b) is approximately 40 m thick in the Las Chacritas Formation and 36 m thick in the Las 

Aguaditas Formation. The lower boundary of the Y. crassus Zone is marked by the presence of 

the Paroistodus horridus subzone in the Precordillera (Albanesi and Barnes, 2000). The upper 

boundary of the Y. crassus Zone is marked by the presence of Dzikodus tablepointensis in the 

Las Aguaditas Formation and the first appearance of Eoplacognathus pseudoplanus in the Las 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 11 

Chacritas Formation (Albanesi and Barnes, 2000; Albanesi et al., 2013; Serra et al., 2015; Feltes 

et al., 2016). The Y. crassus Zone correlates to strata in south China, Scandinavia, Baltica, and 

the North Atlantic (Fig. 3; cf. Serra et al., 2015).  

The base of the E. pseudoplanus Zone (SS Dw2) is identified 36 m above the base of the 

Las Chacritas Formation and extends to 58 m above the base of the unit (Serra et al., 2015). In 

the Las Aguaditas Formation, the E. pseudoplanus Zone is 24 m thick and characterized by the 

co-occurrence of D. tablepointensis. The E. pseudoplanus Zone is identified in shallow water 

environments in Baltoscandia, whereas D. tablepointensis is characteristic of deeper-water water 

environments found in China and Newfoundland (Feltes et al., 2016). The upper E. 

pseudoplanus Zone in the Precordillera is marked by the occurrence of Microzarkodina 

hagetiana and M. ozarkodella (Serra et al., 2015; Feltes et al., 2016). The E. pseudoplanus Zone 

is equivalent to the E. pseudoplanus Zone in Baltoscandia. Identification of the Histiodella 

holodenta subzone in the top of the E. pseudoplanus Zone allows for correlation to China 

(Zhang, 1998), Baltoscandia (Viira, 2011), and the uppermost Table Point Formation in the 

Table Head Group of Newfoundland (Stouge, 1984). In the Las Chacritas River section, the top 

of the E. pseudoplanus Zone is marked by the occurrence of Histiodella kristinae which typifies 

the lower subzone of the E. suecicus Zone and defines the rest of SS Dw2 in the Precordillera 

(Serra et al., 2015). The E. suecicus zone correlates to the E. suecicus Zone of Baltoscandia and 

with the H. kristinae Zone and the Periodon zgierzensis Zone of the Table Point Group of 

Western Newfoundland (Stouge, 2012; Serra et al., 2015).  

A disconformity is identified at the top of both the Las Chacritas and Las Aguaditas 

formations by the occurrence of the Sandbian conodont elements of Pygodus anserinus (SS Sa1; 

Albanesi et al., 2013; Serra et al., 2015; Feltes et al., 2016). In the Las Chacritas Formation, the 
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top of the E. suecicus (SS Dw2, TS 4b) and the P. serra (SS Dw3, TS 4C) conodont zones are 

missing. In the deeper water Las Aguaditas Formation, the top of the E. pseudoplanus, the E. 

suecicus, the P. serra, and lower subzone of the P. anserinus zones have been removed. More 

extensive removal of deeper water strata from the Las Aguaditas Formation cannot readily be 

explained by sea level fall, and has thus been attributed to forebulge migration. Emplacement of 

a tectonic load on a rigid lithosphere typically results in migration of the forebulge away from 

the tectonic load, resulting in preferential uplift and erosion of shallower water environments 

(Beaumont, 1981). Patterns of missing time in the Precordillera are attributed to forebuldge 

migration associated with oblique convergence of the northward-deepening carbonate platform 

with the Gondwanan margin that resulted in flexural uplift and differential erosion of initially 

deeper water environments (cf. Astini et al., 1995).  

 

3. Analytical methods 

3.1. Petrographic screening 

Carbonate samples were cut into mirror-image billets used, respectively, for thin sections 

and polished thick sections. Thin and thick sections were analyzed using conventional 

petrographic and cathodoluminescence (CL) analysis to assess the range of carbonate fabrics and 

identify phases that show evidence of post-depositional recrystallization. Discrete carbonate 

phases were drilled from polished thick sections with 0.3 or 0.5 mm drill bits using a Servo 

tabletop drill press. Splits of resulting powders were used for isotopic and elemental analyses.  

 

3.2. Isotopic analyses of carbonate phases 
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For isotopic analysis of carbonate phases, approximately 0.25 mg of carbonate powder 

was loaded into a glass vial with a septum cap, flushed with ultra-high purity helium gas for 5 

minutes, then acidified with 100 μl of phosphoric acid at 72˚C for at least 1 hour. The resulting 

CO2 gas was sampled using a Thermo-Finnegan GasBench II and transferred into a Thermo-

Finnegan DeltaPlus XL mass spectrometer for isotope ratio measurement at the University of 

Tennessee. Isotope ratios of carbon and oxygen are reported in delta notation as per mil (‰) 

relative to the Vienna Pee Dee Belemnite (VPDB) standard. Precision and calibration of data 

were monitored through routine analysis of internal laboratory and the IAEA LSVEC (
13

C = 

−46.6 ‰; 
18
O = −26.41 ‰) and NBS 19 (

13
C = +1.95 ‰; 

18
O = −2.2 ‰) international 

standards. Analyses were reproducible to better than ± 0.1 ‰ for carbon and ± 0.2 ‰ for 

oxygen, based on analysis of replicates and internal laboratory standards. 

 

3.3. Elemental analyses 

 Drilled carbonate powders were analyzed for major (Ca, Mg) and trace (Sr, Mn, Fe) 

element concentrations with a Perkin-Elmer Optima 2100 DV inductively coupled plasma 

optical emission spectrometer (ICP-OES) at the University of Tennessee. Approximately 1 mg of 

carbonate powder was acidified with trace metal grade 2 % HNO3, and agitated for > 1 hour to 

assure complete dissolution of carbonate. Solutions were centrifuged and decanted into a clean 

sample tubes to remove any insoluble materials prior to analysis. Spectra were calibrated using a 

series of gravimetric standards, with reproducibility for all elements better than ± 5 % based on 

replicate measurements of sample and standard solutions. 

 

3.4. Isotopic analyses of organic matter 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 14 

For isotope determination of organic carbon phases, approximately 100 mg of bulk 

sample powder was acidified with 10 ml of 3M HCl until all reaction was complete. Residual 

powders were rinsed three times with Milli-Q water and dried at 50˚C. Approximately 3.5 mg of 

insoluble residue was weighed into tin cups for combustion in a Costech ECS 4010 elemental 

analyzer. The resulting CO2 gas was transferred into a Thermo-Finnegan DeltaPlus XL mass 

spectrometer via a Thermo-Finnegan Conflo III interface at the University of Tennessee. 

Precision and calibration of data were monitored through routine analysis of internal laboratory 

and the USGS40 and USGS41 (
13
C equal to −26.39 and +37.63 ‰, respectively) international 

standards. Isotope ratios are reported in delta notation as per mil (‰) relative to the Vienna Pee 

Dee Belemnite (VPDB) standard. Analyses were reproducible to better than ± 0.12 ‰ based on 

analysis of replicates and internal laboratory standards. 

 

4. Results and interpretation 

4.1. Petrographic characterization 

 Petrographic analysis of Darriwilian carbonate rocks from the San Juan and overlying 

Las Chacritas and Las Aguaditas formations are consistent with field observations that strata are 

composed of primarily carbonate mudstone, wackestone, and packstone. Petrographic 

observations, however, provide additional detail that highlights the similarities and differences 

between the formations. Strata of the upper San Juan Formation in both the Las Chacritas River 

and Las Aguaditas Creek sections are composed of fossiliferous wackestone and packstone 

(Figs. 5A and 6A), dominated by a matrix of either micrite or finely crystalline microspar (< 5 

μm). Dolomitization is rare in all formations and, when present, is found in sections that have 

also experienced fabric destructive recrystallization of micrite to sparry calcite cement. 
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Stylolitization is common in the upper San Juan Formation and the Las Chacritas Formation, but 

is not easily defined in shale-rich deposits of the Las Aguaditas Formation. Skeletal grains are 

common in the San Juan Formation and consist of bryozoans, gastropods, echinoderms, 

brachiopods, and sponge spicules. Skeletal grains in the San Juan Formation are typically 0.02 to 

1.6 mm in size, with measurements representing the longest diameter of a circumscribed ellipse; 

most skeletal fragments represent disarticulated elements, yet with few broken elements. 

Preservation of skeletal microfabrics is variable, with most echinoderm, brachiopod, and trilobite 

elements retaining their primary microstructures; by contrast, gastropods and sponges are more 

commonly represented by molds filled with fine calcite spar.  

 Deepening in the Precordillera is reflected in the transition from subtidal packstone of the 

upper San Juan Formation to predominantly wackestone and carbonate mudstone in the Las 

Chacritas and Las Aguaditas formations. The Las Chacritas Formation is composed largely of 

carbonate mudstone (Fig. 5B) and wackestone, with intermittent packstone intervals (Fig. 5C) in 

the E. pseudoplanus Zone. Carbonate mudstone in the Las Chacritas Formation is typically 

poorly laminated, and contains continuous to discontinuous clay laminations, which occur 

primarily as drapes along bedding planes. In some sections, micrite has been recrystallized to 

finely crystalline (< 5 μm) microspar. Allochems in the Las Chacritas Formation consist of 

micritic intraclasts (Fig. 5B), brachiopod and trilobite fragments, and sponge spicules. Skeletal 

microfabrics are variably preserved, with brachiopod and sponge spicules largely recrystallized 

and the prismatic microstructure of trilobite fragments nearly always preserved. Fewer skeletal 

grains are observed toward the top of the Las Chacritas Formation, where only rare trilobite 

fragments and recrystallized sponge spicules are identified. Recrystallization of matrix 

components to a coarse calcite spar is observed, although recrystallization is not abundant and is 
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concentrated within rare, more fossiliferous horizons. Disseminated pyrite is also identified 

throughout the Las Chacritas Formation (Figs. 5B–D) and does not appear to be associated with 

any specific depositional texture.  

 The Las Aguaditas Formation is composed primarily of carbonate mudstone and 

wackestone with intermittent clay and silt laminations. Clay minerals are interlaminated with 

micrite and occur as flocculated aggregates dispersed throughout laminated micrite (Fig. 6B). 

Silty carbonate (Fig. 6C) is identified in one sample of the Las Aguaditas Formation. Allochems 

in the Las Aguaditas Formation are restricted to trilobite fragments, except in rare beds that 

contain fragments of brachiopods, trilobites, bryozoans, and sponge spicules (Fig. 6D). 

Recrystallization of micrite to fine-grained microspar generally occurs along bedding planes and 

within rare packstone beds. Disseminated pyrite is identified in the Las Aguaditas Formation, 

and occurs predominantly along bedding planes.    

 

4.1.1. Evidence for secondary components 

 At least three generations of calcite veins are distinguished by cross-cutting relationships 

in the strata of the upper San Juan, Las Chacritas, and Las Aguaditas formations within the field 

area, and are likely associated with Andean orogenesis that resulted in uplift and exposure of 

these successions (Astini et al., 1995; Allmendinger and Judge, 2014). A small network of thin 

(~50 μm) dark-colored (in hand sample) veins represent the first stage of vein formation. These 

veins are cut by thin (< 1 mm) white veins (cf. Fig. 6A), which are, in turn, cross-cut by a third 

generation of thick (1-7 mm) white veins. All vein stages have sharp contacts with surrounding 

rock. In thin section the first stage of veins is characterized by fine-grained equant calcite spar. 

The larger thin white veins and the final generation of veins are both characterized by coarse, 
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calcite spar exhibiting competitive growth into the center of the veins (i.e. syntaxial growth; 

(Scholle and Ulmer-Scholle, 2003).  

 

4.1.2. Cathodoluminescence petrography 

Cathodoluminescence (CL) analysis of carbonate lithologies from the upper San Juan, 

Las Chacritas, and Las Aguaditas formations show a variety of luminescence characteristics. 

Overall, CL analyses revealed dully luminescent, fine-grained limestone with variably 

luminescent, spar filled fractures and voids. The upper San Juan Formation is characterized by a 

dark orange dully luminescent matrix with brightly luminescent to moderately luminescent 

skeletal grains. Luminescence of later stage veins in the San Juan Formation is variable, from 

brightly luminescent to non-luminescent, and shows the sharp contrast between the host 

limestone and vein-filling cement. Large veins are generally compositionally zoned, with highly 

luminescent calcite spar evolving to dully luminescent calcite spar as the vein was filled.  

In the Las Chacritas Formation, micrite and fine-grained microspar exhibit dark orange 

luminescence, with only small fossil fragments showing brighter luminescence (Fig. 5E). The 

heterogeneous, yet uniform, luminescence within matrix components is attributed to presence of 

disseminated siliciclastic and clay-rich grains, which are non-luminescent. Skeletal grains in the 

Las Chacritas Formation generally exhibit dull luminescence, similar to matrix components; 

however, spar-filled sponge spicule molds and rare echinoderm fragments are brightly 

luminescent (Fig. 5E). Later stage veins in the Las Chacritas Formation appear similar to those 

observed in the underlying San Juan Formation, with predominantly brightly luminescent calcite 

spar in large veins (Figs. 5E and 5F), although non-luminescent calcite spar is observed in small 

veins (< 0.5 mm) and in the center of some of the larger veins. 
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Limestone of the Las Aguaditas Formation exhibits a uniform dark to moderate orange 

luminescence. As with the Las Chacritas Formation, micritic and microsparitic matrix phases of 

the Las Aguaditas Formation are uniformly heterogeneous (Fig. 6E), although the luminescence 

is slightly darker, which may reflect an increase in the proportion of non-luminescent clay 

minerals. Skeletal grains in the Las Aguaditas Formation generally are less luminescent than the 

surrounding matrix, except for molds of sponge spicules, which are filled with brightly 

luminescent cement (Fig. 6F). Luminescence of later stage calcite veins in the Las Aguaditas 

Formation is variable with both brightly luminescent large veins (Fig. 6E) and dull to moderately 

luminescent smaller veins (Fig. 6F). Luminescence characteristics of veins are distinct from that 

of adjacent carbonate phases.  

 

4.1.3. Interpretation  

Limestone of the San Juan, Las Chacritas, and Las Aguaditas formations consist largely 

of micritic and microsparitic, carbonate mudstone and wackestone. Petrographic fabrics observed 

in these successions are consistent with deposition in subtidal marine environments. The poorly 

laminated micrite of the Las Chacritas Formation with intermittent clay drapes on bedding planes 

suggests deposition in relatively quiet water, below fair-weather wave base, with wackestone and 

packstone intervals likely representing reworking of shallower-water facies during storm events. 

Increased clay content and lamination within mudstone facies combined with a paucity of grain-

rich intervals in the Las Aguaditas Formation suggests deposition predominantly below storm 

wave base.  

The primary depositional phase of these limestones is micrite and finely crystalline 

microspar. The absence of more coarsely crystalline phases suggests that these phases have 
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undergone only minimal diagenetic recrystallization, because the process of dissolution and 

reprecipitation typically results in significant grain coarsening. Coarse grained calcite cements 

occur only within grain-rich lithologies, or as vein-filling components. Fossil components in both 

formations are well preserved; however, distinct differences in the abundance and diversity of 

fossils is observed between the units. Fauna in the lower Las Chacritas Formation is like that of 

the underlying San Juan Formation; however, fauna in the upper Las Chacritas Formation are 

restricted to trilobite fragments and recrystallized sponge spicules. In the Las Aguaditas 

Formation, only trilobite fragments and sponge spicules are observed. This restriction in faunal 

diversity is consistent with deposition of the Las Chacritas and Las Aguaditas formations along a 

deepening slope away from a remnant carbonate platform.  

Dull orange luminescence observed for the matrix of both the Las Chacritas and Las 

Aguaditas formations is consistent with minimal recrystallization. Variation in the luminescence 

of matrix material appears to be largely restricted to discrete fossil grains and silty regions. 

Although the veins identified provide evidence for multiple later-diagenetic episodes of fluid 

flow, CL analysis shows no clear evidence that fluids participated in the alteration of matrix 

components. Furthermore, generally dull luminescence of micritic and microsparitic matrix 

suggests recrystallization occurred during early seafloor diagenesis. Early diagenetic 

recrystallization of the matrix material on the seafloor would have been buffered by interstitial 

fluids, with compositions near that of the original seawater. Previous studies have considered 

these fine-grained components to be most likely to record “near primary” seawater geochemical 

compositions (Kaufman et al., 1991; Kah et al., 1999; Bartley et al., 2007).   

 

4.2. Geochemical characterization of carbonate phases 
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4.2.1. Carbon and oxygen isotopic compositions 

Geochemical results from the Las Chacritas River and Las Aguaditas Creek sections are 

reported in Tables 1 and 2 and summarized in Table 3. Overall carbon isotope compositions, 

range from −2.25 to +1.41 ‰ (Tables 1-3; Figs. 7, 8A, and 9A). 
13

C values of petrographically 

well-preserved micritic and microsparitic phases in the Las Chacritas River section range from 

−1.48 to +1.41 ‰ (Table 1). Secondary carbonate phases, represented by spar within coarse-

grained lithologies in the Las Chacritas Formation, have 
13
C values that range from −1.10 to 

+0.44 ‰. 
13

C compositions of vein-filling cements in the Las Chacritas formation range from 

−1.45 to +0.69 ‰. Similarly, 
13

C values for micritic phases in the Las Aguaditas Formation 

range from −2.25 to +0.56 ‰ (Table 2). Secondary carbonate in the Las Aguaditas Formation 

ranges from −0.58 to +1.0 ‰. Carbon isotope compositions of vein-filling cements in the Las 

Aguaditas Formation range from −1.37 to +0.52 ‰. 

The O-isotopic compositions of micritic phases in the Las Chacritas Formation range 

from −7.23 to −3.14 ‰ ( Table 1). 
18

O compositions for secondary carbonate (spar) range from 

−6.94 to −3.02 ‰. Vein-filling cements have 
18
O compositions ranging from −8.80 to −4.53 ‰. 

In the Las Aguaditas Formation, 
18

O compositions for micritic phases range from −5.81 to 

−4.06 ‰ (Table 2). Oxygen isotope compositions of sparry calcite in the Las Aguaditas 

Formation range from −5.44 to −3.22 ‰. Vein-filling cements in the Las Aguaditas Formation 

have oxygen isotope compositions ranging from −10.76 to −2.88 ‰. 

 

4.2.2. Elemental signatures 

 Major- and trace-element chemistry of microdrilled carbonate phases were analyzed for 

Ca, Mg, Sr, Fe, and Mn concentrations (Tables 1 and 2, Figs. 8 and 9). All carbonate phases 
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from the Las Chacritas and Las Aguaditas formations have Mg/Ca ratios of less than 0.07, 

consistent with stoichiometric calcite. Strontium concentrations of matrix components in the Las 

Chacritas Formation range from 174 to 1330 ppm with an average concentration of 530 ± 252 

ppm (n = 94; Table 1). Secondary carbonate spar has Sr concentrations from 190 to 585 ppm 

with an average of 363 ± 99 ppm (n = 20). Vein filling cements have Sr concentrations from 204 

to 1383 ppm with an average concentration of 587 ± 278 ppm (n = 23). Manganese and iron 

concentrations in the Las Chacritas Formation range from 98 to 1553 ppm and 421 to 11,496 

ppm with average values of 476 ± 196 and 2546 ± 1898 ppm (n = 94), respectively. Secondary 

calcite spar in the Las Chacritas Formation has concentrations ranging from 213 to 773 ppm and 

492 to 3854 ppm with average values of 521 ± 156 and 1398 ± 772 ppm (n = 20) respectively for 

Mn and Fe.   

 Similarly, petrographically well-preserved micrite in the Las Aguaditas Formation has Sr 

concentrations ranging from 283 to 2166 ppm with an average of 788 ± 402 ppm (n = 80; Table 

2). Strontium concentrations from secondary calcite phases, spar- and vein-filling cements, in the 

Las Aguaditas Formation range from 207 to 994 ppm and 278 to 1434 ppm with average 

concentrations of 467 ± 198 ppm (n = 28) and 781 ± 333 ppm (n = 23), respectively. Manganese 

and Fe concentrations of micritic carbonate in the Las Aguaditas Formation range from 163 to 

3274 ppm and 525 to 6715 ppm with average concentrations of 642 ± 618 ppm and 6815 ± 2668 

ppm (n = 80), respectively. Secondary carbonate (spar) from the Las Aguaditas Formation has 

Mn and Fe concentrations ranging from 206 to 2318 ppm and 278 to 6644 ppm with average 

concentrations of 549 ± 519 and 2264 ± 1688 ppm (n = 28), respectively. Later vein-filling 

cements in the Las Aguaditas Formation have Mn and Fe concentrations ranging from 156 to 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 22 

1512 ppm and 278 to 6992 ppm with average concentrations of 561 ± 349 ppm and 3877 ± 1711 

ppm (n = 23), respectively.  

 

4.2.3. Interpretation 

Carbonate minerals are chemically reactive and therefore susceptible to dissolution and 

recrystallization both syndepositionally, in the presence of seawater or modified pore fluids, and 

during later diagenesis in the presence of non-native fluids. Cross-plots of isotopic (
13

C and 


18

O) and elemental (Ca, Mg, Sr, Mn, and Fe) data provide a useful tool for assessing systematic 

variation associated with diagenetic alteration, because the degree of chemical alteration 

resulting from water-rock interaction has predictable behaviors (cf. Banner and Hanson, 1990). 

Potential end-member fluid compositions can further be inferred by comparing the geochemical 

composition of fine-grained depositional phases, such as micrite and microspar, and secondary 

carbonate phases, such as coarsely crystalline, vein-filling cement.  

Carbon and oxygen compositions of depositional and diagenetic carbonate phases are 

shown in Figure 7. Carbon isotope compositions of depositional phases within both the Las 

Chacritas and Las Aguaditas formations fall broadly between −1.5 ‰ and +1.5 ‰, which is 

consistent with Darriwilian-aged carbonates worldwide (Ainsaar et al., 2004; Saltzman and 

Young, 2005; Kaljo et al., 2007; Schmitz et al., 2010; Zhang et al., 2010; Thompson et al., 2012; 

Albanesi et al., 2013; Edwards and Saltzman, 2016). Oxygen isotope compositions, similarly, 

fall largely between −4.5 ‰ and −6 ‰, which is consistent with well-preserved marine 

carbonate rocks of the lower Paleozoic (Carpenter and Lohmann, 1997; Veizer et al., 1999; 

Jaffrés et al., 2007). There are no discrete trends indicative of isotopic resetting resulting from 

interaction of carbonate minerals with meteoric waters, which are often characterized by 
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depletion in both 
13

C and 
18

O (Marshall, 1992). There is, however, a noted difference in 

composition between micrite-dominated matrix phases and more grain-rich matrix phases, which 

contain a greater amount of intergranular sparry cement. Micrite-dominated phases in both the 

Las Chacritas and Las Aguaditas formations have lower carbon and oxygen isotope 

compositions, by ~ 1 ‰ and 0.5 ‰ respectively. Although this difference in isotopic 

composition is small, its correspondence to lithologies that are inferred to represent shallower 

(grain-rich) and deeper (micrite-dominated) depositional environments suggest different 

diagenetic pathways. Possibilities include: (1) the presence of primary differences in the 

composition of shallower and deeper water bodies, (2) differences in primary porosity leading to 

early diagenetic stabilization by isotopically different fluids (i.e., seawater for grain-rich phases, 

and modified substrate pore fluids for micritic phases; cf. Schrag et al., 2013), or (3) preferential 

alteration of specific phases in the presence of late diagenetic fluids. 

  Examination of the Las Chacritas and Las Aguaditas formations separately (Figs. 8A and 

9A) reveals that there is no consistent pattern between the composition of primary phases and 

that of secondary calcite phases, which is consistent with only minimal isotope exchange 

between carbonate minerals and later diagenetic fluids. This observation is consistent with an 

interpretation in which the isotopic variation between micrite and grain-rich lithologies reflects a 

primary difference in the composition of early diagenetic fluids.  

Trace elements incorporated into carbonate phases can provide additional insight into the 

depositional and diagenetic history of these samples. Strontium concentrations of carbonate 

rocks, in particular, are easily altered during diagenetic recrystallization (Brand and Veizer, 

1980; Banner and Hanson, 1990). In both the Las Chacritas and Las Aguaditas formations (Figs. 

8B and 9B), there is no clear relationship between the Sr concentration of depositional phases 
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and that of vein mineralization, which supports an interpretation of only minimal isotopic 

exchange during late-stage diagenesis. Strontium concentrations in both formations are 

consistently lower in grain-rich lithologies, suggesting potential for a greater degree of early 

diagenetic recrystallization. In both formations, however, grain-rich lithologies average 313 ± 60 

ppm Sr, which is similar to that expected from calcite precipitated from open marine waters 

(Veizer, 1983). More elevated Sr concentrations (> 1000 ppm) within micritic lithologies, along 

with 
18

O compositions typical of well-preserved marine carbonate, suggests minimal 

recrystallization of primary carbonate phases. Secondary carbonate phases with Sr 

concentrations similar to those of primary phases further suggest the limestone of the Las 

Chacritas and Las Aguaditas formations have not undergone significant diagenetic 

recrystallization, because Sr is commonly excluded from the crystal lattice with recrystallization, 

even at low water-rock ratios. Combined, the fabric retentive nature of carbonate phases in the 

Las Chacritas and Las Aguaditas formations, combined with these observations suggest that 

recrystallization of matrix phases likely occurred in penecontemporaneous marine or modified 

marine fluids. 

 Elevated concentrations of redox-sensitive trace elements, such as Mn and Fe, can be 

used as evidence for recrystallization of carbonate phases in reducing fluids associated with 

deep-burial (Veizer, 1983). Low concentrations of Mn and Fe, however, are expected for 

carbonate phases derived from oxygenated marine waters, and higher concentrations may reflect 

deposition or early diagenetic stabilization in sub-oxic to anoxic fluids. Manganese 

concentrations of depositional carbonate phases in the Las Chacritas and Las Aguaditas 

formations are typically < 500 ppm, although concentrations reach as high as 1553 ppm in the 

Las Chacritas Formation and 3274 ppm in the Las Aguaditas Formation. Iron concentrations are 
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even more variable (Figs. 8C and 9C). Elevated Mn and Fe concentrations co-occur with Sr 

concentrations that indicate limited alteration of marine carbonate phases. Combined with 

interpretations of deposition during flooding of the San Juan platform, suggesting that elevated 

Mn and Fe concentrations may record incorporation of these elements during precipitation of 

early diagenetic stabilization of carbonate in anoxic marine fluids or pore waters (cf. Thompson 

and Kah, 2012; Gilleaudeau and Kah, 2013). 

Combined, these observations suggest deposition and early diagenetic stabilization of 

carbonate lithologies of the Las Chacritas and Las Aguaditas formations in sub-oxic to anoxic 

marine fluids or marine pore waters. These samples likely preserve carbon isotope values that 

reflect their environments of deposition and early diagenetic stabilization; resetting of carbon 

isotope values typically requires extensive water-rock interaction not supported by the preserved 

isotopic and elemental compositions (Banner and Hanson, 1990). Even under the assumption that 

elevated Mn concentrations reflect recrystallization during later diagenesis, Mn/Sr ratios as high 

as 10 have been shown to retain near primary marine carbon isotope compositions (Kaufman and 

Knoll, 1995). Depositional carbonate phases in the Las Chacritas and Las Aguaditas formations 

(Figs. 8D and 9D) generally have Mn/Sr < 1. Samples with Mn/Sr > 1 occur in the uppermost 

strata of the San Juan Formation in both sections, suggesting a possible stratigraphic control on 

Sr and Mn concentrations. There is no petrographic evidence of differential diagenesis in these 

samples; however, these carbonates were deposited during marine transgression, which is 

consistent with elevated Mn concentrations potentially associated with transgression of deeper, 

anoxic marine fluids across the shelf. 

 

4.3. Carbon isotope compositions of organic matter 
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 Sedimentary organic matter ranges from 0.04 to 0.53 wt. % in the Las Chacritas 

Formation and from 0.03 to 0.36 wt. % in the Las Aguaditas Formation. The carbon isotope 

composition of organic matter is similar in both units, ranging between −30.45 to −24.16 ‰ in 

the Las Chacritas Formation and −30.84 to −22.76 ‰ in the Las Aguaditas Formation.  

 

4.3.1. Interpretation 

 Photosynthetic production of organic matter from the marine DIC pool results in 

organic matter depleted in 
13

C by approximately 22–30 ‰ (Hayes et al., 1999), which is 

consistent with isotopic compositions observed within the Las Chacritas and Las Aguaditas 

formations. Carbon isotope compositions of marine organic matter, however, can also be 

affected by diagenetic alteration, terrestrial organic input, and heterotrophic reworking within the 

depositional environment. For example, the isotopic composition of sedimentary organic carbon 

may be affected by thermal maturation and post-depositional fluid flow that results in 

isotopically heavier 
13

Corg compositions (Hayes et al., 1999; Derry, 2010). Approximate burial 

temperatures for the Las Chacritas and Las Aguaditas formations are provided by conodont 

elements, which have conodont alteration indices of 2.5–3 (Serra et al., 2015; Feltes et al., 2016), 

corresponding to burial temperatures between 90–190˚C (Epstein et al., 1977). Differences in 

thermal histories for the Las Chacritas and Las Aguaditas formations may explain some of the 


13

Corg variation between these formations; however, it does not explain stratigraphic changes in 


13

Corg in a single outcrop where a uniform thermal history is expected.  

Although purported terrestrially derived organic carbon has been identified in Darriwilian 

strata (cf. Strother et al., 1996), such material is rare and the isotopic composition of this organic 

carbon (~ −29 ‰; Jahren et al., 2003) is unlikely to be easily differentiated from marine organic 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 27 

carbon, and is, therefore, not further considered. Finally, remineralization of organic carbon by 

heterotrophic metabolic activities in the substrate can result in either isotopic enrichment, 

through aerobic oxidation of organic matter under well-mixed and oxygenated conditions, or 

isotopic depletion, via secondary input of isotopically light organic carbon via chemoautotrophic 

microbial metabolisms (cf. Hayes et al. 1999; further discussed in Section 5).  

 

4.4. Chemostratigraphic profiles 

  Petrographic, isotopic, and elemental data suggest that the Las Chacritas and Las 

Aguaditas formations likely retain near-primary marine geochemical signatures, associated with 

deposition and early diagenetic stabilization at or near the sediment-water interface. 

Chemostratigraphic profiles for the Las Chacritas and Las Aguaditas formations are shown in 

Figure 10. In the Las Chacritas section, 
13

Ccarb increases from around −1 ‰ to around 0 ‰ at 

the top of the L. variabilis Zone within the San Juan Formation. In the Y. crassus Zone, 
13

Ccarb 

is relatively stable around −1 ‰, with values of −0.73 ± 0.26 ‰ in the lower Y. crassus Zone, 

and −0.90 ± 0.29 ‰ in the upper Y. crassus zone (Fig. 10). 
13

Ccarb compositions then steadily 

increase from around −1 ‰ to +0.5 ‰ through the E. pseudoplanus Zone before reaching a high 

of +1.4 ‰ in the basal E. suecicus Zone. 
13

Ccarb values return to near 0 ‰ in the P. anserinus 

Zone.  

 At the Las Aguaditas Creek section, 
13

Ccarb values in the Y. crassus Zone (here 

representing the uppermost San Juan Formation and lowermost Las Aguaditas Formation) are 

similar to values recorded in the Las Chacritas creek section, with values of −0.31 ± 0.20 ‰ in 

the lower Y. crassus Zone, and −0.61 ± 0.25 ‰ in the upper Y. crassus Zone. By contrast, 


13

Ccarb compositions in the E. pseudoplanus/D. tablepointensis Zone of the Las Aguaditas 
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Formation, rather than rising to positive values, abruptly fall to values of −1.15 ± 0.52 ‰. An 

abrupt transition to 
13

Ccarb values near 0.25 ‰ marks the P. anserinus Zone.  

 The 
13

Corg record is more variable. In the uppermost strata of the San Juan Formation, 


13

Corg values are relatively stable ~ −29 ‰ and increase in the Las Chacritas Formation to 

values near −28 ‰ through the Y. crassus Zone and the lower E. pseudoplanus Zone (Fig. 11). 

Variability in 
13

Corg increases in the transition from the Y. crassus to the E. pseudoplanus zones, 

with values ranging between −24.16 and −29.79 ‰. 
13

Corg then records an abrupt decrease to 

values near −30 ‰ through remainder of the E. pseudoplanus Zone and within the E. suecicus 

Zone. Values remain near −30 ‰ in the P. anserinus Zone.  

The 
13

Corg record of the Las Aguaditas Formation is more variable than the shallower 

water Las Chacritas Formation. At the Las Aguaditas Creek Section, 
13

Corg values from the 

lower Y. crassus Zone in the San Juan Formation are variable around −26 ‰, before abruptly 

falling to values that remain near −30 ‰ in the upper Y. crassus Zone. 
13

Corg values, although 

more variable, remain near −30 ‰ in the E. pseudoplanus/D. tablepointensis Zone. Above the 

unconformity at the top of the lower member of the Las Aguaditas Formation values increase to 

around −26 ‰ before falling to around −31 ‰. 

 

5. Discussion 

5.1. Summary of observations 

 The Las Chacritas and Las Aguaditas formations reflect deposition during the Y. crassus 

and E. pseudoplanus conodont biozones (Darriwilian, Dw2) and the lowermost E. suecicus Zone 

(Darriwilian, Dw3), which include the timeframe of the globally recognized MDICE (Meidla et 

al., 2004; Ainsaar et al., 2007; Schmitz et al., 2010; Zhang et al., 2010; Thompson et al., 2012; 
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Albanesi et al., 2013; Edwards and Saltzman, 2014; Kah et al., 2016; Young et al., 2016). 

Combined petrographic and geochemical data from the Las Chacritas and Las Aguaditas 

formations suggest early diagenetic stabilization of micritic carbonate phases at or near the 

seafloor in the presence of marine, or potentially modified marine, porewaters with little 

evidence for alteration of chemical compositions by late diagenetic fluids. Within this 

framework, we explore the origin of distinct isotopic patterns between coeval shallower-water 

facies of the Las Chacritas Formation and deeper-water facies of the Las Aguaditas Formation 

through the MDICE interval.  

 The isotopic composition of marine carbonate recorded in the Las Chacritas and Las 

Aguaditas formations show a similar stable trend through the Y. crassus Zone, although 
13

Ccarb 

values are heavier in the Las Aguaditas Formation by approximately 0.4 ‰ (Fig. 10). During the 

MDICE interval, which occurs within the E. pseudoplanus and E. suecicus Zones, the Las 

Chacritas Formation records 
13

Ccarb values increasing from around −1.0 ‰ to around +1.0 ‰. 

Whereas Albanesi et al. (2013) measured bulk 
13

Ccarb values of marine carbonate, which can 

result in the mixing of early and late diagenetic phases, our microsampling of discrete carbonate 

phases yields data suggesting the expression of the MDICE is stronger in the Precordillera than 

previously recognized. The ~ 2.0 ‰ positive shift in 
13

Ccarb values recorded in the Las Chacritas 

Formation is comparable to the global expression of the MDICE, which ranges from ~ 1 ‰ in 

China (Schmitz et al., 2010; Kah et al., 2016), to ~ 1.5 ‰ in Estonia (Meidla et al., 2004; 

Ainsaar et al., 2007; Kaljo et al., 2007) and Newfoundland (Thompson and Kah, 2012), to ~ 2.5 

‰ in Nevada, USA (Young et al., 2016) and Sweden (Calner et al., 2014), and to up to ~ 4 ‰ in 

Maryland, USA (Leslie et al., 2011), despite the erosional removal of the upper E. suecicus 

Zone.  
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By contrast, the MDICE interval in time equivalent strata of the Las Aguaditas Formation 

is characterized by an abrupt shift to values near −1.5 ‰. To our knowledge the Las Aguaditas 

Formation provides the first clear divergence from the globally observed positive isotopic shift. 

Previous work in the Las Aguaditas Formation recognized carbon isotope composition near −1 

‰ through the MDICE interval (Albanesi et al., 2013), but attributed the lack of a clear MDICE 

signal to removal of strata associated with the top of the E. pseudoplanus and E. suecicus 

conodont zones. However, recent biostratigraphic analysis identified the Histiodella kristinae 

Subzone in the uppermost strata of the Lower Member of the Las Aguaditas Formation, which is 

commonly associated with the E. suecicus zone, although the E. suecicus Zone is not formally 

recognized in the Las Aguaditas Formation (Serra et al., 2015; Feltes et al., 2016). Therefore, the 

MDICE, or at least the initiation of the MDICE interval, should be present in both formations.  

The presence of stratigraphically younger conodonts in the E. suecicus Zone in the Las 

Chacritas Formation (Histiodella bellburnensis; Serra et al., 2015) and the lack of this zone in 

the Las Aguaditas Formation suggests that the regional disconformity identified at the top of 

each section represents less time in shallower-water depositional environments. This is consistent 

with oblique convergence of the Precordillera terrane and associated uplift and erosion of strata 

associated with migration of the peripheral bulge (cf. Astini et al., 1995).  

 

5.2. Potential for geochemical alteration   

The presence of a regional disconformity suggests the possibility that geochemical 

signatures preserved in the Las Chacritas and Las Aguaditas formations may be affected by 

diagenetic overprinting from isotopically depleted waters during subaerial exposure. C-isotope 

compositions that are depleted in 
13

C have been identified beneath subaerial exposure surfaces 
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identified in Neoproterozoic to Cenozoic carbonate successions (Beeunas and Knauth, 1985; 

Andrews, 1991; Sarkar et al., 1998; Railsback et al., 2003; Banerjee et al., 2006). Such isotopic 

depletions can be as large as 4-6 ‰ at the exposure surface and become smaller at depth (Allan 

and Matthews, 1982). Subaerial exposure also commonly leads to covariant trends in 
13

Ccarb and 


18

O (Knauth and Kennedy, 2009), because meteoric fluids are commonly depleted in both 
13

C 

(Derry, 2010) and 
18

O (Bowen and Wilkinson, 2002). Interaction of carbonate minerals with 

meteoric fluids during subaerial exposure also typically yield a decrease in Sr concentrations, 

reflecting both the propensity for Sr to be rejected from the carbonate lattice during 

recrystallization (Brand and Veizer, 1980) and the relatively low Sr concentration of terrestrial 

fluids (Banner, 1995).  

In the Las Aguaditas Formation, petrographic and geochemical data suggest little 

interaction with late diagenetic fluids. Carbonate mudstone and wackestone within this interval is 

petrographically well preserved and lacks both petrographic or cathodoluminescent evidence of 

grain coarsening associated with dissolution and reprecipitation reactions. Strontium 

concentrations in this interval are some of the highest in the formation (averaging 1175 ± 400 

ppm, n = 20), which is inconsistent with extensive diagenetic alteration by meteoric or other 

post-depositional fluids (Fig. 9B; Table 2). Furthermore, the strata beneath the unconformity 

contain elevated concentrations of both Mn (378 ± 90 ppm; n = 12; Fig. 9C) and Fe (378 ± 90 

ppm and 2373 ± 1459 ppm; n = 12), which is inconsistent with alteration by well oxygenated 

surface fluids (Lohmann, 1988).  

 

5.3. Potential for recovery of gradients in ocean chemistry 
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A number of high-resolution geochemical studies have explored the potential for spatial 

heterogeneity of the marine carbon isotope record (Gilleaudeau and Kah, 2013; Edwards and 

Saltzman, 2016; Saltzman and Edwards, 2017), especially within epicratonic seas, where 

carbonate rocks have been shown to exhibit a systematic reduction in 
13

Ccarb compositions, 

when compared to coeval pericratonic and offshore marine environments (Holmden et al., 1998; 

Panchuk et al., 2006). Aerobic activity in surface waters would lead to enhanced organic matter 

oxidation by heterotrophic microorganisms and increased redox stratification of the water 

column in the Early-Middle Ordovician (cf. Kah et al., 2016). Under low oxygen conditions, Mn 

and Fe are readily reduced through microbial processes either within the water column or within 

substrate pore fluids (Thamdrup et al., 2000), where they can then be incorporated into carbonate 

minerals. Carbonate minerals with elevated Mn and Fe concentrations and little petrographic 

evidence of post-depositional recrystallization have been used to argue for deposition under low 

oxygen conditions (Kah et al., 2012; Thompson and Kah, 2012; Gilleaudeau and Kah, 2013; Guo 

et al., 2013). Such a scenario is consistent with elevated concentrations of Mn and Fe, combined 

with elevated Sr and an absence of petrographic evidence for substantial post-depositional 

recrystallization, in the Las Chacritas and Las Aguaditas formations suggesting deposition of 

both of these units near a marine chemocline.  

Combined, petrographic and geochemical data suggest little post-depositional alteration 

of micritic carbonate phases from the Las Chacritas and Las Aguaditas formations and thus, are 

likely reflect early diagenetic stabilization in seawater or seawater modified by microbial activity 

within the shallow substrate. In this case, an abrupt divergence in 
13

Ccarb compositions between 

the Las Chacritas and Las Aguaditas formations suggest that facies may be sampling 

geochemically distinct parts of the marine water column through the MDICE interval. Here we 
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suggest that an abrupt shift in the carbon isotopic composition of the Las Aguaditas at the 

initiation of the MDICE may reflect variation in the composition of marine DIC in carbonate 

deposited at or near a marine chemocline.  

Relative isotopic stasis in the 
13

Ccarb record of both the Las Chacritas and Las Aguaditas 

formations prior to the MDICE interval (Fig. 10) is consistent with deposition in a well-mixed 

water column (cf. Fig. 12). In a well-mixed oxygenated water column, isotopically depleted 

photosynthetic organic matter produced in surface waters (
13

Corg ~ −25 to −30 ‰; Freeman et 

al., 2001) and removed as sedimentary organic carbon. Organic carbon burial results in 
13

C 

enrichment of DIC, which is incorporated into marine carbonate minerals with minimal isotopic 

fractionation (Spero et al., 1997), driving the positive excursion in 
13

Ccarb compositions of the 

Las Chacritas Formation. Remineralization of organic carbon in well-oxygenated waters and 

within the shallow substrate by aerobic marine heterotrophs, typically results in a small positive 

shift (~ 1.5 ‰; Hayes et al., 1989) in 
13

Corg compositions and the formation of isotopically light 

CO2 (Hayes et al., 1989). More extensive remineralization of sedimentary organic carbon in 

substrate underlying oxygenated waters can result in both a shift toward isotopically light 

organic carbon (up to several ‰; cf. Guo et al., 2013) and incorporation of isotopically light CO2 

into carbonate minerals (cf. Schrag et al., 2013). This may explain the observed ~ 0.5 ‰ offset in 


13

Ccarb compositions between the Las Chacritas and the Las Aguaditas formations prior to the 

MDICE. The Las Chacritas Formation does not record evidence for either substantial microbial 

remineralization (Fig. 11) or incorporation of isotopically light DIC (Fig. 10) through either the 

Y. crassus or E. pseudoplanus zones which is consistent with deposition and early diagenetic 

stabilization of micrite above the oxycline. 
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By contrast, the Las Aguaditas Formation records an abrupt shift in 
13

Corg compositions 

to more negative values prior to the onset of the MDICE (Fig. 11). The shift to isotopically light 


13

Corg compositions in the Las Aguaditas Formation is also associated with greater volatility in 


13

Ccarb values in the uppermost Y. crassus Zone, and with an abrupt shift in 
13

Ccarb 

compositions in the E. pseudoplanus Zone at the start of the MDICE (Fig. 10). This shift is 

associated with an increase in deeper-water facies and suggests the presence of active microbial 

remineralization of organic matter either within the water column, or within the shallow substrate 

and is interpreted to reflect strengthening of the oxycline and deposition of the Las Aguaditas 

Formation below the oxycline. Minimal grain coarsening within micrite and enrichment of Mn 

and Fe from anoxic marine fluids is consistent with early diagenetic stabilization of carbonate 

below the oxycline. When the Las Aguaditas Formation falls below the oxycline, 
13

Ccarb is 

offset by ~2 ‰ from coeval shallow water carbonate record of the Las Chacritas Formation, 

reflecting the input of isotopically depleted DIC resulting from microbial metabolisms in anoxic 

water. A similar shift is observed in the Las Chacritas section in the E. suecicus Zone and the P. 

anserinus Zone, which records deposition of deeper-water facies of the Las Chacritas and Las 

Aguaditas formations (Figs. 10 and 11). Correspondence between isotopic shifts in both organic 

carbon and marine carbonate in the Las Aguaditas Formation support an interpretation that 

isotopic differences between the Las Chacritas and Las Aguaditas sections reflect the presence of 

an oxycline and the local production of isotopically light DIC pool.  

 

5.4. Implications for the redox structure of Middle Ordovician oceans 

A scenario of deposition at or near a marine chemocline is consistent with growing model  

for the behavior of the Ordovician ocean. In this model persistent greenhouse conditions from 
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the Cambrian through the Middle Ordovician (Saltzman, 2005), combined with low-latitude 

continental positions (Cocks and Torsvik, 2002), and high global sea level (Haq and Schutter, 

2008) would have shifted the location of bottom water formation to low-latitude epeiric seas 

resulting in the formation of warm-saline deep water (Railsback et al., 1990). Formation of saline 

deep-water in low- to mid-latitude evaporative seas, rather than in polar regions as in the modern 

ocean (Foster and Carmack, 1976; England, 1992), would result in a reduction in both thermal 

and density gradients of the ocean, effectively reducing the rate of ocean mixing between well-

mixed surface and deep-water bodies (Railsback et al., 1990). Because the isotopic composition 

of marine DIC reflects a balance of continental runoff, surface gas exchange with the 

atmosphere, and remineralization of organic carbon the water column and sediment pore fluids 

(Zhang et al., 1995), differences in the C-isotope composition of DIC between surface waters 

and deeper water in the ocean are dependent on the degree and rate of mixing between deeper 

water and well-mixed surface water (Patterson and Walter, 1994). Under conditions marked by 

reduced mixing, biogeochemical cycling would then result in pronounced geochemical gradients. 

Additionally, reduction of oxygen solubility during greenhouse periods would have further 

reduced oxygen concentrations at depth, potentially leading to redox stratification of the water 

column (Küspert, 1982; Railsback et al., 1990). 

Development of a marine chemocline, with well-mixed oxygenated surface waters and 

oxygen depleted to anoxic deep waters, has been previously linked to excursions in the isotopic 

compositions of marine carbon in the Paleozoic (Knoll et al., 1996; Saltzman, 2005; Thompson 

and Kah, 2012; Marenco et al., 2013; Kah et al., 2016). Specifically, stasis in 
13

C compositions 

during the early Paleozoic greenhouse has been attributed to nitrogen limitation, which promotes 

denitrification and subsequent development of anoxic conditions in the water column (Saltzman, 
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2005). Under anoxic conditions, phosphorus is more easily remobilized from sediments to the 

water column leading to increased productivity, burial of organic carbon, and subsequent 

positive 
13

C excursions (Saltzman, 2005). Positive 
13

C excursions (e.g., SPICE, MDICE, and 

HICE) are then associated with upwelling of nutrient-rich deep waters into shallow water 

environments (Van Cappellen and Ingall, 1994; Pope and Steffen, 2003; Servais et al., 2014), 

resulting in enhanced organic productivity of surface waters.  

 

5.5. Depositional scenarios  

 The carbon isotope record of carbonate and organic matter from the Las Chacritas and 

Las Aguaditas formations suggest deposition near the oxycline. Relatively stable 
13

Ccarb values 

and 
13

Corg values of −26 to −28 ‰ in the lower Y. crassus Zone of both sections suggests 

deposition of strata above the oxycline (Fig. 12). An abrupt shift to lower 
13

Corg values (near 

−30 ‰) at the onset of the Las Aguaditas Formation suggests a shift to deposition at or below the 

oxycline. Continuation of distinctly lower 
13

Corg values in the Las Aguaditas Formation, and 

increased volatility of 
13

Corg values in the Las Chacritas Formation in the E. pseudoplanus Zone 

suggests that the marine chemocline may, during this time, be affecting both sections, although 

preservation of the MDICE suggests that the Las Chacritas River section remained above the 

oxycline. Finally, an abrupt shift to lower 
13

Corg values (near −30 ‰) in the E. suecicus Zone of 

the Las Chacritas River section suggests that by the late Darriwilian, deposition in both the Las 

Chacritas River and Las Aguaditas Creek sections occurred beneath the marine chemocline as 

carbonate production was unable to keep up with sea level rise (Fig. 12).  

Through each of these transitions a change in the relative position of the oxycline is 

required to drive the observed isotopic change. Three such mechanisms are possible. In the first 
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scenario, enhanced nutrient delivery resulting from continental weathering may have increased 

productivity in surface waters, resulting in expansion of marine anoxia and shoaling of the 

oxycline at the onset of deposition of the Las Aguaditas Formation. Although this model is 

consistent with the observed 
13

Ccarb and 
13

Corg compositions for the Las Chacritas and Las 

Aguaditas formations, it is inconsistent with sedimentological evidence for abrupt deepening at 

the onset of Las Aguaditas deposition. It is also unlikely that marine anoxia would be able to 

persist in environments that contain evidence for storm mixing, such as those inferred for the 

uppermost San Juan Formation and Las Chacritas Formation. Furthermore, this scenario is 

inconsistent with sulfur isotope evidence from the middle Darriwilian (Kah et al., 2016). Rapid 

fluctuations in the 
34

S composition of marine sulfate, differential rates of change in the isotopic 

composition of marine sulfate and sulfide, and the occurrence of “superheavy” pyrite have been 

used to argue for increased ventilation of a persistent anoxic water body in the middle 

Darriwilian (Thompson and Kah, 2012; Marenco et al., 2013; Kah et al., 2016).   

In a second scenario, relative sea level rise through the middle Darriwilian results in a 

shift in the position of the Las Aguaditas Formation to below the marine chemocline (Fig. 12). 

This scenario is consistent with sedimentological evidence from the Las Chacritas River and Las 

Aguaditas Creek sections, and may be explained either by an inferred global sea level rise in the 

middle Darriwilian (~ 464 Ma, Haq et al., 2008), or preferential subsidence of the Precordilleran 

margin associated with the initial docking of the Precordilleran terrane to Gondwana (Astini et 

al., 1995; Astini and Thomas, 1999; Thomas et al., 2002).  

In a final scenario, in addition to a relative change in sea level, global cooling through the 

Early to Middle Ordovician (Trotter et al., 2008) could have invigorated thermohaline 

circulation, potentially leading to ventilation of anoxic deep-water. Prior to this hypothesized 
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ventilation event, ocean stratification would result in the formation of isotopically light DIC in 

deep water. Subsequent intrusion of deeper water into shallow water environments in the middle 

Ordovician, via upwelling or ventilation, would reintroduce this isotopically light carbon into the 

shallow-water DIC pool along with bio-essential nutrients. Increased productivity in surface 

waters would then trigger increased productivity and organic carbon burial, ultimately resulting 

in the MDICE. Upwelling of 
13

C depleted DIC from deep water may impart a localized signal on 

the isotopic compositions closest to the zone of upwelling (Patterson and Walter, 1994). Isotopic 

depletion during upwelling is expected to be greatest along the upwelling front, where upwelling 

water first comes into contact with surface water (Panchuk et al., 2006), resulting in isotopic 

depletion in the area closest to the chemocline (Kolata et al., 2001), which may be reflected in 

the increased isotopic volatility in the MDICE interval seen here.  

 

6. Conclusions 

Recent revisions to the biostratigraphy of the Middle Darriwilian Las Chacritas and Las 

Aguaditas formations in the Argentine Precordillera indicate that both formations should record 

the presence of the MDICE interval, or at least its initiation. We investigated the expression of 

the MDICE across depositional environments within a single basin. We identify the MDICE as a 

positive 2 ‰ shift in carbonate in the E. pseudoplanus and E. suecicus zones in the Las Chacritas 

Formation, while equivalent strata in the deeper water Las Aguaditas Formation record an abrupt 

decrease in the isotopic composition of marine carbonate. To our knowledge, this is the first 

recording of isotopic compositions during the MDICE interval that diverge from the global 

positive isotopic excursion. Paired carbon isotope from marine carbonate and organic carbon 

suggest that divergent behavior of the MDICE interval results from deposition above and below 
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a marine chemocline. Sedimentological differences between the Las Chacritas and Las Aguaditas 

formations suggest the presence of a persistent oxycline just below storm wave base, with 

differences in the isotopic behavior of the two sections related to their position relative to this 

marine chemocline.  
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Figure captions:  

Figure 1. Paleogeographic reconstruction for the Middle Ordovician (~ 470 Ma) after Cocks and 

Torsvik (2002). Major landmasses are depicted in white, and peri-Gondwanan terranes are 

depicted in shades of gray. The Precordilleran terrane is shown in dark gray, in a position close 

to Gondwana, prior to its final docking. 

 

Figure 2. Regional map of the Argentine Precordillera modified from Gomez and Astini (2015). 

Lower Paleozoic strata crop out in a series of N-S trending thrust sheets and are divided into the 

Western and Eastern tectofacies. The Western tectofacies consists predominately of 

metamorphosed and deformed deep-water shale facies. The Eastern tectofacies consists of 

weakly deformed and unmetamorphosed marine shelf and slope deposits. Coeval measured 

sections of the Las Chacritas (C) and Las Aguaditas (A) formations were sampled in the Eastern 

tectofacies to the southwest of San Jose de Jáchal.  

 

Figure 3. Biostratigraphic chart of Darriwilian strata showing generalized conodont zones for 

the Argentine Precordillera, specific data from the Las Chacritas and Las Aguaditas formations, 

and summary of data from Scandinavia, the North Atlantic, and China. Data is compiled from 

Albanesi and Ortega (2016), Serra et al. (2015), Feltes et al. (2016), Zhang (1998) and Löfgren 

and Tomacheva (2008), Stouge (1984), and Zhang (1998). Stage slices are after Bergström et al. 

(2009) and time slices after Webby et al. (2004). Interval of interest is indicated in light gray.  

 

Figure 4. Correlation of measured stratigraphic sections of the Las Chacritas and Las Aguaditas 

formations based on conodont biostratigraphic analysis of Serra et al. (2015) and Feltes et al. 
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(2016). Upper Darriwilian (Dw3) strata in the Precordillera is absent and inferred to have been 

removed during development of a regional unconformity. Absence of the Upper Darriwilian is 

identified by the absence of conodonts representing the upper E. suecicus Zone and P. serra 

Zone in the Las Chacritas Formation, and the E. suecicus and P. serra zones in the Las 

Aguaditas Formation. 

 

Figure 5. Petrographic microfabrics from the Las Chacritas Formation. A) Fossiliferous 

packstone with abundant sponge spicules, gastropods, and fragments of bryozoans, trilobites, 

brachiopods, and echinoderms. B) Intramicrite showing micritic clasts within a micritic- to 

microsparitic-matrix. Disseminated pyrite (opaque) occurs within the microsparitic matrix. C) 

Fossiliferous packstone with trilobite fragments, echinoderm fragments, and recrystallized 

sponge spicules.  D) Carbonate mudstone containing predominantly recrystallized sponge 

spicules. E) CL image of heterogeneous, dully luminescent matrix cut by vein of brightly 

luminescent calcite with dully luminescent calcite intergrowths. F) CL image of heterogeneously 

luminescent carbonate matrix with two distinct vein generations: a dully luminescent vein (~ 140 

μm diameter) and moderately luminescent vein (> 1 mm diameter).  

 

Figure 6. Petrographic microfabrics from the Las Aguaditas Creek Formation. A) Fossiliferous 

packstone with abundant fragments of bryozoans, echinoderms, brachiopods, and trilobites, here 

cut by a large (1 mm diameter) calcite vein and a smaller (~ 15 μm diameter) calcite vein. B) 

Homogeneous mixture of micritic to microsparitic carbonate and clay; such fabric characterizes 

the majority of the Las Aguaditas Formation. C) Homogeneous silty carbonate with disseminated 

pyrite. D) Laminated carbonate mudstone with a single layer of skeletal fragments within a 
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microsparitic matrix. The white arrow indicates the position of a trilobite fragment. E). CL image 

showing heterogeneously luminescent micritic matrix composed of dully luminescent micrtitic 

clasts within a matrix of micrite (mixed luminescence) and clay (non-luminescent), cut by a 

coarsely crystalline, moderately luminescent vein. F) CL image of heterogeneous carbonate 

mudstone with three distinct stages of veins mineralization.  

 

Figure 7. Cross-plot of carbon and oxygen isotopes from the Las Chacritas (LCF) and Las 

Aguaditas (LAF) formations. No clear covariant trends occur between C and O for the various 

carbonate phases (i.e., microsparitic matrix, recrystallized sparry patches within otherwise 

micritic matrix, and late-stage mineralized veins). Oxygen isotope compositions of micritic 

carbonate in the Las Chacritas and Las Aguaditas formations are similar, ranging from −4 ‰ to 

−6 ‰ in the Las Chacritas Formation and from −4 ‰ to −7 ‰ in the Las Aguaditas Formation. 

Carbon isotope compositions in both formations range from approximately +1 to −2 ‰. 

Isotopic compositions of sparry calcite within the carbonate matrix is generally similar to that of 

matrix micrite, consistent with only minor recrystallization either in the original depositional 

environment, or within a rock-buffered system. The wide range of 
18

O compositions preserved 

in vein calcite is consistent with formation by later diagenetic fluids that did not interact 

substantially with matrix components.  

 

Figure 8. Isotopic and elemental data for carbonate phases of the Las Chacritas Formation. A) 

Detail of Figure 7; mineralized veins record a unique trajectory in carbon-oxygen space, 

indicating little influence of late-stage fluids on matrix components. B) Strontium concentrations 

of matrix components range from approximately 250 to 2000 ppm, consistent with well-
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preserved marine limestone. Lower Sr concentrations within sparry matrix is consistent with Sr 

loss during recrystallization. C) Mn and Fe concentrations are generally elevated, with [Mn] 

>500 ppm, and [Fe] as high as 8000 ppm. Combined with elevated Sr concentrations that suggest 

limited recrystallization, elevated Mn and Fe values potentially reflect in-situ incorporation from 

dysoxic to anoxic marine waters or pore fluids. D) Mn/Sr ratios are generally less than 3, well 

below the established threshold for little-altered carbonate rocks (Mn/Sr >10; Kaufman et al. 

1995).  

 

Figure 9. Isotopic and elemental data for carbonate phases of the Las Aguaditas Formation. A) 

Detail of Figure 7; mineralized veins record a unique trajectory in carbon-oxygen space, 

indicating little influence of late-stage fluids on matrix components. B) Elevated Sr 

concentrations observed in the Las Aguaditas Formation are consistent with crystallization from 

seawater or recrystallization in the presence of seawater derived fluids during early diagenesis. 

C) Evidence for elevated Mn and Fe, in conjunction with elevated Sr concentrations, is 

consistent with Mn and Fe enrichment in primary and early diagenetic fluids. D) Despite a few 

Mn/Sr values as high as 6.66, Mn/Sr ratios are generally less than 1, well below the established 

threshold for little-altered carbonate rocks (Mn/Sr >10; Kaufman et al. 1995).   

 

Figure 10. C-isotope records from the Las Chacritas and Las Aguaditas formations. 

Chemostratigraphic profiles show 
13

Ccarb compositions are consistently near −1 ‰ through the 

Y. crassus conodont zone. In the Las Chacritas Formation, 
13

Ccarb values increase from 

approximately −1.0 ‰ in the lower E. pseudoplanus Zone to greater than +1.0 ‰ in the E. 

suecicus Zone. This nearly 2 ‰ positive shift in 
13

Ccarb values is consistent with the initiation of 
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the MDICE. In time-equivalent strata of the Las Aguaditas Formation, however, 
13

Ccarb values 

abruptly decline to approximately −1.5 ‰. Inferred trends indicated with gray boxes. Three-

point moving averages are fit to 
13

Ccarb profiles.  

 

Figure 11. C-isotope records from the Las Chacritas and Las Aguaditas formations. Organic C-

isotopes record substantial variation between −25 ‰ and −30 ‰, although most values are near 

−28 ‰. C-isotope values within the deeper-water Las Aguaditas Formation are similarly volatile, 

yet show an abrupt transition to values near −30 ‰ at the transition between the Las Aguaditas 

Formation and the underlying San Juan Formation. Differences in isotopic composition between 

the two sections potentially reflect local control on the isotopic composition of DIC. Three-point 

moving averages are fit to 
13

Corg profiles.  

 

Figure 12. Interpretation of the marine shelf of the Las Chacritas and Las Aguaditas formations. 

Sedimentological data suggests that the Las Chacritas Formation (C) represents depositional 

environments between fair-weather and storm wave base, whereas sedimentary features of the 

Las Aguaditas Formation (A) suggest deposition at or near storm wave base. We suggest that the 

presence of a persistent marine chemocline (cf. Thompson and Kah, 2012) can best explain 


13

Ccarb and 
13

Corg profiles of Figure 10. When carbonate formation occurs above the marine 

chemocline, marine carbonate reflects the isotopic composition of DIC within well-mixed 

oxygenated waters. By contrast, deposition below the marine chemocline may contain a mix of 

allochthonous and autochthonous components (C’) and (A’). Carbon isotope compositions of 

autochthonous carbonate reflect a mixture of marine DIC and DIC from the remineralization of 

organic matter. Similarly, carbon isotope compositions of autochthonous organic matter 
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potentially reflect a combination of photosynthetic and heterotrophic metabolisms, resulting in 

isotopically depleted signatures.  
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Table 
1 

           Range of isotopic compositions and elemental concentrations recorded 
in the Las Chacritas Formation 

    Sampl
e 

Height
* 

Conodon
t Zone Phase 


13

Ccar

b  
18

O


13

Cor

g
Δ

13
C 

Mg
/Ca Sr 

M
n Fe 

  (m)     PDB) (ppm) 

C14-1 -27.6 
L. 

variabilis 
Micrit

e -1.48 -5.34 
-

28.35 26.87 
0.0
2 

33
2 98 421 

C14-1 -27.6 
L. 

variabilis Vein -1.45 -7.02 -- -- 
0.0
1 

34
8 

10
1 659 

C14-2 -24.9 
L. 

variabilis 
Micrit

e -0.92 -5.50 -- -- 
0.0
2 

34
3 

39
3 

191
6 

C14-4 -19.6 
L. 

variabilis 
Micrit

e -1.16 -5.40 -- -- 
0.0
1 

31
0 

26
9 864 

C14-5 -17 
L. 

variabilis 
Micrit

e -1.29 -5.43 
-

29.44 28.15 
0.0
1 

33
8 

30
4 

117
7 

C14-6 -14.3 
L. 

variabilis 
Micrit

e -1.33 -5.61 -- -- 
0.0
2 

34
4 

38
0 

112
2 

C14-7 -11.7 
L. 

variabilis 
Micrit

e -0.92 -5.42 
-

29.02 28.10 
0.0
2 

32
5 

36
4 

149
5 

C14-8 -9 
L. 

variabilis 
Micrit

e -0.36 -5.51 -- -- 
0.0
2 

31
1 

89
3 

336
7 

C14-9 -7.2 
L. 

variabilis 
Micrit

e -0.20 -5.63 
-

29.04 28.84 
0.0
2 

31
9 

82
0 

303
7 

C14-
10 -5.4 

L. 
variabilis 

Micrit
e 0.02 -5.66 -- -- 

0.0
2 

28
0 

88
1 

253
1 

C14-
11 -3.6 Y. crassus 

Micrit
e -0.20 -5.83 

-
29.42 29.22 

0.0
3 

30
0 

52
7 

173
7 

C14-
11 -3.6 Y. crassus Vein -0.20 -7.54 -- -- 

0.0
2 

88
5 

52
6 

192
7 

C14-
12 -1.8 Y. crassus 

Micrit
e -0.11 -5.59 -- -- 

0.0
1 

35
0 

15
53 

340
0 

C14-
13 -0.2 Y. crassus 

Micrit
e -1.25 -5.98 

-
29.14 27.89 

0.0
7 

61
6 

80
6 

736
0 

C14-
14 0 Y. crassus 

Micrit
e -0.88 -5.77 -- -- 

0.0
3 

59
2 

71
9 

185
1 

C14-
15 1.2 Y. crassus 

Micrit
e -0.97 -5.69 

-
29.16 28.19 

0.0
1 

50
7 

73
5 

105
9 

C14-
16 2.3 Y. crassus 

Micrit
e -0.76 -5.86 -- -- 

0.0
2 

57
5 

67
3 

264
9 

C14-
17 3.5 Y. crassus 

Micrit
e -1.03 -5.95 

-
27.34 26.31 

0.0
3 

72
1 

50
2 

183
8 

C14- 3.5 Y. crassus Vein -0.60 -7.38 -- -- 0.0 42 52 150
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17 2 9 2 2 

C14-
18 4.7 Y. crassus 

Micrit
e -0.45 -5.84 -- -- 

0.0
3 

49
6 

34
0 

140
0 

C14-
18 4.7 Y. crassus Vein -0.98 -5.59 -- -- 

0.0
2 

65
4 

37
4 

167
3 

C14-
19 5.9 Y. crassus 

Micrit
e -0.63 -5.97 

-
27.53 26.90 

0.0
4 

49
9 

35
7 

143
8 

C14-
20 7 Y. crassus 

Micrit
e -0.69 -5.69 -- -- 

0.0
1 

68
1 

33
6 

126
6 

C14-
20 7 Y. crassus Vein -0.81 -5.29 -- -- 

0.0
1 

65
6 

36
3 

103
7 

C14-
21 8.2 Y. crassus 

Micrit
e -0.78 -5.51 

-
28.34 27.56 

0.0
2 

67
1 

39
2 

238
2 

C14-
22 9.4 Y. crassus 

Micrit
e -0.56 -6.15 -- -- 

0.0
2 

65
3 

35
8 

238
8 

C14-
23a 11.7 Y. crassus 

Micrit
e -0.92 -5.87 

-
27.10 26.18 

0.0
0 

73
5 

34
6 

651
2 

C14-
23b 11.7 Y. crassus 

Micrit
e -0.91 -5.58 -- -- 

0.0
0 

67
2 

41
1 

192
0 

C14-
23 11.7 Y. crassus Vein -0.82 -7.20 -- -- 

0.0
0 

51
3 

40
4 

180
3 

C14-
24 11.2 Y. crassus 

Micrit
e -0.64 -5.92 -- -- 

0.0
3 

73
0 

33
3 

191
4 

C14-
25 12.4 Y. crassus 

Micrit
e -0.60 -5.74 

-
27.54 26.94 

0.0
1 

94
6 

65
3 

623
3 

C14-
26 13.6 Y. crassus 

Micrit
e -1.03 -5.99 -- -- 

0.0
0 

67
0 

40
3 

148
7 

C14-
27 14.9 Y. crassus 

Micrit
e -0.79 -5.83 

-
28.29 27.50 

0.0
1 

65
1 

29
9 

131
6 

C14-
27 14.9 Y. crassus Vein -1.15 -4.53 -- -- 

0.0
0 

40
3 

35
5 839 

C14-
28 16.1 Y. crassus 

Micrit
e -0.64 -5.84 -- -- 

0.0
1 

59
5 

22
1 675 

C14-
29 17.4 Y. crassus 

Micrit
e -0.76 -5.80 

-
28.05 27.29 

0.0
0 

66
2 

24
8 

359
6 

C14-
30 18.6 Y. crassus 

Micrit
e -0.81 -5.70 -- -- 

0.0
0 

88
5 

29
8 

143
8 

C14-
30 18.6 Y. crassus Spar -0.85 -3.02 -- -- 

0.0
0 

58
5 

21
3 

160
2 

C14-
31 19.8 Y. crassus 

Micrit
e -1.09 -6.21 

-
29.06 27.97 

0.0
1 

64
8 

29
2 

480
5 

C14-
33 21.1 Y. crassus 

Micrit
e -1.22 -5.94 

-
27.61 26.39 

0.0
0 

81
9 

35
7 960 

C14- 22.3 Y. crassus Micrit -1.21 -5.72 -- -- 0.0 52 41 972 
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34 e 1 6 6 

C14-
35 23.6 Y. crassus 

Micrit
e -1.01 -6.23 

-
27.87 26.86 

0.0
1 

59
2 

40
3 

362
9 

C14-
36 24.8 Y. crassus 

Micrit
e -1.32 -5.79 -- -- 

0.0
0 

72
4 

29
7 767 

C14-
36 24.8 Y. crassus Vein -1.17 -4.71 -- -- 

0.0
0 

20
4 

33
8 427 

C14-
37 26 Y. crassus 

Micrit
e -0.94 -6.06 

-
24.16 23.22 

0.0
0 

54
4 

27
2 766 

C14-
38 27.3 Y. crassus 

Micrit
e -0.89 -6.11 -- -- 

0.0
0 

61
2 

40
8 

230
4 

C14-
38 27.3 Y. crassus Spar -1.10 -4.67 -- -- 

0.0
0 

54
2 

33
2 772 

C14-
39 28.5 Y. crassus 

Micrit
e -0.76 -5.60 

-
28.00 27.24 

0.0
0 

51
7 

36
3 856 

C14-
39 28.5 Y. crassus Spar -0.94 -5.43 -- -- 

0.0
0 

48
9 

47
4 

175
7 

C14-
39 28.5 Y. crassus Vein -0.77 -6.58 -- -- 

0.0
0 

51
0 

34
4 

108
3 

C14-
40 29.8 Y. crassus 

Micrit
e -0.73 -6.29 -- -- 

0.0
0 

47
4 

41
4 

127
2 

C14-
40 29.8 Y. crassus Vein -1.18 -6.35 -- -- 

0.0
0 

76
7 

38
3 

142
4 

C14-
41 31 Y. crassus 

Micrit
e -0.95 -5.85 

-
28.54 27.59 

0.0
1 

59
7 

43
5 

167
9 

C14-
42 32.3 Y. crassus 

Micrit
e -0.93 -5.78 -- -- 

0.0
0 

45
1 

41
2 937 

C14-
43 33.5 Y. crassus 

Micrit
e -0.86 -5.51 

-
28.03 27.17 

0.0
0 

45
2 

35
9 

151
2 

C14-
43 33.5 Y. crassus Spar -0.68 -5.19 -- -- 

0.0
0 

32
4 

39
6 

118
2 

C14-
43 33.5 Y. crassus Vein -0.93 -6.85 -- -- 

0.0
1 

51
9 

40
9 

196
7 

C14-
44 34.7 Y. crassus 

Micrit
e -0.66 -6.28 

-
29.15 28.49 

0.0
1 

40
2 

36
3 

102
6 

C14-
44 34.7 Y. crassus Vein -0.91 -6.49 -- -- 

0.0
1 

42
7 

35
9 

139
9 

C14-
45 37.2 Y. crassus 

Micrit
e -0.98 -5.45 

-
29.61 28.63 

0.0
1 

46
6 

46
6 

147
9 

C14-
46 38.5 Y. crassus 

Micrit
e -0.96 -5.93 -- -- 

0.0
2 

10
86 

50
0 

623
6 

C14-
47 39.7 Y. crassus 

Micrit
e -0.92 -5.98 

-
25.93 25.01 

0.0
1 

11
57 

35
6 

366
4 

C14- 40.9 Y. crassus Micrit -0.50 -5.81 -- -- 0.0 32 42 141
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48 e 1 4 3 4 

C14-
49 42.2 Y. crassus 

Micrit
e -0.12 -5.70 

-
27.31 27.19 

0.0
1 

29
3 

43
4 

128
0 

C14-
50 43.4 Y. crassus 

Micrit
e -0.54 -5.99 -- -- 

0.0
1 

34
1 

59
1 

136
9 

C14-
51 44.7 

E. 
psuedopl

anus 
Micrit

e -0.58 -5.74 
-

29.79 29.21 
0.0
1 

45
0 

39
1 

367
8 

C14-
51 44.7 

E. 
psuedopl

anus Spar -0.95 -4.94 -- -- 
0.0
0 

31
8 

50
9 632 

C14-
52 45.9 

E. 
psuedopl

anus 
Micrit

e -0.69 -6.35 -- -- 
0.0
1 

55
6 

63
1 

395
6 

C14-
52 45.9 

E. 
psuedopl

anus Vein -0.44 -7.17 -- -- 
0.0
2 

11
39 

30
4 

230
1 

C14-
53 47.1 

E. 
psuedopl

anus 
Micrit

e -0.56 -6.26 
-

27.96 27.40 
0.0
2 

32
7 

37
4 659 

C14-
54 48.4 

E. 
psuedopl

anus 
Micrit

e -0.32 -5.78 
-

25.83 25.51 
0.0
1 

37
1 

57
3 

212
5 

C14-
55 49.6 

E. 
psuedopl

anus 
Micrit

e -0.17 -6.18 
-

28.30 28.13 
0.0
1 

35
2 

53
9 

203
5 

C14-
55 49.6 

E. 
psuedopl

anus Vein -0.34 -6.03 -- -- 
0.0
1 

39
4 

60
3 

374
4 

C14-
56 50.9 

E. 
psuedopl

anus 
Micrit

e 0.11 -6.18 -- -- 
0.0
1 

31
0 

60
8 

273
5 

C14-
56 50.9 

E. 
psuedopl

anus Spar -0.01 -6.35 -- -- 
0.0
1 

34
2 

71
0 

249
7 

C14-
57 52.1 

E. 
psuedopl

anus 
Micrit

e 0.11 -6.38 
-

28.01 28.12 
0.0
1 

35
2 

51
7 

181
0 

C14-
58 53.3 

E. 
psuedopl

anus 
Micrit

e 0.17 -5.77 -- -- 
0.0
1 

31
0 

46
3 

168
7 

C14-
78 53.7 

E. 
psuedopl

anus Vein 0.27 -5.16 -- -- 
0.0
0 

49
6 

51
8 

188
8 
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C14-
80 53.7 

E. 
psuedopl

anus Spar 0.29 -5.11 -- -- 
0.0
0 

37
9 

45
7 751 

C14-
82 53.7 

E. 
psuedopl

anus Spar 0.04 -4.38 -- -- 
0.0
0 

28
7 

67
3 

133
5 

C14-
85 54.1 

E. 
psuedopl

anus Spar 0.16 -4.67 -- -- 
0.0
0 

19
0 

61
5 969 

C14-
86 54.1 

E. 
psuedopl

anus Spar 0.17 -5.05 -- -- 
0.0
0 

47
5 

48
9 

385
4 

C14-
58 54.6 

E. 
psuedopl

anus Vein 0.03 -6.03 -- -- 
0.0
3 

13
83 

17
2 

245
9 

C14-
59 54.6 

E. 
psuedopl

anus 
Micrit

e 0.18 -5.99 
-

26.83 27.01 
0.0
1 

33
7 

43
9 

142
8 

C14-
59 54.6 

E. 
psuedopl

anus Spar 0.29 -5.36 -- -- 
0.0
1 

31
9 

33
5 757 

C14-
90 54.5 

E. 
psuedopl

anus Spar 0.07 -3.50 -- -- 
0.0
0 

41
6 

47
3 

101
1 

C14-
91 54.5 

E. 
psuedopl

anus Vein -0.29 -5.32 -- -- 
0.0
0 

35
8 

48
4 

173
4 

C14-
92 54.5 

E. 
psuedopl

anus Spar 0.15 -5.09 -- -- 
0.0
0 

40
9 

43
3 746 

C14-
94 54.5 

E. 
psuedopl

anus Spar 0.25 -5.00 -- -- 
0.0
0 

29
8 

58
8 

175
2 

C14-
95 54.5 

E. 
psuedopl

anus Spar -0.03 -5.26 -- -- 
0.0
0 

43
8 

52
4 

195
0 

C14-
96 54.9 

E. 
psuedopl

anus Spar -0.11 -6.94 -- -- 
0.0
0 

32
0 

77
3 

200
8 

C14-
97 54.9 

E. 
psuedopl

anus Spar 0.28 -5.46 -- -- 
0.0
0 

26
8 

67
4 988 

C14-
96 54.9 

E. 
psuedopl Vein -0.60 -4.99 -- -- 

0.0
0 

27
2 

54
8 

157
7 
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anus 

C14-
99 54.9 

E. 
psuedopl

anus Spar 0.44 -5.24 -- -- 
0.0
0 

28
2 

74
3 

168
7 

C14-
99 55.3 

E. 
psuedopl

anus Vein 0.01 -8.18 -- -- 
0.0
0 

69
6 

68
7 

245
8 

C14-
100 54.9 

E. 
psuedopl

anus Spar -0.12 -4.92 -- -- 
0.0
0 

28
9 

71
3 

121
5 

C14-
60 55.8 

E. 
psuedopl

anus 
Micrit

e 0.07 -5.72 -- -- 
0.0
1 

43
6 

41
0 

215
8 

C14-
60 55.8 

E. 
psuedopl

anus Spar 0.38 -5.09 -- -- 
0.0
1 

28
5 

30
6 492 

C14-
62 58.3 

E. 
psuedopl

anus 
Micrit

e 0.55 -7.13 
-

29.87 30.42 
0.0
1 

40
0 

27
8 

140
5 

C14-
62 58.3 

E. 
psuedopl

anus Vein 0.48 -6.01 -- -- 
0.0
1 

28
9 

25
3 658 

C14-
64 60.8 

E. 
suecicus 

Micrit
e 0.30 -5.81 

-
28.65 28.95 

0.0
1 

10
00 

17
1 626 

C14-
65 62 

E. 
suecicus 

Micrit
e -- -- -- -- 

0.0
1 

13
30 

28
6 

108
1 

C14-
66 63.3 

E. 
suecicus 

Micrit
e 0.10 -6.39 

-
29.23 29.33 

0.0
1 

76
2 

23
3 889 

C14-
66 63.3 

E. 
suecicus Vein 0.02 -8.80 -- -- 

0.0
1 

87
2 

28
2 

215
2 

C14-
67 64.5 

E. 
suecicus 

Micrit
e 1.41 -7.23 -- -- 

0.0
1 

62
1 

16
9 767 

C14-
67 64.5 

E. 
suecicus Vein 0.64 -8.12 -- -- 

0.0
1 

55
3 

12
3 464 

C14-
68 65 

E. 
suecicus 

Micrit
e 0.70 -6.94 

-
30.32 31.02 

0.0
1 

69
5 

20
3 

142
1 

C14-
68 65 

E. 
suecicus Vein 0.69 -7.20 -- -- 

0.0
1 

73
3 

26
2 

183
2 

C14-
69 65.5 

E. 
suecicus 

Micrit
e 0.33 -6.84 -- -- 

0.0
1 

10
75 

53
4 

836
2 

C14-
70 70 

E. 
suecicus 

Micrit
e 0.18 -6.76 

-
29.22 29.40 

0.0
2 

85
4 

44
6 

695
4 

C14-
71 71 

E. 
suecicus 

Micrit
e 0.78 -7.01 -- -- 

0.0
1 

10
21 

47
2 

511
5 
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C14-
72 72 

P. 
anserinus 

Micrit
e 0.30 -6.79 

-
30.45 30.75 

0.0
3 

10
53 

60
2 

114
96 

C14-
73 73 

P. 
anserinus 

Micrit
e 0.33 -6.98 -- -- 

0.0
1 

10
78 

43
8 

587
6 

C14-
74 74 

P. 
anserinus 

Micrit
e -0.14 -7.03 

-
30.31 30.17 

0.0
1 

10
66 

47
0 

639
4 

C14-
76 76 

P. 
anserinus 

Micrit
e -0.56 -6.44 

-
29.74 29.18 

0.0
1 

60
3 

42
0 

244
8 

C14-
77 77 

P. 
anserinus 

Micrit
e -0.15 -6.73 -- -- 

0.0
1 

78
5 

58
4 

361
7 

*Height relative to the contact between the San Juan 
and Las Aguaditas Formations             
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Table 
2 

           Range of isotopic compositions and elemental concentrations 
recorded in the Las Aguaditas Formation 

      
Sampl

e 
Heigh

t* Conodont Zone Phase 


13
Cca

rb  
18

O


13

Cor

g

Δ
13

C 
Mg
/Ca Sr 

M
n Fe 

  (m)     PDB) (ppm) 

A14-1 -16 Y. crassus 
Micrit

e -0.58 -5.62 

-
29.
12 

28.
54 

0.0
1 

43
1 

45
6 

19
09 

A14-2 -15 Y. crassus 
Micrit

e -0.61 -5.29 -- -- 
0.0
1 

40
5 

62
7 

27
64 

A14-2 -15 Y. crassus 
Micrit

e -0.66 -5.36 -- -- 
0.0
1 

39
6 

71
6 

21
94 

A14-2 -15 Y. crassus Vein -0.64 -5.88 -- -- 
0.0
2 

50
3 

62
1 

30
39 

A14-3 -14 Y. crassus 
Micrit

e -0.54 -5.58 

-
26.
37 

25.
83 

0.0
1 

47
4 

69
0 

30
05 

A14-3 -14 Y. crassus Vein -0.59 -6.44 -- -- 
0.0
2 

52
4 

67
1 

47
36 

A14-4 -13 Y. crassus 
Micrit

e -0.36 -5.65 -- -- 
0.0
2 

40
9 

80
7 

27
81 

A14-4 -13 Y. crassus Vein -0.53 -6.56 -- -- 
0.0
1 

57
7 

80
4 

43
62 

A14-5 -12 Y. crassus 
Micrit

e -0.29 -5.49 

-
24.
70 

24.
41 

0.0
2 

48
8 

11
19 

28
32 

A14-6 -11 Y. crassus 
Micrit

e -0.23 -5.38 -- -- 
0.0
1 

59
9 

12
13 

35
47 

A14-7 -10 Y. crassus 
Micrit

e 0.19 -5.36 

-
26.
30 

26.
49 

0.0
2 

44
3 

11
70 

18
90 

A14-7 -10 Y. crassus Vein -0.32 -7.67 -- -- 
0.0
2 

55
1 

12
94 

63
19 

A14-8 -9 Y. crassus 
Micrit

e -0.12 -5.43 -- -- 
0.0
1 

50
1 

17
95 

30
09 

A14-9 -8 Y. crassus 
Micrit

e -0.26 -5.14 

-
27.
46 

27.
20 

0.0
1 

46
6 

16
58 

42
27 

A14-
10 -7 Y. crassus 

Micrit
e -0.37 -5.41 -- -- 

0.0
3 

67
5 

14
90 

30
34 

A14- -7 Y. crassus Vein -0.21 -4.13 -- -- 0.0 65 13 27
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10 2 1 69 70 

A14-
11 -6 Y. crassus 

Micrit
e -0.28 -5.23 

-
26.
54 

26.
26 

0.0
1 

55
0 

22
97 

39
64 

A14-
12 -5 Y. crassus 

Micrit
e -0.10 -5.54 -- -- 

0.0
3 

57
8 

13
00 

36
32 

A14-
12 -5 Y. crassus Vein -0.48 -9.54 -- -- 

0.0
1 

68
6 

15
12 

58
21 

A14-
13 -4 Y. crassus 

Micrit
e -0.25 -5.13 

-
25.
90 

25.
65 

0.0
3 

57
2 

16
54 

32
25 

A14-
14 -3 Y. crassus 

Micrit
e -0.22 -5.10 -- -- 

0.0
2 

61
4 

30
65 

28
65 

A14-
15 -2 Y. crassus 

Micrit
e -0.13 -5.37 

-
22.
76 

22.
63 

0.0
1 

48
7 

16
44 

35
21 

A14-
16 -1 Y. crassus 

Micrit
e -0.43 -5.44 

-
27.
25 

26.
82 

0.0
1 

78
3 

18
97 

46
62 

A14-
16 -1 Y. crassus Spar -0.31 -5.44 -- -- 

0.0
2 

95
6 

21
56 

34
98 

A14-
17 0 Y. crassus 

Micrit
e -0.37 -5.32 

-
25.
27 

24.
90 

0.0
1 

49
2 

32
74 

29
63 

A14-
17 0 Y. crassus Spar 0.18 -5.28 -- 

 

0.0
2 

46
2 

23
18 

18
74 

A14-
20 3 Y. crassus 

Micrit
e -0.55 -4.30 

-
29.
61 

29.
06 

0.0
5 

70
5 

69
3 

56
06 

A14-
21 4 Y. crassus 

Micrit
e -0.69 -5.32 -- -- 

0.0
3 

96
3 

12
65 

54
03 

A14-
21 4 Y. crassus 

Micrit
e -0.73 -5.19 -- -- 

0.0
4 

97
5 

61
5 

49
59 

A14-
22 5 Y. crassus 

Micrit
e -- -- 

-
26.
63 -- -- -- -- -- 

A14-
23 6 Y. crassus 

Micrit
e -0.52 -5.58 

-
29.
58 

29.
06 

0.0
3 

10
75 

62
2 

35
23 

A14-
25 8 Y. crassus 

Micrit
e -0.41 -4.69 

-
29.
55 

29.
14 

0.0
2 

85
7 

37
9 

30
81 

A14-
26 9 Y. crassus 

Micrit
e -0.36 -5.28 -- -- 

0.0
1 

10
10 

38
0 

31
35 
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A14-
26 9 Y. crassus Vein -0.43 -5.03 -- -- 

0.0
2 

97
9 

32
6 

28
57 

A14-
27 10 Y. crassus 

Micrit
e -0.54 -5.44 

-
29.
86 

29.
32 

0.0
3 

99
1 

58
7 

46
70 

A14-
28 11 Y. crassus 

Micrit
e -0.36 -5.28 -- -- 

0.0
1 

90
6 

37
8 

28
14 

A14-
29 12 Y. crassus 

Micrit
e -0.95 -4.95 

-
29.
71 

28.
76 

0.0
4 

81
5 

48
4 

49
02 

A14-
30 13 Y. crassus 

Micrit
e -0.57 -5.27 -- -- 

0.0
3 

10
16 

39
6 

40
69 

A14-
31 14 Y. crassus 

Micrit
e -0.63 -5.28 

-
29.
92 

29.
29 

0.0
3 

12
50 

31
7 

17
64 

A14-
33 16 Y. crassus 

Micrit
e -1.28 -5.36 

-
29.
38 

28.
10 

0.0
3 

10
60 

42
7 

36
70 

A14-
35 18 Y. crassus 

Micrit
e -0.40 -5.69 

-
29.
79 

29.
39 

0.0
0 

95
1 

54
0 

48
80 

A14-
36 19 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -0.45 -4.85 -- -- 

0.0
2 

66
3 

30
2 

27
67 

A14-
37 20 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -0.29 -5.48 

-
29.
79 

29.
50 

0.0
2 

95
9 

41
3 

18
26 

A14-
38 21 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -0.84 -5.48 -- -- 

0.0
1 

10
11 

39
1 

40
22 

A14-
39 22 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -0.36 -5.81 

-
28.
89 

28.
53 

0.0
1 

12
29 

26
7 

10
69 

A14-
39 22 

E. psuedoplanus/D. 
tablepointensis Spar 1.00 -5.19 -- -- 

0.0
1 

99
4 

20
6 

11
15 

A14-
40 23 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -2.25 -5.42 -- -- 

0.0
1 

86
6 

36
9 

16
43 

A14-
40 23 

E. psuedoplanus/D. 
tablepointensis Vein -1.04 -6.52 -- -- 

0.0
1 

14
34 

40
2 

30
56 

A14-
41 24 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -1.52 -5.32 

-
25.
41 

23.
89 -- -- -- -- 

A14-
43 26 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -0.71 -5.29 

-
29.
52 

28.
81 

0.0
2 

12
33 

21
5 

87
3 

A14- 27 E. psuedoplanus/D. Micrit -1.21 -5.51 -- -- 0.0 11 28 10
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44 tablepointensis e 2 75 2 46 

A14-
45 28 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -0.84 -5.60 

-
28.
51 

27.
67 

0.0
1 

15
60 

28
0 

16
09 

A14-
47 30 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -1.75 -5.15 

-
28.
31 

26.
56 

0.0
6 

17
48 

32
1 

35
93 

A14-
48 31 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -1.56 -5.36 -- -- 

0.0
1 

74
3 

23
3 

14
29 

A14-
50 33 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -0.59 -5.08 

-
28.
49 

27.
90 

0.0
4 

16
52 

26
3 

25
64 

A14-
51 34 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -1.20 -4.83 

-
25.
58 

24.
38 

0.0
2 

11
20 

53
8 

27
40 

A14-
52 35 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -0.88 -4.82 -- -- 

0.0
2 

11
56 

36
8 

18
02 

A14-
53 36 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -1.14 -4.96 

-
28.
63 

27.
49 

0.0
1 

10
48 

37
2 

11
72 

A14-
54 37 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -1.64 -4.98 -- -- 

0.0
2 

94
4 

40
8 

10
80 

A14-
55 38 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -1.48 -4.76 

-
29.
79 

28.
31 

0.0
2 

95
5 

41
7 

13
40 

A14-
57 40 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -1.36 -5.00 

-
29.
21 

27.
85 

0.0
2 

17
95 

49
5 

32
26 

A14-
57 40 

E. psuedoplanus/D. 
tablepointensis Vein -1.37 -7.57 -- -- 

0.0
2 

10
86 

50
0 

62
36 

A14-
58 41 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -1.69 -4.68 -- -- 

0.0
2 

10
37 

35
7 

17
92 

A14-
58 41 

E. psuedoplanus/D. 
tablepointensis Vein -1.26 -7.28 -- -- 

0.0
1 

11
57 

35
6 

36
64 

A14-
59 42 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -1.16 -5.17 -- -- 

0.0
3 

21
66 

47
5 

67
15 

A14-
59 42 

E. psuedoplanus/D. 
tablepointensis 

Micrit
e -2.09 -4.88 

-
28.
68 

26.
59 

0.0
2 

51
8 

29
0 

10
21 

A14-
65 43.2 P. anserinus 

Micrit
e 0.42 -4.07 -- -- 

0.0
1 

35
2 

37
8 

62
5 

A14-
66 44.2 P. anserinus Spar -0.06 -3.22 -- -- 

0.0
1 

31
9 

49
2 

24
52 

A14- 43.2 P. anserinus Spar 0.48 -4.33 -- -- 0.0 60 48 51
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77 0 0 2 32 

A14-
77 43.2 P. anserinus Vein -0.13 -4.62 -- -- 

0.0
0 

85
9 

41
1 

37
28 

A14-
82 43.2 P. anserinus Spar -0.31 -5.09 -- -- 

0.0
0 

92
4 

21
2 

19
42 

A14-
87 43.2 P. anserinus Spar 0.03 -4.90 -- -- 

0.0
0 

49
3 

32
0 

21
65 

A14-
87 43.2 P. anserinus Vein 0.07 -8.04 -- -- 

0.0
0 

71
3 

38
4 

24
82 

A14-
92 43.2 P. anserinus Spar 0.22 -3.80 -- -- 

0.0
0 

20
7 

43
2 

62
8 

A14-
64 43.4 P. anserinus 

Micro
spar 0.03 -4.07 -- -- 

0.0
2 

32
7 

37
4 

65
9 

A14-
64 43.4 P. anserinus Spar 0.07 -3.73 -- -- 

0.0
1 

24
7 

40
8 

57
8 

A14-
64 43.4 P. anserinus Vein 0.52 -3.30 -- -- 

0.0
1 

27
8 

43
6 

27
8 

A14-
78 43.4 P. anserinus Spar 0.36 -4.50 -- -- 

0.0
0 

38
0 

33
2 

52
8 

A14-
78 43.4 P. anserinus Vein -0.13 -4.18 -- -- 

0.0
0 

36
2 

48
2 

48
31 

A14-
83 43.4 P. anserinus Spar -0.23 -3.90 -- -- 

0.0
0 

53
5 

41
4 

43
08 

A14-
83 43.4 P. anserinus Vein 0.03 -3.43 -- -- 

0.0
0 

43
4 

51
9 

66
81 

A14-
88 43.4 P. anserinus Spar -0.09 -4.59 -- -- 

0.0
0 

43
9 

51
0 

48
02 

A14-
88 43.4 P. anserinus Vein -0.10 -6.44 -- -- 

0.0
0 

11
44 

34
6 

33
67 

A14-
93 43.4 P. anserinus Spar 0.66 -5.08 -- -- 

0.0
0 

38
8 

29
1 

59
1 

A14-
93 43.4 P. anserinus Vein 0.20 -4.60 -- -- 

0.0
0 

46
8 

44
4 

43
81 

A14-
65 44.4 P. anserinus Spar 0.07 -3.73 -- -- 

0.0
1 

24
7 

40
8 

57
8 

A14-
79 43.6 P. anserinus Spar 0.15 -3.64 -- -- 

0.0
0 

51
2 

41
7 

41
25 

A14-
84 43.6 P. anserinus Spar -0.09 -4.16 -- -- 

0.0
0 

38
7 

32
6 

96
9 

A14-
89 43.6 P. anserinus Spar 0.34 -4.77 -- -- 

0.0
0 

41
9 

32
1 

20
35 

A14-
89 43.6 P. anserinus Vein 0.25 -3.63 -- -- 

0.0
0 

54
8 

47
8 

50
14 

A14- 43.8 P. anserinus Micrit 0.25 -4.80 -- -- 0.0 49 29 11
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62 e 1 6 8 25 

A14-
62 43.8 P. anserinus Vein 0.03 -6.11 -- -- 

0.0
2 

11
39 

30
4 

23
01 

A14-
80 43.8 P. anserinus Spar 0.20 -4.39 -- -- 

0.0
0 

43
1 

34
2 

18
24 

A14-
85 43.8 P. anserinus Spar -0.17 -3.97 -- -- 

0.0
0 

45
3 

41
8 

44
99 

A14-
90 43.8 P. anserinus Spar 0.01 -4.69 -- -- 

0.0
0 

64
0 

35
6 

27
11 

A14-
90 43.8 P. anserinus Vein -0.07 -6.56 -- -- 

0.0
0 

11
89 

31
8 

20
26 

A14-
61 44 P. anserinus 

Micrit
e 0.11 -4.28 -- -- 

0.0
1 

45
0 

39
1 

36
78 

A14-
61 44 P. anserinus Spar 0.43 -4.62 -- -- 

0.0
1 

33
7 

32
5 

54
8 

A14-
81 44 P. anserinus Spar 0.23 -4.62 -- -- 

0.0
0 

38
8 

34
8 

17
00 

A14-
81 44 P. anserinus Vein 0.20 -2.88 -- -- 

0.0
0 

37
6 

46
5 

69
92 

A14-
86 44 P. anserinus Spar 0.01 -4.45 -- -- 

0.0
0 

46
1 

36
9 

37
78 

A14-
91 44 P. anserinus Spar -0.58 -4.82 -- -- 

0.0
0 

53
0 

15
19 

66
44 

A14-
66 45 P. anserinus 

Micrit
e -0.26 -4.10 

-
26.
57 

26.
31 

0.0
3 

88
0 

24
4 

19
08 

A14-
67 46 P. anserinus 

Micrit
e 0.24 -4.51 -- -- 

0.0
1 

12
95 

16
4 

39
38 

A14-
68 47 P. anserinus 

Micrit
e 0.29 -4.39 

-
30.
47 

30.
76 

0.0
1 

12
88 

16
4 

33
00 

A14-
68 47 P. anserinus Vein 0.24 -6.00 -- -- 

0.0
1 

11
73 

15
6 

19
33 

A14-
69 48 P. anserinus 

Micrit
e 0.33 -4.15 -- -- 

0.0
1 

13
09 

16
3 

21
97 

A14-
70 49 P. anserinus 

Micrit
e 0.56 -4.37 

-
30.
84 

31.
40 

0.0
3 

13
83 

17
2 

24
59 

A14-
71 50 P. anserinus 

Micrit
e 0.39 -4.06 -- -- 

0.0
3 

13
65 

17
1 

26
59 

A14-
72 51 P. anserinus 

Micrit
e -- -- 

-
30.
59 -- -- -- -- -- 

A14- 53 P. anserinus Micrit -- -- - -- -- -- -- -- 
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74 e 29.
14 

A14-
76 55 P. anserinus 

Micrit
e -- -- 

-
26.
64 -- -- -- -- -- 

*Height relative to the contact beteen the San Juan 
and Las Aguaditas Formations               
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Table 3 
      Summary of Darriwilian isotopic and elemental 

compositions from the Precordillera             

  


13
Cc

arb 


18

O


13

C

org Sr Mn Fe 

  PDB) (ppm)    

Las Chacritas River Section 
     Matrix 

      

Average -0.39 

-
5.7
4 

-
28.3

2 
53
0 

47
6 

25
46 

St. Dev. 0.59 
0.7
4 1.37 

25
2 

19
6 

18
98 

Spar 
      

Average -0.11 

-
5.0
3 -- 

36
3 

52
1 

13
98 

St. Dev. 0.48 
0.8
1 -- 99 

15
6 

77
2 

Veins 
      

Average -0.46 

-
6.4
6 -- 

58
7 

37
9 

16
09 

St. Dev. 0.60 
1.1
4 -- 

27
8 

14
5 

75
2 

L. variabilis 
      

Average -0.85 

-
5.5
0 

-
28.2

3 
32
2 

48
9 

17
70 

St. Dev. 0.51 
0.1
1 1.50 19 

27
8 

95
7 

Y. crassus 
      

Average -0.82 

-
5.8
6 

-
27.9

6 
60
0 

45
5 

22
50 

St. Dev. 0.29 
0.2
0 1.23 

19
1 

21
9 

16
92 

E. psuedoplanus 
      

Average 0.04 

-
5.2
6 

-
28.0

8 
33
3 

53
7 

24
56 

St. Dev. 0.34 
0.9
4 1.35 72 

11
7 

87
5 
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E. suecicus 
      

Average 0.54 

-
6.7
1 

-
29.3

5 
92
0 

31
4 

31
52 

St. Dev. 0.43 
0.4
4 0.61 

21
8 

13
8 

29
56 

P. anserinus 
      

Average -0.04 

-
6.7
9 

-
30.1

6 
91
7 

50
3 

59
66 

St. Dev. 0.33 
0.2
1 0.31 

19
1 76 

31
20 

Las Aguaditas Creek Section 
     Matrix 

      

Average -0.38 

-
4.9
8 

-
28.1

7 
78
8 

64
2 

26
68 

St. Dev. 0.65 
0.4
7 1.91 

40
2 

61
8 

14
95 

Spar 
      

Average 0.14 

-
4.3
9 -- 

46
7 

54
9 

22
64 

St. Dev. 0.33 
0.6
2 -- 

19
8 

51
9 

16
88 

Veins 
      

Average 0.52 

-
2.8
8 -- 

14
34 

15
12 

69
92 

St. Dev. 0.48 
1.9
2 -- 

33
3 

34
9 

17
11 

L. variabilis -- -- -- -- -- -- 

Y. crassus 
      

Average -0.44 

-
5.3
1 

-
27.6

7 
70
8 

10
95 

35
00 

St. Dev. 0.27 
0.2
7 2.08 

24
8 

76
3 

10
08 

E. psuedoplanus 
      

Average -1.19 

-
5.1
6 

-
28.4

0 
11
79 

35
3 

11
79 

St. Dev. 0.54 0.3 1.39 40 86 40
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1 4 4 

E. suecicus -- -- -- -- -- -- 

P. anserinus 
      

Average 
0.22 

-
4.5
3 

-
29.0

4 
60
5 

35
6 

21
24 

St. Dev. 
0.18 

0.3
5 1.81 

34
8 

26
3 

16
01 
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Highlights: 

• Paired carbon isotopes of carbonate and organic matter constrain marine system 

• Darriwilian MDICE excursion is coincident with climate and ocean chemistry change 

• Las Chacritas and Las Aguaditas formations record facies on deepening marine shelf 

• Carbon isotopes show initiation of MDICE excursion in onshore, but not offshore, 

environments 

• Paired isotopes suggest marine chemocline remains apparent through the Darriwilian 
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