
 

 

 

ABSTRACT 

AZMI, IFFAT. Neogene Expansion of C4 Grasslands in South America: Interactions Between 
Climate, Ecology, And Tectonics  (Under the direction of Dr. Ethan Hyland). 
 
The Neogene, often cited as an analog for future climate, was marked by pronounced climatic and 

ecological change, with perhaps the most important being the expansion of /ј ƎǊŀǎǎƭŀƴŘǎ ǿƛŘŜƭȅ ȅŜǘ 

unevenly across tropical and subtropical regions. This heterogeneous expansion has elicited questions 

about the major drivers of grassland ecosystems, and how they might respond under future changes to 

global climate. ¢Ƙƛǎ ŘƛǎǎŜǊǘŀǘƛƻƴ ƛƴǾŜǎǘƛƎŀǘŜǎ bŜƻƎŜƴŜ /ј ŘȅƴŀƳƛŎǎ ŀŎǊƻǎǎ {ƻǳǘƘ !ƳŜǊƛŎŀ ŀƴŘ ŜǾŀƭǳŀǘŜǎ 

the roles of Andean orogeny and monsoon development and disturbance in driving those changes. 

Through a multiproxy approach using paleosol archives, this study provides high-resolution spatio-

temporal reconstructions of climate and vegetation cover spanning the Neogene across a transect of 

basins in Argentina. In the first research chapter, Late Miocene paleoenvironmental records from the 

Angastaco Basin indicate a limited increase in C4 abundance coinciding with progressive aridification 

resulting from orogenic uplift and evolving monsoon patterns. In the second research chapter, records 

from Middle to Late Miocene deposits in the Cacheuta Basin indicate a transition to wetter conditions 

ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ŀ ǎǘǊŜƴƎǘƘŜƴƛƴƎ {ƻǳǘƘ !ƳŜǊƛŎŀƴ Ƴƻƴǎƻƻƴ {ȅǎǘŜƳΣ ǿƘƛƭŜ /ј ǾŜƎŜǘŀǘƛƻƴ ǊŜƳŀƛƴŜŘ ƳƛƴƛƳŀƭΦ 

The third research chapter describes paleosol records from the southeastern Pampas, which reveal 

pronounced precipitation seasonality and a monsoonal influence, with relatively higher but spatially 

ǾŀǊƛŀōƭŜ /ј ŎƻǾŜǊΦ Finally, the fourth research chapter shows ŀ ǊŜƭŀǘƛǾŜƭȅ ƘƛƎƘŜǊ /ј ǎƛƎƴŀƭ during the Mio-

Pliocene in the Choromoro and Tucuman basins, indicating a delayed onset of C4 expansion. Altogether, 

this dissertation shows that alǘƘƻǳƎƘ /ј ǾŜƎŜǘŀǘƛƻƴ ƛƴ South America appeared by the Middle Miocene 

(16 Ma), the broader expansion of these grasslands was spatially heterogeneous and asynchronous, 

governed by local hydroclimate and elevation, rather than a single driver regionally. These patterns are 

consistent with a regional strengthening of the South American Monsoon System, marked by increased 

precipitation seasonality while temperatures remained comparatively stable. In ecosystems with 

ǊŜǎǘǊƛŎǘŜŘ /ј ǇǊŜǎŜƴŎŜΣ ǇŜǊǎƛǎǘŜƴǘ ƘȅǇǎƻŘƻƴǘy during this Neogene interval implies that faunal evolution 

ǿŀǎ ƴƻǘ ǎƻƭŜƭȅ ƭƛƴƪŜŘ ǘƻ /ј grassland spread. Overall, this work broadens our understanding of how 

topography and climate have shaped Neogene ecosystems in South America, highlighting the importance 

of regional environmental feedbacks in shaping terrestrial biomes. 
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CHAPTER 1: Introduction  

1.1 Overview 

Grasslands are an essential ecosystem, covering approximately 40% of the Earth's terrestrial 

surface, and play a critical role in global biodiversity, carbon storage, and climate regulation (Bardgett et 

al., 2021; Liu & Lu, 2021). Within these ecosystems, C4 grasses form a crucial component, particularly in 

tropical and subtropical regions such as the Great Plains of North America, the savannas of Africa, and the 

Cerrado and Pampas of South America. Covering approximately 18.8 million square kilometers, C4 plants 

account for ~20% of the global photosynthetic carbon assimilation, contribute to 30% of global agricultural 

grain production (Osborne & Beerling, 2005; Still et al., 2003), and shape both global and regional fire 

dynamics (Figure 1.1; Luo et al., 2024). C4 grasses predominantly thrive in warm, arid, and open 

environments, where their efficient photosynthetic pathway provides a competitive advantage under high 

light, temperature (Ehleringer, 1978), and periodic water stress conditions (Edwards & Still, 2008).  

In the context of ongoing climate change and its predicted ecological impacts, studying the C4 

grassland ecosystem and its evolutionary history is of critical importance. C4 grasses play a significant role 

in agriculture and environmental protection, contributing to global food and forage production, 

conservation, erosion control, biodiversity, and land management (Moser et al., 2004; Vendramini et al., 

2023). C4 grasses are highly efficient in carbon sequestration and are well adapted to high temperatures 

and low atmospheric CO2 concentrations (Christin & Osborne, 2014; Sage, 2004). The unique physiological 

characteristics of C4 plants result in distinct climate sensitivities (Luo et al., 2024), indicating potential 

shifts in their global distribution. Such shifts can influence global food security and ecosystem dynamics 

by altering the balance between C3 and C4 plant dominance across different regions (Cotton et al., 2016). 

Given the anticipated rise in atmospheric CO2, along with associated global warming, increased 

precipitation in some regions, and aridity in others (IPCC, 2023; Calvin et al., 2023), understanding the 

relationship between climate and C4 vegetation is essential (Beerling & Osborne, 2006).  The Late 
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Miocene, an interval considered analogous to future climate scenarios (Steinthorsdottir et al., 2021), 

presents a unique opportunity to explore this relationship, as it marks the period when C4 grasses began 

to proliferate. 

 

CƛƎǳǊŜ мΦмΥ aŀǇ ǎƘƻǿƛƴƎ Ǝƭƻōŀƭ ҈/п ŎƻǾŜǊŀƎŜШǿƛǘƘ ǘƘŜ tŀƳǇŀ ƎǊŀǎǎƭŀƴŘ ǊŜƎƛƻƴ ƘƛƎƘƭƛƎƘǘŜŘ ōȅ ǘƘŜ ǊŜŘ ōƻȄ 
όŀƊŜǊ [ǳƻ Ŝǘ ŀƭΦΣ нлнпύΦ  

 

The global dominance of C4 plants observed today is a relatively recent phenomenon, largely 

attributed to the expansion of C4 grasslands during the Late MioceneςEarly Pliocene (Cerling et al., 1997; 

Osborne, 2008). The origin of C4 grasses in the Oligocene is attributed to a reduction in atmospheric CO2 

concentrations (Christin & Osborne, 2014; Osborne, 2008). The continued decline in CO2 concentrations 

in the Late Miocene was initially proposed as a driver of global C4 expansion during this period, but this 

decline in atmospheric CO2 has been reconsidered as evidence now indicates that atmospheric CO2 levels 

remained relatively stable during the Late Miocene (Pagani et al., 1999; Pearson & Palmer, 2000; Royer, 

2006). Subsequently, several other environmental and biotic factors have been suggested as drivers of C4 

grassland expansion, including global and regional climate shifts, changes in fire patterns and feedbacks, 

the advent of grazing and evolution of herbivory. However, the key driver of the expansion remains largely 

debated, and the recently observed diachroneity in C4 expansion records from different parts of the world 
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(e.g., Edwards et al., 2010; Tauxe & Feakins, 2020), along with variations in regional climatic and tectonic 

conditions, indicates the importance of considering regional processes rather than a singular global event. 

The Late Miocene expansion of C4 grasslands in South America remains largely unexplored.  In 

South America, the Late Miocene expansion of C4 grasses coincides with the evolution and development 

of the South American monsoon system, which led to more pronounced seasonal and regional 

precipitation patterns (Carrapa et al., 2019; Rohrmann et al., 2016). The emergence of this monsoon 

system is closely linked to Andean orogeny and associated changes in orographic hydroclimate (Mulch et 

al., 2010; Rohrmann et al., 2016; Strecker et al., 2007; Uba et al., 2007). This dissertation seeks to 

investigate the mechanisms driving the expansion of C4 grasslands in South America during the Late 

MioceneςPliocene by addressing the following objectives: 

¶ LŘŜƴǝŦȅƛƴƎ ǘƘŜ ǝƳƛƴƎ ŀƴŘ ŜȄǘŜƴǘ ƻŦ /п ƎǊŀǎǎƭŀƴŘ ŜȄǇŀƴǎƛƻƴ ƛƴ {ƻǳǘƘ !ƳŜǊƛŎŀΦ 

¶ 9ȄǇƭƻǊƛƴƎ ǘƘŜ ǊŜƭŀǝƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƘŜ !ƴŘŜŀƴ hǊƻƎŜƴȅ ŀƴŘ ŎƭƛƳŀǘŜΣ ŀƴŘ Ƙƻǿ ǘƘŜǎŜ ŦŀŎǘƻǊǎ 

ƛƴƅǳŜƴŎŜŘ /п ƎǊŀǎǎƭŀƴŘ ŜȄǇŀƴǎƛƻƴ ƛƴ ǘƘŜ ǊŜƎƛƻƴΦ 

¶ !ǎǎŜǎǎƛƴƎ ǘƘŜ ǊƻƭŜ ƻŦ ŬǊŜ ŀŎǝǾƛǘȅ ƛƴ ŦŀŎƛƭƛǘŀǝƴƎ ƻǊ ǇǊƻƳƻǝƴƎ ǘƘŜ ǎǇǊŜŀŘ ƻŦ /п ƎǊŀǎǎŜǎΦ 

This dissertation aims to deliver a comprehensive understanding of these regional factors driving the 

expansion of C4 grasslands in South America (Figure 1.1), contributing to the broader discussion on the 

interaction between climate, tectonics, fire and vegetation dynamics (Figure 1.2) during the Late Miocene 

to Early Pliocene. Only a handful of studies have described the environmental and ecological conditions 

of the Late Miocene in the region, and they primarily rely mostly on qualitative sedimentological and 

paleontological evidence (Barreda et al., 2007; Carrapa et al., 2019; Ortiz-Jaureguizar & Cladera, 2006; 

Pound et al., 2012; Strömberg et al., 2013). Few studies have documented the presence and expansion of 

C4 grasses in South America during this period, and taken together, these studies show  variations in timing 

and local abundance (e.g., Bywater-Reyes et al., 2010; Cotton et al., 2014; Hynek et al., 2012; Latorre et 

al., 1997), and limited links to climatic or fire conditions in the same localities.   
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CƛƎǳǊŜ мΦнΥ {ŎƘŜƳŀǝŎ ƛƴǘŜǊŀŎǝƻƴǎ ƻŦ ǘŜŎǘƻƴƛŎǎΣ ŎƭƛƳŀǘŜΣ ŀƴŘ ŬǊŜ ƛƴ ǘƘŜ ŜȄǇŀƴǎƛƻƴ ƻŦ /п ƎǊŀǎǎƭŀƴŘǎΦ 

 
This dissertation examines several Andean basins in northwest and central Argentina (See Section 

1.4) in order to reconstruct paleoclimate conditions and paleovegetation for the Late Miocene using a 

multiproxy approach with high spatio-temporal resolution applied to collected paleosol samples (See 

Section 1.5). These proxies include major element geochemical compositions of paleosol B-horizons, 

which are used to estimate mean annual temperature and precipitation for the Mio-Pliocene interval. 

{ǘŀōƭŜ ƛǎƻǘƻǇŜ όʵцш/Σ ʵц8hΣ ɲ47) analyses of pedogenic carbonates also record climatic conditions like 

ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ƳƻƛǎǘǳǊŜ ǎƻǳǊŎŜǎΣ ǿƘƛƭŜ ǘƘŜ ʵцш/ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ǎƻƛƭ ƻǊƎŀƴƛŎ ƳŀǘǘŜǊ ŦǊƻƳ Ǉaleosol A-

horizons are used to infer floral diversity. Phytolith morphologies and assemblages provide additional 

insights into vegetation composition and abundance. Finally, polycyclic aromatic hydrocarbons (PAHs) 

serve as a proxy for identifying vegetation types and reconstructing fire history. 

Altogether I apply these methods to sites from several key regions to investigate the influence of 

climate and tectonics on the rise of C4 grasses and fire dynamics, which are presented in the subsequent 

chapters: 
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Chapter 2: Late Miocene expansion of grasslands in northwest Argentina linked to shifting hydroclimate: 

a complex interaction of tectonics, climate, and ecology (Published at Geological Society of America 

Bulletin, 2025). This chapter explores the Central Andean Angastaco Basin, focusing on Late Mioceneς

Pliocene deposits. Using geochemical, isotopic, phytolith, and biomarker analyses, it constructs high-

resolution paleoclimate, paleovegetation, and paleofire records and investigates the complex interaction 

between climate, fire, and the expansion of C4 grasslands. 

Chapter 3: Paleosol records of Miocene Climate Evolution in the Cacheuta Basin, NW Argentina. This 

chapter examines the MiddleςLate Miocene deposits of the Cacheuta Basin, employing similar techniques 

to those in Chapter 2 to create a comprehensive and longer-term paleoenvironmental record. It 

investigates the effect of tectonic readjustments on the evolution of the Andean foreland basin and their 

combined effects on climate and ecosystem development. 

Chapter 4: Reconstructing Spatial Variability in Late Miocene Paleoclimate and Paleovegetation Across 

the Cerro Azul Formation, Central Argentina. This chapter evaluates the variability, applicability, and 

robustness of various climate and vegetation proxies by analyzing Late MioceneςPliocene deposits from 

the La Pampa Central Block. It uses geochemical and isotopic analytical techniques, including clumped 

isotope paleothermometry, to document the regional variations in climate and vegetation, including the 

expansion of C4 grasslands within a single formation (the Cerro Azul Fm.). 

Chapter 5: Spatio-Temporal Synthesis of Climate and Ecological Variability Across Central Argentina. This 

chapter synthesizes the spatial and temporal variations in Mio-Pliocene climate and vegetation records 

across central Argentina by integrating the data presented in Chapters 2 through 4. It contextualizes the 

local variations of C4 abundance and distributions through the Mio-Pliocene within the broader scope of 

regional orogenic and climate changes.  

1.2 Origin and expansion of C4 photosynthesis  
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C4 grasses use a unique photosynthetic pathway, a modification of C3 photosynthesis, as an 

adaptation to hot and dry environments (Christin & Osborne, 2014), and low atmospheric CO2 

concentrations (Osborne, 2008). The ancestral form of photosynthesis, the C3 photosynthetic pathway, 

ƛƴǾƻƭǾŜǎ ŀ ǎŜǊƛŜǎ ƻŦ ōƛƻŎƘŜƳƛŎŀƭ ǊŜŀŎǘƛƻƴǎ ƻŎŎǳǊǊƛƴƎ ǿƛǘƘƛƴ ƳŜǎƻǇƘȅƭƭ ŎŜƭƭǎΦ Lƴ ǘƘƛǎ ǇǊƻŎŜǎǎΣ /hі ŎƻƳōƛƴŜǎ 

with ribulose-1,5-bisphosphate (RuBP) to produce two molecules of 3-phosphoglycerate, a three-carbon 

compound that gives the pathway its name, C3 photosynthesis (Figure 1.3). The key enzyme responsible 

for this reaction, ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), is sensitive to temperature 

ŀƴŘ ƘŜŀǾƛƭȅ ŘŜǇŜƴŘŜƴǘ ƻƴ ŀǘƳƻǎǇƘŜǊƛŎ /hі ŎƻƴŎŜƴǘǊŀǘƛƻƴ ό9ƘƭŜǊƛƴƎŜǊ ϧ /ŜǊƭƛƴƎΣ нллнύΦ ¦ƴŘŜǊ ŎƻƴŘƛǘƛƻƴǎ 

ƻŦ ƭƻǿ /hіΣ ǘƘŜ ŜŦficiency of carbon fixation decreases due to an increase in photorespiration (Leegood et 

al., 2000), a process where Rubisco catalyzes the reaction of RuBP with oxygen instead ƻŦ /hіΣ ƭŜŀŘƛƴƎ ǘƻ 

a reduction in net carbon gain. 

CƛƎǳǊŜ мΦоΥ .ŀǎƛŎ ōƛƻŎƘŜƳƛǎǘǊȅ ƻŦ /о ŀƴŘ /п ǇƘƻǘƻǎȅƴǘƘŜǎƛǎΦ 

 

This limitation in the C3 ǇŀǘƘǿŀȅ ǳƴŘŜǊ ƭƻǿ /hі ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŀƴŘ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜǎ ƭŜŘ ǘƻ ǘƘŜ 

evolution of the C4 photosynthetic pathway. C4 photosynthesis represents both a morphological and 

biochemical modification of the ancestral C3 ǇŀǘƘǿŀȅ ŀƛƳŜŘ ŀǘ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ /hі ŀǊƻǳƴŘ 

wǳōƛǎŎƻΣ ǘƘŜǊŜōȅ ŜƴƘŀƴŎƛƴƎ ǘƘŜ ǇƘƻǘƻǎȅƴǘƘŜǘƛŎ ǊŀǘŜ ƛƴ ƭƻǿ /hі ŜƴǾƛǊƻƴƳŜƴǘǎ ό/ƘǊƛǎǘƛƴ ϧ hǎōƻǊƴŜΣ нлмпΤ 



   

7 

 

Sage, 2004). In the C4 ǇŀǘƘǿŀȅΣ /hі ƛǎ ƛƴƛǘƛŀƭƭȅ ŦƛȄŜŘ ƛƴ ǘƘŜ ƳŜǎƻǇƘȅƭƭ ŎŜƭƭǎ ōȅ ǘƘŜ ŜƴȊȅƳŜ 

ǇƘƻǎǇƘƻŜƴƻƭǇȅǊǳǾŀǘŜ όt9tύ ŎŀǊōƻȄȅƭŀǎŜΣ ǿƘƛŎƘ ŎƻƴǾŜǊǘǎ /hі ƛƴǘƻ ƻȄŀƭƻŀŎŜǘŀǘŜΣ ŀ ŦƻǳǊ-carbon compound, 

giving the pathway its name, C4 photosynthesis (Figure 1.3). The oxaloacetate is then converted into 

malate and diffuses into bundle-ǎƘŜŀǘƘ ŎŜƭƭǎΣ ǿƘŜǊŜ ƛǘ ǳƴŘŜǊƎƻŜǎ ŘŜŎŀǊōƻȄȅƭŀǘƛƻƴ ǘƻ ǊŜƭŜŀǎŜ /hі ό{ŀƎŜΣ 

нллпύΦ ¢Ƙƛǎ /hі ƛǎ ǘƘŜƴ ǊŜ-fixed by Rubisco in the Calvin cycle, which operates similarly to the C3 pathway. 

The additional initial fixation step in C4 Ǉƭŀƴǘǎ ŜŦŦŜŎǘƛǾŜƭȅ ŎƻƴŎŜƴǘǊŀǘŜǎ /hі ŀǊƻǳƴŘ wǳōƛǎŎƻΣ ǊŜŘǳŎƛƴƎ ǘƘŜ 

rate of photorespiration (Ehleringer et al., 1997).  

C4 photosynthesis first arose in the Oligocene (35 ς 24 Ma) in response to declining atmospheric 

CO2 levels, which acted as a selection pressure (Edwards et al., 2010; Sage, 2004). Reconstructions of 

Cenozoic CO2 levels suggest a drop below ~800 ς1000 ppm during the Eocene-Oligocene (Anderson et al., 

2024), triggering the evolution of the C4 pathway (Christin et al., 2008; Edwards et al., 2010; Sage et al., 

2011). Despite their first origin in the Oligocene, their abundance remained low in abundance until the 

Late Miocene when a global expansion of C4 grasslands occurred (Edwards et al., 2010; Singh et al., 2013; 

Strömberg & McInerney, 2011; Tauxe & Feakins, 2020). The Late Miocene expansion of C4 grassland was 

initially attributed to a further reduction in CO2 levels (Cerling et al., 1993) based on the theoretical 

temperature threshold values (Ehleringer, 1978; Ehleringer et al., 1997) and geochemical models of pCO2 

(Berner, 1998). However, subsequent research suggested that pCO2 levels remained relatively stable 

during the expansion of C4 grasslands (Pagani et al., 1999; Pearson & Palmer,2000; Royer, 2006, Tauxe & 

Feakins, 2020; Anderson et al., 2024), indicating that the decline in pCO2 might have driven the evolution 

of C4 photosynthesis, rather than being the primary driver of its widespread expansion in the Late Miocene 

(Osborne, 2008). 

The rejection of the CO2 starvation hypothesis necessitates exploring alternative mechanisms to 

explain the expansion of C4 grasses, giving rise to the propositions of regional factors being the key drivers 

(Tauxe & Feakins, 2020) as opposed to the global one (Lu et al., 2020). The ongoing debates surrounding 
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the primary drivers of the widespread expansion of C4 grasslands during the Late Miocene focus on several 

key aspects: (1) the relative influence of global versus regional controls; (2) the presence of C4 grasses in 

many low-latitude ecosystems during the Early Miocene, despite their lack of dominance until the Late 

Miocene; and (3) the temporal variability in the timing and extent of C4 expansion across different regions 

(Tauxe & Feakins, 2020). Therefore, to comprehensively understand the expansion of C4 grasslands and 

identify the driving factors, it is crucial to explore the regional environmental and climatic differences that 

influenced this process (Higgins & Scheiter, 2012).  

The limited dominance of C4 grasses during the Early Miocene has been attributed to the 

widespread forest cover (Osborne, 2008), which suppressed the C4 expansion. Edwards et al. (2010) 

suggested a temporal decoupling between the transition from forests to C3 grasslands and the later 

expansion of C4 grasslands. Therefore, to understand the mechanisms of C4 grassland expansion, it is 

crucial to explore the impacts of forest ecosystem dynamics on grasslands. One key factor limiting 

grassland establishment in modern ecosystems is the dense canopy cover of forests, which restricts 

sunlight availability for herbaceous plants, including grasses (Osborne, 2008; Osborne & Beerling, 2005; 

Sage, 2004). However, ecological disturbances such as fire and herbivory could suppress woody 

vegetation, creating openings for establishing grasslands. Additionally, forest distribution is related to 

climatic gradients, temperature, and precipitation (Osborne & Beerling, 2005). In extreme climatic 

conditions, especially in monsoonal systems, disturbances like fire and herbivory could drive the transition 

from woodlands to open grasslands by clearing the canopy cover and preventing further establishment of 

woody species (Osborne, 2008). This shift creates a favorable environment with increased sunlight, 

allowing C4 grasses to thrive  in warm, arid conditions where they are competitively advantaged over C3 

species (Sage, 2004; Sage et al., 2011) . 

The diversification and expansion of C4 grasses in Central and East Asia during the Middle to Late 

Miocene have been attributed to increased seasonality, driven by the intensification of the Indian and 
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East Asian Summer Monsoon systems (Dong et al., 2018; Li et al., 2023; Lu et al., 2020; Shen et al., 2018; 

Sun et al., 2013; J. Wang et al., 2023; Zhisheng et al., 2005; Zhou et al., 2017). The Late MioceneςPliocene 

asynchronous appearance and dominance of C4 grasses in the Indian subcontinent have been suggested 

to result from the strengthening of seasonal climate (Basu et al., 2015; Dunlea et al., 2020; Karp et al., 

2021; Polissar et al., 2021; Quade et al., 1995; Sanyal et al., 2010). Hydrologic changes driven by seasonal 

climate and aridification have been linked with the C4 expansion in Europe (Urban et al., 2010, 2016), 

Africa (Dupont et al., 2013; Faith et al., 2024; Hoetzel et al., 2013; Peppe et al., 2023), Australia (Andrae 

et al., 2018), and North America (Hyland et al., 2018; Cotton et al., 2014; Strömberg & McInerney, 2011). 

Additionally, seasonal climates establish a positive fire feedback loop, where a moist growing 

season results in high biomass production, followed by a dry season that transforms this biomass into 

combustible fuel. During the dry season, frequent lightning strikes often clear the canopy cover (Figure 

1.2). The resulting open, hot environment, combined with convective rainfall, then promotes the rapid 

growth of C4 vegetation over C3 vegetation (Keeley & Rundel, 2005). The role of fire feedback mechanisms 

in maintaining modern grassland ecosystems has been widely discussed and documented in numerous 

studies (Beal-bŜǾŜǎ Ŝǘ ŀƭΦΣ нлнпΤ 5Ω!ƴǘƻƴƛƻ ϧ ±ƛǘƻǳǎŜƪΣ мффнΤ CǳǊǉǳƛƳ Ŝǘ ŀƭΦΣ нлнпΤ wƻǎǎƛǘŜǊ Ŝǘ ŀƭΦΣ нллоύ. 

It is not unlikely that a similar feedback mechanism influenced past ecosystems as seasonal climates began 

to develop in different regions of the world. Studies suggest that an intensified fire feedback mechanism 

played a significant role in the establishment of C4 grasslands during the Late Miocene in Africa (Hoetzel 

et al., 2013), South Asia (Karp et al., 2018, 2021), and Central Asia (Hui et al., 2021).  

Several secondary mechanisms have also been proposed to have interacted with changing climate 

ŀƴŘ ŦƛǊŜ ǊŜƎƛƳŜǎΣ ŎƻƴǘǊƛōǳǘƛƴƎ ǘƻ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜ ŜȄǇŀƴǎƛƻƴ ƻŦ /ј ƎǊŀǎǎŜǎΦ Tipple & Pagani (2007) 

identified an increase in wind strength in the Late Miocene and suggested that it could have intensified 

the fire regimes by facilitating the spread of fires across landscapes, further promoting C4 grass-dominated 

ŜŎƻǎȅǎǘŜƳǎΦ wŜǘŀƭƭŀŎƪΩǎ όнллмΣ нллтύ ŀƴŀƭȅǎƛǎ ƻŦ ǇŀƭŜƻǎƻƭ Řŀǘŀ ŦǊƻƳ bƻǊǘƘ !ƳŜǊƛŎŀΣ !ŦǊƛŎŀΣ ŀƴŘ !ǎƛŀ ǎƘƻǿǎ 
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a significant transition in the grasslandςwoodland ecotone towards higher rainfall areas. While the cause 

of the ecotone shift remains unclear, it has been attributed to the coevolution of grasses and grazers, 

which played a critical role in shaping the ecosystem (Osborne, 2008). 

The grazing hypothesis suggests two key mechanisms by which herbivory may have driven the 

expansion of C4 grasses. First, grazers preferentially fed on C3 plants, reducing their abundance and 

eliminating competition for C4 grasses (Strömberg & McInerney, 2011). Second, the high grazing pressure 

during the Late Miocene may have promoted grazing-resistant traits (such as higher tannin and silica 

content, lower palatability, and reduced nutritional quality) and fire-promoting characteristics in C4 

grasses (Osborne, 2008; Strömberg & McInerney, 2011). Phylogenetic analyses indicate that the origin 

and diversification of C4 lineages coincided with the diversification of mammalian ungulates and their 

adaptation to open habitats during the EoceneςOligocene (Bouchenak-Khelladi et al., 2009; Strömberg et 

al., 2013). Although the mechanisms and extent of grazer influence on the Late Miocene expansion of C4 

grasslands remain uncertain, studies indicate that ecological disturbances during the Late Miocene 

disrupted existing ecosystems and promoted conditions favorable for C4 grasses (Osborne, 2008; Zhou et 

al., 2018). Thus, the variable interactions between local and regional factors, such as seasonal climate 

changes, fire regimes, and ecological disturbances, can help explain the timeline and pace of C4 expansion. 

1.3 Evolution and Development of the South American Monsoon System (SAMS) 

The dominant climatic feature of South America is the South American Monsoon System (SAMS), 

which controls the distribution and duration of seasonal precipitation across most of the continent. The 

monsoon cycle is driven by the differential adiabatic heat from the Andean range to the west and the 

South Atlantic to the east (de Carvalho & Cavalcanti, 2016). It is composed of multiple low-level 

climatological features, including the Chaco Low, the South Atlantic Convergence Zone (SACZ), and the 

South American Low-Level Jet (SALLJ), along with the Bolivian High (Xue et al., 2006; Figure 1.4). 
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 The structures and cycle of the SAMS have been described to follow three distinct phases: onset, 

maturity, and decay (Liebmann & Mechoso, 2011; Raia & Cavalcanti, 2008; Vera et al., 2006). The fully 

established SAMS during the mature phase brings heavy rainfall over the Altiplano Plateau and 

southernmost Brazilian highlands (Vera et al., 2006). A low-pressure region forms over the Chaco region 

of northwestern Paraguay, southeastern Brazil, and northern Argentina, and the formation of an upper-

level high-pressure cell called the Bolivian High deflects the easterly moisture-laden trade winds 

southwards, between the Brazilian plateau and the slopes of the Andes (Figure 1.4; Gandu & Silva Dias, 

1998). This deflection results in precipitation over the southern half of the Amazon Basin and northern 

Argentina. It also results in a strong climatic gradient across this region as the eastern flank receives over 

1300 mm of rainfall annually while the interior of the orogen remains relatively dry (< 200 mm/yr) (Pingel 

et al., 2016). 

Paleoclimate data and models indicate multiple intensification stages of the SAMS throughout the 

Neogene and Holocene, coinciding with the development of an active orographic barrier along the eastern 

flanks of the central Andes (Insel et al., 2010; Knorr et al., 2011; Micheels et al., 2007, 2011; Steppuhn et 

al., 2007). A resultant Late Miocene change from semi-arid to seasonally humid climate has been inferred 

for the eastern flanks of the central Andes based on sedimentological, paleontological, and stable isotope 

evidence in northwestern Argentina and southern Bolivia (Kleinert & Strecker, 2001; Mulch et al., 2010; 

Rohrmann et al., 2016; Starck & Anzótegui, 2001; Uba et al., 2007). The Andean topographic 

rearrangements during the Late Miocene, along with resulting changes in circulation patterns and climate, 

coincide temporally with the expansion of grasslands and C4 grasses in South America during the Late 

Miocene to Early Pliocene (Rohrmann et al., 2016) indicating a potential causal link between these events. 

The link between the expansion of C4 vegetation and intensification of monsoonal climate is not 

unique to this region. Quade et al. (1995) first suggested a link between the intensification of monsoonal 

climate driven by Himalayan uplift during the latest Miocene and C4 expansion in the Indian subcontinent. 
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Subsequent studies have identified stepwise expansion of C4 grasses from Central Asia (Li et al., 2023; 

Shen et al., 2018; J. Wang et al., 2023), East Asia (Zhisheng et al., 2005; Zhou et al., 2017) and Indian 

subcontinent (Kumar et al., 2022; Polissar et al., 2021; Sanyal et al., 2010) since the mid-Miocene to Plio-

Pleistocene. Both Indian Summer Monsoon and East Asian Summer Monsoon systems have interacted 

variably to, directly and indirectly, regulate regional hydroclimatic conditions and thus influenced C4 

vegetation patterns during the timeframe mentioned above. A similar linkage between the Late Miocene 

expansion of C4 vegetation in South America and the intensification of the SAMS may have occurred, 

highlighting the potential role of regional climatic controls in shaping the Late Miocene ecosystem. 

 

CƛƎǳǊŜ мΦпΥ aŀǇ ƻŦ {ƻǳǘƘ !ƳŜǊƛŎŀ ǎƘƻǿƛƴƎ ό!ύ ǇǊƻƳƛƴŜƴǘ ŦŜŀǘǳǊŜǎ ƻŦ ǘƘŜ {ƻǳǘƘ !ƳŜǊƛŎŀƴ aƻƴǎƻƻƴ {ȅǎǘŜƳ 
όŀƊŜǊ ²ŀƴƎ Ŝǘ ŀƭΦΣ нллсύΣ ό.ύ ƳŜŀƴ ŀƴƴǳŀƭ ǇǊŜŎƛǇƛǘŀǝƻƴ όƳƳȅǊπмύ ŀƴŘ ό/ύ ƎǊƻǿƛƴƎ ǎŜŀǎƻƴ ǇǊŜŎƛǇƛǘŀǝƻƴ 
όƳƳȅǊπмύ ƻŦ {ƻǳǘƘ !ƳŜǊƛŎŀ όŀƊŜǊ CƛŎƪ ϧ IƛƧƳŀƴΣ нлмтύΦ 
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1.4 Regional background of the study area 

The climate and biogeographic characteristics of South America are closely linked to the region's 

major tectonic feature, the Andean mountain range. The Andes, which extend 8,000 km from 10°N to 

55°S, were formed by the MesozoicςCenozoic subduction of the Nazca Plate beneath the South American 

Plate (Figure 1.5). Variations in the dip of the subducted plate have led to distinct segments of the Andes, 

including Northern, Central, and Southern Andes (Figure 1.5), each with pronounced differences in 

topographic features and climate patterns (DeCelles et al., 2011; Strecker et al., 2007; Villalba Ulberich et 

al., 2021). 

The Central Andes record multiple orogenic cycles spanning the last 50 Ma, resulting in a ~70 km 

crustal thickness and subsequent formation of the Precordillera, Western Cordillera, Altiplano-Puna 

Plateau, Eastern Cordillera, Subandes and Interandean Zone, and Santa Barbara Ranges (Barnes & Ehlers, 

2009; DeCelles et al., 2011). The Altiplano-Puna Plateau, spanning ~2,000 km with an average elevation 

of ~3.8 km (Coutand et al., 2006), is bordered by the thrust systems of the Eastern Cordillera to the east 

(Allmendinger et al., 1997; Pingel et al., 2016; Strecker et al., 2007). The plateau and the Eastern Cordillera 

have experienced significant uplift and exhumation since the Cenozoic (Bywater-Reyes et al., 2010; 

Coutand et al., 2006; Garzione et al., 2008). The higher elevations of the Eastern Cordillera created an 

orographic barrier, contributing to the arid conditions observed within the plateau (Coutand et al., 2006; 

Strecker et al., 2007, 2009). However, debates persist regarding the timing and mechanisms of these 

processes [rapid uplift (Garzione et al., 2008, 2017) vs. slow progressive (Pope & Willett, 1998)]. Studies 

suggest that by the Late Miocene, the Puna-Altiplano Plateau and Eastern Cordillera likely attained 

sufficient elevation to influence the South American paleo-monsoon system (Strecker et al., 2007). The 

thick Cenozoic deposits from the intermontane and foreland within this region offer a unique opportunity 

to investigate the interplay between tectonics, climate, and ecosystem evolution during this interval. 
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Figure 1.5: (A) Map of South America showing plate boundaries and Andean zones of subduction (after 
Horton, 2018); and (B) DEM map showing the study areas: i. Angastaco Basin (Chapter 2), ii. Cacheuta 
Basin (Chapter 3), iii. Pampa Central Block (Chapter 4), and iv. Tucumán Basin (Chapter 5). 
 

Angastaco Basin (~25.7°S; Chapter 2) is located along the eastern margin of the Puna Plateau in 

the Eastern Cordillera at an elevation of ~2 km (Figure 1.5). To the west, it is bounded by Cumbres de 

Luracatao and other N-S striking reverse fault bounded ranges, while to the east, it is confined by Sierra 

de los Colorados and Sierra León Muerto ranges that currently constitute an efficient orographic barrier 

at this latitude (Carrapa et al., 2012). Once contiguous with the Paleogene retro-arc foreland basin, 

extending from Altiplano-Puna Plateau to Eastern Cordillera, the basin underwent deformation and 
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subsequent separation from the Altiplano-Puna Plateau at around 20 Ma (Figure 1.6; Carrapa et al., 2012; 

Coutand et al., 2006; Pingel et al., 2016). The exhumation of the Cerro Negro ranges at 13 Ma (Coutand 

et al., 2006) separated the Angastaco Basin from the Pucara Basin to the west (Figure 1.6). As the 

deformation and range exhumation propagated eastward, the upliftment of the Sierra de Colorados range 

separated the Angastaco Basin and La Viña Basin during the Late Miocene (Coutand et al., 2006). The 

Angastaco Basin contains a thick accumulation of Cenozoic clastic deposits, including the Quebrada de Los 

Colorados, Angastaco, Palo Pintado, and San Felipe formations (Coutand et al., 2006). This dissertation 

focuses on the late Miocene to Pliocene Palo Pintado Formation and its equivalentsτthe Jesús María, 

Guanaco, and Piquete formations from the La Viña Basin (Chapter 2; Figures 1.5 and 1.6). Previous studies, 

including sedimentological, paleontological, and isotopic evidence, suggest that the deposition of the Palo 

Pintado Formation and its equivalents occurred in a fluvio-lacustrine environment under humid conditions 

within an overall semi-arid climate (Carrapa et al., 2012). 

Further south, the Andean Range (within the zone of transition from flat subduction to the north 

to higher-angle subduction to the south) is characterized by four major morphotectonic provinces 

established during the Cenozoic, comprising from west to east: the Coastal, the Principal and Frontal 

Cordilleras, and the Precordillera. Deformation and uplift since the Early Miocene (Ramos et al., 1996), 

advancing progressively across the continent and sequential uplift of the different morphotectonic units 

(Charrier et al., 2015; Giambiagi et al., 2016; Ramos et al., 2002) has led to the formation of retroarc-

foreland basin systems in this region. The thick Neogene deposits within these basins provided insight into 

temporal and spatial variations regarding subsidence and deformation during the Miocene (Buelow et al., 

2018; Irigoyen et al., 2000; Levina et al., 2014), offering valuable insights into how these processes 

influenced regional paleoclimate and ecosystem evolution. 
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Figure 1.6: Chronological development of the studied basins (locations of the basins are marked on Figure 
1.5), including major depositional intervals (formations in gray) and climatic events (colors). 

 

Cacheuta Basin (Chapter 3) is located at the southernmost portion of the Precordillera, and its 

development is linked with the evolution of the Andes in the Neogene (Figure 1.5). It hosts a thick 

accumulation of Neogene sediments, including the Mariño, La Pilona, Tobas Angosturas, Río de Los Pozos, 

and Mogotes formations of the Middle to Late Miocene (Irigoyen et al., 2000; Yrigoyen, 1993). Deposition 

of the Mariño Formation is linked with basin subsidence due to a major thrusting event in the Aconcagua 

fold and thrust belt in the Cordillera Principal at ca. 16 Ma (Irigoyen et al., 2000). The overlying formations 

indicate the successive orogenic evolution, including exhumation, deformation, and episodic volcanic 
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activities that migrated eastward over time through the Late Miocene (Figure 1.6). Sedimentological and 

stratigraphic evidence show that the Cacheuta basin records long-term development of a fluvial/alluvial 

fan during a period of general climatic aridity (Hunger et al., 2018). 

Between approximately 33° and 34°S, the Andes encompass the transition between the Pampean 

flat-slab subduction zone and the southern segment with normal subduction angles (Lossada et al., 2020). 

The Andean range in this region is divided into six tectonic provinces, running from west to east: the 

Coastal Range, Principal Cordillera, Central Depression, Frontal Cordillera, Precordillera, and Pampean 

Ranges. The classic model of Andean evolution suggests that Late Miocene slab flattening led to the 

progressive uplift of the Frontal Cordillera and Precordillera, along with the fracturing of the Pampean 

Ranges across the broken foreland basin (Lossada et al., 2020). However, due to limited surface exposure 

and inadequate subsurface exploration, the tectonic dynamics of this region remain poorly understood. 

Neogene sedimentation in this region is represented by the Cerro Azul Formation and its 

equivalent, the Epecuén Formation, overlying heterogeneous basement blocks across the extra-Andean 

region (Figure 1.5). The Cerro Azul Formation and equivalent deposits are exposed in central and eastern 

La Pampa Province, occupying the La Pampa Central Block (PCB; Chapter 4), a geomorphic feature with 

positive relief (Montalvo et al., 2023). It is characterized by an east-dipping regional plain with a variable 

slope (0.18° to the west to 0.09° to the east), and a maximum elevation of 400 meters (Folguera & Zarate 

2011). The PCB is bounded by the Chadileuvú Block to the south and southwest, the San Rafael Block and 

Alvear Basin to the west and northwest, and the Macachín Basin to the east (Folguera & Zarate, 2011). 

The Valle Daza Fault cuts through the PCB, forming a step that exposes the Cerro Azul Formation in certain 

areas (Folguera et al., 2015). The stratigraphic record in the PCB is discontinuous, with Upper 

PrecambrianςLower Paleozoic igneous-metamorphic complexes (Tickyj et al., 2002) covered by Neogene 

sediments following a significant hiatus. In surrounding tectonic basins, deposits of the Cerro Azul 

Formation lie unconformably on Miocene marine deposits associated with the Paranaense Sea (Folguera 
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et al., 2015). The Cerro Azul Formation is primarily composed of eolian deposits with localized fluvial 

reworking (Montalvo et al., 2023). Compositional and sedimentological analyses of the deposits suggest 

a distal synorogenic depositional setting (Folguera & Zárate, 2018). These formations are attributed to the 

Late Miocene based on fossil evidence (Montalvo & Casadío, 1988; Pascual, 1965). Deposition occurred 

between 12 and 6 Ma (Figure 1.6) following the regression of the Paranaense Sea during the mid-Miocene 

(Folguera & Zarate, 2011; Folguera et al., 2015).  

This dissertation examines a northwest-to-southeast transect encompassing a diverse geological 

setting from the late Early Miocene to the Pliocene. During this interval, Andean orogenic pulses resulted 

in the eastward migration of the deformation front, leading to progressive basin fragmentation. The 

Cenozoic growth of the Andes and the topographic adjustments led to the formation of an orographic 

barrier in central and south-central Andean regions, which resulted in a strong precipitation gradient from 

west to east, influencing the regional climate pattern (Coutand et al., 2006; Pingel et al., 2016; Strecker et 

al., 2007). The fragmented basins in this region preserve records of the complex interactions between 

tectonics, climate, and ecosystem dynamics. When considered collectively, these basins provide a 

comprehensive perspective on the spatio-temporal variabilities of climate evolution and its impact on 

local and regional environments. Therefore, Chapter 5 synthesizes the paleoclimate and paleovegetation 

records from the studied basins, including the Angastaco Basin, Cacheuta Basin, and PCB, along with the 

Choromoro and Tucumán Basin (Figure 1.5), which is situated in the central Andes (~26°S). Located 

between the Sierra Pampeanas and the Santa Bárbara system, the Tucumán Basin is bounded by the Sierra 

de Aconquija and the Cumbres Calchaquíes to the west and the Sierra de Guasayán to the east (Iaffa et 

al., 2011; Zapata et al., 2019). It contains Mio-Pliocene fluvial deposits of the India Muerta Formation, 

attributed to a Huayquerian South American Land Mammal Age (SALMA) based on fossil evidence (García-

López & Babot, 2015), while U-Pb dating constrains its depositional age to approximately 8ς3 Ma (Zapata 

et al., 2019). The Tucumán Basin, located on the humid eastern side of the orographic barrier (Zapata et 
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al., 2019), provides a crucial contrast to the arid western basins and allows the assessment of tectonic 

impacts on climate, ecosystems, and environmental change. 

1.5 Methods/Proxy Archives 

This dissertation provides a comprehensive record of paleoclimate and paleoenvironmental 

changes within the studied basins (See Section 1.4) during the MioceneςPliocene using paleosols as a 

primary proxy archive. Paleosols are ancient soils preserved in the stratigraphic record, serving as critical 

archives of terrestrial paleoclimate and paleoenvironment (Orr & Roberts, 2024; Retallack, 1988; Sheldon 

& Tabor, 2009). Formed at the Earth's surface where the lithosphere, hydrosphere, atmosphere, and 

biosphere interact  (Tabor et al., 2017), they capture physical and chemical processes influenced by 

climate and are incorporated into the geologic record as buried, exhumed, or relict features (Muhs, 2021). 

Both qualitative and quantitative methods of paleoenvironmental reconstruction have been developed 

using paleosol morphology, geochemical and isotopic compositions, and fossil contents (Sheldon & Tabor, 

2009; Tabor & Myers, 2015). This dissertation focuses on the identification of paleosol horizons within the 

studied stratigraphic records and the application of qualitative and quantitative environmental 

reconstruction techniques utilizing geochemical and isotopic compositions. 

The identification and classification of paleosols relies on pedogenic features (Mack et al., 1993) 

and comparisons with modern analogues (Retallack, 1994; Soil Survey Staff, 2014). Morphological 

characteristics such as root traces, horizonation, vertic features (e.g., shrink-swell structures and 

slickensides), argillic (e.g., gleying, cutans) and carbonate features (e.g., nodules) provide insights into the 

climate conditions during their formation (Figure 1.7). Lateral and vertical changes in the composition and 

distribution of paleosols reflect variations in paleo-landscape processes and fluctuations in climate and 

environmental conditions (Figure 1.7; Orr & Roberts, 2024).  

Soil formation and maturity are influenced by factors such as climate, time, parent material, and 

biological activity (Jenny, 1941; Bockheim et al., 2014). Mature soils generally exhibit well-developed 
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horizons, reflecting stable environmental conditions. For example, Entisols/Protosols (Mack et al., 1993; 

Retallack, 1988) represent a weakly developed soil with limited or no horizonation (Figure 1.7), typically 

indicating either a short period of formation or unstable environmental conditions, such as high 

sedimentation rate. In contrast, Alfisols/Argillisols (Mack et al., 1993; Retallack, 1988) are relatively more 

mature with moderate to well-developed clay-rich B horizons (Bt) and additional sub-horizons (Figure 1.7), 

formed under varied  environmental (sub-humid to sub-arid) conditions. Sub-horizons exhibiting 

prominent pedogenic features, such as carbonate or gypsum nodules, can provide insights into climatic 

conditions. For instance, Calcic Alfisols or Aridisols/Calcisols (Mack et al., 1993; Retallack, 1988) indicate 

soil formation under semi-arid to arid climates (Figure 1.7). These qualitative descriptions are often 

combined with quantitative approaches to reconstruct past environmental changes (Sheldon & Tabor, 

2009). 

 

Figure 1.7: Schematic diagram of paleosol profiles showing different pedogenic features in: i. 
Entisol/Protosol, ii. Alfisol/Argillisol, and iii. Calcic Alfisol (Aridisol)/Calcisol; modified after Retallack et al., 
1994 and Mack et al., 1993). 
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Quantitative approaches to reconstruct past environment utilize the geochemical and isotopic 

composition of paleosols, employing both process-based models and empirical relationships to infer 

paleoenvironmental conditions. Based on modern analogs, paleoclimate proxies have been developed 

using the elemental composition of bulk paleosol matrix to estimate paleotemperature and 

paleoprecipitation (Sheldon & Tabor, 2009; Tabor & Myers, 2015). Although certain limitations are 

associated with these methods (Tabor & Myers, 2015), their integration with other proxy-based estimates 

enhances the reliability of reconstructions and provides valuable insights into Earth's environmental 

history. 

This study employs a multiproxy approach, utilizing proxy-derived methods to reconstruct 

MioceneςPliocene paleotemperature and paleoprecipitation. Paleotemperature estimates were derived 

using the Paleosol Weathering Index (PWI; Gallagher & Sheldon, 2013), while paleoprecipitation estimates 

were based on the Chemical Index of Alteration minus potassium (CIA-K; Sheldon et al., 2002). In addition, 

this study also uses statistical models, the Paleosol Paleoclimate Model (PPM1.0; Stinchcomb et al., 2016) 

and Soil Geochemistry Paleoclimate Model (SGPM; Jackson et al., 2025), to estimate the 

paleotemperature and paleoprecipitation. PPM1.0 is a multivariate statistical model that combines partial 

least squares regression and a nonlinear spline to estimate paleoclimate conditions (Stinchcomb et al., 

2016). The model is developed using a modern soil database, where major oxides serve as explanatory 

variables for estimating temperature and precipitation (Stinchcomb et al., 2016). SGPM utilizes an 

expanded modern soil database Compared to Stinchcomb et al. (2016) and employs novel partial least 

squares and principle components methods to estimate temperature range and growing season 

precipitation, in addition to temperature and precipitation.  

For all of these reconstructions, geochemical analyses focused on the B-horizon samples (Figure 

1.8), with bulk samples analyzed at ALS Chemex (Reno, NV) using bead fusion and X-ray fluorescence (XRF) 

to quantify the concentrations of 13 major elements.  
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Figure 1.8: Illustration of a paleosol profile showing sampled horizons and the analytical techniques 
employed. (A) Major element geochemical indices used to infer paleoclimate and weathering intensity, 
(B) pedogenic carbonate isotopic composition for reconstructing soil formation temperatures, (C) ʵцш/ 
analyses of soil organic matter and pedogenic carbonates, and (D) phytolith assemblages used for 
paleovegetation reconstructions.  

 
In addition to geochemical composition, isotopic composition is also used to determine the 

spatiotemporal variabilities in the paleoclimatic conditions. The oxygen isotopic composition of pedogenic 

carbonates, 18Ocarb, provides insights into moisture availability, and evaporation (Hyland & Sheldon, 

2016; Koch, 1998a; Leier et al., 2009; Zamanian et al., 2021). It reflects the isotopic signature of the soil 

water from which the carbonates precipitated and serves as a proxy for climate and hydrologic factors, 

including precipitation and evaporation (Koch, 1998a; Quade et al., 1989; Sheldon, 2018). The 

fractionation of oxygen isotopes in pedogenic carbonates at isotopic equilibrium is influenced by both the 

isotopic composition of soil water and the temperature at which the carbonates form. While 18Ocarb alone 

cannot provide quantitative paleotemperature estimates, advancements in methodologies (Dworkin et 

al., 2005) and the development of clumped isotope measurements allow the reconstruction of 

paleotemperatures (Zamanian et al., 2021).  
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/ƭǳƳǇŜŘ ƛǎƻǘƻǇŜ όɲ47) palaeothermometry is based on the abundance of the doubly substituted 

CO2 isotopologue (13C18O16O) in carbonate ions and its relations to the temperature of the carbonate 

formation (Eiler, 2007; Ghosh et al., 2006; Huntington & Petersen, 2023)Φ ɲ47 palaeothermometry is 

independent of 18O of source water for carbonate formations as the temperature is inferred from a single 

measurable parameter (Eiler, 2011). In addition, it is possible to estimate the oxygen isotopic composition 

of the source water by pairing the clumped measurement, ɲ47, with the 18Ocarb (Eiler, 2007; Huntington 

& Petersen, 2023). Applications of clumped isotope thermometry have been applied in many recent 

studies to extract paleoclimate information (Eagle et al., 2013; Garzione et al., 2014; Lechler et al., 2018; 

VanDeVelde et al., 2013; Zhai et al., 2019). While this technique provides a robust estimation of 

paleoenvironmental conditions, their application has some limitations including the diagenetic 

alterations, seasonal biases, calibration uncertainties, etc. (Huntington et al., 2009). However, the 

multiproxy approach used in this research mitigates the uncertainties by integrating complementary 

geochemical data and enhances the robustness of the paleoenvironmental reconstructions. 

Carbon isotopic compositions of soil organic matter (13Corg) and pedogenic carbonates (13Ccarb) 

serve as a proxy for reconstructing past vegetation dynamics  (Hyland & Sheldon, 2016; Koch, 1998a; Leier 

et al., 2009; Zamanian et al., 2021)Φ ¢ƘŜ ʵцш/ ǾŀƭǳŜǎ ƻŦ ǎƻƛƭ ƻǊƎŀƴƛŎ ƳŀǘǘŜǊ ŀƴŘ ǇŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜǎ ǊŜŦƭŜŎǘ 

the composition of the overlying vegetation (Koch, 1998). Because the C4 photosynthetic pathway 

preferentially incorporates the heavier carbon isotope (¹³C), C4 Ǉƭŀƴǘǎ ŜȄƘƛōƛǘ ŜƴǊƛŎƘŜŘ ʵцш/ ǾŀƭǳŜǎ ό-мп҉ 

to -мл҉ ƛƴ ƳƻŘŜǊƴ ŜŎƻǎȅǎǘŜƳǎΣ hΩ[ŜŀǊȅΣ мфууΤ ¢ƛŜǎȊŜƴ ϧ .ƻǳǘǘƻƴΣ мфуфύ. As plant material decays and 

integrates into the soil, the enrichment of heavier carbon is recorded in soil organic matter, preserving 

the relative contributions of C3 and C4 vegetation. Pedogenic carbonates formed in isotopic equilibrium 

with soil originating from microbial oxidation of organic matter and root respiration reflects the 

contributions of isotopically distinct C3 and C4 biomass grown during the formation of the carbonate (Fox 
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& Koch, 2004). Thus, both 13Corg and 13Ccarb can be used to estimate the vegetation compositions (Cotton 

et al., 2012, 2014; Hartman, 2011; Kleinert & Strecker, 2001; Latorre et al., 1997). 

In addition to geochemical and isotopic compositions, fossil content such as phytolith 

assemblages are a valuable tool for reconstructing paleovegetation conditions. Phytoliths are microscopic 

silica (bio-opal) structures formed within the interstices or lacunae of plant cells. Plants absorb silica as 

mono-silicic acid from groundwater, which is transported through the vascular system to various parts. 

Under neutral pH, ambient temperature, and pressure conditions, hydrated silica precipitates within cell 

walls, cell interiors, and intracellular spaces (Nawaz et al., 2019; Piperno, 2006; Strömberg et al., 2016, 

2018). Phytoliths are incorporated into soils upon plant decay and preserved across various conditions 

(Rashid et al., 2019; Strömberg et al., 2016). Despite redundancy and multiplicity biases (Blinnikov, 2013), 

phytolith morphotypes can be used reliably to infer paleovegetation compositions and, in many cases, 

allow for the identification of plants at lower taxonomic levels (Madella et al., 2005; Pearsall, 2016; 

Piperno, 1989). Their resilience nature and unique morphometric characteristics enable their use in 

paleoecological studies to reconstruct past ecosystems across diverse regions and intervals (Barboni et 

al., 2010; Cotton et al., 2014; Hyland et al., 2015, 2018; Miller et al., 2012; Rehman et al., 2024; Wang & 

Lu, 2022). This dissertation employs phytolith assemblages as a proxy to distinguish C3 and C4 vegetation 

compositions, using the distinct morphologies characteristic of C4 taxa (e.g., Strömberg et al., 2013). 

Phytolith assemblages were analyzed at the Paleo³ Laboratory, North Carolina State University, using fossil 

ŀƴŘ ƳƻŘŜǊƴ ǊŜŦŜǊŜƴŎŜ ŎƻƭƭŜŎǘƛƻƴǎ ǘƻ ŘƛǎǘƛƴƎǳƛǎƘ /ї ŀƴŘ /ј ǾŜƎŜǘŀǘƛƻƴ ŎƻƳǇƻǎƛǘƛƻƴǎ ōŀǎŜŘ ƻƴ ŘƛŀƎƴƻǎǘƛŎ 

morphologies (e.g., Strömberg et al., 2013).  

In addition to phytolith assemblage and carbon isotopic composition (¹³‏Corg and ¹³‏Ccarb), 

polycyclic aromatic hydrocarbons (PAHs) were analyzed to infer paleovegetation composition and fire 

inputs. The incomplete combustion and pyrolysis of organic matter leads to the formation of PAHs, which 

are resistant to degradation and offer better preservation in soils compared to traditional charcoal and 
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pollen-based methods for reconstructing fire activity (Lau et al., 2010). PAHs can originate from two 

primary sources including petrogenic PAHs, derived from the low-temperature maturation of organic 

matter in sedimentary or petroleum systems (Douglas & Mair, 1965), and pyrogenic PAHs, which are 

produced during the incomplete combustion or pyrolysis of biomass and fossil fuels (Karp et al., 2021). 

Pyrogenic PAHs have been used to investigate fire regimes and fuel sources across modern and ancient 

environments (Brittingham et al., 2019; Denis et al., 2012, 2017; Karp et al., 2018, 2021a, 2021b). The 

relative abundance of different PAH compounds varies with fuel composition and combustion 

temperature (Karp et al., 2021). Therefore, variation in pyrogenic PAH concentrations within paleosols 

can be used to infer fire occurrences and intensity, as well as vegetation type, using specific alkylated PAH 

structures and compound specific carbon-isotopic compositions (Karp et al., 2021). 

Subsequent chapters provide detailed descriptions of the abovementioned analysis, the results in 

each study area, and the limitations and uncertainties associated with them. 

1.6 Summary  

This dissertation investigates the mechanisms driving the expansion of C4 grasslands in South 

America during the Late MioceneςEarly Pliocene, focusing on the complex interplay between climate, 

ecosystem, and the evolving Andean orogeny. This work seeks to enhance our understanding of how 

regional tectonic activities and climatic shifts influenced vegetation dynamics under the influence of the 

developing South American monsoon system. This dissertation is composed of six chapters, starting with 

a brief introduction and overview of the research goals and methods (Chapter 1). Chapter 2 presents a 

high-resolution, multiproxy reconstruction of paleoclimate conditions and paleovegetation patterns in the 

Angastaco basin (~25°S), highlighting the role of tectonic uplift in shaping hydroclimatic regimes. Chapter 

3 focuses on the Middle to Late Miocene deposits of the Cacheuta Basin (~33°S), presenting a multiproxy 

record of paleoclimate and paleovegetation. This record highlights environmental and ecological 

responses to key phases of Andean foreland basin evolution, driven by Precordillera uplift, basin 
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subsidence, and subsequent exhumation. Chapter 4 assesses proxy variability and the robustness of 

various analytical techniques by analyzing coeval Late Miocene deposits from the Pampa Central Block 

(~36 ς 38°S). This comparative approach allows the evaluation of distinct regional variations in vegetation 

dynamics influenced by localized tectonic and climatic factors. Chapter 5 synthesizes data from the 

Angastaco Basin, Cacheuta Basin, Pampa Central Block, and Tucumán Basin examining spatial and 

temporal variations in climate evolution and its influence on the expansion of C4 grasslands during the 

Mio-Pliocene. Overall, this dissertation provides a high-resolution terrestrial MioceneςPliocene 

environmental record on a variety of spatial and temporal scales, aiming to explore the impact of Andean 

tectonics on climate evolution and the expansion of C4 grasslands across the studied regions. 
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тпόоύΣ оппςорпΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦȅǉǊŜǎΦнлмлΦлфΦллр 

.ŀǊŘƎŜǧΣ wΦ 5ΦΣ .ǳƭƭƻŎƪΣ WΦ aΦΣ [ŀǾƻǊŜƭΣ {ΦΣ aŀƴƴƛƴƎΣ tΦΣ {ŎƘŀũƴŜǊΣ ¦ΦΣ hǎǘƭŜΣ bΦΣ /ƘƻƳŜƭΣ aΦΣ 5ǳǊƛƎŀƴΣ DΦΣ 

[Φ CǊȅΣ 9ΦΣ WƻƘƴǎƻƴΣ 5ΦΣ [ŀǾŀƭƭŜŜΣ WΦ aΦΣ [Ŝ tǊƻǾƻǎǘΣ DΦΣ [ǳƻΣ {ΦΣ tƴƎΣ YΦΣ {ŀƴƪŀǊŀƴΣ aΦΣ IƻǳΣ ·ΦΣ ½ƘƻǳΣ 

IΦΣ aŀΣ [ΦΣ wŜƴΣ ²ΦΣ Χ {ƘƛΣ IΦ όнлнмύΦ /ƻƳōŀǩƴƎ Ǝƭƻōŀƭ ƎǊŀǎǎƭŀƴŘ ŘŜƎǊŀŘŀǝƻƴΦ bŀǘǳǊŜ wŜǾƛŜǿǎ 

9ŀǊǘƘ ϧ 9ƴǾƛǊƻƴƳŜƴǘΣ нόмлύΣ тнлςторΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκǎполмтπлнмπллнлтπн 

.ŀǊǊŜŘŀΣ ±Φ 5ΦΣ !ƴȊƽǘŜƎǳƛΣ [Φ aΦΣ tǊƛŜǘƻΣ !Φ wΦΣ !ŎŜƷƻƭŀȊŀΣ tΦ DΦΣ .ƛŀƴŎƘƛΣ aΦ aΦΣ .ƻǊǊƻƳŜƛΣ !Φ aΦΣ .ǊŜŀΣ aΦΣ 

/ŀŎŎŀǾŀǊƛΣ aΦ !ΦΣ /ǳŀŘǊŀŘƻΣ DΦ !ΦΣ DŀǊǊŀƭƭŀΣ {Φ {ΦΣ DǊƛƭƭƛΣ {Φ aΦΣ DǳŜǊǎǘŜƛƴΣ DΦ wΦΣ [ǳǘȊΣ !Φ LΦΣ aŀƴŎƛƴƛΣ 

aΦ ±ΦΣ aŀǳǝƴƻΣ [Φ wΦΣ hǧƻƴŜΣ 9Φ DΦΣ vǳŀǧǊƻŎŎƘƛƻΣ aΦ 9ΦΣ wƻƳŜǊƻΣ 9Φ WΦΣ ½ŀƳŀƭƻŀΣ aΦ ŘŜƭ /ΦΣ ϧ 

½ǳŎƻƭΣ !Φ CΦ όнллтύΦ 5ƛǾŜǊǎƛŬŎŀŎƛƽƴ ȅ ŎŀƳōƛƻǎ ŘŜ ƭŀǎ ŀƴƎƛƻǎǇŜǊƳŀǎ ŘǳǊŀƴǘŜ Ŝƭ bŜƽƎŜƴƻ Ŝƴ 

!ǊƎŜƴǝƴŀΦ ƘǧǇǎΥκκǊƛΦŎƻƴƛŎŜǘΦƎƻǾΦŀǊκƘŀƴŘƭŜκммоосκмлппул 

.ŀǎǳΣ {ΦΣ !ƎǊŀǿŀƭΣ {ΦΣ {ŀƴȅŀƭΣ tΦΣ aŀƘŀǘƻΣ tΦΣ YǳƳŀǊΣ {ΦΣ ϧ {ŀǊƪŀǊΣ !Φ όнлмрύΦ /ŀǊōƻƴ ƛǎƻǘƻǇƛŎ Ǌŀǝƻǎ ƻŦ 

ƳƻŘŜǊƴ /оς/п Ǉƭŀƴǘǎ ŦǊƻƳ ǘƘŜ DŀƴƎŜǝŎ tƭŀƛƴΣ LƴŘƛŀ ŀƴŘ ƛǘǎ ƛƳǇƭƛŎŀǝƻƴǎ ǘƻ ǇŀƭŜƻǾŜƎŜǘŀǝƻƴŀƭ 

ǊŜŎƻƴǎǘǊǳŎǝƻƴΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ пплΣ ннςонΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмрΦлуΦлмн 
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.ŜŀƭπbŜǾŜǎΣ aΦΣ 9ƭȅΣ /Φ ±ΦΣ 5ǳŀǊǘŜΣ [ΦΣ !ũŜƭŘǘπwŀƳƻǎΣ YΦΣ ϧ CŜǊǊŜƛǊŀΣ tΦ aΦ !Φ όнлнпύΦ ¢ƛƳŜ ǎƛƴŎŜ ŬǊŜ ŀǎ ŀ 

ŘǊƛǾŜǊ ƻŦ ǘŀȄƻƴƻƳƛŎ ŀƴŘ ǇƘȅƭƻƎŜƴŜǝŎ ǇŀǧŜǊƴǎ ƻŦ ƎǊŀǎǎƭŀƴŘ Ǉƭŀƴǘ ŎƻƳƳǳƴƛǝŜǎΦ {ŎƛŜƴǝŬŎ wŜǇƻǊǘǎΣ 

мпόмύΣ мтнмфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκǎпмрфуπлнпπсумууπȅ 

.ŜŜǊƭƛƴƎΣ 5Φ WΦΣ ϧ hǎōƻǊƴŜΣ /Φ tΦ όнллсύΦ ¢ƘŜ ƻǊƛƎƛƴ ƻŦ ǘƘŜ ǎŀǾŀƴƴŀ ōƛƻƳŜΦ Dƭƻōŀƭ /ƘŀƴƎŜ .ƛƻƭƻƎȅΣ мнόммύΣ 

нлноςнломΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмосрπнпусΦнллсΦлмнофΦȄ 

.ƻŎƪƘŜƛƳΣ WΦ DΦΣ DŜƴƴŀŘƛȅŜǾΣ !Φ bΦΣ IŀǊǘŜƳƛƴƪΣ !Φ 9ΦΣ ϧ .ǊŜǾƛƪΣ 9Φ /Φ όнлмпύΦ {ƻƛƭπŦƻǊƳƛƴƎ ŦŀŎǘƻǊǎ ŀƴŘ {ƻƛƭ 

¢ŀȄƻƴƻƳȅΦ DŜƻŘŜǊƳŀΣ ннсςннтΣ номςнотΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎŜƻŘŜǊƳŀΦнлмпΦлнΦлмс 

.ƻǳŎƘŜƴŀƪπYƘŜƭƭŀŘƛΣ ¸ΦΣ !ƴǘƘƻƴȅ ±ŜǊōƻƻƳΣ DΦΣ IƻŘƪƛƴǎƻƴΣ ¢Φ wΦΣ {ŀƭŀƳƛƴΣ bΦΣ CǊŀƴŎƻƛǎΣ hΦΣ bƝ /ƘƻƴƎƘŀƛƭŜΣ 

DΦΣ ϧ {ŀǾƻƭŀƛƴŜƴΣ ±Φ όнллфύΦ ¢ƘŜ ƻǊƛƎƛƴǎ ŀƴŘ ŘƛǾŜǊǎƛŬŎŀǝƻƴ ƻŦ /п ƎǊŀǎǎŜǎ ŀƴŘ ǎŀǾŀƴƴŀπŀŘŀǇǘŜŘ 

ǳƴƎǳƭŀǘŜǎΦ Dƭƻōŀƭ /ƘŀƴƎŜ .ƛƻƭƻƎȅΣ мрόмлύΣ нофтςнпмтΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмосрπ

нпусΦнллфΦлмуслΦȄ 

.ǳŜƭƻǿΣ 9Φ YΦΣ {ǳǊƛŀƴƻΣ WΦΣ aŀƘƻƴŜȅΣ WΦ .ΦΣ YƛƳōǊƻǳƎƘΣ 5Φ [ΦΣ aŜǎŎǳŀΣ WΦ CΦΣ DƛŀƳōƛŀƎƛΣ [Φ .ΦΣ ϧ IƻƪŜΣ DΦ 5Φ 

όнлмуύΦ {ŜŘƛƳŜƴǘƻƭƻƎƛŎ ŀƴŘ ǎǘǊŀǝƎǊŀǇƘƛŎ ŜǾƻƭǳǝƻƴ ƻŦ ǘƘŜ /ŀŎƘŜǳǘŀ ōŀǎƛƴΥ /ƻƴǎǘǊŀƛƴǘǎ ƻƴ ǘƘŜ 

ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ aƛƻŎŜƴŜ ǊŜǘǊƻŀǊŎ ŦƻǊŜƭŀƴŘ ōŀǎƛƴΣ ǎƻǳǘƘπŎŜƴǘǊŀƭ !ƴŘŜǎΦ [ƛǘƘƻǎǇƘŜǊŜΣ млόоύΣ 

оссςофмΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκ[тлфΦм 

.ȅǿŀǘŜǊπwŜȅŜǎΣ {ΦΣ /ŀǊǊŀǇŀΣ .ΦΣ /ƭŜƳŜƴǘȊΣ aΦΣ ϧ {ŎƘƻŜƴōƻƘƳΣ [Φ όнлмлύΦ 9ũŜŎǘ ƻŦ ƭŀǘŜ /ŜƴƻȊƻƛŎ 

ŀǊƛŘƛŬŎŀǝƻƴ ƻƴ ǎŜŘƛƳŜƴǘŀǝƻƴ ƛƴ ǘƘŜ 9ŀǎǘŜǊƴ /ƻǊŘƛƭƭŜǊŀ ƻŦ ƴƻǊǘƘǿŜǎǘ !ǊƎŜƴǝƴŀ ό!ƴƎŀǎǘŀŎƻ 

ōŀǎƛƴύΦ DŜƻƭƻƎȅΣ оуόоύΣ норςноуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDолронΦм 

/ŀǊǊŀǇŀΣ .ΦΣ /ƭŜƳŜƴǘȊΣ aΦΣ ϧ CŜƴƎΣ wΦ όнлмфύΦ 9ŎƻƭƻƎƛŎŀƭ ŀƴŘ ƘȅŘǊƻŎƭƛƳŀǘŜ ǊŜǎǇƻƴǎŜǎ ǘƻ ǎǘǊŜƴƎǘƘŜƴƛƴƎ ƻŦ 

ǘƘŜ IŀŘƭŜȅ ŎƛǊŎǳƭŀǝƻƴ ƛƴ {ƻǳǘƘ !ƳŜǊƛŎŀ ŘǳǊƛƴƎ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜ ŎƻƻƭƛƴƎΦ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ 

bŀǝƻƴŀƭ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎΣ ммсόнлύΣ фтптςфтрнΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтоκǇƴŀǎΦмумлтнмммс 

/ƘǊƛǎǝƴΣ tΦπ!ΦΣ .ŜǎƴŀǊŘΣ DΦΣ {ŀƳŀǊƛǘŀƴƛΣ 9ΦΣ 5ǳǾŀƭƭΣ aΦ wΦΣ IƻŘƪƛƴǎƻƴΣ ¢Φ wΦΣ {ŀǾƻƭŀƛƴŜƴΣ ±ΦΣ ϧ {ŀƭŀƳƛƴΣ bΦ 

όнллуύΦ hƭƛƎƻŎŜƴŜ /hн 5ŜŎƭƛƴŜ tǊƻƳƻǘŜŘ /п tƘƻǘƻǎȅƴǘƘŜǎƛǎ ƛƴ DǊŀǎǎŜǎΦ /ǳǊǊŜƴǘ .ƛƻƭƻƎȅΣ муόмύΣ 

отςпоΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŎǳōΦнллтΦммΦлру 

/ƻǧƻƴΣ WΦ aΦΣ /ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ IƻǇǇŜΣ YΦ !ΦΣ aƻǎƛŜǊΣ ¢Φ aΦΣ ϧ {ǝƭƭΣ /Φ WΦ όнлмсύΦ /ƭƛƳŀǘŜΣ /hнΣ ŀƴŘ ǘƘŜ ƘƛǎǘƻǊȅ 

ƻŦ bƻǊǘƘ !ƳŜǊƛŎŀƴ ƎǊŀǎǎŜǎ ǎƛƴŎŜ ǘƘŜ [ŀǎǘ DƭŀŎƛŀƭ aŀȄƛƳǳƳΦ {ŎƛŜƴŎŜ !ŘǾŀƴŎŜǎΣ нόоύΣ ŜмрлмопсΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŀŘǾΦмрлмопс 
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/ƻǧƻƴΣ WΦ aΦΣ IȅƭŀƴŘΣ 9Φ DΦΣ ϧ {ƘŜƭŘƻƴΣ bΦ 5Φ όнлмпύΦ aǳƭǝπǇǊƻȄȅ ŜǾƛŘŜƴŎŜ ŦƻǊ ǘŜŎǘƻƴƛŎ ŎƻƴǘǊƻƭ ƻƴ ǘƘŜ 

ŜȄǇŀƴǎƛƻƴ ƻŦ /п ƎǊŀǎǎŜǎ ƛƴ ƴƻǊǘƘǿŜǎǘ !ǊƎŜƴǝƴŀΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ офрΣ пмςрлΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмпΦлоΦлмп 

/ƻǧƻƴΣ WΦ aΦΣ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ ϧ {ǘǊǀƳōŜǊƎΣ /Φ !Φ 9Φ όнлмнύΦ IƛƎƘπǊŜǎƻƭǳǝƻƴ ƛǎƻǘƻǇƛŎ ǊŜŎƻǊŘ ƻŦ /п 

ǇƘƻǘƻǎȅƴǘƘŜǎƛǎ ƛƴ ŀ aƛƻŎŜƴŜ ƎǊŀǎǎƭŀƴŘΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ 

оотςооуΣ ууςфуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмнΦлоΦлор 

/ƻǳǘŀƴŘΣ LΦΣ /ŀǊǊŀǇŀΣ .ΦΣ 5ŜŜƪŜƴΣ !ΦΣ {ŎƘƳƛǧΣ !Φ YΦΣ {ƻōŜƭΣ 9Φ wΦΣ ϧ {ǘǊŜŎƪŜǊΣ aΦ wΦ όнллсύΦ tǊƻǇŀƎŀǝƻƴ ƻŦ 

ƻǊƻƎǊŀǇƘƛŎ ōŀǊǊƛŜǊǎ ŀƭƻƴƎ ŀƴ ŀŎǝǾŜ ǊŀƴƎŜ ŦǊƻƴǘΥ LƴǎƛƎƘǘǎ ŦǊƻƳ ǎŀƴŘǎǘƻƴŜ ǇŜǘǊƻƎǊŀǇƘȅ ŀƴŘ ŘŜǘǊƛǘŀƭ 

ŀǇŀǝǘŜ ŬǎǎƛƻƴȤǘǊŀŎƪ ǘƘŜǊƳƻŎƘǊƻƴƻƭƻƎȅ ƛƴ ǘƘŜ ƛƴǘǊŀƳƻƴǘŀƴŜ !ƴƎŀǎǘŀŎƻ ōŀǎƛƴΣ b² !ǊƎŜƴǝƴŀΦ 

.ŀǎƛƴ wŜǎŜŀǊŎƘΣ муόмύΣ мςнсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмосрπнммтΦнллсΦллнуоΦȄ 

5Ω!ƴǘƻƴƛƻΣ /Φ aΦΣ ϧ ±ƛǘƻǳǎŜƪΣ tΦ aΦ όмффнύΦ .ƛƻƭƻƎƛŎŀƭ LƴǾŀǎƛƻƴǎ ōȅ 9ȄƻǝŎ DǊŀǎǎŜǎΣ ǘƘŜ DǊŀǎǎκCƛǊŜ /ȅŎƭŜΣ 

ŀƴŘ Dƭƻōŀƭ /ƘŀƴƎŜΦ !ƴƴǳŀƭ wŜǾƛŜǿ ƻŦ 9ŎƻƭƻƎȅ ŀƴŘ {ȅǎǘŜƳŀǝŎǎΣ ноόмύΣ соςутΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾΦŜǎΦноΦммлмфнΦлллпом 

5ƻƴƎΣ WΦΣ [ƛǳΣ ½ΦΣ !ƴΣ ½ΦΣ [ƛǳΣ ²ΦΣ ½ƘƻǳΣ ²ΦΣ vƛŀƴƎΣ ·ΦΣ ϧ [ǳΣ CΦ όнлмуύΦ aƛŘπaƛƻŎŜƴŜ /п ŜȄǇŀƴǎƛƻƴ ƻƴ ǘƘŜ 

/ƘƛƴŜǎŜ [ƻŜǎǎ tƭŀǘŜŀǳ ǳƴŘŜǊ ŀƴ ŜƴƘŀƴŎŜŘ !ǎƛŀƴ ǎǳƳƳŜǊ ƳƻƴǎƻƻƴΦ WƻǳǊƴŀƭ ƻŦ !ǎƛŀƴ 9ŀǊǘƘ 

{ŎƛŜƴŎŜǎΣ мруΣ мроςмрфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƧǎŜŀŜǎΦнлмуΦлнΦлмп 

5ǳƴƭŜŀΣ !Φ DΦΣ DƛƻǎŀƴΣ [ΦΣ ϧ IǳŀƴƎΣ ¸Φ όнлнлύΦ tƭƛƻŎŜƴŜ ŜȄǇŀƴǎƛƻƴ ƻŦ /п ǾŜƎŜǘŀǝƻƴ ƛƴ ǘƘŜ /ƻǊŜ aƻƴǎƻƻƴ 

½ƻƴŜ ƻƴ ǘƘŜ LƴŘƛŀƴ tŜƴƛƴǎǳƭŀΦ /ƭƛƳŀǘŜ ƻŦ ǘƘŜ tŀǎǘΣ мсόсύΣ нрооςнрпсΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦрмфпκŎǇπмсπнрооπнлнл 

5ǳǇƻƴǘΣ [Φ aΦΣ wƻƳƳŜǊǎƪƛǊŎƘŜƴΣ CΦΣ aƻƭƭŜƴƘŀǳŜǊΣ DΦΣ ϧ {ŎƘŜŦǳǖΣ 9Φ όнлмоύΦ aƛƻŎŜƴŜ ǘƻ tƭƛƻŎŜƴŜ ŎƘŀƴƎŜǎ 

ƛƴ {ƻǳǘƘ !ŦǊƛŎŀƴ ƘȅŘǊƻƭƻƎȅ ŀƴŘ ǾŜƎŜǘŀǝƻƴ ƛƴ ǊŜƭŀǝƻƴ ǘƻ ǘƘŜ ŜȄǇŀƴǎƛƻƴ ƻŦ /п ǇƭŀƴǘǎΦ 9ŀǊǘƘ ŀƴŘ 

tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ отрΣ плуςпмтΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмоΦлсΦллр 

9ŀƎƭŜΣ wΦ !ΦΣ wƛǎƛΣ /ΦΣ aƛǘŎƘŜƭƭΣ WΦ [ΦΣ 9ƛƭŜǊΣ WΦ aΦΣ {ŜƛōǘΣ ¦ΦΣ bŜŜƭƛƴΣ WΦ 5ΦΣ [ƛΣ DΦΣ ϧ ¢ǊƛǇŀǝΣ !Φ YΦ όнлмоύΦ IƛƎƘ 

ǊŜƎƛƻƴŀƭ ŎƭƛƳŀǘŜ ǎŜƴǎƛǝǾƛǘȅ ƻǾŜǊ ŎƻƴǝƴŜƴǘŀƭ /Ƙƛƴŀ ŎƻƴǎǘǊŀƛƴŜŘ ōȅ ƎƭŀŎƛŀƭπǊŜŎŜƴǘ ŎƘŀƴƎŜǎ ƛƴ 

ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǘƘŜ ƘȅŘǊƻƭƻƎƛŎŀƭ ŎȅŎƭŜΦ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ bŀǝƻƴŀƭ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎΣ 

ммлόннύΣ уумоςуумуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтоκǇƴŀǎΦмнмооссммл 

9ŘǿŀǊŘǎΣ 9Φ WΦΣ hǎōƻǊƴŜΣ /Φ tΦΣ {ǘǊǀƳōŜǊƎΣ /Φ !Φ 9ΦΣ {ƳƛǘƘΣ {Φ !ΦΣ /п DǊŀǎǎŜǎ /ƻƴǎƻǊǝǳƳΣ .ƻƴŘΣ ²Φ WΦΣ 

/ƘǊƛǎǝƴΣ tΦπ!ΦΣ /ƻǳǎƛƴǎΣ !Φ .ΦΣ 5ǳǾŀƭƭΣ aΦ wΦΣ CƻȄΣ 5Φ [ΦΣ CǊŜŎƪƭŜǘƻƴΣ wΦ tΦΣ DƘŀƴƴƻǳƳΣ hΦΣ IŀǊǘǿŜƭƭΣ 

WΦΣ IǳŀƴƎΣ ¸ΦΣ WŀƴƛǎΣ /Φ aΦΣ YŜŜƭŜȅΣ WΦ 9ΦΣ YŜƭƭƻƎƎΣ 9Φ !ΦΣ YƴŀǇǇΣ !Φ YΦΣ [ŜŀƪŜȅΣ !Φ 5Φ .ΦΣ Χ ¢ƛǇǇƭŜΣ .Φ 
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όнлмлύΦ ¢ƘŜ hǊƛƎƛƴǎ ƻŦ /п DǊŀǎǎƭŀƴŘǎΥ LƴǘŜƎǊŀǝƴƎ 9ǾƻƭǳǝƻƴŀǊȅ ŀƴŘ 9ŎƻǎȅǎǘŜƳ {ŎƛŜƴŎŜΦ {ŎƛŜƴŎŜΣ 

онуόрфтуύΣ рутςрфмΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŜƴŎŜΦммттнмс 

9ƛƭŜǊΣ WΦ aΦ όнллтύΦ ά/ƭǳƳǇŜŘπƛǎƻǘƻǇŜέ ƎŜƻŎƘŜƳƛǎǘǊȅτ¢ƘŜ ǎǘǳŘȅ ƻŦ ƴŀǘǳǊŀƭƭȅπƻŎŎǳǊǊƛƴƎΣ ƳǳƭǝǇƭȅπ

ǎǳōǎǝǘǳǘŜŘ ƛǎƻǘƻǇƻƭƻƎǳŜǎΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ нснόоύΣ олфςонтΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнллтΦлуΦлнл 

9ƛƭŜǊΣ WΦ aΦ όнлммύΦ tŀƭŜƻŎƭƛƳŀǘŜ ǊŜŎƻƴǎǘǊǳŎǝƻƴ ǳǎƛƴƎ ŎŀǊōƻƴŀǘŜ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ ǘƘŜǊƳƻƳŜǘǊȅΦ 

vǳŀǘŜǊƴŀǊȅ {ŎƛŜƴŎŜ wŜǾƛŜǿǎΣ олόнрύΣ ортрςорууΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǉǳŀǎŎƛǊŜǾΦнлммΦлфΦллм 

CŀƛǘƘΣ WΦ ¢ΦΣ wƻǿŀƴΣ WΦΣ ϧ 5ǳΣ !Φ όнлнпύΦ [ŀǘŜ /ŜƴƻȊƻƛŎ Cŀǳƴŀƭ ŀƴŘ 9ŎƻƭƻƎƛŎŀƭ /ƘŀƴƎŜ ƛƴ !ŦǊƛŎŀΦ !ƴƴǳŀƭ 

wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ рнό±ƻƭǳƳŜ рнΣ нлнпύΣ отфςплтΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾπŜŀǊǘƘπломснмπммпмлр 

CƻƭƎǳŜǊŀΣ !ΦΣ ϧ ½łǊŀǘŜΣ aΦ !Φ όнлмуύΦ [ŀ ŜǎǘǊǳŎǘǳǊŀŎƛƽƴ ƳƛƻŎŜƴŀ ǘŀǊŘƛŀ ŘŜƭ ōƭƻǉǳŜ ŘŜ ƭŀ tŀƳǇŀ ŎŜƴǘǊŀƭΦ 

ƘǧǇǎΥκκǊƛΦŎƻƴƛŎŜǘΦƎƻǾΦŀǊκƘŀƴŘƭŜκммоосκумрлт 

CƻƭƎǳŜǊŀΣ !ΦΣ ½łǊŀǘŜΣ aΦΣ ¢ŜŘŜǎŎƻΣ !ΦΣ 5łǾƛƭŀΣ CΦΣ ϧ wŀƳƻǎΣ ±Φ !Φ όнлмрύΦ 9Ǿƻƭǳǝƻƴ ƻŦ ǘƘŜ bŜƻƎŜƴŜ !ƴŘŜŀƴ 

ŦƻǊŜƭŀƴŘ ōŀǎƛƴǎ ƻŦ ǘƘŜ {ƻǳǘƘŜǊƴ tŀƳǇŀǎ ŀƴŘ bƻǊǘƘŜǊƴ tŀǘŀƎƻƴƛŀ όопϲςпмϲ{ύΣ !ǊƎŜƴǝƴŀΦ WƻǳǊƴŀƭ 

ƻŦ {ƻǳǘƘ !ƳŜǊƛŎŀƴ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ спΣ прнςпссΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƧǎŀƳŜǎΦнлмрΦлрΦлмл 

CƻȄΣ 5Φ [ΦΣ ϧ YƻŎƘΣ tΦ [Φ όнллпύΦ /ŀǊōƻƴ ŀƴŘ ƻȄȅƎŜƴ ƛǎƻǘƻǇƛŎ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ bŜƻƎŜƴŜ ǇŀƭŜƻǎƻƭ ŎŀǊōƻƴŀǘŜǎΥ 

/ƻƴǎǘǊŀƛƴǘǎ ƻƴ ǘƘŜ ŜǾƻƭǳǝƻƴ ƻŦ ǘƘŜ /пπƎǊŀǎǎƭŀƴŘǎ ƻŦ ǘƘŜ DǊŜŀǘ tƭŀƛƴǎΣ ¦{!Φ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ 

tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ нлтόоύΣ олрςонфΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнллоΦлфΦлол 

CǳǊǉǳƛƳΣ CΦ CΦΣ {ŎŀǎǘŀΣ WΦ 5ΦΣ ϧ hǾŜǊōŜŎƪΣ DΦ 9Φ όнлнпύΦ LƴǘŜǊŀŎǝǾŜ ŜũŜŎǘǎ ƻŦ ŬǊŜ ŀƴŘ ƎǊŀȊƛƴƎ ƻƴ ǾŜƎŜǘŀǝƻƴ 

ǎǘǊǳŎǘǳǊŜ ŀƴŘ Ǉƭŀƴǘ ǎǇŜŎƛŜǎ ŎƻƳǇƻǎƛǝƻƴ ƛƴ ǎǳōǘǊƻǇƛŎŀƭ ƎǊŀǎǎƭŀƴŘǎΦ !ǇǇƭƛŜŘ ±ŜƎŜǘŀǝƻƴ {ŎƛŜƴŎŜΣ 

нтόоύΣ ŜмнуллΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκŀǾǎŎΦмнулл 

DŀƭƭŀƎƘŜǊΣ ¢Φ aΦΣ ϧ {ƘŜƭŘƻƴΣ bΦ 5Φ όнлмоύΦ ! ƴŜǿ ǇŀƭŜƻǘƘŜǊƳƻƳŜǘŜǊ ŦƻǊ ŦƻǊŜǎǘ ǇŀƭŜƻǎƻƭǎ ŀƴŘ ƛǘǎ 

ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ /ŜƴƻȊƻƛŎ ŎƭƛƳŀǘŜΦ DŜƻƭƻƎȅΣ пмόсύΣ сптςсрлΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDоплтпΦм 

DŀǊŎƝŀπ[ƽǇŜȊΣ 5Φ !ΦΣ ϧ .ŀōƻǘΣ aΦ WΦ όнлмрύΦ ! [ŀǘŜ aƛƻŎŜƴŜ !ǊƎȅǊƻƭŀƎƛŘŀŜ όaŀƳƳŀƭƛŀΣ aŜǘŀǘƘŜǊƛŀΣ 

.ƻƴŀǇŀǊǘƘŜǊƛƛŦƻǊƳŜǎύ ŦǊƻƳ bƻǊǘƘǿŜǎǘŜǊƴ !ǊƎŜƴǝƴŀΦ 

ƘǧǇǎΥκκōƛƻƻƴŜΦƻǊƎκƧƻǳǊƴŀƭǎκŀƳŜƎƘƛƴƛŀƴŀκǾƻƭǳƳŜπрнκƛǎǎǳŜπоκ!aDIΦмтΦлнΦнлмрΦнутсκ!π[ŀǘŜπ
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aƛƻŎŜƴŜπ!ǊƎȅǊƻƭŀƎƛŘŀŜπaŀƳƳŀƭƛŀπaŜǘŀǘƘŜǊƛŀπ.ƻƴŀǇŀǊǘƘŜǊƛƛŦƻǊƳŜǎπŦǊƻƳπbƻǊǘƘǿŜǎǘŜǊƴπ

!ǊƎŜƴǝƴŀκмлΦртмлκ!aDIΦмтΦлнΦнлмрΦнутсΦŦǳƭƭ 

DŀǊȊƛƻƴŜΣ /Φ bΦΣ !ǳŜǊōŀŎƘΣ 5Φ WΦΣ Wƛƴπ{ƻƻƪ {ƳƛǘƘΣ WΦΣ wƻǎŀǊƛƻΣ WΦ WΦΣ tŀǎǎŜȅΣ .Φ IΦΣ WƻǊŘŀƴΣ ¢Φ 9ΦΣ ϧ 9ƛƭŜǊΣ WΦ aΦ 

όнлмпύΦ /ƭǳƳǇŜŘ ƛǎƻǘƻǇŜ ŜǾƛŘŜƴŎŜ ŦƻǊ ŘƛŀŎƘǊƻƴƻǳǎ ǎǳǊŦŀŎŜ ŎƻƻƭƛƴƎ ƻŦ ǘƘŜ !ƭǝǇƭŀƴƻ ŀƴŘ ǇǳƭǎŜŘ 

ǎǳǊŦŀŎŜ ǳǇƭƛƊ ƻŦ ǘƘŜ /ŜƴǘǊŀƭ !ƴŘŜǎΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ офоΣ мтоςмумΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмпΦлнΦлнф 

DŀǊȊƛƻƴŜΣ /Φ bΦΣ IƻƪŜΣ DΦ 5ΦΣ [ƛōŀǊƪƛƴΣ WΦ /ΦΣ ²ƛǘƘŜǊǎΣ {ΦΣ aŀŎCŀŘŘŜƴΣ .ΦΣ 9ƛƭŜǊΣ WΦΣ DƘƻǎƘΣ tΦΣ ϧ aǳƭŎƘΣ !Φ 

όнллуύΦ wƛǎŜ ƻŦ ǘƘŜ !ƴŘŜǎΦ {ŎƛŜƴŎŜΣ онлόруумύΣ молпςмолтΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŜƴŎŜΦммпусмр 

DŀǊȊƛƻƴŜΣ /Φ bΦΣ aŎvǳŀǊǊƛŜΣ bΦΣ tŜǊŜȊΣ bΦ 5ΦΣ 9ƘƭŜǊǎΣ ¢Φ !ΦΣ .ŜŎƪΣ {Φ [ΦΣ YŀǊΣ bΦΣ 9ƛŎƘŜƭōŜǊƎŜǊΣ bΦΣ /ƘŀǇƳŀƴΣ 

!Φ 5ΦΣ ²ŀǊŘΣ YΦ aΦΣ 5ǳŎŜŀΣ aΦ bΦΣ [ŜŀǎŜΣ wΦ hΦΣ tƻǳƭǎŜƴΣ /Φ WΦΣ ²ŀƎƴŜǊΣ [Φ {ΦΣ {ŀȅƭƻǊΣ WΦ 9ΦΣ ½ŀƴŘǘΣ DΦΣ 

ϧ IƻǊǘƻƴΣ .Φ YΦ όнлмтύΦ ¢ŜŎǘƻƴƛŎ 9Ǿƻƭǳǝƻƴ ƻŦ ǘƘŜ /ŜƴǘǊŀƭ !ƴŘŜŀƴ tƭŀǘŜŀǳ ŀƴŘ LƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǘƘŜ 

DǊƻǿǘƘ ƻŦ tƭŀǘŜŀǳǎΦ !ƴƴǳŀƭ wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ прό±ƻƭǳƳŜ прΣ нлмтύΣ рнфς

ррфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾπŜŀǊǘƘπлсолмсπлнлсмн 

DƘƻǎƘΣ tΦΣ !ŘƪƛƴǎΣ WΦΣ !ũŜƪΣ IΦΣ .ŀƭǘŀΣ .ΦΣ DǳƻΣ ²ΦΣ {ŎƘŀǳōƭŜΣ 9Φ !ΦΣ {ŎƘǊŀƎΣ 5ΦΣ ϧ 9ƛƭŜǊΣ WΦ aΦ όнллсύΦ мо/ς

муh ōƻƴŘǎ ƛƴ ŎŀǊōƻƴŀǘŜ ƳƛƴŜǊŀƭǎΥ ! ƴŜǿ ƪƛƴŘ ƻŦ ǇŀƭŜƻǘƘŜǊƳƻƳŜǘŜǊΦ DŜƻŎƘƛƳƛŎŀ Ŝǘ 

/ƻǎƳƻŎƘƛƳƛŎŀ !ŎǘŀΣ тлόсύΣ мпофςмпрсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎŎŀΦнллрΦммΦлмп 

IŀǊǘƳŀƴΣ DΦ όнлммύΦ wŜŎƻƴǎǘǊǳŎǝƴƎ aƛŘπtƭŜƛǎǘƻŎŜƴŜ ǇŀƭŜƻǾŜƎŜǘŀǝƻƴ ŀƴŘ ǇŀƭŜƻŎƭƛƳŀǘŜ ƛƴ ǘƘŜ Dƻƭŀƴ 

IŜƛƎƘǘǎ ǳǎƛƴƎ ǘƘŜ ʵмо/ ǾŀƭǳŜǎ ƻŦ ƳƻŘŜǊƴ ǾŜƎŜǘŀǝƻƴ ŀƴŘ ǎƻƛƭ ƻǊƎŀƴƛŎ ŎŀǊōƻƴ ƻŦ ǇŀƭŜƻǎƻƭǎΦ WƻǳǊƴŀƭ 

ƻŦ IǳƳŀƴ 9ǾƻƭǳǝƻƴΣ слόпύΣ прнςпсоΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƧƘŜǾƻƭΦнлмлΦлуΦллм 

IƻŜǘȊŜƭΣ {ΦΣ 5ǳǇƻƴǘΣ [ΦΣ {ŎƘŜŦǳǖΣ 9ΦΣ wƻƳƳŜǊǎƪƛǊŎƘŜƴΣ CΦΣ ϧ ²ŜŦŜǊΣ DΦ όнлмоύΦ ¢ƘŜ ǊƻƭŜ ƻŦ ŬǊŜ ƛƴ aƛƻŎŜƴŜ 

ǘƻ tƭƛƻŎŜƴŜ /п ƎǊŀǎǎƭŀƴŘ ŀƴŘ ŜŎƻǎȅǎǘŜƳ ŜǾƻƭǳǝƻƴΦ bŀǘǳǊŜ DŜƻǎŎƛŜƴŎŜΣ сόмнύΣ млнтςмлолΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκƴƎŜƻмфуп 

IǳƛΣ ½ΦΣ DƻǿŀƴΣ 9Φ WΦΣ IƻǳΣ ½ΦΣ ½ƘƻǳΣ ·ΦΣ aŀΣ ¸ΦΣ DǳƻΣ ½ΦΣ ϧ ½ƘŀƴƎΣ WΦ όнлнмύΦ LƴǘŜƴǎƛŬŜŘ ŬǊŜ ŀŎǝǾƛǘȅ ƛƴŘǳŎŜŘ 

ōȅ ŀǊƛŘƛŬŎŀǝƻƴ ŦŀŎƛƭƛǘŀǘŜŘ [ŀǘŜ aƛƻŎŜƴŜ /п Ǉƭŀƴǘ ŜȄǇŀƴǎƛƻƴ ƛƴ ǘƘŜ ƴƻǊǘƘŜŀǎǘŜǊƴ ¢ƛōŜǘŀƴ tƭŀǘŜŀǳΣ 

/ƘƛƴŀΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ртоΣ ммлпотΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлнмΦммлпот 

IǳƴǝƴƎǘƻƴΣ YΦ ²ΦΣ 9ƛƭŜǊΣ WΦ aΦΣ !ũŜƪΣ IΦ tΦΣ DǳƻΣ ²ΦΣ .ƻƴƛŦŀŎƛŜΣ aΦΣ ¸ŜǳƴƎΣ [Φ ¸ΦΣ ¢ƘƛŀƎŀǊŀƧŀƴΣ bΦΣ tŀǎǎŜȅΣ .ΦΣ 

¢ǊƛǇŀǝΣ !ΦΣ 5ŀšǊƻƴΣ aΦΣ ϧ /ŀƳŜΣ wΦ όнллфύΦ aŜǘƘƻŘǎ ŀƴŘ ƭƛƳƛǘŀǝƻƴǎ ƻŦ ΨŎƭǳƳǇŜŘΩ /hн ƛǎƻǘƻǇŜ 
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όɲптύ ŀƴŀƭȅǎƛǎ ōȅ ƎŀǎπǎƻǳǊŎŜ ƛǎƻǘƻǇŜ Ǌŀǝƻ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅΦ WƻǳǊƴŀƭ ƻŦ aŀǎǎ {ǇŜŎǘǊƻƳŜǘǊȅΣ 

ппόфύΣ момуςмонфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллнκƧƳǎΦмсмп 

IǳƴǝƴƎǘƻƴΣ YΦ ²ΦΣ ϧ tŜǘŜǊǎŜƴΣ {Φ ±Φ όнлноύΦ CǊƻƴǝŜǊǎ ƻŦ /ŀǊōƻƴŀǘŜ /ƭǳƳǇŜŘ LǎƻǘƻǇŜ ¢ƘŜǊƳƻƳŜǘǊȅΦ 

!ƴƴǳŀƭ wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ рмό±ƻƭǳƳŜ рмΣ нлноύΣ сммςспмΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾπŜŀǊǘƘπломснмπлурфпф 

IȅƭŀƴŘΣ 9Φ DΦΣ ϧ {ƘŜƭŘƻƴΣ bΦ 5Φ όнлмсύΦ 9ȄŀƳƛƴƛƴƎ ǘƘŜ ǎǇŀǝŀƭ ŎƻƴǎƛǎǘŜƴŎȅ ƻŦ ǇŀƭŀŜƻǎƻƭ ǇǊƻȄƛŜǎΥ 

LƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǇŀƭŀŜƻŎƭƛƳŀǝŎ ŀƴŘ ǇŀƭŀŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎ ƛƴ ǘŜǊǊŜǎǘǊƛŀƭ 

ǎŜŘƛƳŜƴǘŀǊȅ ōŀǎƛƴǎΦ {ŜŘƛƳŜƴǘƻƭƻƎȅΣ соόпύΣ фрфςфтмΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκǎŜŘΦмннпр 

IȅƭŀƴŘΣ 9Φ DΦΣ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ ϧ /ƻǧƻƴΣ WΦ aΦ όнлмрύΦ ¢ŜǊǊŜǎǘǊƛŀƭ ŜǾƛŘŜƴŎŜ ŦƻǊ ŀ ǘǿƻπǎǘŀƎŜ ƳƛŘπtŀƭŜƻŎŜƴŜ 

ōƛƻǝŎ ŜǾŜƴǘΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ пмтΣ отмςотуΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмпΦлфΦлом 

IȅƭŀƴŘΣ 9Φ DΦΣ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ {ƳƛǘƘΣ {Φ ¸ΦΣ ϧ {ǘǊǀƳōŜǊƎΣ /Φ !Φ 9Φ όнлмуύΦ [ŀǘŜ aƛƻŎŜƴŜ ǊƛǎŜ ŀƴŘ Ŧŀƭƭ ƻŦ /п 

ƎǊŀǎǎŜǎ ƛƴ ǘƘŜ ǿŜǎǘŜǊƴ ¦ƴƛǘŜŘ {ǘŀǘŜǎ ƭƛƴƪŜŘ ǘƻ ŀǊƛŘƛŬŎŀǝƻƴ ŀƴŘ ǳǇƭƛƊΦ D{! .ǳƭƭŜǝƴΣ момόмςнύΣ 

ннпςнопΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκ.онллфΦм 

LŀũŀΣ 5Φ bΦΣ {ŁōŀǘΣ CΦΣ .ŜƭƭƻΣ 5ΦΣ CŜǊǊŜǊΣ hΦΣ aƻƴΣ wΦΣ ϧ DǳǝŜǊǊŜȊΣ !Φ !Φ όнлммύΦ ¢ŜŎǘƻƴƛŎ ƛƴǾŜǊǎƛƻƴ ƛƴ ŀ 

ǎŜƎƳŜƴǘŜŘ ŦƻǊŜƭŀƴŘ ōŀǎƛƴ ŦǊƻƳ ŜȄǘŜƴǎƛƻƴŀƭ ǘƻ ǇƛƎƎȅ ōŀŎƪ ǎŜǩƴƎǎΥ ¢ƘŜ ¢ǳŎǳƳłƴ ōŀǎƛƴ ƛƴ b² 

!ǊƎŜƴǝƴŀΦ WƻǳǊƴŀƭ ƻŦ {ƻǳǘƘ !ƳŜǊƛŎŀƴ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ омόпύΣ пртςптпΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƧǎŀƳŜǎΦнлммΦлнΦллф 

LǊƛƎƻȅŜƴΣ aΦ ±ΦΣ .ǳŎƘŀƴΣ YΦ [ΦΣ ϧ .ǊƻǿƴΣ wΦ [Φ όнлллύΦ aŀƎƴŜǘƻǎǘǊŀǝƎǊŀǇƘȅ ƻŦ bŜƻƎŜƴŜ !ƴŘŜŀƴ ŦƻǊŜƭŀƴŘπ

ōŀǎƛƴ ǎǘǊŀǘŀΣ ƭŀǘ оо {Σ aŜƴŘƻȊŀ tǊƻǾƛƴŎŜΣ !ǊƎŜƴǝƴŀΦ DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀ .ǳƭƭŜǝƴΣ 

ммнόсύΣ улоςумсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπтслсόнлллύммнғулоΥahb!C{ҔнΦлΦ/hΤн 

YŀǊǇΣ !Φ ¢ΦΣ .ŜƘǊŜƴǎƳŜȅŜǊΣ !Φ YΦΣ ϧ CǊŜŜƳŀƴΣ YΦ IΦ όнлмуύΦ DǊŀǎǎƭŀƴŘ ŬǊŜ ŜŎƻƭƻƎȅ Ƙŀǎ Ǌƻƻǘǎ ƛƴ ǘƘŜ ƭŀǘŜ 

aƛƻŎŜƴŜΦ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ bŀǝƻƴŀƭ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎΣ ммрόпуύΣ мнмолςмнморΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтоκǇƴŀǎΦмулфтруммр 

YŀǊǇΣ !Φ ¢ΦΣ ¦ƴƻΣ YΦ ¢ΦΣ tƻƭƛǎǎŀǊΣ tΦ WΦΣ ϧ CǊŜŜƳŀƴΣ YΦ IΦ όнлнмύΦ [ŀǘŜ aƛƻŎŜƴŜ / п DǊŀǎǎƭŀƴŘ CƛǊŜ CŜŜŘōŀŎƪǎ 

ƻƴ ǘƘŜ LƴŘƛŀƴ {ǳōŎƻƴǝƴŜƴǘΦ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅ ŀƴŘ tŀƭŜƻŎƭƛƳŀǘƻƭƻƎȅΣ осόпύΣ Ŝнлнлt!ллпмлсΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлt!ллпмлс 
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YƭŜƛƴŜǊǘΣ YΦΣ ϧ {ǘǊŜŎƪŜǊΣ aΦ wΦ όнллмύΦ /ƭƛƳŀǘŜ ŎƘŀƴƎŜ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ƻǊƻƎǊŀǇƘƛŎ ōŀǊǊƛŜǊ ǳǇƭƛƊΥ tŀƭŜƻǎƻƭ 

ŀƴŘ ǎǘŀōƭŜ ƛǎƻǘƻǇŜ ŜǾƛŘŜƴŎŜ ŦǊƻƳ ǘƘŜ ƭŀǘŜ bŜƻƎŜƴŜ {ŀƴǘŀ aŀǊƝŀ ōŀǎƛƴΣ ƴƻǊǘƘǿŜǎǘŜǊƴ !ǊƎŜƴǝƴŀΦ 

D{! .ǳƭƭŜǝƴΣ ммоόсύΣ тнуςтпнΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπ

тслсόнллмύммоғлтнуΥ//Lw¢hҔнΦлΦ/hΤн 

YƻŎƘΣ tΦ [Φ όмффуŀύΦ L{h¢htL/ w9/hb{¢w¦/¢Lhb hC t!{¢ /hb¢Lb9b¢![ 9b±Lwhba9b¢{Φ !ƴƴǳŀƭ 

wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ нсό±ƻƭǳƳŜ нсΣ мффуύΣ ртоςсмоΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾΦŜŀǊǘƘΦнсΦмΦрто 

YƻŎƘΣ tΦ [Φ όмффуōύΦ L{h¢htL/ w9/hb{¢w¦/¢Lhb hC t!{¢ /hb¢Lb9b¢![ 9b±Lwhba9b¢{Φ !ƴƴǳŀƭ 

wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ нсό±ƻƭǳƳŜ нсΣ мффуύΣ ртоςсмоΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾΦŜŀǊǘƘΦнсΦмΦрто 

YǳƳŀǊΣ aΦΣ {ŀƛƪƛŀΣ YΦΣ !ƎǊŀǿŀƭΣ {ΦΣ DƘƻǎƘΣ wΦΣ !ƭƛΣ {Φ bΦΣ !ǊƛŦΣ aŘΦΣ {ƛƴƎƘΣ 5Φ {ΦΣ {ƘŀǊƳŀΣ !ΦΣ tƘŀǊǝȅŀƭΣ .ΦΣ ϧ 

.ŀƧǇŀƛΣ {Φ όнлннύΦ /ƭƛƳŀǝŎ ŎƻƴǘǊƻƭ ƻƴ ǘƘŜ /о ŀƴŘ /п Ǉƭŀƴǘ ŀōǳƴŘŀƴŎŜ ŘǳǊƛƴƎ ǘƘŜ ƭŀǘŜ tƭŜƛǎǘƻŎŜƴŜ 

ς IƻƭƻŎŜƴŜ ƛƴ ǘƘŜ ƴƻǊǘƘŜǊƴ DŀƴƎŜǝŎ tƭŀƛƴΣ LƴŘƛŀΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ 

tŀƭŀŜƻŜŎƻƭƻƎȅΣ рфмΣ ммлуфлΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлннΦммлуфл 

[ŀǘƻǊǊŜΣ /ΦΣ vǳŀŘŜΣ WΦΣ ϧ aŎLƴǘƻǎƘΣ ²Φ /Φ όмффтύΦ ¢ƘŜ ŜȄǇŀƴǎƛƻƴ ƻŦ /п ƎǊŀǎǎŜǎ ŀƴŘ Ǝƭƻōŀƭ ŎƘŀƴƎŜ ƛƴ ǘƘŜ 

ƭŀǘŜ aƛƻŎŜƴŜΥ {ǘŀōƭŜ ƛǎƻǘƻǇŜ ŜǾƛŘŜƴŎŜ ŦǊƻƳ ǘƘŜ !ƳŜǊƛŎŀǎΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ 

мпсόмςнύΣ уоςфсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ{ллмнπунм·όфсύллномπн 

[ŜŎƘƭŜǊΣ !Φ wΦΣ IǳƴǝƴƎǘƻƴΣ YΦ ²ΦΣ .ǊŜŜŎƪŜǊΣ 5Φ hΦΣ {ǿŜŜƴŜȅΣ aΦ wΦΣ ϧ {ŎƘŀǳŜǊΣ !Φ WΦ όнлмуύΦ [ƻŜǎǎςǇŀƭŜƻǎƻƭ 

ŎŀǊōƻƴŀǘŜ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ ǊŜŎƻǊŘ ƻŦ ƭŀǘŜ tƭŜƛǎǘƻŎŜƴŜςIƻƭƻŎŜƴŜ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ƛƴ ǘƘŜ tŀƭƻǳǎŜ 

ǊŜƎƛƻƴΣ ²ŀǎƘƛƴƎǘƻƴ {ǘŀǘŜΣ ¦{!Φ vǳŀǘŜǊƴŀǊȅ wŜǎŜŀǊŎƘΣ флόнύΣ оомςоптΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмтκǉǳŀΦнлмуΦпт 

[ŜƛŜǊΣ !ΦΣ vǳŀŘŜΣ WΦΣ 5Ŝ/ŜƭƭŜǎΣ tΦΣ ϧ YŀǇǇΣ tΦ όнллфύΦ {ǘŀōƭŜ ƛǎƻǘƻǇƛŎ ǊŜǎǳƭǘǎ ŦǊƻƳ ǇŀƭŜƻǎƻƭ ŎŀǊōƻƴŀǘŜ ƛƴ 

{ƻǳǘƘ !ǎƛŀΥ tŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎ ŀƴŘ ǎŜƭŜŎǝǾŜ ŀƭǘŜǊŀǝƻƴΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ 

{ŎƛŜƴŎŜ [ŜǧŜǊǎΣ нтфόоύΣ нпнςнрпΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнллуΦмнΦлпп 

[ŜǾƛƴŀΣ aΦΣ IƻǊǘƻƴΣ .Φ YΦΣ CǳŜƴǘŜǎΣ CΦΣ ϧ {ǘƻŎƪƭƛΣ 5Φ CΦ όнлмпύΦ /ŜƴƻȊƻƛŎ ǎŜŘƛƳŜƴǘŀǝƻƴ ŀƴŘ ŜȄƘǳƳŀǝƻƴ ƻŦ 

ǘƘŜ ŦƻǊŜƭŀƴŘ ōŀǎƛƴ ǎȅǎǘŜƳ ǇǊŜǎŜǊǾŜŘ ƛƴ ǘƘŜ tǊŜŎƻǊŘƛƭƭŜǊŀ ǘƘǊǳǎǘ ōŜƭǘ όомςонϲ{ύΣ ǎƻǳǘƘŜǊƴ ŎŜƴǘǊŀƭ 

!ƴŘŜǎΣ !ǊƎŜƴǝƴŀΦ ¢ŜŎǘƻƴƛŎǎΣ ооόфύΣ мсрфςмсулΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллнκнлмо¢/ллопнп 

[ƛΣ aΦΣ ²ŀƴΣ {ΦΣ /ƻƭƛƴΣ /ΦΣ WƛƴΣ IΦΣ ½ƘŀƻΣ 5ΦΣ tŜƛΣ ²ΦΣ WƛŀƻΣ ²ΦΣ ¢ŀƴƎΣ ¸ΦΣ ¢ŀƴΣ ¸ΦΣ {ƘƛΣ ·ΦΣ ϧ [ƛΣ !Φ όнлноύΦ 

9ȄǇŀƴǎƛƻƴ ƻŦ /п Ǉƭŀƴǘǎ ƛƴ {ƻǳǘƘ /Ƙƛƴŀ ŀƴŘ ŜǾƻƭǳǝƻƴ ƻŦ 9ŀǎǘ !ǎƛŀƴ Ƴƻƴǎƻƻƴ ǎƛƴŎŜ ор aŀΥ .ƭŀŎƪ 
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ŎŀǊōƻƴ ǊŜŎƻǊŘǎ ƛƴ ǘƘŜ ƴƻǊǘƘŜǊƴ {ƻǳǘƘ /Ƙƛƴŀ {ŜŀΦ Dƭƻōŀƭ ŀƴŘ tƭŀƴŜǘŀǊȅ /ƘŀƴƎŜΣ нноΣ млплтфΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎƭƻǇƭŀŎƘŀΦнлноΦмлплтф 

[ƛǳΣ ¸ΦΣ ϧ [ǳΣ /Φ όнлнмύΦ vǳŀƴǝŦȅƛƴƎ DǊŀǎǎ /ƻǾŜǊŀƎŜ ¢ǊŜƴŘǎ ǘƻ LŘŜƴǝŦȅ ǘƘŜ Iƻǘ tƭƻǘǎ ƻŦ DǊŀǎǎƭŀƴŘ 

5ŜƎǊŀŘŀǝƻƴ ƛƴ ǘƘŜ ¢ƛōŜǘŀƴ tƭŀǘŜŀǳ ŘǳǊƛƴƎ нлллςнлмфΦ LƴǘŜǊƴŀǝƻƴŀƭ WƻǳǊƴŀƭ ƻŦ 9ƴǾƛǊƻƴƳŜƴǘŀƭ 

wŜǎŜŀǊŎƘ ŀƴŘ tǳōƭƛŎ IŜŀƭǘƘΣ муόнύΣ !ǊǝŎƭŜ нΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦоофлκƛƧŜǊǇƘмулнлпмс 

[ǳΣ WΦΣ !ƭƎŜƻΣ ¢Φ WΦΣ ½ƘǳŀƴƎΣ DΦΣ ¸ŀƴƎΣ WΦΣ ·ƛŀƻΣ DΦΣ [ƛǳΣ WΦΣ IǳŀƴƎΣ WΦΣ ϧ ·ƛŜΣ {Φ όнлнлύΦ ¢ƘŜ 9ŀǊƭȅ tƭƛƻŎŜƴŜ 

Ǝƭƻōŀƭ ŜȄǇŀƴǎƛƻƴ ƻŦ /п ƎǊŀǎǎƭŀƴŘǎΥ ! ƴŜǿ ƻǊƎŀƴƛŎ ŎŀǊōƻƴπƛǎƻǘƻǇƛŎ ŘŀǘŀǎŜǘ ŦǊƻƳ ǘƘŜ ƴƻǊǘƘ /Ƙƛƴŀ 

ǇƭŀƛƴΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ роуΣ млфпрпΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмфΦмлфпрп 

[ǳƻΣ ·ΦΣ ½ƘƻǳΣ IΦΣ {ŀǘǊƛŀǿŀƴΣ ¢Φ ²ΦΣ ¢ƛŀƴΣ WΦΣ ½ƘŀƻΣ wΦΣ YŜŜƴŀƴΣ ¢Φ CΦΣ DǊƛŶǘƘΣ 5Φ aΦΣ {ƛǘŎƘΣ {ΦΣ {ƳƛǘƘΣ bΦ DΦΣ ϧ 

{ǝƭƭΣ /Φ WΦ όнлнпύΦ aŀǇǇƛƴƎ ǘƘŜ Ǝƭƻōŀƭ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ /п ǾŜƎŜǘŀǝƻƴ ǳǎƛƴƎ ƻōǎŜǊǾŀǝƻƴǎ ŀƴŘ 

ƻǇǝƳŀƭƛǘȅ ǘƘŜƻǊȅΦ bŀǘǳǊŜ /ƻƳƳǳƴƛŎŀǝƻƴǎΣ мрόмύΣ мнмфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκǎпмпстπлнпπ

прслсπо 

aŀŎƪΣ DΦ IΦΣ WŀƳŜǎΣ ²Φ /ΦΣ ϧ aƻƴƎŜǊΣ IΦ /Φ όмффоύΦ /ƭŀǎǎƛŬŎŀǝƻƴ ƻŦ ǇŀƭŜƻǎƻƭǎΦ D{! .ǳƭƭŜǝƴΣ млрόнύΣ мнфς

мосΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπтслсόмффоύмлрғлмнфΥ/htҔнΦоΦ/hΤн 

aŀŘŜƭƭŀΣ aΦΣ !ƭŜȄŀƴŘǊŜΣ !ΦΣ .ŀƭƭΣ ¢ΦΣ ϧ L/tb ²hwYLbD Dwh¦tΦ όнллрύΦ LƴǘŜǊƴŀǝƻƴŀƭ /ƻŘŜ ŦƻǊ tƘȅǘƻƭƛǘƘ 

bƻƳŜƴŎƭŀǘǳǊŜ мΦлΦ !ƴƴŀƭǎ ƻŦ .ƻǘŀƴȅΣ фсόнύΣ нроςнслΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлфоκŀƻōκƳŎƛмтн 

aƛƭƭŜǊΣ [Φ !ΦΣ {ƳƛǘƘΣ {Φ ¸ΦΣ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ ϧ {ǘǊǀƳōŜǊƎΣ /Φ !Φ 9Φ όнлмнύΦ 9ƻŎŜƴŜ ǾŜƎŜǘŀǝƻƴ ŀƴŘ ŜŎƻǎȅǎǘŜƳ 

ƅǳŎǘǳŀǝƻƴǎ ƛƴŦŜǊǊŜŘ ŦǊƻƳ ŀ ƘƛƎƘπǊŜǎƻƭǳǝƻƴ ǇƘȅǘƻƭƛǘƘ ǊŜŎƻǊŘΦ D{! .ǳƭƭŜǝƴΣ мнпόфςмлύΣ мрттς

мруфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκ.олрпуΦм 

aƻƴǘŀƭǾƻΣ /Φ LΦΣ CƻƭƎǳŜǊŀΣ !ΦΣ /ŜǊŘŜƷƻΣ 9ΦΣ ±ŜǊȊƛΣ 5Φ IΦΣ tŞǊŜȊΣ aΦ 9ΦΣ {ƻǎǝƭƭƻΣ wΦΣ ϧ ¢ƻƳŀǎǎƛƴƛΣ wΦ [Φ όнлноύΦ 

¢ƘŜ ƻƭŘŜǎǘ !ƴŘŜŀƴ ǎȅƴƻǊƻƎŜƴƛŎ ŦƻǎǎƛƭƛŦŜǊƻǳǎ ŘŜǇƻǎƛǘǎ ƻŦ ǘƘŜ aƛƻŎŜƴŜ /ŜǊǊƻ !Ȋǳƭ CƻǊƳŀǝƻƴΣ 

ŎŜƴǘǊŀƭ !ǊƎŜƴǝƴŀΦ WƻǳǊƴŀƭ ƻŦ {ƻǳǘƘ !ƳŜǊƛŎŀƴ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ мноΣ млпнорΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƧǎŀƳŜǎΦнлноΦмлпнор 

aƻǎŜǊΣ [Φ 9ΦΣ .ǳǊǎƻƴΣ .Φ [ΦΣ ϧ {ƻƭƭŜƴōŜǊƎŜǊΣ [Φ 9Φ όнллпύΦ ²ŀǊƳπ{Ŝŀǎƻƴ ό/пύ DǊŀǎǎ hǾŜǊǾƛŜǿΦ Lƴ ²ŀǊƳπ

{Ŝŀǎƻƴ ό/пύ DǊŀǎǎŜǎ όǇǇΦ мςмпύΦ WƻƘƴ ²ƛƭŜȅ ϧ {ƻƴǎΣ [ǘŘΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнмопκŀƎǊƻƴƳƻƴƻƎǊпрΦŎм 
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aǳƘǎΣ 5Φ όнлнмύΦ {ƻƛƭǎ ŀƴŘ tŀƭŜƻǎƻƭǎΦ ¦ƴƛǘŜŘ {ǘŀǘŜǎ DŜƻƭƻƎƛŎŀƭ {ǳǊǾŜȅΥ tǳōƭƛŎŀǝƻƴǎΦ 

ƘǧǇǎΥκκŘƛƎƛǘŀƭŎƻƳƳƻƴǎΦǳƴƭΦŜŘǳκǳǎƎǎǇǳōǎκмтт 

aǳƭŎƘΣ !ΦΣ ¦ōŀΣ /Φ 9ΦΣ {ǘǊŜŎƪŜǊΣ aΦ wΦΣ {ŎƘƻŜƴōŜǊƎΣ wΦΣ ϧ /ƘŀƳōŜǊƭŀƛƴΣ /Φ tΦ όнлмлύΦ [ŀǘŜ aƛƻŎŜƴŜ ŎƭƛƳŀǘŜ 

ǾŀǊƛŀōƛƭƛǘȅ ŀƴŘ ǎǳǊŦŀŎŜ ŜƭŜǾŀǝƻƴ ƛƴ ǘƘŜ ŎŜƴǘǊŀƭ !ƴŘŜǎΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ нфлόмς

нύΣ мтоςмунΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнллфΦмнΦлмф 

bŀǿŀȊΣ aΦ !ΦΣ ½ŀƪƘŀǊŜƴƪƻΣ !Φ aΦΣ ½ŜƳŎƘŜƴƪƻΣ LΦ ±ΦΣ IŀƛŘŜǊΣ aΦ {ΦΣ !ƭƛΣ aΦ !ΦΣ LƳǝŀȊΣ aΦΣ /ƘǳƴƎΣ DΦΣ 

¢ǎŀǘǎŀƪƛǎΣ !ΦΣ {ǳƴΣ {ΦΣ ϧ DƻƭƻƪƘǾŀǎǘΣ YΦ {Φ όнлмфύΦ tƘȅǘƻƭƛǘƘ CƻǊƳŀǝƻƴ ƛƴ tƭŀƴǘǎΥ CǊƻƳ {ƻƛƭ ǘƻ /ŜƭƭΦ 

tƭŀƴǘǎΣ уόуύΣ !ǊǝŎƭŜ уΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦоофлκǇƭŀƴǘǎулулнпф 

hΩ[ŜŀǊȅΣ aΦ IΦ όмфууύΦ /ŀǊōƻƴ LǎƻǘƻǇŜǎ ƛƴ tƘƻǘƻǎȅƴǘƘŜǎƛǎΦ .ƛƻ{ŎƛŜƴŎŜΣ оуόрύΣ онуςоосΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнолтκмомлтор 

hǊǊΣ ¢Φ WΦΣ ϧ wƻōŜǊǘǎΣ 9Φ aΦ όнлнпύΦ ! ǊŜǾƛŜǿ ŀƴŘ ŬŜƭŘ ƎǳƛŘŜ ŦƻǊ ǘƘŜ ǎǘŀƴŘŀǊŘƛȊŜŘ ŘŜǎŎǊƛǇǝƻƴ ŀƴŘ 

ǎŀƳǇƭƛƴƎ ƻŦ ǇŀƭŜƻǎƻƭǎΦ 9ŀǊǘƘπ{ŎƛŜƴŎŜ wŜǾƛŜǿǎΣ нроΣ млптууΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜŀǊǎŎƛǊŜǾΦнлнпΦмлптуу 

hǊǝȊπWŀǳǊŜƎǳƛȊŀǊΣ 9ΦΣ ϧ /ƭŀŘŜǊŀΣ DΦ !Φ όнллсύΦ tŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ŜǾƻƭǳǝƻƴ ƻŦ ǎƻǳǘƘŜǊƴ {ƻǳǘƘ !ƳŜǊƛŎŀ 

ŘǳǊƛƴƎ ǘƘŜ /ŜƴƻȊƻƛŎΦ WƻǳǊƴŀƭ ƻŦ !ǊƛŘ 9ƴǾƛǊƻƴƳŜƴǘǎΣ ссόоύΣ пфуςронΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƧŀǊƛŘŜƴǾΦнллсΦлмΦллт 

hǎōƻǊƴŜΣ /Φ tΦ όнллуύΦ !ǘƳƻǎǇƘŜǊŜΣ ŜŎƻƭƻƎȅ ŀƴŘ ŜǾƻƭǳǝƻƴΥ ²Ƙŀǘ ŘǊƻǾŜ ǘƘŜ aƛƻŎŜƴŜ ŜȄǇŀƴǎƛƻƴ ƻŦ /п 

ƎǊŀǎǎƭŀƴŘǎΚ WƻǳǊƴŀƭ ƻŦ 9ŎƻƭƻƎȅΣ фсόмύΣ орςпрΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмосрπнтпрΦнллтΦлмоноΦȄ 

hǎōƻǊƴŜΣ /Φ tΦΣ ϧ .ŜŜǊƭƛƴƎΣ 5Φ WΦ όнллрύΦ bŀǘǳǊŜΩǎ ƎǊŜŜƴ ǊŜǾƻƭǳǝƻƴΥ ¢ƘŜ ǊŜƳŀǊƪŀōƭŜ ŜǾƻƭǳǝƻƴŀǊȅ ǊƛǎŜ ƻŦ 

/п ǇƭŀƴǘǎΦ tƘƛƭƻǎƻǇƘƛŎŀƭ ¢ǊŀƴǎŀŎǝƻƴǎ ƻŦ ǘƘŜ wƻȅŀƭ {ƻŎƛŜǘȅ .Υ .ƛƻƭƻƎƛŎŀƭ {ŎƛŜƴŎŜǎΣ осмόмпсрύΣ мтоς

мфпΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлфуκǊǎǘōΦнллрΦмтот 

tŜŀǊǎŀƭƭΣ 5Φ aΦ όнлмсύΦ tŀƭŜƻŜǘƘƴƻōƻǘŀƴȅΥ ! IŀƴŘōƻƻƪ ƻŦ tǊƻŎŜŘǳǊŜǎ όоǊŘ ŜŘΦύΦ wƻǳǘƭŜŘƎŜΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦпонпκфтумомрпнолфу 

tŜǇǇŜΣ 5Φ WΦΣ /ƻǘŜΣ {Φ aΦΣ 5ŜƛƴƻΣ !Φ [ΦΣ CƻȄΣ 5Φ [ΦΣ YƛƴƎǎǘƻƴΣ WΦ 5ΦΣ YƛƴȅŀƴƧǳƛΣ wΦ bΦΣ [ǳƪŜƴǎΣ ²Φ 9ΦΣ aŀŎ[ŀǘŎƘȅΣ 

[Φ aΦΣ bƻǾŜƭƭƻΣ !ΦΣ {ǘǊǀƳōŜǊƎΣ /Φ !Φ 9ΦΣ 5ǊƛŜǎŜΣ {Φ DΦΣ DŀǊǊŜǧΣ bΦ 5ΦΣ IƛƭƭƛǎΣ YΦ wΦΣ WŀŎƻōǎΣ .Φ CΦΣ 

WŜƴƪƛƴǎΣ YΦ 9Φ IΦΣ YƛǘȅƻΣ wΦ aΦΣ [ŜƘƳŀƴƴΣ ¢ΦΣ aŀƴǘƘƛΣ CΦ YΦΣ aōǳŀΣ 9Φ bΦΣ Χ aŎbǳƭǘȅΣ YΦ tΦ όнлноύΦ 

hƭŘŜǎǘ ŜǾƛŘŜƴŎŜ ƻŦ ŀōǳƴŘŀƴǘ /п ƎǊŀǎǎŜǎ ŀƴŘ Ƙŀōƛǘŀǘ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ƛƴ ŜŀǎǘŜǊƴ !ŦǊƛŎŀΦ {ŎƛŜƴŎŜΣ 

оулόсспмύΣ мтоςмттΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŜƴŎŜΦŀōǉнуоп 
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tƛƴƎŜƭΣ IΦΣ aǳƭŎƘΣ !ΦΣ !ƭƻƴǎƻΣ wΦ bΦΣ /ƻǧƭŜΣ WΦΣ IȅƴŜƪΣ {Φ !ΦΣ tƻƭŜǩΣ WΦΣ wƻƘǊƳŀƴƴΣ !ΦΣ {ŎƘƳƛǧΣ !Φ YΦΣ 

{ǘƻŎƪƭƛΣ 5Φ CΦΣ ϧ {ǘǊŜŎƪŜǊΣ aΦ wΦ όнлмсύΦ {ǳǊŦŀŎŜ ǳǇƭƛƊ ŀƴŘ ŎƻƴǾŜŎǝǾŜ ǊŀƛƴŦŀƭƭ ŀƭƻƴƎ ǘƘŜ ǎƻǳǘƘŜǊƴ 

/ŜƴǘǊŀƭ !ƴŘŜǎ ό!ƴƎŀǎǘŀŎƻ .ŀǎƛƴΣ b² !ǊƎŜƴǝƴŀύΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ пплΣ ооςпнΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмсΦлнΦллф 

tƛǇŜǊƴƻΣ 5Φ wΦ όмфуфύΦ ¢ƘŜ ƻŎŎǳǊǊŜƴŎŜ ƻŦ ǇƘȅǘƻƭƛǘƘǎ ƛƴ ǘƘŜ ǊŜǇǊƻŘǳŎǝǾŜ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ǎŜƭŜŎǘŜŘ ǘǊƻǇƛŎŀƭ 

ŀƴƎƛƻǎǇŜǊƳǎ ŀƴŘ ǘƘŜƛǊ ǎƛƎƴƛŬŎŀƴŎŜ ƛƴ ǘǊƻǇƛŎŀƭ ǇŀƭŜƻŜŎƻƭƻƎȅΣ ǇŀƭŜƻŜǘƘƴƻōƻǘŀƴȅ ŀƴŘ ǎȅǎǘŜƳŀǝŎǎΦ 

wŜǾƛŜǿ ƻŦ tŀƭŀŜƻōƻǘŀƴȅ ŀƴŘ tŀƭȅƴƻƭƻƎȅΣ смόмύΣ мптςмтоΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκллопπ

ссстόуфύфллстπр 

tƛǇŜǊƴƻΣ 5Φ wΦ όнллсύΦ tƘȅǘƻƭƛǘƘǎΥ ! /ƻƳǇǊŜƘŜƴǎƛǾŜ DǳƛŘŜ ŦƻǊ !ǊŎƘŀŜƻƭƻƎƛǎǘǎ ŀƴŘ tŀƭŜƻŜŎƻƭƻƎƛǎǘǎΦ 

wƻǿƳŀƴ !ƭǘŀƳƛǊŀΦ 

tƻƭƛǎǎŀǊΣ tΦ WΦΣ ¦ƴƻΣ YΦ ¢ΦΣ tƘŜƭǇǎΣ {Φ wΦΣ YŀǊǇΣ !Φ ¢ΦΣ CǊŜŜƳŀƴΣ YΦ IΦΣ ϧ tŜƴǎƪȅΣ WΦ [Φ όнлнмύΦ IȅŘǊƻƭƻƎƛŎ 

/ƘŀƴƎŜǎ 5ǊƻǾŜ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜ 9ȄǇŀƴǎƛƻƴ ƻŦ /п DǊŀǎǎƭŀƴŘǎ ƻƴ ǘƘŜ bƻǊǘƘŜǊƴ LƴŘƛŀƴ 

{ǳōŎƻƴǝƴŜƴǘΦ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅ ŀƴŘ tŀƭŜƻŎƭƛƳŀǘƻƭƻƎȅΣ осόпύΣ Ŝнлнлt!ллпмлуΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлt!ллпмлу 

tƻǇŜΣ 5Φ /ΦΣ ϧ ²ƛƭƭŜǧΣ {Φ 5Φ όмффуύΦ ¢ƘŜǊƳŀƭπƳŜŎƘŀƴƛŎŀƭ ƳƻŘŜƭ ŦƻǊ ŎǊǳǎǘŀƭ ǘƘƛŎƪŜƴƛƴƎ ƛƴ ǘƘŜ ŎŜƴǘǊŀƭ 

!ƴŘŜǎ ŘǊƛǾŜƴ ōȅ ŀōƭŀǝǾŜ ǎǳōŘǳŎǝƻƴΦ DŜƻƭƻƎȅΣ нсόсύΣ рммςрмпΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллфмπ

тсмоόмффуύлнсғлрммΥ¢aaC/¢ҔнΦоΦ/hΤн 

tƻǳƴŘΣ aΦ WΦΣ IŀȅǿƻƻŘΣ !Φ aΦΣ {ŀƭȊƳŀƴƴΣ ¦ΦΣ ϧ wƛŘƛƴƎΣ WΦ .Φ όнлмнύΦ Dƭƻōŀƭ ǾŜƎŜǘŀǝƻƴ ŘȅƴŀƳƛŎǎ ŀƴŘ 

ƭŀǝǘǳŘƛƴŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ƎǊŀŘƛŜƴǘǎ ŘǳǊƛƴƎ ǘƘŜ aƛŘ ǘƻ [ŀǘŜ aƛƻŎŜƴŜ όмрΦфтςрΦоо   aŀύΦ 9ŀǊǘƘπ

{ŎƛŜƴŎŜ wŜǾƛŜǿǎΣ ммнόмύΣ мςннΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜŀǊǎŎƛǊŜǾΦнлмнΦлнΦллр 

vǳŀŘŜΣ WΦΣ /ŀǘŜǊΣ WΦ aΦ [ΦΣ hƧƘŀΣ ¢Φ tΦΣ !ŘŀƳΣ WΦΣ ϧ aŀǊƪ IŀǊǊƛǎƻƴΣ ¢Φ όмффрύΦ [ŀǘŜ aƛƻŎŜƴŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ 

ŎƘŀƴƎŜ ƛƴ bŜǇŀƭ ŀƴŘ ǘƘŜ ƴƻǊǘƘŜǊƴ LƴŘƛŀƴ ǎǳōŎƻƴǝƴŜƴǘΥ {ǘŀōƭŜ ƛǎƻǘƻǇƛŎ ŜǾƛŘŜƴŎŜ ŦǊƻƳ ǇŀƭŜƻǎƻƭǎΦ 

DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀ .ǳƭƭŜǝƴΣ млтόмнύΣ моумςмофтΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπ

тслсόмффрύмлтғмоумΥ[a9/LbҔнΦоΦ/hΤн 

vǳŀŘŜΣ WΦΣ /ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ ϧ .ƻǿƳŀƴΣ WΦ wΦ όмфуфύΦ {ȅǎǘŜƳŀǝŎ ǾŀǊƛŀǝƻƴǎ ƛƴ ǘƘŜ ŎŀǊōƻƴ ŀƴŘ ƻȄȅƎŜƴ ƛǎƻǘƻǇƛŎ 

ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǇŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜ ŀƭƻƴƎ ŜƭŜǾŀǝƻƴ ǘǊŀƴǎŜŎǘǎ ƛƴ ǘƘŜ ǎƻǳǘƘŜǊƴ DǊŜŀǘ .ŀǎƛƴΣ 

¦ƴƛǘŜŘ {ǘŀǘŜǎΦ D{! .ǳƭƭŜǝƴΣ млмόпύΣ пспςптрΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπ

тслсόмфуфύмлмғлпспΥ{±L¢/!ҔнΦоΦ/hΤн 
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wŀǎƘƛŘΣ LΦΣ aƛǊΣ {Φ IΦΣ ½ǳǊǊƻΣ 5ΦΣ 5ŀǊΣ wΦ !ΦΣ ϧ wŜǎƘƛΣ ½Φ !Φ όнлмфύΦ tƘȅǘƻƭƛǘƘǎ ŀǎ ǇǊƻȄƛŜǎ ƻŦ ǘƘŜ ǇŀǎǘΦ 9ŀǊǘƘπ

{ŎƛŜƴŎŜ wŜǾƛŜǿǎΣ мфпΣ нопςнрлΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜŀǊǎŎƛǊŜǾΦнлмфΦлрΦллр 

wŜǘŀƭƭŀŎƪΣ DΦ WΦ όмфууύΦ CƛŜƭŘ ǊŜŎƻƎƴƛǝƻƴ ƻŦ ǇŀƭŜƻǎƻƭǎΦ Lƴ DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀ {ǇŜŎƛŀƭ tŀǇŜǊǎ 

ό±ƻƭΦ нмсΣ ǇǇΦ мςнлύΦ DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκ{t9нмсπǇм 

wŜǘŀƭƭŀŎƪΣ DΦ WΦ όмффпύΦ ¢ƘŜ 9ƴǾƛǊƻƴƳŜƴǘŀƭ CŀŎǘƻǊ !ǇǇǊƻŀŎƘ ǘƻ ǘƘŜ LƴǘŜǊǇǊŜǘŀǝƻƴ ƻŦ tŀƭŜƻǎƻƭǎΦ Lƴ CŀŎǘƻǊǎ 

ƻŦ {ƻƛƭ CƻǊƳŀǝƻƴΥ ! CƛƊƛŜǘƘ !ƴƴƛǾŜǊǎŀǊȅ wŜǘǊƻǎǇŜŎǝǾŜ όǇǇΦ омςспύΦ WƻƘƴ ²ƛƭŜȅ ϧ {ƻƴǎΣ [ǘŘΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнмосκǎǎǎŀǎǇŜŎǇǳōооΦŎо 

wƻƘǊƳŀƴƴΣ !ΦΣ {ŀŎƘǎŜΣ 5ΦΣ aǳƭŎƘΣ !ΦΣ tƛƴƎŜƭΣ IΦΣ ¢ƻŦŜƭŘŜΣ {ΦΣ !ƭƻƴǎƻΣ wΦ bΦΣ ϧ {ǘǊŜŎƪŜǊΣ aΦ wΦ όнлмсύΦ 

aƛƻŎŜƴŜ ƻǊƻƎǊŀǇƘƛŎ ǳǇƭƛƊ ŦƻǊŎŜǎ ǊŀǇƛŘ ƘȅŘǊƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǎƻǳǘƘŜǊƴ ŎŜƴǘǊŀƭ !ƴŘŜǎΦ 

{ŎƛŜƴǝŬŎ wŜǇƻǊǘǎΣ сόмύΣ орстуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκǎǊŜǇорсту 

wƻǎǎƛǘŜǊΣ bΦ !ΦΣ {ŜǧŜǊŬŜƭŘΣ {Φ !ΦΣ 5ƻǳƎƭŀǎΣ aΦ aΦΣ ϧ IǳǘƭŜȅΣ [Φ .Φ όнллоύΦ ¢ŜǎǝƴƎ ǘƘŜ ƎǊŀǎǎȤŬǊŜ ŎȅŎƭŜΥ !ƭƛŜƴ 

ƎǊŀǎǎ ƛƴǾŀǎƛƻƴ ƛƴ ǘƘŜ ǘǊƻǇƛŎŀƭ ǎŀǾŀƴƴŀǎ ƻŦ ƴƻǊǘƘŜǊƴ !ǳǎǘǊŀƭƛŀΦ 5ƛǾŜǊǎƛǘȅ ŀƴŘ 5ƛǎǘǊƛōǳǝƻƴǎΣ фόоύΣ 

мсфςмтсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлпсκƧΦмптнπпспнΦнллоΦлллнлΦȄ 

{ŀƎŜΣ wΦ CΦ όнллпύΦ ¢ƘŜ ŜǾƻƭǳǝƻƴ ƻŦ / п ǇƘƻǘƻǎȅƴǘƘŜǎƛǎΦ bŜǿ tƘȅǘƻƭƻƎƛǎǘΣ мсмόнύΣ опмςотлΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмпсфπумотΦнллпΦллфтпΦȄ 

{ŀƎŜΣ wΦ CΦΣ /ƘǊƛǎǝƴΣ tΦπ!ΦΣ ϧ 9ŘǿŀǊŘǎΣ 9Φ WΦ όнлммύΦ ¢ƘŜ /п Ǉƭŀƴǘ ƭƛƴŜŀƎŜǎ ƻŦ ǇƭŀƴŜǘ 9ŀǊǘƘΦ WƻǳǊƴŀƭ ƻŦ 

9ȄǇŜǊƛƳŜƴǘŀƭ .ƻǘŀƴȅΣ снόфύΣ омррςомсфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлфоκƧȄōκŜǊǊлпу 

{ŀƴȅŀƭΣ tΦΣ {ŀǊƪŀǊΣ !ΦΣ .ƘŀǧŀŎƘŀǊȅŀΣ {Φ YΦΣ YǳƳŀǊΣ wΦΣ DƘƻǎƘΣ {Φ YΦΣ ϧ !ƎǊŀǿŀƭΣ {Φ όнлмлύΦ LƴǘŜƴǎƛŬŎŀǝƻƴ ƻŦ 

ƳƻƴǎƻƻƴΣ ƳƛŎǊƻŎƭƛƳŀǘŜ ŀƴŘ ŀǎȅƴŎƘǊƻƴƻǳǎ /п ŀǇǇŜŀǊŀƴŎŜΥ LǎƻǘƻǇƛŎ ŜǾƛŘŜƴŎŜ ŦǊƻƳ ǘƘŜ LƴŘƛŀƴ 

{ƛǿŀƭƛƪ ǎŜŘƛƳŜƴǘǎΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ нфсόмύΣ мсрςмтоΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмлΦлтΦлло 

{ƘŜƭŘƻƴΣ bΦ 5Φ όнлмуύΦ ¦ǎƛƴƎ /ŀǊōƻƴ LǎƻǘƻǇŜ 9ǉǳƛƭƛōǊƛǳƳ ǘƻ {ŎǊŜŜƴ tŜŘƻƎŜƴƛŎ /ŀǊōƻƴŀǘŜ hȄȅƎŜƴ 

LǎƻǘƻǇŜǎΥ LƳǇƭƛŎŀǝƻƴǎ ŦƻǊ tŀƭŜƻŀƭǝƳŜǘǊȅ ŀƴŘ tŀƭŜƻǘŜŎǘƻƴƛŎ {ǘǳŘƛŜǎΦ DŜƻƅǳƛŘǎΣ нлмуόмύΣ рфтрулмΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммррκнлмуκрфтрулм 

{ƘŜƭŘƻƴΣ bΦ 5ΦΣ wŜǘŀƭƭŀŎƪΣ DΦ WΦΣ ϧ ¢ŀƴŀƪŀΣ {Φ όнллнύΦ DŜƻŎƘŜƳƛŎŀƭ /ƭƛƳƻŦǳƴŎǝƻƴǎ ŦǊƻƳ bƻǊǘƘ !ƳŜǊƛŎŀƴ 

{ƻƛƭǎ ŀƴŘ !ǇǇƭƛŎŀǝƻƴ ǘƻ tŀƭŜƻǎƻƭǎ ŀŎǊƻǎǎ ǘƘŜ 9ƻŎŜƴŜȤhƭƛƎƻŎŜƴŜ .ƻǳƴŘŀǊȅ ƛƴ hǊŜƎƻƴΦ ¢ƘŜ WƻǳǊƴŀƭ 

ƻŦ DŜƻƭƻƎȅΣ ммлόсύΣ сутςсфсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлусκопнуср 
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{ƘŜƭŘƻƴΣ bΦ 5ΦΣ ϧ ¢ŀōƻǊΣ bΦ WΦ όнллфύΦ vǳŀƴǝǘŀǝǾŜ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ŀƴŘ ǇŀƭŜƻŎƭƛƳŀǝŎ ǊŜŎƻƴǎǘǊǳŎǝƻƴ 

ǳǎƛƴƎ ǇŀƭŜƻǎƻƭǎΦ 9ŀǊǘƘπ{ŎƛŜƴŎŜ wŜǾƛŜǿǎΣ фрόмύΣ мςрнΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜŀǊǎŎƛǊŜǾΦнллфΦлоΦллп 

{ƘŜƴΣ ·ΦΣ ²ŀƴΣ {ΦΣ /ƻƭƛƴΣ /ΦΣ ¢ŀŘŀΣ wΦΣ {ƘƛΣ ·ΦΣ tŜƛΣ ²ΦΣ ¢ŀƴΣ ¸ΦΣ WƛŀƴƎΣ ·ΦΣ ϧ [ƛΣ !Φ όнлмуύΦ LƴŎǊŜŀǎŜŘ 

ǎŜŀǎƻƴŀƭƛǘȅ ŀƴŘ ŀǊƛŘƛǘȅ ŘǊƻǾŜ ǘƘŜ /п Ǉƭŀƴǘ ŜȄǇŀƴǎƛƻƴ ƛƴ /ŜƴǘǊŀƭ !ǎƛŀ ǎƛƴŎŜ ǘƘŜ aƛƻŎŜƴŜςtƭƛƻŎŜƴŜ 

ōƻǳƴŘŀǊȅΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ рлнΣ тпςуоΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмуΦлуΦлрс 

{ƛƴƎƘΣ {ΦΣ !ǿŀǎǘƘƛΣ !Φ YΦΣ tŀǊƪŀǎƘΣ .ΦΣ ϧ YǳƳŀǊΣ {Φ όнлмоύΦ ¢ŜŎǘƻƴƛŎǎ ƻǊ ŎƭƛƳŀǘŜΥ ²Ƙŀǘ ŘǊƻǾŜ ǘƘŜ aƛƻŎŜƴŜ 

Ǝƭƻōŀƭ ŜȄǇŀƴǎƛƻƴ ƻŦ /п ƎǊŀǎǎƭŀƴŘǎΚ LƴǘŜǊƴŀǝƻƴŀƭ WƻǳǊƴŀƭ ƻŦ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ млнόтύΣ нлмфςнломΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκǎллромπлмоπлуфоπр 

{ǘǊŜŎƪŜǊΣ aΦ wΦΣ !ƭƻƴǎƻΣ wΦΣ .ƻƻƪƘŀƎŜƴΣ .ΦΣ /ŀǊǊŀǇŀΣ .ΦΣ /ƻǳǘŀƴŘΣ LΦΣ IŀƛƴΣ aΦ tΦΣ IƛƭƭŜȅΣ DΦ 9ΦΣ aƻǊǝƳŜǊΣ 9ΦΣ 

{ŎƘƻŜƴōƻƘƳΣ [ΦΣ ϧ {ƻōŜƭΣ 9Φ wΦ όнллфύΦ 5ƻŜǎ ǘƘŜ ǘƻǇƻƎǊŀǇƘƛŎ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ǘƘŜ ŎŜƴǘǊŀƭ !ƴŘŜŀƴ 

tǳƴŀ tƭŀǘŜŀǳ ǊŜǎǳƭǘ ŦǊƻƳ ŎƭƛƳŀǝŎ ƻǊ ƎŜƻŘȅƴŀƳƛŎ ǇǊƻŎŜǎǎŜǎΚ DŜƻƭƻƎȅΣ отόтύΣ споςспсΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDнррпр!Φм 

{ǘǊŜŎƪŜǊΣ aΦ wΦΣ !ƭƻƴǎƻΣ wΦ bΦΣ .ƻƻƪƘŀƎŜƴΣ .ΦΣ /ŀǊǊŀǇŀΣ .ΦΣ IƛƭƭŜȅΣ DΦ 9ΦΣ {ƻōŜƭΣ 9Φ wΦΣ ϧ ¢ǊŀǳǘƘΣ aΦ IΦ 

όнллтύΦ ¢ŜŎǘƻƴƛŎǎ ŀƴŘ /ƭƛƳŀǘŜ ƻŦ ǘƘŜ {ƻǳǘƘŜǊƴ /ŜƴǘǊŀƭ !ƴŘŜǎΦ !ƴƴǳŀƭ wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ 

tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ орόмύΣ тптςтутΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾΦŜŀǊǘƘΦорΦломолсΦмплмру 

{ǘǊǀƳōŜǊƎΣ /Φ !Φ 9ΦΣ 5ƛ {ǝƭƛƻΣ ±Φ {ΦΣ ϧ {ƻƴƎΣ ½Φ όнлмсύΦ CǳƴŎǝƻƴǎ ƻŦ ǇƘȅǘƻƭƛǘƘǎ ƛƴ ǾŀǎŎǳƭŀǊ ǇƭŀƴǘǎΥ !ƴ 

ŜǾƻƭǳǝƻƴŀǊȅ ǇŜǊǎǇŜŎǝǾŜΦ CǳƴŎǝƻƴŀƭ 9ŎƻƭƻƎȅΣ олόуύΣ мнусςмнфтΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκмосрπ

нпорΦмнсфн 

{ǘǊǀƳōŜǊƎΣ /Φ !Φ 9ΦΣ 5ǳƴƴΣ wΦ 9ΦΣ /ǊƛŦƼΣ /ΦΣ ϧ IŀǊǊƛǎΣ 9Φ .Φ όнлмуύΦ tƘȅǘƻƭƛǘƘǎ ƛƴ tŀƭŜƻŜŎƻƭƻƎȅΥ !ƴŀƭȅǝŎŀƭ 

/ƻƴǎƛŘŜǊŀǝƻƴǎΣ /ǳǊǊŜƴǘ ¦ǎŜΣ ŀƴŘ CǳǘǳǊŜ 5ƛǊŜŎǝƻƴǎΦ Lƴ 5Φ !Φ /ǊƻƊΣ 5Φ CΦ {ǳΣ ϧ {Φ ²Φ {ƛƳǇǎƻƴ 

ό9ŘǎΦύΣ aŜǘƘƻŘǎ ƛƴ tŀƭŜƻŜŎƻƭƻƎȅΥ wŜŎƻƴǎǘǊǳŎǝƴƎ /ŜƴƻȊƻƛŎ ¢ŜǊǊŜǎǘǊƛŀƭ 9ƴǾƛǊƻƴƳŜƴǘǎ ŀƴŘ 9ŎƻƭƻƎƛŎŀƭ 

/ƻƳƳǳƴƛǝŜǎ όǇǇΦ норςнутύΦ {ǇǊƛƴƎŜǊ LƴǘŜǊƴŀǝƻƴŀƭ tǳōƭƛǎƘƛƴƎΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκфтуπоπ

омфπфпнсрπлψмн 

{ǘǊǀƳōŜǊƎΣ /Φ !Φ 9ΦΣ 5ǳƴƴΣ wΦ 9ΦΣ aŀŘŘŜƴΣ wΦ IΦΣ YƻƘƴΣ aΦ WΦΣ ϧ /ŀǊƭƛƴƛΣ !Φ !Φ όнлмоύΦ 5ŜŎƻǳǇƭƛƴƎ ǘƘŜ 

ǎǇǊŜŀŘ ƻŦ ƎǊŀǎǎƭŀƴŘǎ ŦǊƻƳ ǘƘŜ ŜǾƻƭǳǝƻƴ ƻŦ ƎǊŀȊŜǊπǘȅǇŜ ƘŜǊōƛǾƻǊŜǎ ƛƴ {ƻǳǘƘ !ƳŜǊƛŎŀΦ bŀǘǳǊŜ 

/ƻƳƳǳƴƛŎŀǝƻƴǎΣ пόмύΣ мптуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκƴŎƻƳƳǎнрлу 
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{ǘǊǀƳōŜǊƎΣ /Φ !Φ 9ΦΣ ϧ aŎLƴŜǊƴŜȅΣ CΦ !Φ όнлммύΦ ¢ƘŜ bŜƻƎŜƴŜ ǘǊŀƴǎƛǝƻƴ ŦǊƻƳ /о ǘƻ /п ƎǊŀǎǎƭŀƴŘǎ ƛƴ bƻǊǘƘ 

!ƳŜǊƛŎŀΥ !ǎǎŜƳōƭŀƎŜ ŀƴŀƭȅǎƛǎ ƻŦ Ŧƻǎǎƛƭ ǇƘȅǘƻƭƛǘƘǎΦ tŀƭŜƻōƛƻƭƻƎȅΣ отόмύΣ рлςтмΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмсссκлфлстΦм 

{ǳƴΣ WΦΣ [ǸΣ ¢ΦΣ DƻƴƎΣ ¸ΦΣ [ƛǳΣ ²ΦΣ ²ŀƴƎΣ ·ΦΣ ϧ DƻƴƎΣ ½Φ όнлмоύΦ 9ũŜŎǘ ƻŦ ŀǊƛŘƛŬŎŀǝƻƴ ƻƴ ŎŀǊōƻƴ ƛǎƻǘƻǇƛŎ 

ǾŀǊƛŀǝƻƴ ŀƴŘ ŜŎƻƭƻƎƛŎ ŜǾƻƭǳǝƻƴ ŀǘ рΦо aŀ ƛƴ ǘƘŜ !ǎƛŀƴ ƛƴǘŜǊƛƻǊΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ 

[ŜǧŜǊǎΣ оулΣ мςммΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмоΦлуΦлнт 

¢ŀōƻǊΣ bΦ WΦΣ ϧ aȅŜǊǎΣ ¢Φ {Φ όнлмрύΦ tŀƭŜƻǎƻƭǎ ŀǎ LƴŘƛŎŀǘƻǊǎ ƻŦ tŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ tŀƭŜƻŎƭƛƳŀǘŜΦ !ƴƴǳŀƭ 

wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ поό±ƻƭǳƳŜ поΣ нлмрύΣ оооςосмΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾπŜŀǊǘƘπлслсмпπмлрорр 

¢ŀōƻǊΣ bΦ WΦΣ aȅŜǊǎΣ ¢Φ {ΦΣ ϧ aƛŎƘŜƭΣ [Φ !Φ όнлмтύΦ {ŜŘƛƳŜƴǘƻƭƻƎƛǎǘΩǎ DǳƛŘŜ ŦƻǊ wŜŎƻƎƴƛǝƻƴΣ 5ŜǎŎǊƛǇǝƻƴΣ 

ŀƴŘ /ƭŀǎǎƛŬŎŀǝƻƴ ƻŦ tŀƭŜƻǎƻƭǎΦ Lƴ YΦ 9Φ ½ŜƛƎƭŜǊ ϧ ²Φ DΦ tŀǊƪŜǊ ό9ŘǎΦύΣ ¢ŜǊǊŜǎǘǊƛŀƭ 5ŜǇƻǎƛǝƻƴŀƭ 

{ȅǎǘŜƳǎ όǇǇΦ мсрςнлуύΦ 9ƭǎŜǾƛŜǊΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ.фтуπлπмнπулонпоπрΦллллпπн 

¢ŀǳȄŜΣ [ΦΣ ϧ CŜŀƪƛƴǎΣ {Φ WΦ όнлнлύΦ ! wŜŀǎǎŜǎǎƳŜƴǘ ƻŦ ǘƘŜ /ƘǊƻƴƻǎǘǊŀǝƎǊŀǇƘȅ ƻŦ [ŀǘŜ aƛƻŎŜƴŜ /оς/п 

¢ǊŀƴǎƛǝƻƴǎΦ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅ ŀƴŘ tŀƭŜƻŎƭƛƳŀǘƻƭƻƎȅΣ орόтύΣ Ŝнлнлt!ллоуртΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлt!ллоурт 

¢ƛŜǎȊŜƴΣ [Φ [ΦΣ ϧ .ƻǳǧƻƴΣ ¢Φ ²Φ όмфуфύΦ {ǘŀōƭŜ /ŀǊōƻƴ LǎƻǘƻǇŜǎ ƛƴ ¢ŜǊǊŜǎǘǊƛŀƭ 9ŎƻǎȅǎǘŜƳ wŜǎŜŀǊŎƘΦ Lƴ tΦ ²Φ 

wǳƴŘŜƭΣ WΦ wΦ 9ƘƭŜǊƛƴƎŜǊΣ ϧ YΦ !Φ bŀƎȅ ό9ŘǎΦύΣ {ǘŀōƭŜ LǎƻǘƻǇŜǎ ƛƴ 9ŎƻƭƻƎƛŎŀƭ wŜǎŜŀǊŎƘ όǇǇΦ мстςмфрύΦ 

{ǇǊƛƴƎŜǊΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκфтуπмπпсмнπопфуπнψмм 

¦ōŀΣ /Φ 9ΦΣ {ǘǊŜŎƪŜǊΣ aΦ wΦΣ ϧ {ŎƘƳƛǧΣ !Φ YΦ όнллтύΦ LƴŎǊŜŀǎŜŘ ǎŜŘƛƳŜƴǘ ŀŎŎǳƳǳƭŀǝƻƴ ǊŀǘŜǎ ŀƴŘ ŎƭƛƳŀǝŎ 

ŦƻǊŎƛƴƎ ƛƴ ǘƘŜ ŎŜƴǘǊŀƭ !ƴŘŜǎ ŘǳǊƛƴƎ ǘƘŜ ƭŀǘŜ aƛƻŎŜƴŜΦ DŜƻƭƻƎȅΣ орόммύΣ фтфΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDннплнр!Φм 

¦ƭ wŜƘƳŀƴΣ LΦΣ vŀŘŜǊΣ ²ΦΣ !ƘƳŀŘ 5ŀǊΣ wΦΣ wŀǎƘƛŘΣ LΦΣ ϧ !ƘƳŀŘ {ƘŀƘΣ wΦ όнлнпύΦ tƘȅǘƻƭƛǘƘ ōŀǎŜŘ 

ǇŀƭŜƻŜŎƻƭƻƎƛŎŀƭ ǊŜŎƻƴǎǘǊǳŎǝƻƴ ŦǊƻƳ ŀ ƭƻŜǎǎπǇŀƭŜƻǎƻƭ ǎŜǉǳŜƴŎŜ ƛƴ ǘƘŜ YŀǎƘƳƛǊ IƛƳŀƭŀȅŀΣ LƴŘƛŀΦ 

/!¢9b!Σ нпрΣ млуомуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŎŀǘŜƴŀΦнлнпΦмлуому 

¦ǊōŀƴΣ aΦ !ΦΣ bŜƭǎƻƴΣ 5Φ aΦΣ WƛƳŞƴŜȊπaƻǊŜƴƻΣ DΦΣ /ƘŃǘŜŀǳƴŜǳŦΣ WΦπWΦΣ tŜŀǊǎƻƴΣ !ΦΣ ϧ IǳΣ CΦ {Φ όнлмлύΦ 

LǎƻǘƻǇƛŎ ŜǾƛŘŜƴŎŜ ƻŦ /п ƎǊŀǎǎŜǎ ƛƴ ǎƻǳǘƘǿŜǎǘŜǊƴ 9ǳǊƻǇŜ ŘǳǊƛƴƎ ǘƘŜ 9ŀǊƭȅ hƭƛƎƻŎŜƴŜςaƛŘŘƭŜ 

aƛƻŎŜƴŜΦ DŜƻƭƻƎȅΣ оуόмнύΣ млфмςмлфпΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDомммтΦм 
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¦ǊōŀƴΣ aΦ !ΦΣ bŜƭǎƻƴΣ 5Φ aΦΣ WƛƳŞƴŜȊπaƻǊŜƴƻΣ DΦΣ ϧ IǳΣ CΦ {Φ όнлмсύΦ /ŀǊōƻƴ ƛǎƻǘƻǇŜ ŀƴŀƭȅǎŜǎ ǊŜǾŜŀƭ 

ǊŜƭŀǝǾŜƭȅ ƘƛƎƘ ŀōǳƴŘŀƴŎŜ ƻŦ /п ƎǊŀǎǎŜǎ ŘǳǊƛƴƎ ŜŀǊƭȅςƳƛŘŘƭŜ aƛƻŎŜƴŜ ƛƴ ǎƻǳǘƘǿŜǎǘŜǊƴ 9ǳǊƻǇŜΦ 

tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ппоΣ млςмтΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмрΦммΦлмн 

±ŀƴ5Ŝ±ŜƭŘŜΣ WΦ IΦΣ .ƻǿŜƴΣ DΦ WΦΣ tŀǎǎŜȅΣ .Φ IΦΣ ϧ .ƻǿŜƴΣ .Φ .Φ όнлмоύΦ /ƭƛƳŀǝŎ ŀƴŘ ŘƛŀƎŜƴŜǝŎ ǎƛƎƴŀƭǎ ƛƴ 

ǘƘŜ ǎǘŀōƭŜ ƛǎƻǘƻǇŜ ƎŜƻŎƘŜƳƛǎǘǊȅ ƻŦ ŘƻƭƻƳƛǝŎ ǇŀƭŜƻǎƻƭǎ ǎǇŀƴƴƛƴƎ ǘƘŜ tŀƭŜƻŎŜƴŜς9ƻŎŜƴŜ 

ōƻǳƴŘŀǊȅΦ DŜƻŎƘƛƳƛŎŀ Ŝǘ /ƻǎƳƻŎƘƛƳƛŎŀ !ŎǘŀΣ млфΣ нрпςнстΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎŎŀΦнлмоΦлнΦллр 

±ŜƴŘǊŀƳƛƴƛΣ WΦ aΦ .ΦΣ {ƛƭǾŜƛǊŀΣ aΦ [ΦΣ ϧ aƻǊƛŜƭΣ tΦ όнлноύΦ wŜǎƛƭƛŜƴŎŜ ƻŦ ǿŀǊƳπǎŜŀǎƻƴ ό/пύ ǇŜǊŜƴƴƛŀƭ 

ƎǊŀǎǎŜǎ ǳƴŘŜǊ ŎƘŀƭƭŜƴƎƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŀƴŘ ƳŀƴŀƎŜƳŜƴǘ ŎƻƴŘƛǝƻƴǎΦ !ƴƛƳŀƭ CǊƻƴǝŜǊǎΣ моόрύΣ 

мсςннΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлфоκŀŦκǾŦŀŘлоу 

²ŀƴƎΣ IΦΣ ϧ [ǳΣ IΦ όнлннύΦ /ƭƛƳŀǘŜ ŎƻƴǘǊƻƭǎ ƻƴ ŜǾƻƭǳǝƻƴ ƻŦ ƎǊŀǎǎƭŀƴŘ ŜŎƻǎȅǎǘŜƳǎ ǎƛƴŎŜ ƭŀǘŜ /ŜƴƻȊƻƛŎΥ ! 

ǇƘȅǘƻƭƛǘƘ ǇŜǊǎǇŜŎǝǾŜΦ 9ŀǊǘƘπ{ŎƛŜƴŎŜ wŜǾƛŜǿǎΣ номΣ млплрфΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜŀǊǎŎƛǊŜǾΦнлннΦмлплрф 

²ŀƴƎΣ WΦΣ ½ƘƻǳΣ ·ΦΣ ²ŀƴƎΣ {ΦΣ ·ǳΣ IΦΣ .ŜƘƭƛƴƎΣ IΦΣ ¸ŜΣ WΦΣ ½ƘŜƴƎΣ ¸ΦΣ [ƛǳΣ WΦΣ ²ǳΣ ¸ΦΣ ½ƘŀƻΣ YΦΣ ½ƘŀƴƎΣ wΦΣ ϧ [ƛΣ 

·Φ όнлноύΦ /п ŜȄǇŀƴǎƛƻƴ ƻŦ /ŜƴǘǊŀƭ !ǎƛŀ ƛƴ ǘƘŜ ƳƛŘŘƭŜ aƛƻŎŜƴŜ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ǎǘǊŜƴƎǘƘŜƴƛƴƎ LƴŘƛŀƴ 

ƳƻƴǎƻƻƴΦ Dƭƻōŀƭ ŀƴŘ tƭŀƴŜǘŀǊȅ /ƘŀƴƎŜΣ ннпΣ млплфсΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎƭƻǇƭŀŎƘŀΦнлноΦмлплфс 

½ŀƳŀƴƛŀƴΣ YΦΣ [ŜŎƘƭŜǊΣ !Φ wΦΣ {ŎƘŀǳŜǊΣ !Φ WΦΣ YǳȊȅŀƪƻǾΣ ¸ΦΣ ϧ IǳƴǝƴƎǘƻƴΣ YΦ ²Φ όнлнмύΦ ¢ƘŜ ʵмо/Σ ʵмуh ŀƴŘ 

ɲпт ǊŜŎƻǊŘǎ ƛƴ ōƛƻƎŜƴƛŎΣ ǇŜŘƻƎŜƴƛŎ ŀƴŘ ƎŜƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜ ǘȅǇŜǎ ŦǊƻƳ ǇŀƭŜƻǎƻƭπƭƻŜǎǎ ǎŜǉǳŜƴŎŜ 

ŀƴŘ ǘƘŜƛǊ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳŜŀƴƛƴƎΦ vǳŀǘŜǊƴŀǊȅ wŜǎŜŀǊŎƘΣ млмΣ нрсςнтнΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмтκǉǳŀΦнлнлΦмлф 

½ŀǇŀǘŀΣ {ΦΣ {ƻōŜƭΣ 9Φ wΦΣ ŘŜƭ tŀǇŀΣ /ΦΣ aǳǊǳŀƎŀΣ /ΦΣ ϧ ½ƘƻǳΣ wΦ όнлмфύΦ aƛƻŎŜƴŜ ŦǊŀƎƳŜƴǘŀǝƻƴ ƻŦ ǘƘŜ 

/ŜƴǘǊŀƭ !ƴŘŜŀƴ ŦƻǊŜƭŀƴŘ ōŀǎƛƴǎ ōŜǘǿŜŜƴ нс ŀƴŘ нуϲ{Φ WƻǳǊƴŀƭ ƻŦ {ƻǳǘƘ !ƳŜǊƛŎŀƴ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ 

фпΣ млнноуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƧǎŀƳŜǎΦнлмфΦмлнноу 

½ƘŀƛΣ WΦΣ ²ŀƴƎΣ ·ΦΣ vƛƴΣ .ΦΣ /ǳƛΣ [ΦΣ ½ƘŀƴƎΣ {ΦΣ ϧ 5ƛƴƎΣ ½Φ όнлмфύΦ /ƭǳƳǇŜŘ ƛǎƻǘƻǇŜǎ ƛƴ ƭŀƴŘ ǎƴŀƛƭ ǎƘŜƭƭǎ ƻǾŜǊ 

/ƘƛƴŀΥ ¢ƻǿŀǊŘǎ ŜǎǘŀōƭƛǎƘƛƴƎ ŀ ōƛƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜ ǇŀƭŜƻǘƘŜǊƳƻƳŜǘŜǊΦ DŜƻŎƘƛƳƛŎŀ Ŝǘ 

/ƻǎƳƻŎƘƛƳƛŎŀ !ŎǘŀΣ нртΣ суςтфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎŎŀΦнлмфΦлпΦлну 
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½ƘƛǎƘŜƴƎΣ !ΦΣ ¸ƻƴƎǎƻƴƎΣ IΦΣ ²ŜƛƎǳƻΣ [ΦΣ ½ƘŜƴƎǘŀƴƎΣ DΦΣ /ƭŜƳŜƴǎΣ {ΦΣ [ƛΣ [ΦΣ tǊŜƭƭΣ ²ΦΣ ¸ƻǳŦŜƴƎΣ bΦΣ ¸ŀƴƧǳƴΣ 

/ΦΣ ²ŜƛƧƛŀƴΣ ½ΦΣ .ŜƴƘŀƛΣ [ΦΣ vƛƴƎƭŜΣ ½ΦΣ ¸ǳƴƴƛƴƎΣ /ΦΣ ·ƛŀƻƪŜΣ vΦΣ IƻƴƎΣ /ΦΣ ϧ ½ƘŜƴƪǳƴΣ ²Φ όнллрύΦ 

aǳƭǝǇƭŜ ŜȄǇŀƴǎƛƻƴǎ ƻŦ /п Ǉƭŀƴǘ ōƛƻƳŀǎǎ ƛƴ 9ŀǎǘ !ǎƛŀ ǎƛƴŎŜ т aŀ ŎƻǳǇƭŜŘ ǿƛǘƘ ǎǘǊŜƴƎǘƘŜƴŜŘ 

Ƴƻƴǎƻƻƴ ŎƛǊŎǳƭŀǝƻƴΦ DŜƻƭƻƎȅΣ ооόфύΣ тлрςтлуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDнмпноΦм 

½ƘƻǳΣ .ΦΣ .ƛǊŘΣ aΦΣ ½ƘŜƴƎΣ IΦΣ ½ƘŀƴƎΣ 9ΦΣ ²ǳǊǎǘŜǊΣ /Φ aΦΣ ·ƛŜΣ [ΦΣ ϧ ¢ŀȅƭƻǊΣ 5Φ όнлмтύΦ bŜǿ ǎŜŘƛƳŜƴǘŀǊȅ 

ŜǾƛŘŜƴŎŜ ǊŜǾŜŀƭǎ ŀ ǳƴƛǉǳŜ ƘƛǎǘƻǊȅ ƻŦ /п ōƛƻƳŀǎǎ ƛƴ ŎƻƴǝƴŜƴǘŀƭ 9ŀǎǘ !ǎƛŀ ǎƛƴŎŜ ǘƘŜ ŜŀǊƭȅ aƛƻŎŜƴŜΦ 

{ŎƛŜƴǝŬŎ wŜǇƻǊǘǎΣ тόмύΣ мтлΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκǎпмрфуπлмтπллнурπт 
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CHAPTER 2: Late Miocene expansion of grasslands in northwest Argentina linked to 

shifting hydroclimate: a complex interaction of tectonics, climate, and ecology 

 
Abstract: 

Factors driving the Late Miocene expansion of C4 grasses remain widely debated. Here, we explore 

the role of climate and fire in controlling the abundance of C4 vegetation in the Angastaco Basin (Palo 

Pintado area) and La Viña Basin from NW Argentina during the Late Miocene (~14 ς 5.33 Ma).  From 

paleosol horizons, we reconstructed paleoclimate and paleovegetation conditions using phytolith 

assemblages, geochemical and isotopic proxies, and also used polycyclic aromatic hydrocarbons (PAHs) 

to determine fire input. Our paleoclimate reconstructions suggest a stable mean annual temperature 

(MAT) of ~10°C and a gradual decline in mean annual precipitation (MAP) from 1100 mmyr-1 to 850 mmyr-

1. Paleovegetation reconstructions from carbon isotopic composition and phytolith assemblages show a 

maximum of ~15% C4 vegetation by 6 Ma. No significant increase in fire occurrence or establishment of 

fire feedbacks were identified from the PAH data. Though low in abundance (~3% on average), our data 

identify the presence of C4 grass by the Late Miocene. The lack of significant C4 expansion in this region is 

likely to be controlled by the changing hydroclimatic conditions associated with the Andes mountains; 

increasing aridity and elevation constraints, along with the lack of a fire feedback, might have limited the 

distribution of C4 vegetation. 
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2.1. Introduction 

The Miocene epoch (23ςр aŀύ ƛǎ ŀƴ ƛƴǘŜǊǾŀƭ ƛƴ 9ŀǊǘƘΩǎ ƘƛǎǘƻǊȅ ǘƘŀǘ ǿŀǎ ǎƭƛƎƘǘƭȅ ǿŀǊƳŜǊ ǘƘŀƴ ǘƻŘŀȅ 

ŀƴŘ Ƙŀǎ ōŜŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǘƘŜ ŦǳǘǳǊŜ ƻŦ ǘƘŜ Ǉŀǎǘέ ό{ǘŜƛƴǘƘƻǊǎŘƻǘǘƛǊ Ŝǘ ŀƭΦΣ нлнмύ ŘǳŜ ǘƻ ƛǘǎ ƛƳǇƻǊǘŀƴŎŜ 

for future projections of anthropogenic climate change. Global climate was ~3ς7°C warmer than present 

(e.g., Westerhold et al., 2020; Steinthorsdottir et al., 2021;) while atmospheric carbon dioxide 

concentrations (pCO2) ranged from approximately 380 to 710 ppm, comparable to the modern (Balcerak, 

2011; Beerling and Royer, 2011; Knorr et al., 2011) and predicted changes by 2100 (IPCC, 2014). Modern 

global tectonic and topographic configurations also started to take shape during this period, and floral 

and faunal communities experienced a series of shifts toward the development of modern ecosystems; 

one of these key transitions is the evolution and expansion of C4 grasslands (e.g., Edwards et al., 2010; 

Strömberg, 2011; Herbert et al., 2016). In modern ecosystems, C4 grasses are mostly found at low latitudes 

and low elevations (Sage, 2001) and account for 18 ς 23% of gross primary production (Still et al., 2003; 

Luo et al., 2024), making them an essential part of the global carbon cycle. Ongoing anthropogenic climate 

change, characterized by rising pCO2 levels, increased temperatures, and altered precipitation patterns, 

can significantly impact the distribution of C4 grasslands and their carbon storage dynamics (Luo et al., 

2024). Therefore, understanding the expansion of C4 grasses in the Late Miocene is crucial for predicting 

their response to future anthropogenic changes. 

 The three primary photosynthetic pathways used in plants are C3, C4, and Crassulacean Acid 

Metabolism (CAM). C4 photosynthesis is a specialized adaptation that evolved to enhance photosynthetic 

efficiency under high temperatures and low atmospheric CO2 concentrations (Ehleringer and Cerling, 

2002; Raghavendra and Sage, 2010) by suppressing photorespiration- a limitation of the ancestral C3 

photosynthetic pathway (Leegood et al., 2000). C4 photosynthesis involves two stages in which a 4-carbon 

molecule (oxaloacetate; OAA) is produced by binding CO2 with PEP (phosphoenolpyruvate) in the 

mesophyll cell, and OAA reduces into malate and subsequent decarboxylation creates a CO2 rich 
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environment for RubisCo in the bundle sheath cells (Ehleringer and Cerling, 2002; Gowik and Westhoff, 

2011). This unique pathway is suggested to have evolved as early as the Oligocene (e.g., Ehleringer et al., 

1991; Sage, 2004; Pagani et al., 2005; Christine et al., 2012; Sage et al., 2012), and by the Late Miocene C4 

grasses had expanded into tropical, subtropical, and temperate grasslands worldwide at the expense of 

both forests and C3 grasslands (Cerling et al., 1993; Edwards and Still, 2008; Edwards et al., 2010; Herbert 

et al., 2016).  

Many factors have been proposed to explain the evolution and rapid expansion of C4 grasslands 

during the Late Miocene, yet the driver and timing of the phenomenon is still debated. The debate centers 

on whether the expansion of C4 plants was primarily driven by broad, global changes or by distinct, 

regional factors (e.g., Tauxe and Feakins, 2020). Proponents of globally driven changes suggest a broad 

global change in atmospheric and/or climatic conditions during the late Cenozoic (Lu et al., 2020).  Cerling 

et al. (1997) proposed a CO2 starvation hypothesis suggesting declining pCO2 during the Late Miocene as 

a trigger for the expansion; however, this was subsequently abandoned due to lack of proxy evidence for 

pCO2 changes on these timescales (Pagani et al., 1999; Pearson and Palmer, 2000; Osborne, 2008), as well 

as evidence for both diachroneity (e.g., Tauxe and Feakins, 2020) and regionally variable climatic 

responses to declining pCO2 (e.g., Higgins and Scheiter, 2012). Instead, several other factors such as fire 

activities (Keeley and Rundel, 2005), wind strength (Tipple and Pagani, 2007), aridity (Saarinen et al., 

2020), and other ecological disturbances (e.g., herbivory, Retallack, 2007; Osborne, 2008) were proposed, 

and the variable importance or interaction of these factors may help explain the timeline and pace of C4 

expansions (e.g., Zhou et al., 2018). 

Studies on modern C4 grasses show that C4 photosynthesis is favored in warm, dry, open habitats 

with high-light conditions (Edwards and Smith, 2010), while phylogenetic analysis indicates that C4 

photosynthesis likely arose in monsoon-affected regions of warm-temperate to tropical latitudes (Sage et 

al., 2012). C4-dominated ecosystems are favored by seasonal climates due to their temperature and 
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precipitation gradients, water availability, and fire dynamics (Keeley and Rundel, 2003, Osborn and 

Beerling, 2005).  These details, along with the spatio-temporal differences in the spread of C4 grasslands 

as documented in different regions (Freeman and Colarusso, 2001; Hoetzel et al., 2013; Smiley et al., 2018; 

Hyland et al., 2019; Feakins et al., 2020) suggests the need to consider the local and regional climate in 

context. For instance, Quade et al. (1995) reported the Late Miocene C4 vegetation shift to be coincident 

with monsoon intensification due to the uplift of the Tibetan Plateau, which has been reinforced by 

additional work (e.g., Karp et al., 2018). Andrae et al. (2018) suggested that highly seasonal precipitation 

promoted by a summer monsoon during the late Pliocene favored C4 expansion in Australia. In Africa, 

regional climate change has been attributed as the main driving force causing the C4 expansion in the Late 

MioceneςPliocene (e.g., Dupont et al., 2013; Miao et al., 2022; Peppe et al., 2024).  

Variations in the timing of expansion and local abundance of C4 grasses in South America during 

the Late Miocene highlight the challenges in exploring and understanding these driving mechanisms. 

Broadly, the timing of reported C4 grass expansion from isotopic and fossil records from South America 

(Latorre et al., 1997) coincides with the evolution of the South American Summer Monsoon System 

(SASM). Rohrmann et al. (2016) suggested that the modern vegetation abundance reflects the climatic 

conditions of this region modulated by the SASM, warranting further exploration to understand the 

potential link between the evolution of the SASM and its impact on C4 abundance. This study seeks to 

evaluate the role of hydrological conditions and climatic shifts in shaping the C4 vegetation conditions in 

northwest Argentina during the Late Miocene. Based on links between seasonal precipitation and C4 

abundances elsewhere (e.g., Cotton et al., 2016; Andermann et al., 2022), we hypothesize that Late 

Miocene C4 grassland expansion or the lack thereof in this region was primarily controlled by shifting 

hydroclimate related to ongoing Andean orogenic processes. In addition to the climatic and tectonically 

driven topographic variations, we investigate the role of fire occurrence which has been suggested as a 

possible secondary factor for promoting C4 vegetation (Sage, 2001; Bond et al., 2003). In seasonal 
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climates, a positive feedback loop between C4 vegetation and fire activities is established by promoting C4 

grass growth and canopy clearing (Hatch, 1987; Ehleringer and Monson, 1993; Osborn and Beerling, 

нллрΤύΣ ǿƘƛŎƘ Ƙŀǎ ōŜŜƴ ƻōǎŜǊǾŜŘ ƛƴ ƳƻŘŜǊƴ ƎǊŀǎǎƭŀƴŘ ŜŎƻǎȅǎǘŜƳǎ ό5Ω!ƴǘƻƴƛ ŀƴŘ ±ƛǘƻǳǎŜƪΣ мффнΤ wƻǎǎƛǘŜǊ 

et al., 2003). Evidence of fire feedbacks facilitating and maintaining C4 grasslands during the Miocene has 

been identified in South Asia (Karp et al., 2018, 2021a) and Southern Africa (Hoetzel et al., 2013).  

 We reconstruct paleoclimate conditions, paleovegetation and paleofire occurrence in northwest 

Argentina during the Late Miocene using a multiproxy approach - including bulk geochemical and isotopic 

composition of paleosol materials (B horizons, soil organic matter, pedogenic carbonates), along with 

extracted phytolith assemblages and polycyclic aromatic hydrocarbon abundances (PAHs). We used PAH 

biomarkers to reconstruct paleofire input and identify changes in fire regimes by comparing PAH 

measurements with paleoclimate and paleovegetation reconstructions to identify the link between 

climate and vegetation changes and the role of fire in these ecosystems.   

2.2. Geological setting 

2.2.1 Tectonic and environmental context 

Cenozoic shortening of the South American plate overriding the Nazca plate with a moderate (30°) 

eastward dip (Horton, 2018) led to the formation of the Andean range along the west coast of South 

America (Sobolev et al., 2006, Ramos, 2009; Decelles et al., 2011). During the Cenozoic, the orogenic front 

migrated eastward, leading to the evolution of a retroarc foreland basin located east of the central Andean 

topographic front that houses a thick accumulation of Cenozoic clastic sediments and paleosols (Chase et 

al., 2009; DeCelles et al., 2011). Once contiguous with the Paleogene retroarc foreland basin, extending 

from the Altiplano Puna Plateau to the Eastern Cordillera, the Angastaco Basin underwent deformation 

and subsequent separation from the Altiplano Puna Plateau at around 20 Ma (Coutand et al., 2006; Pingel 

et al., 2016). As deformation and exhumation progressed eastward, the uplift of the Sierra de Colorados 

ranges in the Late Miocene separated the La Viña Basin from the Angastaco Basin (Figure 2.1A). To the 
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west, the Angastaco Basin is separated from the Altiplano Puna Plateau by N-S striking reverse fault-bound 

ranges such as the Sierra Quilmes and Cerro Duranzo, and to the east by the ranges of the Sierra de los 

Colorados and Sierra León Muerto (Figure 2.1B; Pingel et al., 2016). The eastern ranges form an effective 

orographic barrier that causes intense rainfall along the eastern flank and a semi-arid to arid hinterland 

(Hain et al., 2011).   

 

Figure 2.1: (A) Geological map of the greater Angastaco Basin in NW Argentina. Stars indicate sampling 
localities (PP-Palo Pintado; LV- La Viña); inset- black polygon indicates study area; (B) Cross section along 
A-!Ω όǎƘƻǿƴ ƛƴ CƛƎǳǊŜ 2.1A) illustrating general geology and major structures of Eastern Cordillera in NW 
Argentina (modified after Carrapa et al. 2011). 
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The Angastaco Basin hosts a very thick (>6 km) accumulation of Eocene through Pliocene 

terrestrial clastic sediments of the Payogastilla Group (Diaz and Mallizzia, 1983; Bywater-Reyes et al., 

2010). This group is further subdivided into four formations: 1) the Quebrada de los Colorados, 2) the 

Angastaco, 3) the Palo Pintado, and 4) the San Felipe (Coutand et al., 2006). The Quebrada de los 

Colorados Fm. suggests a maximum depositional age of 37.6 + 1.2 Ma, while the overlying Angastaco Fm. 

was deposited between ~21 and 9 Ma (Carrapa et al., 2012). The overlying Palo Pintado Fm. is interpreted 

to be of middle to upper Miocene age (Starck and Anzótegui 2001; Bywater-Reyes et al., 2010) based on 

interbedded ash beds. The San Felipe Fm. is gradational with the Palo Pintado Fm., and 

magnetostratigraphic data suggest it was deposited during ~5 to 2 Ma (Reynolds et al., 2000). 

This study focuses on the Late Miocene Palo Pintado Fm. in Angastaco Basin and its equivalents 

(Jesús María, Guanaco, and Piquete Fms.) within the La Viña Basin (Figure 2.1). The Palo Pintado Fm. lies 

conformably on the Angastaco Fm. and can be divided into two sections: 1) the bottom 1500 m is 

composed of fine to coarse grained sandstone interlayered with siltstone and mudstone and is interpreted 

to be deposited in a meandering fluvial system (Diaz and Mallizzia, 1983), and 2) the upper 450 m is 

composed of coarsening upward sandstone interfingered with massive conglomerate and tuff beds which 

is interpreted to be deposited in a braided fluvial system (Diaz and Mallizzia, 1983). Petrographic data 

suggest that the Eastern Cordillera has been the major source of these sediments at least between 14.5 

Ma and 5 Ma (Coutand et al., 2006). Based on the sedimentological, paleontological, and isotopic values 

of pedogenic carbonate nodules from Palo Pintado Fm., Bywater-Reyes et al. (2010) suggested that this 

deposition occurred during relatively humid intervals within a broadly semi-arid climate.  The overlying 

San Felipe Fm. consists of cobble conglomerate and fining upward sandstone and is correlated to the 

Piquete Fm. in La Viña Basin. It is interpreted to be a braided stream and distal alluvial fan deposit and 

reflects an increased aridity compared to the underlying Palo Pintado Fm. Thus, based on these 

sedimentological interpretations, the Palo Pintado Formation marks an environmental change from dry 
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conditions, reflected in the deposition of Angastaco Fm.  (15 ς 9 Ma), to a humid one, and is suggested to 

coincide with the onset of the SASM (Starck and Anzótegui, 2001; Coutand et al., 2006; Bywater-Reyes et 

al., 2010). 

The Palo Pintado Fm. has been correlated with the Jesús María and Guanaco formations of the La 

Viña Basin, where Carrapa et al. (2012) studied a >1000 m thick section. The Jesús María Formation is 

composed primarily of laminated and rippled mudstones, while the overlying Guanaco Fm. is composed 

of red, tan and brown silty mudstone and trough cross bedded sandstones, and the Piquete Fm., which is 

correlated to the San Felipe Fm. (Carrapa et al., 2012), is composed of tan siltstone, sandstone, and 

conglomerates. Overall, these deposits are suggested to be of fluvio-lacustrine origin (Carrapa et al., 

2012), and the depositional age of these formations is somewhat constrained via radiometric and 

biostratigraphic data. Using zircon U-Pb geochronology of one ash layer from the Jesús María Fm., Carrapa 

et al. (2012) dated it to be 14.4 + 0.6 Ma (A3, Figure 2.2). An additional K/Ar radiometric age of an ash bed 

from the Guanaco Fm. (A4, Figure 2.2) suggests it to be 8.73 + 0.25 Ma (Del Papa et al., 1993) while zircon 

U-Pb geochronology places it at 9.31 + 0.31 Ma (Hain et al., 2011). Based on previous studies from a 

different locality further north, Ulberich et al. (2021) suggested that the temporal range for the Guanaco 

Fm. can be constrained between ~10.9 and ~5 Ma, while the overlying Piquete Fm. is estimated to be 

between ~5 and <1.3 + 0.2 Ma.  

2.2.2 Age model       

Based on the previously obtained radiometric ages from these sections, we inferred a composite 

age model for both sub-basins (e.g., Carrapa et al., 2011, 2012). Previous age models allow correlation 

between the Angastaco and La Viña basins (Figure 2.2), which were connected before the exhumation of 

the Sierra de los Colorados (Starck and Vergani, 1996; Bywater-Reyes et al., 2010; Carrapa et al., 2012). 

More specifically, the Palo Pintado Fm. represents ~7.24 to 5.96 Ma (Bywater-Reyes et al., 2010) and 

corresponds to the Huayquerian-Montehermosan interval of the South American Land Mammal Ages 
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(SALMA), as indicated by U-Pb zircon ages from the interbedded ash layers which precisely bracket the 

formation and provide clear markers at 8 m and 1730 m in the section (Figure 2.2). Compared to Palo 

Pintado Fm., formations within La Viña Basin have a less constrained age model derived from two ash 

beds.  Ash bed A3 found at 129 m in the Jesús María Fm. is correlated to the U-Pb zircon age of 14.4 ± 0.7 

Ma (Carrapa et al., 2012) corresponding to Santacrucian-Laventan interval of SALMA, and ash bed A4 at 

411 m in the Guanaco Fm. correlates to the biotite K/Ar age of 8.73 ± 0.25 Ma (Del Papa et al., 1993; Figure 

2.2) in the Mayoan-Huayquerian interval.  

 
 
Figure 2.2: General stratigraphy of Palo Pintado and La Viña (Scale bar indicates thickness in meter).   
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Previous workers have assumed a uniform sedimentation rate for La Viña (consistent with 

biostratigraphic data and conformable formation boundaries; e.g., Bywater-Reyes et al., 2010; Carrapa et 

al., 2011), suggesting this section represents an interval between ~17 to 4.1 Ma. The substantially higher 

sedimentation rate at Angastaco  (~1300 m/Myr) relative to La Viña  (~50 m/Myr) is reasonable given their 

relative landscape/tectonic positions, with Angastaco receiving sediment directly from the Eastern 

Cordillera throughout the Miocene via fluvial and alluvial deposition  in the proximal foreland basin, while 

La Viña instead was shielded from sediment sources by the Sierra de los Colorados (e.g., Bywater-Reyes 

et al., 2010) and filled via slower fluvial and lacustrine deposition (see below) in the distal foreland basin. 

Considering the estimated ages and relative deposition rates of these formations, using the Palo Pintado 

Formation along with formations from the La Viña Basin allows us to create a composite record of basin 

setting and persisting paleoenvironmental conditions during ~17 ς 5 Ma, with a higher-resolution record 

for the youngest end of this range (~7 ς 5 Ma). 

2.3. Methods 

2.3.1 Sample collection 

Detailed field stratigraphy and facies descriptions were conducted for each locality, with 

particular attention to pedogenically modified zones. Paleosols were identified based on the presence of 

a wide variety of features including horizonation, color changes/gleying, complex burrows and root 

traces/rhizoliths, as well as pedogenic carbonate nodules and preserved ped structures. Paleosols were 

classified by pedotype based on the taxonomic classification schemes of the USDA (Soil Survey Staff, 2014) 

and paleosol-specific conventions (Mack et al., 1993; Retallack, 2008). Paleosols were described, 

photographed, and measured in the field, and samples were collected for geochemical, isotopic, and 

phytolith analyses. To obtain fresh samples, weathered or pedogenically modified surface materials were 

removed carefully to depths >30 cm, and samples were collected from all available paleosol horizons, with 

specific attention to A and B horizons because they preserve the most phytoliths (A-horizon; Strömberg, 
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2004), soil organic matter (A-horizon; Cotton et al., 2014), and relevant geochemical signals (B-horizon; 

Hyland and Sheldon, 2016).  

2.3.2 Paleoclimate reconstructions  

Paleoclimate reconstructions are based on climofunctions derived from the bulk geochemical 

analysis of 17 paleosol samples from the Angastaco Basin, and 11 from the La Viña Basin. B horizon 

samples were selected for these analyses, and were cleaned, pulverƛȊŜŘ όғнрл ˃ƳύΣ ŀƴŘ ƘƻƳƻƎŜƴƛȊŜŘ ƛƴ 

individual cups. As the majority of the paleosols were non-calcic Alfisols, the acid pretreatment was 

excluded because the error associated with the CIA-K proxy is minimal and falls within the error margin 

(Michel et al., 2022), and the PPM model uses untreated soil composition (Stinchcomb et al., 2016). 

Samples were sent to ALS Chemex (Reno, NV) for bead fusion and X-ray fluorescence analysis of 13 major 

elements. Analytical uncertainty is maintained at between 0.001 and 0.1% (depending on element 

analyzed; See Appendix A1), and duplicate analyses had a mean standard deviation of <0.5%. Whole rock 

major elements were then corrected for loss on ignition (LOI) and converted to molar masses before being 

used as inputs for standard paleosol weathering indices (e.g., CIA-K and PWI) and relevant climofunctions. 

For reconstructing paleotemperatures, two methods were used to estimate mean annual 

temperature (MAT): the paleosol weathering index (PWI), and the paleosol-paleoclimate model (PPM1.0). 

The PWI climofunction is described by Gallagher and Sheldon (2013): 

ὓὃὝ ᴈ  ςȢχτὰὲὖὡὍ ςρȢσωȠὛȢὉ ςȢρᴈ     .(2.1) 

ὖὡὍρππτȢς ὔὥ ρȢφφὓὫ υȢυτὑ ςȢπυὅὥ   .(2.2) 

This method has been developed based on the relationship between MAT (R2=0.57) and relative loss of 

major cations from B horizons during chemical weathering and subsequent leaching. We limit this 

paleothermometer to paleosols having PWI less than 60, as PWI>60 would indicate paleosols that are not 

distinguishable from parent material (Gallagher and Sheldon, 2013). The PPM1.0 model is an open-access 

data-driven spline regression model which includes 11 major and minor oxides and an expanded training 
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dataset including the widest range of soils and climates of any of the described climofunctions, and 

produced MAT with a root mean squared prediction error (RMSPE) of ±4.0ᴈ (Stinchcomb et al., 2016).      

Paleoprecipitation estimates were determined using the chemical index of alteration minus 

potassium (CIA-K) as an input for the Mean Annual Precipitation (MAP) climofunction (R2= 0.72) of Sheldon 

et al. (2002): 

ὓὃὖάάώὶ ςςρȢρὩȢ   ȠὛȢὉ ςωω άάώὶ   .(2.3) 

ὅὍὃὑ ρππ
 

   .(2.4) 

This climofunction is based on the principle that silicate mineral weathering forms clay by hydrolysis and 

acid attack reactions; as moisture content controls these reactions, a wetter climate would promote clay 

formation (Sheldon et al., 2002). The error margin for MAP reconstruction based on CIA-K has been 

updated to reflect the dataset from Lukens et al. (2019), replacing the Marbut (1935) dataset previously 

used by Sheldon and Tabor (2009). The application of the CIA-K climofunction is restricted to non-calcic 

paleosols (Sheldon et al., 2002). Additionally, the PPM1.0 model also uses its data-driven spline regression 

model to produce MAP estimates, with a root mean squared prediction error (RMSPE) of ±512 mmyr-1.  

2.3.3 Paleovegetation reconstruction 

Paleovegetation reconstructions were carried out using two different methods: phytolith 

assemblages and bulk carbon isotopic analysis of soil organic matter (13Corg). Samples for phytolith 

analysis were prepared following a modified version of Strömberg et al. (2003). A total of 28 samples were 

selected and analyzed for phytolith-based reconstructions from Angastaco and La Viña basins. Briefly, the 

procedure includes: 1) taking a subsample of an A-horizon paleosol (1ς3 g) and crushing it into finer 

ŦǊŀƎƳŜƴǘǎΣ нύ ǎǳōǎŜǉǳŜƴǘ ǎƛŜǾƛƴƎ ŀƴŘ ƻȄƛŘŀǘƛƻƴ ƛƴ ŀ {ŎƘǳƭǘȊΩǎ ǎƻƭǳǘƛƻƴ ǘƻ ǊŜƳƻǾŜ ǘƘŜ ƭŀǊƎŜǊ ǇŀǊǘƛŎƭŜǎ όҔнрл 

µm) and organic matter, 3) deflocculation and clay removal via fine sieves (53 µm) and deionized water 

washes, and 4) using ZnBr2, a heavy liquid with a specific gravity of 2.3 g/cm3, to float the phytoliths for 

separation from remaining grains.  Phytoliths were placed on slides with Cargille Meltmount (R.I. = 1.539) 



   

54 

 

and were analyzed to identify different phytolith morphotypes and document them with at least 300 

grains per slide counted for quantitative analysis, which follows Strömberg et al. (2003). This was carried 

out on a Nikon Eclipse N-E compound/petrographic microscope under high magnification (200ς1000X) at 

North Carolina State University.  

Identification of morphotypes was based on both fossil and modern reference collections 

ό{ǘǊǀƳōŜǊƎΣ нллоΣ нллпΤ tƘȅǘ/ƻǊŜ 5.Σ wǳƛȊ Ŝǘ ŀƭΦ нлмсΤ ŀƴŘ 9ΦDΦIΩǎ ǊŜŦŜǊŜƴŎŜ ŎƻƭƭŜŎǘƛƻƴǎ ŀǘ bƻǊǘƘ /ŀǊƻƭƛƴŀ 

State University), and follows nomenclature and descriptors developed by the International Code for 

Phytolith Nomenclature (ICPN1.0, Madella et al., 2005; ICPN2.0, Neumann et al., 2019). Morphotypes 

were broadly grouped into two categories: forest indicators and grass (land) indicators (SI). Forest 

indicator morphotypes include Forest (FI), Dicotyledon (DICOT), Conifer (CONI), Sedge (SEDGE), Palm 

(PALM) and Marantacea (MAR). Grass indicator morphotypes were further used to estimate abundances 

for C4 vs. C3 vegetation. Based on the morphotypes produced within the subclades of PACMAD 

(Panicoideae, Aristidoideae, Chloridoideae, Micrairioideae, Arundinoideae, Danthonioideae), maximum 

and minimum abundances of C4 vegetation were estimated based on Strömberg and McInerney (2011) 

using the following formulae: 

ὅ    .(2.5) 

ὅ     .(2.6) 

 

Additionally, a bootstrapping function was used for error calculation, computing 95% confidence intervals 

(CI) for estimating errors in the abundance of each functional plant type (Chen et al., 2015; Hyland et al 

2023).   

Samples for bulk paleosol 13Corg analysis were collected from A-horizons as described above. 

Seventeen samples from the Angastaco basin and twelve samples from the La Viña basin were processed 

for isotopic analysis. Samples were ultrasonicated in methanol to remove labile modern organic matter 
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and reacted with 6% HCl to remove carbonates. Samples were rinsed with deionized water until they 

reached a neutral pH and dried overnight in an oven at 80°C. Dry samples were homogenized and weighed 

into tin capsules, which were then loaded into the autosampler of a Costech Elemental Analyzer attached 

ǘƻ ŀ 5Ŝƭǘŀ ±Ҍ ƛǎƻǘƻǇŜ Ǌŀǘƛƻ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘŜǊ ŀǘ ŜƛǘƘŜǊ bƻǊǘƘ /ŀǊƻƭƛƴŀ {ǘŀǘŜ ¦ƴƛǾŜǊǎƛǘȅΩǎ tŀƭŜƻ3 Lab or 

/ŀƭƛŦƻǊƴƛŀ {ǘŀǘŜ ¦ƴƛǾŜǊǎƛǘȅ bƻǊǘƘǊƛŘƎŜΩǎ {ǘŀōƭŜ LǎƻǘƻǇŜ [ŀōΦ ʵцш/org ǾŀƭǳŜǎ ŀǊŜ ŜȄǇǊŜǎǎŜŘ ƛƴ ǇŜǊ Ƴƛƭ ό҉ύ 

relative to the Vienna Pee Dee Belemnite (VPDB) standard. Calibration was performed using USGS 

ǎǘŀƴŘŀǊŘǎΣ ƛƴŎƭǳŘƛƴƎ ¦{D{см όʵцш/ Ґ -орΦлр ҕ лΦлп҉ύΣ ¦{D{сн όʵцш/ Ґ -мпΦтф ҕ лΦлп҉ύΣ ŀƴŘ ¦{D{со όʵцш/ 

= -мΦмт ҕ лΦлп҉ύΦ !ƴŀƭȅǘƛŎŀƭ ǳƴŎŜǊǘŀƛƴǘȅ ŦƻǊ 13Corg ǾŀƭǳŜǎ ŀǊŜ ƳŀƛƴǘŀƛƴŜŘ ŀǘ ϤлΦм҉ ŀƴŘ ŀǾŜǊŀƎŜ ǎǘŀƴŘŀǊŘ 

ŜǊǊƻǊ ŦƻǊ ǊŜǇƭƛŎŀǘŜ ŀƴŀƭȅǎŜǎ ƛǎ лΦп҉Φ  

To determine the abundance of C3 and C4 biomass from the 13Corg signatures, we constructed a 

two-component mixing model with C3 and C4 endmembers after the proposed model of Cotton et al. 

(2012, 2014). C3 and C4 plants display distinct isotopic signatures, with C4 plants exhibiting enriched 13Corg 

values compared to C3 plants. However, the isotopic composition varies due to climate conditions and 

atmospheric CO2 concentration (ɻ 13Catm). Within modern ecosystems, the 13Corg values for C3 plants span 

a broad range (-от҉ ǘƻ -но҉ύΣ ǊŜŦƭŜŎǘƛƴƎ ǾŀǊƛŀǘƛƻƴǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƘǳƳƛŘƛǘȅ ŀƴŘ Ǉƭŀƴǘ ǘŀȄƻƴƻƳȅ όŜΦƎΦΣ 

5ƛŜŦŜƴŘƻǊŦ Ŝǘ ŀƭΦΣ нлмлΤ {ƘŜƭŘƻƴ Ŝǘ ŀƭΦΣ нлнлύΦ Lƴ ŀŘŘƛǘƛƻƴΣ ŦƭǳŎǘǳŀǘƛƴƎ ʵ13Catm compositions through time 

also causes 13Corg values to shift. Therefore, to determine cutoff and endmember values to estimate C3 

versus C4 plant abundances during the Late Miocene within our study sites, it is crucial to consider the 

ʵ13Catm estimates and climate conditions of the studied interval. We have employed two different 

endmember mixing models to estimate maximum and minimum percentage of C4 vegetation. 

For the maximum C4 vegetation estimate, we followed the Cotton et al. (2012, 2014) model, which 

ǳǎŜǎ ŎƻǊǊŜŎǘƛƻƴǎ ŦƻǊ ƭƻŎŀƭ ƳŜŀƴ ŀƴƴǳŀƭ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ǊŜƎƛƳŜ ŀƴŘ ŀǘƳƻǎǇƘŜǊƛŎ ŎƻƳǇƻǎƛǘƛƻƴ όʵ13Catm) to 

adjust the endmembers for pure C3 and C4 vegetation.   For determination of the C3 endmember based on 

precipitation and aridity, we use the modern plant database of Diefendorf et al. (2010), which compiles 
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ʵ13Corg values of modern C3 plants growing across a wide range of MAP conditions. Based on our 

paleoclimate reconstruction (Section 2.3.2), the estimated MAP for Angastaco Basin (Palo Pintado Fm.) 

ranged between 484 and 1084 mmyr-1 (Section 2.4ύΦ .ŀǎŜŘ ƻƴ 5ƛŜŦŜƴŘƻǊŦ Ŝǘ ŀƭΦ όнлмлύΣ ǘƘŜ ƳŜŀƴ ʵ13Corg 

values of C3 plants growing between 500 and 1000 mmyr-1 is -нтΦл҉Φ CƻǊ ǘƘŜ ŀǘƳƻǎǇƘŜǊƛŎ ʵ13C correction, 

ǿŜ ǳǎŜ ǘƘŜ ƳƻŘŜǊƴ ǾŀƭǳŜ ƻŦ ʵ13Catm of -у҉ ŀƴŘ ǊŜŎƻƴǎǘǊǳŎǘŜŘ [ŀǘŜ aƛƻŎŜƴŜ ǾŀƭǳŜ όтΦпςрΦфр aŀύ ʵ13Catm 

of -сΦп҉ ŦǊƻƳ ¢ƛǇǇƭŜ Ŝǘ ŀƭΦ όнлмлύΦ  ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ŜǎǘƛƳŀǘŜŘ /3 endmember value of 13Corg for Angastaco 

Basin is -нрΦп҉Φ /4 plants lack a similar relationship between their isotopic composition and 

ǇǊŜŎƛǇƛǘŀǘƛƻƴκŀǊƛŘƛǘȅ ŀƴŘ ŀǊŜ ƎŜƴŜǊŀƭƭȅ ŜƴǊƛŎƘŜŘ όҌмп҉ύ ǊŜƭŀǘƛǾŜ ǘƻ /3 plants for a given atmospheric 

composition. Cotton et al. (2012) consider a slight correction of -лΦо҉ ōŀǎŜŘ ƻƴ .ǳŎƘƳŀƴƴ Ŝǘ ŀƭΦ όмффсύΣ 

resulting in a reconstructed endmember value of -ммΦт҉ ŦƻǊ ǘƘŜ ƳŜŀƴ ʵ13C value of C4 plants during our 

study period. For La Viña Basin, we followed a similar procedure, using a MAP range between 190 and 

1277 mmyr-1Σ ŀƴŘ ŘŜǘŜǊƳƛƴŜŘ ǘƘŜ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ōŀǎŜŘ ʵ13Corg value of -нсΦф҉ ŦƻǊ ƳƻŘŜǊƴ /3 plants 

5ƛŜŦŜƴŘƻǊŦ Ŝǘ ŀƭΦ όнлмлύΦ !ŦǘŜǊ ŀǇǇƭȅƛƴƎ ŀ ŎƻǊǊŜŎǘƛƻƴ ōŀǎŜŘ ƻƴ aƛƻŎŜƴŜ ʵ13Catm, we estimated the C3 

endmember values for the Huayquerian, Laventan, Friasian, and Santacrucian South American Land 

Mammal Ages (SALMA) intervals at the La Viña Basin. The estimated C3 endmember values for these 

intervals were -нпΦу҉Σ -нпΦу҉Σ -нпΦл҉Σ ŀƴŘ -нпΦп҉Σ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ²Ŝ ŜǎǘƛƳŀǘŜŘ /4 endmember values 

for these intervals to be -ммΦм҉Σ -11Φм҉Σ -млΦо҉Σ ŀƴŘ -млΦт҉Σ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 

Our second endmember model uses a conservative approach to determine minimum estimates 

of C4 ǾŜƎŜǘŀǘƛƻƴΦ tǊŜǾƛƻǳǎ ǎǘǳŘƛŜǎ ǎǳƎƎŜǎǘŜŘ ǾŀƭǳŜǎ ƻŦ ʵ13Corg ranging from -ннΦо҉ ǘƻ -нп҉ ŀǎ ǘƘŜ Ƴƻǎǘ 

enriched possible C3 values (Passey et al., 2009; Cotton et al., 2012, 2014). In line with the suggested 

values, we selected -ннΦо҉ ŀǎ ǘƘŜ Ƴƻǎǘ ǇƻǎǎƛōƭŜ ŜƴǊƛŎƘŜŘ ǾŀƭǳŜ ŦƻǊ /3 plants based on the estimated MAP 

(Section 2.4ύΣ ŀƴŘ ǘƘŜǊŜŦƻǊŜΣ ŀƴȅ ǾŀƭǳŜ ŦƻǊ ʵ13Corg enriched more than -ннΦо҉ ǿƻǳƭŘ ƛƴŘƛŎŀǘŜ ǎƻƳŜ ƛƴǇǳǘ 

from C4 vegetation. We estimated the maximum and minimum C4 vegetation from both sites using these 

two endmember suites. 



   

57 

 

2.3.4 Polycyclic aromatic hydrocarbons (PAHs) 

Incomplete combustion and pyrolysis of organic matter results in the formation of polycyclic 

aromatic hydrocarbons (PAHs) that resist degradation and allow better preservation in soil compared to 

the traditionally used charcoal and pollen methods for reconstructing fire activity (Lau et al., 2010). 

Modern gas chromatograph analytical techniques are used to analyze PAH concentrations and reconstruct 

the paleofire regime for these sites. For PAH analysis, bulk paleosol samples from A-horizons were crushed 

into a fine powder (<62.5 µm), rinsed with acetone to remove modern contaminants, and left to dry. After 

crushing again, the samples were transferred to a glass fiber thimble and lowered into a Soxhlet apparatus 

where a solution of 85:15 dichloromethane:acetone was used as a solvent. After running for 24 hours, 

cycling 4-6 times per hour, the contents were transferred to a rotary evaporator flask, where the solvent 

mixture was evaporated. The sample was redissolved in dichloromethane and transferred to a GC vial, to 

which was added an internal standard mixture at a 1:20 ratio (v/v) of internal standard to sample. The 

internal standards were deuterated PAHs: naphthalene d-8, acenaphthene d-10, phenanthrene d-10, 

chrysene d-12, and perylene d-12. The samples were then analyzed using a Thermo Trace 1310 Gas 

Chromatograph equipped with an ISQ mass spectrometer detector at California State University 

Northridge. Each run was preceded by nine calibration standards containing 63 compounds, and a test 

standard was run before each new GC sequence to verify instrument accuracy. 

Samples were analyzed in Selective Ion Monitoring (SIM) mode to enhance the instrument's 

sensitivity for all compounds, including the 16 Environmental Protection Agency (EPA) polycyclic aromatic 

hydrocarbons (PAHs) and alkylated PAHs targeted for quantification. In addition to the EPA 16 PAHs, 

benzo(e)pyrene (BeP), perylene (PERY), retene (RET), dibenzofuran (DBF), dibenzothiophene (DBT), long-

chain n-alkanes (C12-C38), and alkylated PAHs (C1-C4 NAP, C1-C4 ANT/PHE, C1 FLE, C1 FLU/PYR, and C1-

C2 CHY/BaA) were also quantified. Standard quantification and confirmation ions were employed in SIM 

mode, with peak areas calculated relative to deuterated internal standards using both internal and 
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external standards for quantification. For alkylated PAHs without specific standards, quantification was 

based on response factors of the closest available standard compound. The detection limit for PAHs in 

paleosols and soils was approximately 0.1 µg/kg. Soxhlet extraction was used for all samples, with six 

duplicate samples and eight method blanks analyzed to ensure accuracy.  

PAHs can originate from two primary sources: petrogenic and pyrogenic. Petrogenic PAHs are 

formed through slow geological processes, while pyrogenic PAHs are produced by the incomplete 

combustion of organic materials such as wood, fossil fuels, and vegetation. These PAHs can undergo 

weathering due to environmental exposure and burial, complicating paleoenvironmental and paleofire 

reconstructions. To differentiate between petrogenic and pyrogenic PAHs, the Alkylated PAH Derivative 

Index (APDI; Karp et al., 2020) was utilized. To further distinguish between sources and isolate the 

pyrogenic component associated with vegetation combustion, a non-negative matrix factorization 

(NNMF) was applied to alkylated phenanthrenes (Karp et al., 2021; Lee & Seung, 1999). Additionally, the 

Low Molecular Weight (LMW) ratio from Karp et al. (2020) was employed to determine the depositional 

mechanisms for PAHs. To address preservation bias between samples, we normalized the total PAH 

concentrations using C31 alkane (Karp et al., 2020; Ghosh, 2021). Further details of these analyses are 

provided in Appendix A. 

To determine the fire input, we followed relationships described by Denis (2017) and Karp et al. 

(2021b): 

ὊὭὶὩ ὭὲὴόὸВ
 

  
     .(2.7) 

¢ƘŜ ƭƛǎǘ ƻŦ t!IΩǎ ŀƴŀƭȅȊŜŘ ŦƻǊ ǘƻǘŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǿŜǊŜ ŀǎ ŦƻƭƭƻǿǎΥ ǇƘŜƴŀƴǘƘǊŜƴŜ όtI9ύΣ ŀƴǘƘǊŀŎŜƴŜ 

(ANT), fluoranthene (FLU), pyrene (PYR), RET, benz[a]anthracene (BaA), chrysene (CHY), 

benzo[k]fluoranthene (BkF), (BeP), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene (IND), and 

benzo[ghi]perylene (BgP).  
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To determine vegetation burn provenance, we used a combination of the retene proxy (Ramdahl, 

1983; Simoneit et al., 1993), and the DMP-x and DMP-y proxies (Simoneit and Mazurek, 1982; Kappenberg 

et al., 2019; Karp et al., 2020) where:   

ὙὩὸὩὲὩ ὖὶέὼώ 
В  

  .(2.8) 

Ὀὓὖ ὼ ὴὶέὼώ
ȟ  ȟȿȟ

ȟ ȟȿȟ ȟ
     .(2.9) 

Ὀὓὖ ώ ὴὶέὼώ
ȟ

ȟ    
    .(2.10) 

 

where DMP stands for dimethylphenanthrene. A minimum value of 0 for the retene proxy indicates 

pyrogenic PAHs derived from an angiosperm-dominated ecosystem, while values approaching 1 indicate 

pyrogenic PAHs derived from gymnosperms. For the DMP-x proxy, values closer to 0 indicate pyrogenic 

PAHs derived from angiosperm trees, while values near 1 indicate pyrogenic PAHs derived from 

gymnosperms. Similarly, DMP-y values closer to 0 indicate angiosperm trees, while higher values (>10) 

indicate gymnosperms. Details of this method can be found in the Appendix A. 

2.4. Results 

2.4.1 Angastaco Basin  

The Palo Pintado Fm. within the Angastaco Basin contains over 1700 m of sediments, primarily 

composed of laminated mudrocks, trough-cross bedded sandstone, and coarse sandstone with pebbles 

and burrows (Figure 2.3). The overall lithology and structures suggest two depositional settings for the 

Palo Pintado Fm. The lower part (0ς950 m) shows an abundance of pebbly, coarse sandstones and 

trough cross-laminated sand with minor laminated mudrocks (Figure 2.3, Appendix A).  The upper part 

(950ς1760 m) shows a sudden increase in mudrocks and clast-supported conglomerates with decreased 

pebbly sands (Figure 2.3). We also identified two ash beds: the first (A-1) at 8 m, and the second (A-2) at 

1730 m. 
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Figure 2.3: Stratigraphy of Palo Pintado Formation in Angastaco Basin. 
 

We identified 48 paleosols throughout the section. These were categorized into four pedotypes 

based on physical characteristics (Figure 2.4) and include a Protosol/Inceptisol (AG-1), a Gleysol/Alfisol 
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(AG-2), an Argillisol/Alfisol (AG-3), and a Gypsisol/Aridisol (AG-4) (e.g., Mack et al., 1993; Retallack, 2008; 

Soil Survey Staff, 2014) (Figure 2.4). AG-1 is a poorly developed soil that contains root traces and sand 

lenses within a grey sandy A horizon (<1 m thick) and lacks a B horizon. AG-2 is a moderately developed 

soil with reddish silty A horizon (~1.5 m thick) with root traces, a distinct Bg horizon (gleying/mottles), and 

a brown silty C horizon (Figure 2.4). AG-3, another moderately developed soil, has a purple, silty A horizon 

(>1 m thick) with root traces and burrows underlain by a Bt horizon with mottles and clay cutans (Figure 

2.4).  AG-4 is a moderately developed soil with A, Bw, By, and C horizons. The A horizon (>1.5 m thick) is 

composed of brown sandy silt and has root traces, and the B and By horizons show light green mottles 

and gypsum nodules, respectively (Figure 2.4). Of these 48 paleosols, AG-2 and AG-3 pedotypes are 

relatively common throughout the section (Appendix A), while AG-1 and AG-4 are mostly restricted to 

specific intervals in the middle and upper parts of the formation (Figure 2.3).  

Paleotemperature estimates based on the PWI proxy show that MAT varies between 10.2 and 

10.9 + 2.1°C with an average of 10.5°C (Figure 2.5A). This reconstruction suggests very little to no change 

in MAT throughout the studied interval. PPM1.0-based reconstructions reveal an average MAT of 10.4°C 

that varies between 9.4 and 11.4 + 4°C (Figure 2.5A). None of these reconstructions shows a significant 

trend, with all reconstructions within error of one another throughout the studied interval. 

Paleoprecipitation estimates from CIA-K range between 757 and 1085 + 299 mmyr-1 with an average of 

912 mmyr-1 (Figure 2.5B). Compared to this, the reconstruction based on PPM1.0 suggests an average MAP 

of 747 mmyr-1, ranging from 414 mmyr-1 to 1032 + 512 mmyr-1 (Figure 2.5B); overall these methods are 

within error and suggest an overall decreasing trend in precipitation over the investigated interval. The 

geochemical compositions of the paleosol samples from the Angastaco Basin, including major and minor 

element percentages such as Ti/Al, are reported in Appendix A. 
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Figure 2.4: Pedotypes identified within the Palo Pintado Formation; AG-1: Protosol/Inceptisol, AG-2: 
Gleysol/Alfisol, AG-3: Argillisol/Alfisol, and AG-4: Gypsisol/Aridisol). 
 

We analyzed 19 biomarker samples from Palo Pintado Fm., and based on the NNMF analysis and 

APDI values, we identified mixed fractions of pyrogenic and petrogenic PAH signals (Appendix A). While  
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Figure 2.5: Paleoclimate and paleofire reconstructions from Palo Pintado. (A) MAT; Paleotemperature 
reconstructions are based on the Paleosol Weathering Index (PWI: red triangle) and Paleosol Paleoclimate 
Model (PPM1.0: yellow square). (B) MAP; Paleoprecipitation reconstructions are based on Chemical Index 
of Alteration minus Potassium (CIA-K: blue circle) and Paleosol Paleoclimate Model (PPM1.0: purple 
square).   (C) Fire input based on Polycyclic Aromatic Hydrocarbons (PAH: red stars). 
 
 
the APDI proxy suggests mixed pyrogenic and petrogenic sources for Palo Pintado samples, the ratio of 

MPh to Ph shows only pyrogenic sources (MPh/Ph <2.43; SI). LMW ratios indicate that most of these PAH 

samples reflect residues of primary combustion (Appendix A). Comparison of the pyrogenic fraction of 

PAH burn input normalized over C31 alkane reveals an order of 60 magnitude increase in fire occurrence 

at ~7 Ma followed by a decline towards 6 Ma (Figure 2.5C, Appendix A). Overall, there appears to be a 

directional decrease in pyrogenic PAH abundances, which we interpret as a decrease in fire occurrence 

over the investigated interval (Figure 2.5C). We also used the retene, DMP-x, and DMP-y values to 

differentiate between the vegetation burn residue. The retene values range from 0.04 to 0.50 with an 

ŀǾŜǊŀƎŜ ƻŦ лΦнн όˋ Ґ лΦмоύΣ ǿƘƛŎƘ ǎǳƎƎŜǎǘǎ ŀ Ƴƻǎǘƭȅ ŀƴƎƛƻǎǇŜǊƳ-dominated ecosystem with some mixed 

angiosperm-gymnosperm mixed burn input (Appendix A). The DMP-y ratios from these samples vary 

ōŜǘǿŜŜƴ лΦру ǘƻ ммΦрф ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ рΦмм όˋ Ґ оύΣ ǿƘƛƭŜ 5at-x values from this site vary between 
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лΦрн ŀƴŘ м ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ лΦут όˋ Ґ лΦмоΤ CƛƎǳǊŜ нΦс !Σ .ύΦ 5at-y and DMP-x values show gymnosperm 

dominance with a minor angiosperm presence (Figure 2.6B) within the studied interval. Neither of these 

proxies show any directional trends through time.   

¢ƘŜ ʵ13Corg values of 17 samples collected from Palo Pintado Fm range from -ноΦр҉ ǘƻ -олΦн҉Σ 

with an average value of -нсΦл҉ όCƛƎǳǊŜ 2.6C, Appendix A). Based on our maximum estimates of C4 

abundance using the endmember of -нрΦп҉ ŦƻǊ /3 (Section 2.3.3), a mixed signal of C3-C4 is identified at 

around 6.8 to 6 Ma. The estimates of maximum C4 vegetation range from 0 to 13.7% (Figure 2.6C, 

Appendix AύΣ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ǾŀƭǳŜ ƻŦ нΦн҈ όˋ Ґ оΦт҈ύΦ ¢ƘŜ ƳƛƴƛƳǳƳ /4 vegetation estimates based on a 

cutoff value of -ннΦо҉ ƻŦ pure C3 ecosystem show a lack of C4 vegetation throughout the studied interval 

(Appendix A).  Nineteen samples from Palo Pintado Fm. were analyzed using phytolith analysis, with an 

average of 31 morphotypes (~77 sub-morphotypes) identified per slide and an average of 321 counts 

(Appendix A). The analysis included identifying and categorizing diagnostic and non-diagnostic 

morphotypes, with non-diagnostic compound variable groups such as POOID-ND, PALM-ND, 

GRASS/MONO-ND, and OTH (Section 2.3.3), and fourteen diagnostic compound variable groups, including 

forest and grass indicators (FI-GEN, DICOT-GEN, DICOT-WO, CONI/MONO, CONI, SEDGE, PALM-D, 

MAR/COST, BAMB/B, GRASS-D, POOID-D, PACCAD-GEN, and PANI). Phytolith assemblages suggest that 

the ecosystem in Palo Pintado Formation was dominated by forests; an average estimated forest biomass 

ƻŦ рнΦр҈ ǿƛǘƘ ǎƛƎƴƛŦƛŎŀƴǘ ōǳǘ ǎƳŀƭƭŜǊ ƛƴǇǳǘ ŦǊƻƳ ƎǊŀǎǎŜǎΣ ŎƻƳǇǊƛǎƛƴƎ ŀƴ ŀǾŜǊŀƎŜ ƻŦ олΦс҈ όˋҐу҈Σ ǊŀƴƎŜҐ 

16% to 46%) of the total vegetation throughout the section (Figure 2.6D, Appendix A). Based on the 

assemblages, the grasses were primarily composed of C3, with a minor proportion of C4 plants in the upper 

section (Figure 2.6D). C4 vegetation estimates based on nineteen phytolith samples range from a minimum 

ǾŀƭǳŜ ƻŦ л ǘƻ муΦн҈ όŀǾŜǊŀƎŜҐнΦр҈Σ ˋҐпΦт҈ύ ǘƻ ŀ ƳŀȄƛƳǳƳ ǾŀƭǳŜ ƻŦ л ǘƻ нмΦу҈ όŀǾŜǊŀƎŜҐоΦо҈Σ ˋҐрΦс҈ύΦ 

C4 morphotypes are mostly equally distributed between CHLOR, PACCAD and PANI, although some 

samples show a dominance of one group over the other (Appendix A). Paleovegetation estimates from 
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ǇƘȅǘƻƭƛǘƘ ŀǎǎŜƳōƭŀƎŜǎ ŀƎǊŜŜ ǿƛǘƘ ʵ13Corg based reconstructions, with consistent minimum and maximum 

C4 estimates. 

 

 
Figure 2.6: Paleovegetation reconstruction from Palo Pintado. (A) DMP-y; (B) DMP-x; (C) carbon isotope 
ŎƻƳǇƻǎƛǘƛƻƴ όʵ13Corg) and maximum C4 ǇŜǊŎŜƴǘŀƎŜ όŎǳǘƻŦŦ ǾŀƭǳŜΣ нрΦр҉ύΤ (D) phytolith-based 
paleovegetation composition. 
 

2.4.2 La Viña Basin 

 La Viña Basin comprises about 650 m of sediments, mostly mudstone and cross-bedded 

sandstone. A 250 m thick Jesús María Formation was identified, characterized by laminated mud at the 

base and trough cross-bedded sandstone at the top (Figure 2.7). It is overlain by a 250 m thick, brown, 

laminated mudstone and trough cross-bedded sandstone and interbedded laminated evaporite identified 

as the Guanaco Fm. (Figure 2.7). The overlying 150 m thick trough cross-bedded fine and medium 

sandstone interbedded with laminated mud is identified as the Piquete Fm. Four ash beds were identified 

within the Jesús María Formation at 1 m (A-1), 10 m (A-2), 19 m (A-3), and 129 m (A-4), with an additional 

ash bed (A-5) located within the Guanaco Formation at 412 m (Figure 2.7). 
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Figure 2.7: Stratigraphy of La Viña Basin. 
 

Twenty-eight paleosols were identified, which are classified into four pedotypes (Figure 2.8): 

Alfisol/Calcic Argillisol (LV-1), Alfisol/Argillisol (LV-2), Inceptisol/Gypsisol (LV-3), and Inceptisol/Protosol 

(LV-4) (e.g., Mack et al., 1993; Retallack, 2008; Soil Survey Staff, 2014). LV-1 is a moderately developed 

soil with an A horizon (orange silty sand, <1m thick) showing root traces, a Bw horizon with mottling and 

clay cutans, a Bk horizon with calcium carbonate nodules, and a C horizon (Figure 2.8). It is common in 

both the Jesús María and Guanaco formations. LV-2 consists of three horizons: A, Bt, and C (Figure 2.8), 

where the A horizon is more than one meter thick and is comprised of dark red silt with visible root traces 
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and mottling, and the Bt horizon contains abundant clay cutans and rare iron nodules. LV-2 is primarily 

restricted to the Jesús María Fm. LV-3 is a moderately developed soil with A, By, and C horizons, where 

the A horizon contains root traces and mottling, while the By horizon contains abundant gypsum nodules 

(Figure 2.8). Within the studied section, only two paleosols of this pedotype were identified, one within 

the Jesús María Formation at 75 m and the other in the Guanaco Fm. at 90 m. LV-4 is a poorly developed 

paleosol with an A/B horizon showing some light root traces, light green mottling, and sand lenses (Figure 

2.8). It is predominantly found within the Guanaco Fm. The Piquete Fm., which unconformably overlies 

the Guanaco Formation, does not contain any identified paleosol horizons and, therefore, was not 

included in the paleoclimate and paleovegetation reconstructions. 

We analyzed six samples of paleosol matrix from the Jesús María and five from the Guanaco 

formations for paleoclimatic reconstructions. Paleotemperature reconstructions with the PWI proxy show 

that MAT varies between 9.4 and 10.9 + 2.1°C within the Jesús María Fm. and between 8.4 and 10.9 

+ 2.1°C for the Guanaco Fm. (Figure 2.9A). The average MAT is calculated to be 10.1 °C for the entire 

interval. In addition, PPM1.0 estimates suggest an average MAT of 11.1 °C, which varies between 8.5 and 

15.7 + 4°C (Figure 2.9A). None of these reconstructions reveals any significant temperature change within 

the studied section in La Viña, and all proxies are in agreement within error. Paleoprecipitation estimates 

(CIA-K) for the Jesús María Fm. vary between 557 and 1101 + 299 mmyr-1, with an average of 881 mmyr-1 

(Figure 2.9B). For the Guanaco Fm., MAP estimates range between 324 and 954 + 299 mmyr-1, with an 

average of 748 mmyr-1. These paleoprecipitation estimates suggest that the Guanaco Fm. had slightly drier 

conditions compared to the underlying Jesús María Fm., a trend that is also observed in the PPM1.0 

reconstructions (Figure 2.9B). PPM1.0 estimates suggest that MAP varied between 934 and 1277 + 512 

mmyr-1, averaging 1105 mmyr-1 for the Jesús María Fm. However, for the Guanaco Fm., the average drops 

to 441 mmyr-1 with a range between 190 and 655 + 512 mmyr-1 (Appendix A). While PPM reconstructions 

are slightly lower than CIA-K values, both indicate a significant drop in MAP throughout this interval. The 
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geochemical compositions of the paleosol samples from the La Viña Basin, including major and minor 

element percentages such as Ti/Al, are reported in the Appendix A. 

 

Figure 2.8: Pedotypes identified within the La Viña Basin; LV-1: Alfisol/Calcic Argillisol, LV-2: 
Afisol/Argillisol, LV-3: Inceptisol/Gypsisol, and LV-4: Inceptisol/Protosol. 
 

Thirteen samples from the La Viña Basin have been analyzed for PAHs. Based on the NNMF 

analysis, we identified mixed fractions of pyrogenic and petrogenic PAH signals (Appendix A). Both APDI 

proxy and ratio of MPh to Ph agree and show pyrogenic sources for these samples (MPh/Ph < 2.43; 
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Appendix A). Based on the LMW ratio, most of the PAH signals are identified as in-place combustion 

residue except for two samples, at 12 and 8 Ma, which indicate smoke-derived PAHs (Appendix A). The 

comparison of the pyrogenic fraction of PAH burn inputs shows a wide variability in fire contributions, 

with no discernible trend observed (Appendix A). Overall, there does not appear to be a directional trend 

in fire input over the investigated interval (Figure 2.9C). The ratio of retene and PAHs varies between 0.03 

ŀƴŘ лΦрл ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ лΦмо όˋ Ґ лΦмнύ ŀƴŘ ǎǳƎƎŜǎǘǎ ŀ Ƴƻǎǘƭȅ ŀƴƎƛƻǎǇŜǊƳ-dominated ecosystem 

during the investigated interval (Appendix A). DMP-y values vary between 1.65 and 16.15 with an average 

ƻŦ сΦсф όˋ Ґ оΦпмύ όCƛƎǳǊŜ 2.10A), and DMP-Ȅ ǾŀƭǳŜǎ ǊŀƴƎŜ ōŜǘǿŜŜƴ лΦсф ŀƴŘ м ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ лΦфо όˋ 

= 0.07) (Figure 2.10B). These values suggest a gymnosperm-dominated ecosystem with two intervals of 

enhanced angiosperms during ~12 and 8 Ma (Figure 2.10 A, B). 

 

Figure 2.9: Paleoclimate reconstructions from La Viña. (A) MAT paleotemperature reconstructions are 
based on the Paleosol Weathering Index (PWI: red triangle) and Paleosol Paleoclimate Model (PPM1.0: 
yellow square). (B) MAP paleoprecipitation reconstructions are based on Chemical Index of Alteration 
minus Potassium (CIA-K: blue circle) and Paleosol Paleoclimate Model (PPM1.0: purple square). (C) Fire 
input based on Polycyclic Aromatic Hydrocarbons (PAH: red stars). 
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¢ƘŜ ʵ13Corg values from twelve samples from La Viña vary between -нрΦт҉ ǘƻ -нлΦо҉ ǿƛǘƘ ŀƴ 

average of -нпΦм҉Φ ¢ƘŜǊŜ ŀǇǇŜŀǊǎ ǘƻ ōŜ ŀ ŘƛǊŜŎǘƛƻƴŀƭ ǘǊŜƴŘ ǘƻǿŀǊŘǎ ƳƻǊŜ ŜƴǊƛŎƘŜŘ ǾŀƭǳŜǎ ƻǾŜǊ ǘƘŜ 

investigated interval (Figure 2.10C). Based on the maximum C4 % estimates from carbon isotopes for the 

Huayquerian, Laventan, Friasian, and Santacrucian (Section 2.3.3), we identify the first mixed ecosystem 

(C3-C4) within the Jesús María Fm. at 15.5 Ma, with additional occurrences in the Guanaco Fm. toward the 

upper section around 8 Ma (Figure 2.10C). Our mixing model suggests that through time, the ecosystem 

was initially C3 dominated, transitioning to a mixed C3-C4 system by the end of the section. The maximum 

C4 vegetation estimates based on the mixing model vary between 0% and 32.6% with an average of 6.5% 

όˋҐмлΦт҈Τ CƛƎǳǊŜ 2.10C, Appendix A), while the minimum C4 estimates vary between 0% to 14.6% 

όŀǾŜǊŀƎŜҐмΦт҈Τ ˋҐпΦн҈Τ Appendix A). These estimates show an increase in C4 vegetation (~15%) in the 

upper Guanaco Fm. 

 
Figure 2.10: Paleovegetation reconstruction from La Viña. (A) DMP-y; (B) DMP-x; (C) carbon isotope 
ŎƻƳǇƻǎƛǘƛƻƴ όʵ13Corg) and maximum C4 ǇŜǊŎŜƴǘŀƎŜ όŎǳǘƻŦŦ ǾŀƭǳŜΣ нп҉ύΤ (D) phytolith-based 
paleovegetation composition. 
 
 

Phytolith assemblages were counted for paleovegetation reconstruction as well. We analyzed 

nine slides from La Viña and identified 27 morphotypes (~66 sub-morphotypes) with an average of 338 
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counts per slide. Similar to Angastaco Basin, we categorized both diagnostic and non- diagnostic 

morphotypes. Twelve diagnostic compound variable groups were identified. Nine forest indicators (FI) 

include FI-GEN, DICOT-GEN, DICOT-WO, CONI/MONO, CONI, SEDGE, PALM-D, MAR/COST, and BAMB/B 

(Section 2.3.3). The remaining four are grass indicators (GI): GRASS-D, POOID-D, PACCAD-GEN, and PANI 

(Section 2.3.3). The non-diagnostic groups are POOID-ND, PALM-ND, GRASS/MONO-ND, and OTH. 

Phytolith analysis shows that the FI morphotypes comprise most of the assemblage; on average, we 

estimated that 71% of the biomass in the area was from forest vegetation, whereas grassland vegetation 

ŀŎŎƻǳƴǘŜŘ ŦƻǊ ŀƴ ŀǾŜǊŀƎŜ ƻŦ му҈ όˋҐн҈Τ ǊŀƴƎŜҐ нм ς 14%) (Figure 2.10D). Estimates for C4 vegetation at 

[ŀ ±ƛƷŀ ǊŀƴƎŜ ŦǊƻƳ ŀ ƳƛƴƛƳǳƳ ǾŀƭǳŜ ƻŦ л ǘƻ сΦр҈ όŀǾŜǊŀƎŜҐнΦн҈Τ ˋҐн҈ύ ǘƻ ƳŀȄƛƳǳƳ ǾŀƭǳŜǎ ƻŦ л ǘƻ уΦр҈ 

όŀǾŜǊŀƎŜҐоΦн҈Τ ˋҐоΦн҈; Appendix A). C4 morphotypes in this section include PANI and PACCAD and lack 

CHLOR indicators.  Paleovegetation estimates from phytolith assemblages differ from those derived from 

ʵ13CorgΣ ǿƛǘƘ ʵ13Corg indicating a higher presence of C4 vegetation than phytoliths.  

2.5. Discussion 

2.5.1 Stratigraphy, Facies, and Paleosols 

The Jesús María Fm. (~17 to 12 Ma) reveals two distinct units. The lower portion is composed of 

thick, red, laminated mud reflecting a low-energy depositional setting along with several well-developed 

paleosol horizons consistent with a lacustrine deposit that experiences periodic subaerial exposure 

(Scherer et al., 2007, 2015). The lower portion is overlain by a thick trough cross-bedded sandstone with 

interdune carbonate, signifying relatively higher depositional energy associated with a fluvial environment 

(Miall, 2014). The overlying Guanaco Fm. (~12 to 7.48 Ma) indicates a fluctuation in depositional energy 

associated with a fluvio-lacustrine setting where the trough cross bedded sandstone represents a fluvial 

environment (Miall, 2014) while the laminated mud with evaporite beds represents a lacustrine 

environment (Scherer et al., 2015). The youngest Piquete Fm. (~6.2 to 4.08 Ma), characterized by 
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laminated mud and trough cross-bedded sandstone with rip-up clasts and burrows, reflects sediment 

reworking. The facies association suggests a floodplain deposit (Scherer et al., 2015). 

The coeval Palo Pintado Fm. (~7.24 to 5.96 Ma) contains a thick accumulation of sediment with a 

variable depositional environment. A thick, gray, coarse sand with pebbles with alternating laminated 

sandy mud and trough cross-bedded sandstone occupying the lower ~950 m indicates a relatively higher-

energy fluvial setting (Miall, 2014). The lateral migration of sand bars indicated by trough cross-bedded 

sand, with overbank fines such as mudstone and multiple paleosol horizons, points towards a meandering 

fluvial depositional environment. The upper ~800 m is composed of clast-supported conglomerate with 

coarse, pebbly sand and indicates a fluvial setting with high energy. The coarser and thicker nature of the 

deposit, along with the development of paleosol horizons, suggest a braided river depositional 

environment (Miall, 2014). The mud facies indicate overbank deposits and the coarser sand and 

conglomerate deposit, with trough cross beddings are associated with channel deposits (Scherer et al., 

2007). 

These interpretations agree with previous studies that suggest an ephemeral fluvial setting for 

the Jesús María Fm. within the Angastaco Basin (Starck and Anzótegui, 2001), while the overlying Guanaco 

and Piquete formations indicate a more permanently established fluvial system with variable depositional 

energy (Carrapa et al., 2012). Alternatively, these formations could represent the fluvial system associated 

with an alluvial fan developed in the distal zone (Galli et al., 2023). The transition indicates the role of 

tectonics in basin rearrangement, impacting the local hydrology. This becomes more evident in the Palo 

Pintado Formation, which was deposited in a meandering fluvial system and is suggested to record 

multiple episodes of tectonic reactivation, leading to the formation of an intermontane basin (Galli et al., 

2017; Ulberich 2021). Tectonic processes controlling the basin evolution and configuration were 

accompanied by changes in climate patterns (Starck and Anzótegui, 2001). 
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Paleosol types identified in this study can be broadly classified into four categories represented 

throughout both sections, though their distribution is not proportional and constant. The most common 

paleosol type in both areas is the Inceptisol/Protosol (AG-1, LV-4), characterized by minimal development 

and a lack of distinct sedimentary features that differentiate them from Entisols. They are commonly 

identified within fluvial or high-energy depositional settings (Figure 2.3 and 2.7), indicating their proximity 

to fluvial distributary systems (Sheldon and Tabor, 2009), as evidenced by sand lenses. Alfisol/Argillisol 

(Ag-2, 3, and 4 and LV-1 and 2) paleosols defined by moderate development with root traces, cutans, and 

mottling/gleying, are also common throughout the studied interval. The clayey accumulations and ped 

structures in well-defined B horizons suggest a longer period of soil development. Cutans on surfaces are 

indicative of illuviation and can result from clay shrinkage and swelling from intermittent water infiltration 

and evaporation, while mottling indicates recurrent waterlogging, signifying localized decomposition and 

organic material reduction (Retallack, 1988; Retallack, 1994). Occurrences of calcite (calcic Alfisol, LV-1) 

and/or gypsum (Gypsisol, AG-4) nodules are noted in some paleosols as well, which indicates a seasonally 

or variably dry climate that promotes the growth of calcium/gypsum nodules in the vadose zone (Breecker 

et al., 2009; Retallack, 2005). These are accompanied by the evaporite beds in the upper Jesús María and 

Guanaco formations (Figure 2.7).  

The frequent presence of similar paleosols in both sites indicates a connection between the 

environmental conditions at these locations and their relationship to the depositional settings. Using 

paleosol morphology and chemical composition allows the reconstruction of paleoenvironmental 

conditions. The presence of cutans and the existence of gypsum and carbonate nodules in both sites 

indicate the development of some paleosols under variable or evolving moisture conditions, which in 

some cases may be indicative of seasonal climates (Retallack, 2005; Hatano and Yoshida, 2017). The Ti/Al 

ratio is a reliable provenance indicator as it remains primarily unaffected by diagenetic processes 

(Sheldon, 2006; Stiles and Stensvold, 2008;). Ti/Al from Palo Pintado and La Viña remains relatively 
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constant with an average value of ~0.05 for both sites (Appendix A). Relatively low values (<0.1) with 

minimal changes in Ti/Al suggest similar parental materials and weathering intensity (Sheldon and Tabor, 

2009) and allows for quantitative reconstruction and comparison of paleoclimate from these localities. 

One important caveat in paleosol analysis is the post-burial and diagenetic alteration that can 

impose secondary signals, complicating further climate and environmental inferences (Sheldon and Tabor, 

2009; Hyland et al., 2013). While it is common for paleosols to undergo some level of compaction, no 

evidence of extreme burial compaction has been noted within the studied paleosol horizons, and burial 

depths here are considered minimal (e.g., Carrapa et al., 2012). Secondary weathering and diagenetic 

alterations can also complicate the paleosol analysis and reconstructions (Michel et al., 2016; Retallack, 

1991). Except for one occurrence of reprecipitated gypsum in the Guanaco Fm. (between 55 m and 65 m), 

no other evidence of secondary mineral precipitations has been identified. CIA-K estimated from the 

elemental ratios of the geochemical composition of Bt horizons also shows little variation throughout, 

suggesting consistency in the weathering regime. Therefore, the identified paleosol horizons remain 

useful for further climate and environmental analysis applications. 

2.5.2 Paleoclimate reconstructions 

Paleotemperature reconstructions in La Viña and Angastaco basins lack any significant changes 

through time. Our multiproxy estimates suggest an average annual temperature of ~10°C in Angastaco 

and ~11°C in La Viña basin. The PPM1.0-based estimates follow a similar pattern as the paleosol weathering 

index reconstructions (Figures 2.4A and 2.7A). While there is a general agreement among the estimated 

temperatures, these values indicate substantially cooler conditions than modern (~16°C; Fick and Hijmans, 

2017). These proxies may be a better indicator of temperature trends than of absolute values (Hyland and 

Sheldon, 2016), but regardless suggest that temperature was not a driving factor in any environmental 

shifts across this interval. Late Miocene paleorecords indicate that the global climate was warmer than 

present, with atmospheric CO2 concentrations ranging between 200 ppm and 400 ppm (Bradshaw et al., 
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2012; Carrapa et al., 2019; Steinthorsdottir et al., 2021). The average temperature in South America during 

the Late Miocene was similar to pre-industrial values, except for regions experiencing active orogenic 

processes (Bradshaw et al., 2012).   

In contrast to temperature, precipitation patterns in the Late Miocene were considerably 

different from those in the modern. The onset of precipitation seasonality has been identified around the 

Late Miocene in South America (Mulch et al., 2010), gradually transitioning to modern conditions. 

Paleoprecipitation reconstructions from Angastaco and La Viña basins suggest fluctuations between sub-

arid and sub-humid conditions. At Angastaco Basin, estimated MAP averages 912 mmyr-1 using CIA-K and 

747 mmyr-1 based on PPM1.0. Both reconstructions are generally within error and suggest an overall 

decrease in MAP over the studied interval (Figure 2.5B) with consistently wetter conditions than the 

modern (~139 mmyr-1). At La Viña Basin, these same proxies estimate 821 mmyr-1 (CIA-K) and 662 mmyr-

1 (PPM1.0) (Figure 2.9B), which also indicate wetter conditions than modern (364 mmyr-1). While 

reconstructions from both basins are within error of each other, PPM1.0-based values are consistently 

lower as compared to CIA-K estimates. It should be noted that the uncertainties associated with the 

PPM1.0-based estimates are higher than those reported for CIA-K, but the reason for these consistently 

lower estimates is unclear. While the absolute values of the reconstructions might be 

over/underestimated depending on the proxy reconstruction method, the general trend is still valid to 

denote the changes in the climatic conditions, with decreased precipitation through time. 

 During the Late Miocene, global climate and hydrological conditions exhibited regional variability, 

with some areas experiencing enhanced precipitation while others underwent drying. Global events such 

as the closure of the Tethys gateway and the Central American Seaway, and major orogens in central and 

southeastern Asia, Eastern North America, central Andes, and European Alps have impacted regional and 

global climate (Steinthorsdottir et al., 2021). While subtropical regions experienced increased aridity, 

parts of Europe, Asia, and the Americas saw enhanced seasonality and precipitation patterns (Griffin, 
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2002; Dupont et al., 2013; Herbert et al., 2016). Paleoprecipitation records indicate persistently wetter 

conditions in southwest Europe, contrasted by aridification trends in central Europe during the Late 

Miocene (Böhme et al., 2008). Enhanced seasonality and intensification of several monsoon systems is an 

important feature of the Miocene. The Asian monsoon system, established by the Late Miocene, 

intensified due to the Himalayan orogeny and Tibetan plateau uplift, leading to aridification in inner Asia 

and increased precipitation in southern and southeastern Asia (Spicer, 2017; Clift and Webb, 2019). Griffin 

(2002) suggests that the development of the Asian monsoon system interacted with the Mediterranean 

and resulted in progressive aridification in North Africa during the Late Miocene. The development of the 

Asian monsoon system thus gave rise to zones of intense precipitation and aridifications, a trend observed 

in South America as well. 

Carrapa et al. (2019) suggest a link between Late Miocene aridification in South America and 

global climate changes that influenced Hadley cell circulation. The strengthening of Hadley circulation 

during this period enhanced moisture convergence toward the ITCZ, while the subtropics experienced 

greater moisture divergence, reinforcing aridification in the region. The SASM system introduced regional 

changes in precipitation patterns linked to the Andean orogeny, enhancing precipitation on the eastern 

flank and promoting aridification on the western flank (Bookhagen and Strecker, 2008).   A broader shift 

toward increased rainfall has been noted in previous studies (Starck and Anzótegui, 2001; Pingel et al., 

2016; Rohrmann et al., 2016); however, the Angastaco and La Viña basins in NW Argentina record 

progressive aridification (Figures 2.5 and 2.9; e.g., Carrapa et al., 2011). The tectonic deformation 

progressing eastward and the Late Miocene uplift of local mountain ranges surrounding and splitting the 

retroarc foreland basin (into the Angastaco and La Viña basins) likely contributed significantly to this 

aridification (Hain et al., 2011; Galli et al., 2023).  

The orogenic adjustments occurring around the Angastaco and La Viña basins might have induced 

a local rainshadow effect, consequently contributing to the drying climate observed in the area. Our 
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comprehensive paleoclimate reconstruction records do suggest a reduction in precipitation (Figure 2.5B, 

2.9B), indicative of local aridification during the latest Miocene (by ~6 Ma). However, the similarity in 

magnitude and timing of the aridification observed in both the Angastaco and La Viña basins suggests a 

regional influence rather than solely local topographic changes associated with features such as the Sierra 

de los Colorados, Cerro Negro, or Cumbre de Luracatao (c.f., Carrapa et al., 2012).  

2.5.3 Paleovegetation records and comparisons 

Paleovegetation reconstructions from the La Viña and Angastaco basins indicate forest-

dominated ecosystems with mixed grass/shrub persisted during ~17 to 5 Ma based on the bulk carbon 

isotope signatures, phytolith assemblage, and PAHs. Our paleovegetation reconstructions identify first 

appearance of C4 ǾŜƎŜǘŀǘƛƻƴ ŀǊƻǳƴŘ мсΦп aŀ όǇƘȅǘƻƭƛǘƘύ ŀƴŘ мрΦр aŀ όʵ13Corg = -ноΦс҉ύΣ ŀƴŘ ǘƘŜ ƻǾŜǊŀƭƭ 

trends of the carbon isotopic signatures from both basins mark a moderate increase in C4 percentage (to 

~15% based on minimum C4 ŜǎǘƛƳŀǘŜǎ ŦǊƻƳ ʵ13Corg, See Section 2.4.2) during the Late Miocene (~7 Ma) 

(Figure 2.6C, 2.10C). A similar trend is identified from the phytolith assemblages (Figure 2.6D, 2.10D). Both 

isotope composition and phytolith assemblages show a moderate increase in C4 grasses, where carbon 

isotope-based reconstructions indicate a maximum peak of 32.5% C4 at 7.5 Ma, contrasting with the 

maximum C4 vegetation of 21% at 6.1 Ma shown through phytolith assemblages. Despite the similarity of 

the temporal variation in C4 vegetation, a slight disparity in the absolute values of C4 vegetation is 

observed between the carbon isotopic composition and phytolith assemblages.  

This difference may arise from either an underestimation based on phytolith assemblages, or an 

overestimation based on carbon isotopic composition. Fredlund and Tieszen (1994) demonstrated that in 

the temperate ecosystem of the North American Great Plains, phytolith assemblages tend to 

underrepresent tall C4 grasses (Panicoideae) and are counterbalanced by the overrepresentation of C4 

short grasses (Chlorideae), resulting in roughly accurate total % C4. Additionally, grasses are known for 

being prolific producers of phytoliths (Hyland et al., 2013); therefore, it is unlikely that the phytolith 
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assemblages would lead to an underestimation of C4 grasses (See Section 2.3.3). Alternatively, 

uncertainties introduced by the isotopic reconstruction method might have resulted in the overestimation 

of C4 grasses.  

The estimate of maximum C4 ŀōǳƴŘŀƴŎŜǎ ŦǊƻƳ ʵ13Corg values is controlled by several factors 

affecting carbon fractionation and soil organic carbon (SOC) preservation. During microbial decomposition 

of SOC, heterotrophic respiration CO2 preferentially respires 12C, resulting in solid decomposition products 

enriched in 13/ ōȅ ǳǇ ǘƻ Ϥс҉ ό²ȅƴƴΣ нллтύΣ ǿƘƛŎƘ ƳƛƎƘǘ ƭŜŀŘ ǘƻ ƻǾŜǊŜǎǘƛƳŀǘƛƻƴ ƻŦ /4 vegetation. Studies 

from modern soils show that the range of 13C enrichment varies with climate and soil maturity (Krull et 

ŀƭΦΣ нллнΤ YǊǳƭƭ ŀƴŘ .ǊŀȅΣ нллрύ ŀƴŘ ǎǳƎƎŜǎǘ ǘƘŀǘ ǇǊŜǎŜǊǾŜŘ Ǌƻƻǘ ƳŀǘŜǊƛŀƭǎ Ŏŀƴ ŜƴǊƛŎƘ ʵ13Corg ǾŀƭǳŜǎ ōȅ н҉ 

ŀƴŘ нΦо҉ ŦƻǊ ǘǊŜŜǎ ŀƴŘ ŦƻǊōǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅ όYǊǳƭƭ ŀƴŘ .ǊŀȅΣ нллрύΦ  

In addition, the overestimation could be attributed to the limitations imposed by the end member 

values used in the isotope-based paleovegetation reconstruction. Our end member values are based on 

Diefendorf et al. (2010), which investigates the correlation between carbon isotopes of leaves and mean 

ŀƴƴǳŀƭ ǇǊŜŎƛǇƛǘŀǘƛƻƴ όa!tύΦ 5ŜǎǇƛǘŜ ǘƘŜ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ǊŀƴƎŜ ƻŦ ƭŜŀŦ ʵ13C values in Diefendorf et al. 

(2010), there is a lack of data from South America. While several studies have demonstrated increased 

ʵ13Corg values at higher altitudes due to temperature variation (Li et al., 2009) and atmospheric pressure 

ό½Ƙƻǳ Ŝǘ ŀƭΦΣ нлмоύΣ {ƘŜƭŘƻƴ Ŝǘ ŀƭΦ όнлнлύ ŦƻǳƴŘ ƴƻ ǎǘǊƻƴƎ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ʵ13Cleaf and elevation in 

gymnosperms. Regardless of the impact of altitude on isotopic discrimination, an expanded dataset from 

South America would help address these discrepancies effectively. 

 Our minimum C4 estimates based on a more conservative cutoff value (-22.3%) underestimate C4 

vegetation compared to those reconstructed from phytolith assemblages (Appendix A). While the 

absolute values of maximum/minimum C4 ŜǎǘƛƳŀǘŜǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ʵ13Corg values do not precisely align with 

those obtained from the phytolith-based method, the overall trends agree. Both approaches indicate a 



   

79 

 

predominance of C3 vegetation over C4 throughout the studied interval and identify an increase in C4 cover 

by ~6 Ma in this area. 

Our biomarker analysis also broadly agrees with these reconstructions. While the retene, DMP -x 

and DMP-y ratio cannot be used to differentiate between C3 versus C4 cover specifically, we used these 

values to distinguish between gymnosperm and angiosperm groups and identify a broad trend in 

vegetation dynamics. However, we find discrepancies between the DMP-x and DMP-y values and retene 

values. Both DMP-x and DMP-y values indicate a trend towards a gymnosperm-rich cover for the Palo 

Pintado and La Viña basins throughout the studied interval with minor angiosperm input at around 12, 8, 

and 7 Ma, while retene values denote absence/low abundance of gymnosperms throughout the studied 

interval (Appendix A). Heppenheimer et al. (1992) have suggested that diagenetic conditions such as 

temperature and pressure can cause alteration of retene to 1,7-DMP thus increasing the DMP-x and DMP-

y values (higher gymnosperm) and reducing the retene ratio, leading to a lower gymnosperm abundance 

based on the retene proxy. Such alteration can explain the disagreement between retene and DMP-x and 

DMP-y values observed here. However, NNMF analysis indicates pyrogenic sources for most of the 

samples, except for a minor petrogenic input, as evidenced by the APDI proxy for a few samples from Palo 

Pintado Fm. (Appendix A). Considering our multiproxy vegetation reconstruction holistically, these data 

collectively point towards a forest/woodland ecosystem with substantial presence of grasses (>20%) and 

with a lack of substantial C4 cover (<10%) before ~8 Ma. 

Previous studies have suggested a Late Miocene transition from a forested ecosystem to a mosaic 

habitat with increasing grass vegetation in NW Argentina (Starck and Anzótegui 2001; Zimicz et al., 2018; 

Ercoli et al., 2019). MacFadden et al. (1996) reported a transition from C3-ecosystem towards a mixed 

ecosystem with a significant component of C4 grasses, which aligns with Latorre et al.'s (1997) findings of 

C4 enrichment in the Late Miocene based on soil carbonates in NW Argentina. Specifically, in the 

Angastaco Basin, the Palo Pintado Fm. has been proposed to represent a C3 montane ecosystem based on 
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mammal fossil assemblages (Candela et al., 2021) and isotopic values from pedogenic carbonates 

(Bywater-Reyes et al., 2010). However, Bywater-wŜȅŜǎ Ŝǘ ŀƭΦ όнлмлύ ƛŘŜƴǘƛŦƛŜŘ ʵ13C enrichment in the 

upper Palo Pintado Fm., though it remained inconclusive whether this enrichment was due to C4 

vegetation or aridity-ƛƴŘǳŎŜŘ ǎǘǊŜǎǎΦ hǳǊ ƳǳƭǘƛǇǊƻȄȅ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴ ŀƭƛƎƴǎ ǿƛǘƘ ǘƘƛǎ ʵ13C enrichment 

pattern, detecting the presence of C4 vegetation through C4 ƳƻǊǇƘƻǘȅǇŜǎ όt!bLΣ /I[hwύ ŀƴŘ ʵ13Corg 

enrichment, with a gradual increase observed towards the end of our study interval (~6 Ma). Our 

paleovegetation reconstruction suggests an increasing presence of grass, indicating a transition from a 

predominantly forested ecosystem to one with expanding grass vegetation and confirming the onset of 

C4 presence in the Late Miocene. 

While significant increases in C4 grasses in the Late Miocene have been reported from different 

continents (e.g., Cerling et., 1997; Latrubesse et al., 2010; Hyland et al., 2019; Feakins et al., 2020), 

regional variability in the timing and abundance of the C4 vegetation is noted in South America. Latorre et 

ŀƭΦ όмффтύ ǇǊŜǎŜƴǘŜŘ ŜƴǊƛŎƘŜŘ ʵ13C values from paleosol carbonates from Puerta de Corral Quemado 

(Figure 2.11, PCQ) in NW Argentina, suggesting the presence of C4 vegetation during 7.3ς6.7 Ma. Fossilized 

rodent teeth enamel data corroborates the presence of C4 vegetation (Hynek et al., 2012). However, using 

paleodiet as a paleovegetation proxy can lead to an overestimation of C4 abundance due to dietary 

preferences (Cotton et al., 2014). Contrary to the previously suggested expansion of C4 grasses (Kleinert 

and Strecker, 2001), Cotton et al. (2014) noted a lack of C4 vegetation in Entre Rios, located further south 

than Angastaco Basin (Figure 2.11; ER). Instead, they reported a rise of C3 grasses outcompeting palms 

and woodland vegetation in a cool, arid climate. Ghosh (2021) similarly observed the absence of C4 grasses 

in Río Iruya, located further north than Angastaco Basin (Figure 2.11; RI). Their study suggests a forest-

dominated ecosystem persisted throughout the Late Miocene, with the first appearance of C4 grass noted 

at 6.6 Ma, though it remained in low abundances throughout the Late Miocene. Findings from these 

studies and our records collectively show no evidence supporting a substantial C4 expansion in NW  
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Figure 2.11: Spatio-ǘŜƳǇƻǊŀƭ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ ǇǊŜŎƛǇƛǘŀǘƛƻƴΣ ʵ13Corg and C4 vegetation signals during the 
Messinian (A, B) and Tortonian (C, D) in NW Argentina. The background map shows mean annual 
precipitation (A, C) for Andean elevation of 100% (B) and 75% (D) of modern elevation, respectively (after 
Insel et al. 2010). The acronyms showing the locations of the proxy-derived MAP and C4 vegetation 
estimates, are as follows: ERτEntre Rios; RIτRio Iruya; PCQτPuerta Corral Quemado; LVτLa Viña; PPτ
Palo Pintado. 
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Argentina during the Late Miocene (Figure 2.11). Instead, our reconstruction suggests a forest or 

woodland-dominated ecosystem with minimal presence of C4 grasses, similar to Rio Iruya and Entre Rios. 

Although we did not detect a substantial expansion of C4 vegetation in the Angastaco/La Viña Basin, our 

study does still show a minor increase in C4 abundance by the Late Miocene (~6 Ma). The expansion of C4 

vegetation (to modern abundances; c.f. Powell and Still, 2009; Luo et al., 2024) in this region likely 

occurred slightly later than previously proposed (e.g., Latorre et al., 1997), perhaps during the Pliocene or 

Quaternary. 

2.5.4 Drivers of C4 grasses and possible complications 

Several mechanisms have been proposed to explain the Late Miocene C4 grass expansion, 

including declining atmospheric pCO2 (e.g., Cerling et al., 1993). While the initial suggestion of declining 

atmospheric CO2 concentrations seems unlikely, as CO2 reconstructions suggest that concentrations fell 

below the threshold level (500 ppm) during the Oligocene and remained stable throughout the Late 

Miocene (Pagani et al., 1999), this may have allowed for regionally different mechanisms to control the 

roughly contemporaneous phenomena on different continents. Aridification has been proposed as a 

driver of Late Miocene C4 grassland expansion in North America (Hyland et al., 2019), Africa (Sepulchre et 

al., 2006) and Asia (Huang et al., 2007). Prolonged aridity, along with corresponding increases in fire 

activity (e.g., Scheiter et al., 2012; Hoetzel et al., 2013; Bond, 2015), have been suggested to cause the C4 

expansion in Africa (Dupont et al., 2013), Tibetan Plateau (Hui et al., 2021) and Indian Subcontinent (Karp 

et al., 2021a). Additional studies from Asia and North America suggest the development of seasonal 

climates favored the expansion of C4 grasses (Huang et al., 2007; Cotton et al., 2016). 

The environmental shift toward aridity provides C4 grasses with advantages over C3 species 

(particularly trees and shrubs) due to the specialized adaptations of the C4 photosynthetic pathway, 

including enhanced drought tolerance and high-water use efficiency (Christin and Osborne, 2014). We 

observed a slight increase in C4 vegetation cover at our studied basins, coinciding with a decrease in 
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precipitation, implying a relationship between vegetation and climate. Specifically, in the La Viña Basin, 

there was a decline in MAP at 15 Ma and 8 Ma, aligning with the emergence and growth of C4 vegetation. 

Similarly, around 6 Ma, a decreasing trend in MAP is correlated with expansion of C4 vegetation, indicating 

a connection between local hydroclimate and vegetation dynamics. Transitioning to an arid climate with 

a stable warm temperature in the studied area might explain the increase in C4 composition in this region, 

as C4 plants have high water use efficiency and drought tolerance (Christin and Osborne, 2014). 

Fire clears out dense forest vegetation and promotes the growth of C4 grasses by allowing more 

resources to them, resulting in a positive fire-C4 feedback loop. For example, Karp et al. (2018) identified 

ŀƴ ƛƴŎǊŜŀǎŜŘ ŦƛǊŜ ƛƴǇǳǘ ƛƴ ǘƘŜ {ƘƛǾŀƭƛƪ ŦƻƻǘƘƛƭƭǎ ƻŦ {ƻǳǘƘ !ǎƛŀ ŎƻƴŎǳǊǊŜƴǘ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ʵ13Corg values, 

indicating C4 expansion. However, our PAH reconstruction of paleofire occurrences from La Viña Basin 

lacks any significant trend, and our records show a weak decline in fire input in the Angastaco Basin by 

the Late Miocene. Similarly, Ghosh (2021) demonstrate that fire input does not correspond to the 

expansion of C4 vegetation at a contemporaneous site farther north in Argentina. The absence of clear 

evidence for fire activity across the region implies a relatively limited role in the expansion of C4 

vegetation, potentially because tree cover remained high and the extent of C4 cover at these sites might 

not have been substantial enough to trigger open-grassland feedback mechanisms (c.f., Karp et al., 2018).  

The development of seasonal climates has been proposed as a way to facilitate C4 vegetation 

expansion, particularly in regions influenced by monsoon systems. Seasonal climates, characterized by 

alternating hot-wet and dry-cool seasons, create favorable conditions for C4 grasses to thrive at the 

expense of forests (Osborne, 2008). Modern ecosystem studies support this notion, suggesting that 

increased warm-season precipitation promotes the dominance of C4 vegetation over C3 plants (Cabido et 

al., 2008). This relationship is also evident in the Miocene vegetation record, where Late Miocene C4 

expansion was associated with elevated warm-season rainfall in East Asia (Huang et al., 2007), North 

America (Cotton et al., 2016), and Africa (Feakins, 2013). Though sparse, both proxy and model-based 
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paleoclimate data suggest a change in the overall precipitation regime across this region during the Late 

Miocene (Kleinert and Strecker, 2001; Cotton et al., 2014; Carrapa et al., 2019; Candela et al., 2021) and 

is linked with the development of seasonality (Starck and Anzótegui, 2001). This climatic shift is consistent 

with the development of the orographic barrier, which was in place once the Andes reached 50% of its 

modern elevation (Insel et al., 2010). Studies suggest that the Andes reached approximately 70% of its 

modern elevation by ~ 8 Ma and approached its modern elevation by the Late Miocene-Pliocene (Mulch 

et al., 2010; Insel et al., 2012). Therefore, the broader regional climate became a wetter, likely seasonal 

climate by the Late Miocene, resulting in increased precipitation along the eastern flank of the Andes. At 

the same time, new structural ranges might have caused rain shadow effect that causes drier conditions 

within the Angastaco and/or La Viña basins. While our data does not preclude the possibility of a seasonal 

climate, the lack of direct evidence for seasonal variation highlights the need for further studies to provide 

more definitive proof and to clarify the extent of seasonality in the Late Miocene climate of the region. 

Regional vegetation dynamics seem to show a slight increase in C4 vegetation during the 

Messinian (7.24ς 5.33 Ma; Figure 2.11A) relative to the Tortonian (11.6 ς7.24 Ma; Figure 2.11C), reflecting 

a potential correlation with this modeled shift in seasonality. Puerta Corral Quemado (PCQ; Latorre et al., 

1997) and Palo Pintado (PP; Figure 2.11C) show higher abundance in C4 vegetation than Entre Ríos (ER; 

Cotton et al., 2014) and Río Iruya (RI; Ghosh, 2021) during the Messinian (Figure 2.11A) while La Viña 

shows higher abundance of C4 vegetation by the Tortonian (Figure 2.11C). Limited proxy support for this 

seasonality connection includes the abundance of PANI phytolith morphologies and relative absence of 

CHLOR phytolith morphologies in the youngest portion of our record (Appendix A), which has been linked 

to enhanced seasonality/monsoonal intensity in other regions (e.g., Kumar et al., 2022), indicating a 

similar combined aridification/seasonality mechanism might have driven C4 abundance in NW Argentina.  

While we found a close relationship between declining precipitation and increased C4 signals, 

neither of these proxies show a rise in C4 composition to high (>50%) levels as observed elsewhere during 
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the Late Miocene (e.g., Cerling et al., 1997; Fox and Koch, 2003; Hynek et al., 2012). Multiple factors 

control the distribution of C4 grasses in the modern world, including temperature, precipitation, and 

elevation (e.g., Ehleringer et al., 1991; Edwards et al., 2010). In NW Argentina, elevation places a maximum 

limit on C4 distributions by controlling local temperature and precipitation gradients (Tiezsen et al., 1979; 

Cavagnaro, 1988; Cabido et al., 1997). These studies have shown that higher elevation favors C3 grasses 

over C4. Cavagnaro (1988) reported that in NW Argentina, the transition range for C3-C4 dominance is 

between 1100 m and 1600 m, above which C3 grasses form the major component of the total vegetation. 

To investigate the impact of elevation, we compared the regional paleovegetation record against modeled 

elevation (Insel et al., 2010) during the Messinian (Figure 2.11B) and Tortonian (Figure 2.11D). During the 

Tortonian period, these sites likely were situated at elevations above 1000 meters (Figure 2.11B). 

Subsequently, they experienced uplift, consistently maintaining a high altitude throughout the Late 

Miocene (Figure 2.11D) as they approached their modern elevations. While our comparison suggests no 

direct correlation between C4 abundance and elevation (Figure 2.11), the already high elevation of these 

sites may have limited the maximum abundance of C4 vegetation during the Late Miocene, possibly 

explaining smaller or absent C4 expansions observed in this and other elevated regions. 

2.6. Conclusions 

Here, we examined the link between paleoclimate and C4 vegetation of the Late Miocene in the 

Angastaco and La Viña Basins of NW Argentina. We reconstructed paleoclimate, paleofire, and 

paleovegetation conditions using a multiproxy approach from preserved paleosols within the Palo 

Pintado, Jesús María, and GuaƴŀŎƻ ŦƻǊƳŀǘƛƻƴǎΦ ʵ13Corg, biomarker (PAH), and phytolith assemblages 

suggest a forest/woodland-dominated ecosystem with low C4 abundances. Paleosol geochemistry proxies 

show stable mean annual temperatures (MATs) and a gradual decline in mean annual precipitation (MAP) 

leading to the onset of regional aridity. PAHs show an absence of a positive fire feedback mechanism 

during the Late Miocene. Given the synchroneity in observed shifts in regional hydroclimate patterns and 
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vegetation records, the minor increase in C4 vegetation (~8ς6 Ma) appears to be correlated with 

aridification and possible enhanced seasonality in NW Argentina.  This suggests that the evolution of the 

SASM may have contributed to expanding C4 grasslands in the region, but local elevation also likely 

provides a top-down control on maximum C4 abundance. Further investigation is required to validate this 

hypothesis, necessitating the development of more robust climate-tectonic models coupled with proxy-

based estimates which can directly reconstruct seasonal precipitation variations. 
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.ƻƻƪƘŀƎŜƴΣ .ΦΣ ŀƴŘ {ǘǊŜŎƪŜǊΣ aΦ wΦΣ нллуΣ hǊƻƎǊŀǇƘƛŎ ōŀǊǊƛŜǊǎΣ ƘƛƎƘπǊŜǎƻƭǳǝƻƴ ¢waa ǊŀƛƴŦŀƭƭΣ ŀƴŘ ǊŜƭƛŜŦ 

ǾŀǊƛŀǝƻƴǎ ŀƭƻƴƎ ǘƘŜ ŜŀǎǘŜǊƴ !ƴŘŜǎΥ DŜƻǇƘȅǎƛŎŀƭ wŜǎŜŀǊŎƘ [ŜǧŜǊǎΣ ǾΦ орΣ ƴƻΦ сΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнллтD[лонлммΦ 

https://doi.org/10.1016/j.jas.2015.10.014
https://doi.org/10.1038/s41467-022-32300-5
https://doi.org/10.1029/2018GL077833
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https://doi.org/10.1016/j.earscirev.2009.08.003
https://doi.org/10.1038/ngeo1186
https://doi.org/10.1016/j.epsl.2008.09.011
https://doi.org/10.1016/S0254-6299(15)30362-8
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.ǊŀŘǎƘŀǿΣ /Φ 5ΦΣ [ǳƴǘΣ 5Φ WΦΣ CƭŜŎƪŜǊΣ wΦΣ {ŀƭȊƳŀƴƴΣ ¦ΦΣ tƻǳƴŘΣ aΦ WΦΣ IŀȅǿƻƻŘΣ !Φ aΦΣ ŀƴŘ 9ǊƻƴŜƴΣ WΦ ¢ΦΣ 

нлмнΣ ¢ƘŜ ǊŜƭŀǝǾŜ ǊƻƭŜǎ ƻŦ /h н ŀƴŘ ǇŀƭŀŜƻƎŜƻƎǊŀǇƘȅ ƛƴ ŘŜǘŜǊƳƛƴƛƴƎ ƭŀǘŜ aƛƻŎŜƴŜ ŎƭƛƳŀǘŜΥ 

ǊŜǎǳƭǘǎ ŦǊƻƳ ŀ ǘŜǊǊŜǎǘǊƛŀƭ ƳƻŘŜƭςŘŀǘŀ ŎƻƳǇŀǊƛǎƻƴΥ /ƭƛƳŀǘŜ ƻŦ ǘƘŜ tŀǎǘΣ ǾΦ уΣ ƴƻΦ пΣ ǇΦ мнртπмнурΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦрмфпκŎǇπуπмнртπнлмнΦ 

.ǊŜŜŎƪŜǊΣ 5Φ hΦΣ {ƘŀǊǇΣ ½Φ 5ΦΣ ϧ aŎCŀŘŘŜƴΣ [Φ 5ΦΣ нллфΣ {Ŝŀǎƻƴŀƭ ōƛŀǎ ƛƴ ǘƘŜ ŦƻǊƳŀǝƻƴ ŀƴŘ ǎǘŀōƭŜ 

ƛǎƻǘƻǇƛŎ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǇŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜ ƛƴ ƳƻŘŜǊƴ ǎƻƛƭǎ ŦǊƻƳ ŎŜƴǘǊŀƭ bŜǿ aŜȄƛŎƻΣ ¦{!Σ 

DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀ .ǳƭƭŜǝƴΣ ǾΦ мнмΣ ƴƻΦ оπпΣ ǇΦ солπсплΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκ.нспмоΦм  

 .ǳŎƘƳŀƴƴΣ bΦΣ .ǊƻƻƪǎΣ WΦ wΦΣ wŀǇǇΣ YΦ 5ΦΣ ŀƴŘ 9ƘƭŜǊƛƴƎŜǊΣ WΦ wΦΣ мффсΣ /ŀǊōƻƴ ƛǎƻǘƻǇŜ ŎƻƳǇƻǎƛǝƻƴ ƻŦ /п 

ƎǊŀǎǎŜǎ ƛǎ ƛƴƅǳŜƴŎŜŘ ōȅ ƭƛƎƘǘ ŀƴŘ ǿŀǘŜǊ ǎǳǇǇƭȅΥ tƭŀƴǘΣ /Ŝƭƭ ϧ 9ƴǾƛǊƻƴƳŜƴǘΣ ǾΦ мфΣ ƴƻΦ пύΣ ǇΦ офнπ

плнΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмосрπолплΦмффсΦǘōллоомΦȄΦ 

.ȅǿŀǘŜǊπwŜȅŜǎΣ {ΦΣ /ŀǊǊŀǇŀΣ .ΦΣ /ƭŜƳŜƴǘȊΣ aΦΣ ŀƴŘ {ŎƘƻŜƴōƻƘƳΣ [ΦΣ нлмлΣ 9ũŜŎǘ ƻŦ ƭŀǘŜ /ŜƴƻȊƻƛŎ 

ŀǊƛŘƛŬŎŀǝƻƴ ƻƴ ǎŜŘƛƳŜƴǘŀǝƻƴ ƛƴ ǘƘŜ 9ŀǎǘŜǊƴ /ƻǊŘƛƭƭŜǊŀ ƻŦ ƴƻǊǘƘǿŜǎǘ !ǊƎŜƴǝƴŀ ό!ƴƎŀǎǘŀŎƻ 

ōŀǎƛƴύΥ DŜƻƭƻƎȅΣ ǾΦ оуΣ ƴƻΦ оΣ ǇΦ норςноу ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDолронΦмΦ 

/ŀōƛŘƻΣ aΦΣ !ǘŜŎŀΣ bΦΣ !ǎǘŜƎƛŀƴƻΣ aΦΣ ŀƴŘ !ƴǘƻƴΣ !ΦΣ мффтΣ 5ƛǎǘǊƛōǳǝƻƴ ƻŦ /о ŀƴŘ /п ƎǊŀǎǎŜǎ ŀƭƻƴƎ ŀƴ 

ŀƭǝǘǳŘƛƴŀƭ ƎǊŀŘƛŜƴǘ ƛƴ /ŜƴǘǊŀƭ !ǊƎŜƴǝƴŀΥ WƻǳǊƴŀƭ ƻŦ .ƛƻƎŜƻƎǊŀǇƘȅΣ ǾΦ нпΣ ƴƻΦ нΣ ǇΦмфтπнлпΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлпсκƧΦмосрπнсффΦмффтΦлллурΦȄΦ 

/ŀōƛŘƻΣ aΦΣ tƻƴǎΣ 9ΦΣ /ŀƴǘŜǊƻΣ WΦ WΦΣ [ŜǿƛǎΣ WΦ tΦΣ ŀƴŘ !ƴǘƻƴΣ !ΦΣ нллуΣ tƘƻǘƻǎȅƴǘƘŜǝŎ ǇŀǘƘǿŀȅ ǾŀǊƛŀǝƻƴ 

ŀƳƻƴƎ /п ƎǊŀǎǎŜǎ ŀƭƻƴƎ ŀ ǇǊŜŎƛǇƛǘŀǝƻƴ ƎǊŀŘƛŜƴǘ ƛƴ !ǊƎŜƴǝƴŀΥ WƻǳǊƴŀƭ ƻŦ .ƛƻƎŜƻƎǊŀǇƘȅΣ ǾΦ орΣ 

ƴƻΦ мΣ ǇΦ момπмплΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмосрπнсффΦнллтΦлмтслΦȄΦ 

/ŀƘƛƭƭΣ ¢ΦΣ ŀƴŘ LǎŀŎƪǎΣ .Φ [ΣмффнΣ {ŜƛǎƳƛŎƛǘȅ ŀƴŘ ǎƘŀǇŜ ƻŦ ǘƘŜ ǎǳōŘǳŎǘŜŘ bŀȊŎŀ ǇƭŀǘŜΥ WƻǳǊƴŀƭ ƻŦ 

DŜƻǇƘȅǎƛŎŀƭ wŜǎŜŀǊŎƘΥ {ƻƭƛŘ 9ŀǊǘƘΣ ǾΦ фтΣ ƴƻΦ .мнΣ ǇΦ мтрлоπмтрнфΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκфнW.ллпфоΦ 

/ŀƴŘŜƭŀΣ !Φ aΦΣ DŀƭƭƛΣ /Φ LΦΣ wŀǎƛŀΣ [Φ [ΦΣ ±ƻƎƭƛƴƻΣ 5ΦΣ !ōŜƭƭƻΣ aΦ !ΦΣ 9ǎǇƻƴŘŀΣ /Φ DΦΣ ŀƴŘ ½ǳǊƛǘŀΣ !Φ 9ΦΣ нлнмΣ 

[ŀǘŜ aƛƻŎŜƴŜ ƳŀƳƳŀƭǎ ŦǊƻƳ ǘƘŜ /ŀƭŎƘŀǉǳƝ ±ŀƭƭŜȅ όtŀƭƻ tƛƴǘŀŘƻ CƻǊƳŀǝƻƴΣ ƴƻǊǘƘǿŜǎǘŜǊƴ 

!ǊƎŜƴǝƴŀύΥ .ƛƻƎŜƻƎǊŀǇƘƛŎ ŀƴŘ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǘƘŜ ǎƻǳǘƘŜǊƴ ŎŜƴǘǊŀƭ 

!ƴŘŜǎΦ WƻǳǊƴŀƭ ƻŦ {ƻǳǘƘ !ƳŜǊƛŎŀƴ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ ǾΦ ммнΣ ƴƻΦ млослнΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƧǎŀƳŜǎΦнлнмΦмлослнΦ 

/ŀǊǊŀǇŀΣ .ΦΣ ¢ǊƛƳōƭŜΣ WΦ 5ΦΣ ϧ {ǘƻŎƪƭƛΣ 5Φ CΦΣ нлммΣ tŀǧŜǊƴǎ ŀƴŘ ǝƳƛƴƎ ƻŦ ŜȄƘǳƳŀǝƻƴ ŀƴŘ ŘŜŦƻǊƳŀǝƻƴ ƛƴ 

ǘƘŜ 9ŀǎǘŜǊƴ /ƻǊŘƛƭƭŜǊŀ ƻŦ b² !ǊƎŜƴǝƴŀ ǊŜǾŜŀƭŜŘ ōȅ ό¦π¢ƘύκIŜ ǘƘŜǊƳƻŎƘǊƻƴƻƭƻƎȅΥ ¢ŜŎǘƻƴƛŎǎΣ ǾΦ 

олΣ ƴƻΦ оΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлмл¢/ллнтлтΦ 

https://doi.org/10.5194/cp-8-1257-2012
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/ŀǊǊŀǇŀΣ .ΦΣ .ȅǿŀǘŜǊπwŜȅŜǎΣ {ΦΣ 5Ŝ/ŜƭƭŜǎΣ tΦ DΦΣ aƻǊǝƳŜǊΣ 9ΦΣ ŀƴŘ DŜƘǊŜƭǎΣ DΦ 9ΦΣ нлмнΣ [ŀǘŜ 9ƻŎŜƴŜς

tƭƛƻŎŜƴŜ ōŀǎƛƴ ŜǾƻƭǳǝƻƴ ƛƴ ǘƘŜ 9ŀǎǘŜǊƴ /ƻǊŘƛƭƭŜǊŀ ƻŦ ƴƻǊǘƘǿŜǎǘŜǊƴ !ǊƎŜƴǝƴŀ όнрςнс {ύΥ 

wŜƎƛƻƴŀƭ ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ !ƴŘŜŀƴ ƻǊƻƎŜƴƛŎ ǿŜŘƎŜ ŘŜǾŜƭƻǇƳŜƴǘΥ .ŀǎƛƴ wŜǎŜŀǊŎƘΣ ǾΦ нпΣ ƴƻΦ оΣ ǇΦ 

нпфπнсуΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмосрπнммтΦнлммΦллрмфΦȄΦ 

/ŀǊǊŀǇŀΣ .ΦΣ /ƭŜƳŜƴǘȊΣ aΦΣ ŀƴŘ CŜƴƎΣ wΦΣ нлмфΣ 9ŎƻƭƻƎƛŎŀƭ ŀƴŘ ƘȅŘǊƻŎƭƛƳŀǘŜ ǊŜǎǇƻƴǎŜǎ ǘƻ ǎǘǊŜƴƎǘƘŜƴƛƴƎ 

ƻŦ ǘƘŜ IŀŘƭŜȅ ŎƛǊŎǳƭŀǝƻƴ ƛƴ {ƻǳǘƘ !ƳŜǊƛŎŀ ŘǳǊƛƴƎ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜ ŎƻƻƭƛƴƎΦ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ 

bŀǝƻƴŀƭ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎΣ ǾΦ ммсΣ ƴƻΦ нлΣ ǇΦ фтптπфтрнΣ  

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтоκǇƴŀǎΦмумлтнмммсΦ 

/ŀǾŀƎƴŀǊƻΣ WΦ .ΦΣ мфууΣ 5ƛǎǘǊƛōǳǝƻƴ ƻŦ /о ŀƴŘ /п ƎǊŀǎǎŜǎ ŀǘ ŘƛũŜǊŜƴǘ ŀƭǝǘǳŘŜǎ ƛƴ ŀ ǘŜƳǇŜǊŀǘŜ ŀǊƛŘ 

ǊŜƎƛƻƴ ƻŦ !ǊƎŜƴǝƴŀΥ hŜŎƻƭƻƎƛŀΣ ǾΦтсΣ ƴƻΦ нΣ ǇΦ нтоπнттΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκ.CллотффснΦ 

/ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ ²ŀƴƎΣ ¸ΦΣ ŀƴŘ vǳŀŘŜΣ WΦΣ мффоΣ 9ȄǇŀƴǎƛƻƴ ƻŦ /п ŜŎƻǎȅǎǘŜƳǎ ŀǎ ŀƴ ƛƴŘƛŎŀǘƻǊ ƻŦ Ǝƭƻōŀƭ 

ŜŎƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ƭŀǘŜ aƛƻŎŜƴŜΥ bŀǘǳǊŜΣ ǾΦ осмΣ ƴƻΦ спмлΣ ǇΦ оппςопрΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκосмоппŀлΦ 

/ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ IŀǊǊƛǎΣ WΦ aΦΣ aŀŎCŀŘŘŜƴΣ .Φ WΦΣ [ŜŀƪŜȅΣ aΦ DΦΣ vǳŀŘŜΣ WΦΣ 9ƛǎŜƴƳŀƴƴΣ ±ΦΣ ŀƴŘ 9ƘƭŜǊƛƴƎŜǊΣ WΦ 

wΦΣ мффтΣ Dƭƻōŀƭ ǾŜƎŜǘŀǝƻƴ ŎƘŀƴƎŜ ǘƘǊƻǳƎƘ ǘƘŜ aƛƻŎŜƴŜκtƭƛƻŎŜƴŜ ōƻǳƴŘŀǊȅΥ bŀǘǳǊŜΣ ǾΦ оуфΣ 

ƴƻΦ ссптΣ ǇΦ мроςмруΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκоуннфΦ 

/ƘŀǎŜΣ /Φ DΦΣ {ǳǎǎƳŀƴΣ !Φ WΦΣ ŀƴŘ /ƻōƭŜƴǘȊΣ 5Φ 5ΦΣ нллфΣ /ǳǊǾŜŘ !ƴŘŜǎΥ DŜƻƛŘΣ ŦƻǊŜōǳƭƎŜΣ ŀƴŘ ƅŜȄǳǊŜΥ 

[ƛǘƘƻǎǇƘŜǊŜΣ мόсύΣ оруπосоΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκ[стΦмΦ 

/ƘŜƴΣ {Φ ¢ΦΣ {ƳƛǘƘΣ {Φ ¸ΦΣ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ ŀƴŘ {ǘǊǀƳōŜǊƎΣ /Φ !ΦΣ нлмрΣ wŜƎƛƻƴŀƭπǎŎŀƭŜ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ ǘƘŜ 

ǎǇǊŜŀŘ ƻŦ ƎǊŀǎǎƭŀƴŘǎ ƛƴ ǘƘŜ ƭŀǘŜ aƛƻŎŜƴŜΥ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ 

ǾΦ потΣ ǇΦ пнπрнΣ  ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмрΦлтΦлнлΦ 

/ƘǊƛǎǝƴΣ tΦ !ΦΣ 9ŘǿŀǊŘǎΣ 9Φ WΦΣ .ŜǎƴŀǊŘΣ DΦΣ .ƻȄŀƭƭΣ {Φ CΦΣ DǊŜƎƻǊȅΣ wΦΣ YŜƭƭƻƎƎΣ 9Φ !ΦΣ ΦΦΦ ŀƴŘ hǎōƻǊƴŜΣ /Φ tΦΣ 

нлмнΣ !ŘŀǇǝǾŜ ŜǾƻƭǳǝƻƴ ƻŦ /п ǇƘƻǘƻǎȅƴǘƘŜǎƛǎ ǘƘǊƻǳƎƘ ǊŜŎǳǊǊŜƴǘ ƭŀǘŜǊŀƭ ƎŜƴŜ ǘǊŀƴǎŦŜǊΣ /ǳǊǊŜƴǘ 

.ƛƻƭƻƎȅΣ ǾΦ ннΣ ƴƻΦ рΣ ǇΦ ппрπппфΦ 

/ƘǊƛǎǝƴΣ tΦ !ΦΣ ŀƴŘ hǎōƻǊƴŜΣ /Φ tΦΣ нлмпΣ ¢ƘŜ ŜǾƻƭǳǝƻƴŀǊȅ ŜŎƻƭƻƎȅ ƻŦ /п ǇƭŀƴǘǎΥ bŜǿ tƘȅǘƻƭƻƎƛǎǘΣ ǾΦ нлпΦ 

bƻΦ пΣ ǇΦ тсрπтумΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƴǇƘΦмолооΦ 

/ƭƛƊΣ tΦ 5ΦΣ ϧ ²ŜōōΣ !Φ !Φ DΦΣ нлмфΣ ! ƘƛǎǘƻǊȅ ƻŦ ǘƘŜ !ǎƛŀƴ Ƴƻƴǎƻƻƴ ŀƴŘ ƛǘǎ ƛƴǘŜǊŀŎǝƻƴǎ ǿƛǘƘ ǎƻƭƛŘ 9ŀǊǘƘ 

ǘŜŎǘƻƴƛŎǎ ƛƴ /ŜƴƻȊƻƛŎ {ƻǳǘƘ !ǎƛŀΥ DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅΣ [ƻƴŘƻƴΣ {ǇŜŎƛŀƭ tǳōƭƛŎŀǝƻƴǎΣ ǾΦ пуоΣ ǇΦ 

сомπсрнΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммппκ{tпуоΦмΦ 

/ƻǧƻƴΣ WΦ aΦΣ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ ŀƴŘ {ǘǊǀƳōŜǊƎΣ /Φ !ΦΣ нлмнΣ IƛƎƘπǊŜǎƻƭǳǝƻƴ ƛǎƻǘƻǇƛŎ ǊŜŎƻǊŘ ƻŦ /п 

ǇƘƻǘƻǎȅƴǘƘŜǎƛǎ ƛƴ ŀ aƛƻŎŜƴŜ ƎǊŀǎǎƭŀƴŘΥ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ 

оотΣ ǇΦ ууπфуΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмнΦлоΦлорΦ  

https://doi.org/10.1111/j.1365-2117.2011.00519.x
https://doi.org/10.1073/pnas.1810721116
https://doi.org/10.1007/BF00379962
https://doi.org/10.1038/361344a0
https://doi.org/10.1038/38229
https://doi.org/10.1130/L67.1
https://doi.org/10.1016/j.palaeo.2015.07.020
https://doi.org/10.1111/nph.13033
https://doi.org/10.1144/SP483.1
https://doi.org/10.1016/j.palaeo.2012.03.035
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/ƻǧƻƴΣ WΦ aΦΣ IȅƭŀƴŘΣ 9Φ DΦΣ ŀƴŘ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ нлмпΣ aǳƭǝπǇǊƻȄȅ ŜǾƛŘŜƴŎŜ ŦƻǊ ǘŜŎǘƻƴƛŎ ŎƻƴǘǊƻƭ ƻƴ ǘƘŜ 

ŜȄǇŀƴǎƛƻƴ ƻŦ /п ƎǊŀǎǎŜǎ ƛƴ ƴƻǊǘƘǿŜǎǘ !ǊƎŜƴǝƴŀΥ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ ǾΦофрΣ ǇΦ 

пмςрлΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмпΦлоΦлмпΦ 

/ƻǧƻƴΣ WΦ aΦΣ /ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ IƻǇǇŜΣ YΦ !ΦΣ aƻǎƛŜǊΣ ¢Φ aΦΣ ŀƴŘ {ǝƭƭΣ /Φ WΦΣ нлмсΣ /ƭƛƳŀǘŜΣ /hнΣ ŀƴŘ ǘƘŜ 

ƘƛǎǘƻǊȅ ƻŦ bƻǊǘƘ !ƳŜǊƛŎŀƴ ƎǊŀǎǎŜǎ ǎƛƴŎŜ ǘƘŜ [ŀǎǘ DƭŀŎƛŀƭ aŀȄƛƳǳƳΥ {ŎƛŜƴŎŜ !ŘǾŀƴŎŜǎΣ ǾΦ нΣ ƴƻΦ 

оΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŀŘǾΦмрлмопсΦ 

/ƻǳǘŀƴŘΣ LΦΣ /ŀǊǊŀǇŀΣ .ΦΣ 5ŜŜƪŜƴΣ !ΦΣ {ŎƘƳƛǧΣ !Φ YΦΣ {ƻōŜƭΣ 9Φ wΦΣ ŀƴŘ {ǘǊŜŎƪŜǊΣ aΦ wΦΣ нллсΣ tǊƻǇŀƎŀǝƻƴ 

ƻŦ ƻǊƻƎǊŀǇƘƛŎ ōŀǊǊƛŜǊǎ ŀƭƻƴƎ ŀƴ ŀŎǝǾŜ ǊŀƴƎŜ ŦǊƻƴǘΥ LƴǎƛƎƘǘǎ ŦǊƻƳ ǎŀƴŘǎǘƻƴŜ ǇŜǘǊƻƎǊŀǇƘȅ ŀƴŘ 

ŘŜǘǊƛǘŀƭ ŀǇŀǝǘŜ ŬǎǎƛƻƴπǘǊŀŎƪ ǘƘŜǊƳƻŎƘǊƻƴƻƭƻƎȅ ƛƴ ǘƘŜ ƛƴǘǊŀƳƻƴǘŀƴŜ !ƴƎŀǎǘŀŎƻ ōŀǎƛƴΣ b² 

!ǊƎŜƴǝƴŀΥ .ŀǎƛƴ wŜǎŜŀǊŎƘΣ ǾΦ муΣ ƴƻΦ мΣ ǇΦ мςнсΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмосрπ

нммтΦнллсΦллнуоΦȄΦ 

5ϥ!ƴǘƻƴƛƻΣ /Φ aΦΣ ŀƴŘ ±ƛǘƻǳǎŜƪΣ tΦ aΦΣ мффнΣ .ƛƻƭƻƎƛŎŀƭ ƛƴǾŀǎƛƻƴǎ ōȅ ŜȄƻǝŎ ƎǊŀǎǎŜǎΣ ǘƘŜ ƎǊŀǎǎκŬǊŜ ŎȅŎƭŜΣ 

ŀƴŘ Ǝƭƻōŀƭ ŎƘŀƴƎŜΥ !ƴƴǳŀƭ ǊŜǾƛŜǿ ƻŦ ŜŎƻƭƻƎȅ ŀƴŘ ǎȅǎǘŜƳŀǝŎǎΣ ǾΦ ноΣ ǇΦ соπутΣ 

ƘǧǇΥκκŘȄΦŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾΦŜǎΦноΦммлмфнΦлллпомΦ 

5Ŝ/ŜƭƭŜǎΣ tΦΣ /ŀǊǊŀǇŀΣ .ΦΣ IƻǊǘƻƴΣ .ΦΣ ŀƴŘ DŜƘǊŜƭǎΣ DΦΣ нлммΣ /ŜƴƻȊƻƛŎ ŦƻǊŜƭŀƴŘ ōŀǎƛƴ ǎȅǎǘŜƳ ƛƴ ǘƘŜ 

ŎŜƴǘǊŀƭ !ƴŘŜǎ ƻŦ ƴƻǊǘƘǿŜǎǘŜǊƴ !ǊƎŜƴǝƴŀΥ LƳǇƭƛŎŀǝƻƴǎ ŦƻǊ !ƴŘŜŀƴ ƎŜƻŘȅƴŀƳƛŎǎ ŀƴŘ ƳƻŘŜǎ ƻŦ 

ŘŜŦƻǊƳŀǝƻƴΥ ¢ŜŎǘƻƴƛŎǎΣ ǾΦ олΦ ƴƻΦ сΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлмм¢/ллнфпуΦ 

5Ŝƭ tŀǇŀΣ /ΦΣ 5ƛǎŀƭǾƻΣ !ΦΣ wŜȅƴƻƭŘǎΣ WΦΣ tŜǊŜȅǊŀΣ wΦΣ ŀƴŘ ±ƛǊŀƳƻƴǘŜΣ WΦΣ мффоΣ ¦ǝƭƛȊŀŎƛƽƴ ŘŜ ƴƛǾŜƭŜǎ 

ǇƛǊƻŎƭłǎǝŎƻǎ Ŝƴ ŎƻǊǊŜƭŀŎƛƽƴ ŜǎǘǊŀǝƎǊłŬŎŀΥ ǳƴ ŜƧŜƳǇƭƻ ǇŀǊŀ Ŝƭ ¢ŜǊŎƛŀǊƛƻΥ {ǳǇŜǊƛƻǊ ŘŜƭ ƴƻǊƻŜǎǘŜ 

ŀǊƎŜƴǝƴƻΦ мнϲ /ƻƴƎǊŜǎƻ DŜƻƭƽƎƛŎƻ !ǊƎŜƴǝƴƻ ȅ нϲ /ƻƴƎǊŜǎƻ ŘŜ9ȄǇƭƻǊŀŎƛƽƴ ŘŜ IƛŘǊƻŎŀǊōǳǊƻǎΣ 

!ŎǘŀǎΣ нΣ !ǎƻŎƛŀŎƛƽƴ DŜƻƭƽƎƛŎŀ !ǊƎŜƴǝƴŀΣ aŜƴŘƻȊŀΣ ǇΦ мссπмтмΦ 

5ŜƴƛǎΣ 9Φ IΦΣ tŜŘŜƴǘŎƘƻǳƪΣ bΦΣ {ŎƘƻǳǘŜƴΣ {ΦΣ tŀƎŀƴƛΣ aΦΣ ŀƴŘ CǊŜŜƳŀƴΣ YΦ IΦΣ нлмтΣ CƛǊŜ ŀƴŘ ŜŎƻǎȅǎǘŜƳ 

ŎƘŀƴƎŜ ƛƴ ǘƘŜ !ǊŎǝŎ ŀŎǊƻǎǎ ǘƘŜ tŀƭŜƻŎŜƴŜς9ƻŎŜƴŜ ¢ƘŜǊƳŀƭ aŀȄƛƳǳƳΥ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ 

{ŎƛŜƴŎŜ [ŜǧŜǊǎΣ ǾΦ пстΣ ǇΦ мпфπмрсΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмтΦлоΦлнмΦ 

5ƛŜŦŜƴŘƻǊŦΣ !Φ CΦΣ aǳŜƭƭŜǊΣ YΦ 9ΦΣ ²ƛƴƎΣ {Φ [ΦΣ YƻŎƘΣ tΦ [ΦΣ ϧ CǊŜŜƳŀƴΣ YΦ IΦΣ нлмлΣ Dƭƻōŀƭ ǇŀǧŜǊƴǎ ƛƴ ƭŜŀŦ 

мо/ ŘƛǎŎǊƛƳƛƴŀǝƻƴ ŀƴŘ ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǎǘǳŘƛŜǎ ƻŦ Ǉŀǎǘ ŀƴŘ ŦǳǘǳǊŜ ŎƭƛƳŀǘŜΥ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ 

bŀǝƻƴŀƭ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎΣ ǾΦ млтΣ ƴƻΦ моΣ ǇΦ ртоуπртпоΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтоκǇƴŀǎΦлфмлрмомлтΦ 

5ƝŀȊ WΦLΦ aŀƭƛȊȊƛŀ 5Φ/ΦΣ мфуоΣ 9ǎǘǳŘƛƻ ƎŜƻƭƽƎƛŎƻ ȅ ǎŜŘƛƳŜƴǘƻƭƽƎƛŎƻ ŘŜƭ ¢ŜǊŎƛŀǊƛƻ {ǳǇŜǊƛƻǊ ŘŜƭ ǾŀƭƭŜ 

/ŀƭŎƘŀǉǳƝ όŘŜǇŀǊǘŀƳŜƴǘƻ ŘŜ {ŀƴ /ŀǊƭƻǎΣ ǇǊƻǾƛƴŎƛŀ ŘŜ {ŀƭǘŀύΥ .ƻƭƭŜǝƴƻ ŘŜ {ŜŘƛƳŜƴǘƻƭƽƎƛŀΣ ǾΦ нΣ 

ǇΦ уςнуΦ  

https://doi.org/10.1016/j.epsl.2014.03.014
https://doi.org/10.1126/sciadv.1501346
https://doi.org/10.1111/j.1365-2117.2006.00283.x
https://doi.org/10.1111/j.1365-2117.2006.00283.x
http://dx.doi.org/10.1146/annurev.es.23.110192.000431
https://doi.org/10.1029/2011TC002948
https://doi.org/10.1016/j.epsl.2017.03.021
https://doi.org/10.1073/pnas.0910513107
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5ǊƛŜǎŜΣ {Φ DΦΣ tŜǇǇŜΣ 5Φ WΦΣ .ŜǾŜǊƭȅΣ 9Φ WΦΣ 5ƛtƛŜǘǊƻΣ [Φ aΦΣ !ǊŜƭƭŀƴƻΣ [Φ bΦΣ ŀƴŘ [ŜƘƳŀƴƴΣ ¢ΦΣ нлмсΣ tŀƭŜƻǎƻƭǎ 

ŀƴŘ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘǎ ƻŦ ǘƘŜ ŜŀǊƭȅ aƛƻŎŜƴŜ ŘŜǇƻǎƛǘǎ ƴŜŀǊ YŀǊǳƴƎǳΣ [ŀƪŜ ±ƛŎǘƻǊƛŀΣ YŜƴȅŀΥ 

tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ ǇŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ ǇŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ ппоΣ ǇΦ мстπмунΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмрΦммΦлолΦ 

5ǳǇƻƴǘΣ [Φ aΦΣ wƻƳƳŜǊǎƪƛǊŎƘŜƴΣ CΦΣ aƻƭƭŜƴƘŀǳŜǊΣ DΦΣ ŀƴŘ {ŎƘŜŦǳǖΣ 9ΦΣ нлмоΣ aƛƻŎŜƴŜ ǘƻ tƭƛƻŎŜƴŜ 

ŎƘŀƴƎŜǎ ƛƴ {ƻǳǘƘ !ŦǊƛŎŀƴ ƘȅŘǊƻƭƻƎȅ ŀƴŘ ǾŜƎŜǘŀǝƻƴ ƛƴ ǊŜƭŀǝƻƴ ǘƻ ǘƘŜ ŜȄǇŀƴǎƛƻƴ ƻŦ /п 

ǇƭŀƴǘǎΥ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ ǾΦ отрΣ ǇΦ плуπпмтΣ  

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмоΦлсΦллрΦ 

9ŘǿŀǊŘǎΣ 9Φ WΦΣ ŀƴŘ {ǝƭƭΣ /Φ WΦΣ нллуΣ /ƭƛƳŀǘŜΣ ǇƘȅƭƻƎŜƴȅ ŀƴŘ ǘƘŜ ŜŎƻƭƻƎƛŎŀƭ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ /п ƎǊŀǎǎŜǎΥ 

9ŎƻƭƻƎȅ [ŜǧŜǊǎΣ ǾΦ ммΦ bƻΦ оΣ ǇΦ нссςнтсΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмпсмπлнпуΦнллтΦлммппΦȄΦ 

9ŘǿŀǊŘǎΣ 9Φ WΦΣ ŀƴŘ {ƳƛǘƘΣ {Φ !ΦΣ нлмлΣ tƘȅƭƻƎŜƴŜǝŎ ŀƴŀƭȅǎŜǎ ǊŜǾŜŀƭ ǘƘŜ ǎƘŀŘȅ ƘƛǎǘƻǊȅ ƻŦ /п ƎǊŀǎǎŜǎΥ  

tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ bŀǝƻƴŀƭ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎΣ ǾΦ млтΣ ƴƻΦ сΣ ǇΦ нронςнротΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтоκǇƴŀǎΦлфлфстнмлтΦ  

9ŘǿŀǊŘǎΣ 9Φ WΦΣ hǎōƻǊƴŜΣ /Φ tΦΣ {ǘǊǀƳōŜǊƎΣ /Φ !ΦΣ {ƳƛǘƘΣ {Φ !ΦΣ /п DǊŀǎǎŜǎ /ƻƴǎƻǊǝǳƳΣ .ƻƴŘΣ ²Φ WΦΣ ΧΣ 

¢ƛǇǇƭŜΣ .ΦΣ нлмлΣ ¢ƘŜ ƻǊƛƎƛƴǎ ƻŦ /п ƎǊŀǎǎƭŀƴŘǎΥ LƴǘŜƎǊŀǝƴƎ ŜǾƻƭǳǝƻƴŀǊȅ ŀƴŘ ŜŎƻǎȅǎǘŜƳ ǎŎƛŜƴŎŜΥ  

{ŎƛŜƴŎŜΣ ǾΦ онуΣ ǇΦ рутςрфмΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŜƴŎŜΦммттнмсΦ 

9ƘƭŜǊƛƴƎŜǊΣ WΦ wΦΣ {ŀƎŜΣ wΦ CΦΣ CƭŀƴŀƎŀƴΣ [Φ .ΦΣ ŀƴŘ tŜŀǊŎȅΣ wΦ ²ΦΣ мффмΣ /ƭƛƳŀǘŜ ŎƘŀƴƎŜ ŀƴŘ ǘƘŜ ŜǾƻƭǳǝƻƴ 

ƻŦ /п ǇƘƻǘƻǎȅƴǘƘŜǎƛǎέ ¢ǊŜƴŘǎ ƛƴ 9ŎƻƭƻƎȅ ŀƴŘ 9ǾƻƭǳǝƻƴΣ ǾΦ сΣ ƴƻΦ оΣ ǇΦ фрςффΦ 

9ƘƭŜǊƛƴƎŜǊΣ WΦ wΦΣ ŀƴŘ aƻƴǎƻƴΣ wΦ YΦΣ мффоΣ 9ǾƻƭǳǝƻƴŀǊȅ ŀƴŘ ŜŎƻƭƻƎƛŎŀƭ ŀǎǇŜŎǘǎ ƻŦ ǇƘƻǘƻǎȅƴǘƘŜǝŎ 

ǇŀǘƘǿŀȅ ǾŀǊƛŀǝƻƴΥ !ƴƴǳŀƭ wŜǾƛŜǿ ƻŦ 9ŎƻƭƻƎȅ ŀƴŘ {ȅǎǘŜƳŀǝŎǎΣ ǾΦ нпΣ ƴƻΦ мΣ ǇΦ пммπпофΦ 

9ƘƭŜǊƛƴƎŜǊΣ WΦ wΦΣ ŀƴŘ /ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ нллнΣ /о ŀƴŘ /п ǇƘƻǘƻǎȅƴǘƘŜǎƛǎΥ 9ƴŎȅŎƭƻǇŜŘƛŀ ƻŦ Ǝƭƻōŀƭ 

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŎƘŀƴƎŜΣ ǾΦ нΣ ƴƻΦ пΣ ǇΦ мусπмфлΦ 

9ǊŎƻƭƛΣ aΦ 5ΦΣ wŀƳƝǊŜȊΣ aΦ !ΦΣ aƻǊŀƭŜǎΣ aΦ aΦΣ #ƭǾŀǊŜȊΣ !ΦΣ ŀƴŘ /ŀƴŘŜƭŀΣ !Φ aΦΣ нлмфΣ CƛǊǎǘ wŜŎƻǊŘ ƻŦ 

/ŀǊƴƛǾƻǊŀ όtǳƳŀ [ƛƴŜŀƎŜΣ CŜƭƛŘŀŜύ ƛƴ ǘƘŜ ¦ǉǳƝŀ CƻǊƳŀǝƻƴ ό[ŀǘŜ tƭƛƻŎŜƴŜς9ŀǊƭȅ tƭŜƛǎǘƻŎŜƴŜΣ 

b² !ǊƎŜƴǝƴŀύ ŀƴŘ Lǘǎ {ƛƎƴƛŬŎŀƴŎŜ ƛƴ ǘƘŜ DǊŜŀǘ !ƳŜǊƛŎŀƴ .ƛƻǝŎ LƴǘŜǊŎƘŀƴƎŜΥ !ƳŜƎƘƛƴƛŀƴŀΣ ǾΦ 

рсΣ ƴƻΦ оΣ ǇΦ мфрπнмнΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦртмлκ!aDIΦомΦлоΦнлмфΦонлсΦ 

CŜŀƪƛƴǎΣ {Φ WΦΣ нлмоΣ tƻƭƭŜƴπŎƻǊǊŜŎǘŜŘ ƭŜŀŦ ǿŀȄ 5κI ǊŜŎƻƴǎǘǊǳŎǝƻƴǎ ƻŦ ƴƻǊǘƘŜŀǎǘ !ŦǊƛŎŀƴ ƘȅŘǊƻƭƻƎƛŎŀƭ 

ŎƘŀƴƎŜǎ ŘǳǊƛƴƎ ǘƘŜ ƭŀǘŜ aƛƻŎŜƴŜΥ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ отпΣ 

ǇΦ снπтмΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмоΦлмΦллпΦ 

CŜŀƪƛƴǎΣ {Φ WΦΣ [ƛŘŘȅΣ IΦ aΦΣ ¢ŀǳȄŜΣ [ΦΣ DŀƭȅΣ ±ΦΣ CŜƴƎΣ ·ΦΣ ¢ƛŜǊƴŜȅΣ WΦ 9ΦΣ aƛŀƻΣ ¸ΦΣ ŀƴŘ ²ŀǊƴȅΣ {ΦΣ нлнлΣ 

aƛƻŎŜƴŜ /п ƎǊŀǎǎƭŀƴŘ ŜȄǇŀƴǎƛƻƴ ŀǎ ǊŜŎƻǊŘŜŘ ōȅ ǘƘŜ LƴŘǳǎ CŀƴΥ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅ ŀƴŘ 

tŀƭŜƻŎƭƛƳŀǘƻƭƻƎȅΣ ǾΦ орΣ ƴƻΦ сΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлt!ллоурсΦ 

https://doi.org/10.1016/j.palaeo.2015.11.030
https://doi.org/10.1016/j.epsl.2013.06.005
https://doi.org/10.1111/j.1461-0248.2007.01144.x
https://doi.org/10.1073/pnas.0909672107
https://doi.org/10.1126/science.1177216
https://doi.org/10.5710/AMGH.31.03.2019.3206
https://doi.org/10.1016/j.palaeo.2013.01.004
https://doi.org/10.1029/2020PA003856
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CƛŎƪΣ {Φ 9ΦΣ ŀƴŘ IƛƧƳŀƴǎΣ wΦ WΦΣнлмтΣ ²ƻǊƭŘ/ƭƛƳ нΥ bŜǿ мπƪƳ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ ŎƭƛƳŀǘŜ ǎǳǊŦŀŎŜǎ ŦƻǊ Ǝƭƻōŀƭ 

ƭŀƴŘ ŀǊŜŀǎΥ LƴǘŜǊƴŀǝƻƴŀƭ WƻǳǊƴŀƭ ƻŦ /ƭƛƳŀǘƻƭƻƎȅΣ ǾΦ отΣ ƴƻΦ мнΣ ǇΦ  полнςпомрΦ 

CƻȄΣ 5Φ [ΦΣ ŀƴŘ YƻŎƘΣ tΦ [ΦΣ нллоΣ ¢ŜǊǝŀǊȅ ƘƛǎǘƻǊȅ ƻŦ /п ōƛƻƳŀǎǎ ƛƴ ǘƘŜ DǊŜŀǘ tƭŀƛƴǎΣ ¦{!Τ DŜƻƭƻƎȅΣ ǾΦ омΣ 

ƴƻΦ фΣ ǇΦ улфπумнΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDмфрулΦмΦ 

CǊŜŘƭǳƴŘΣ DΦ DΦΣ ŀƴŘ ¢ƛŜǎȊŜƴΣ [Φ ¢ΦΣ мффпΣ aƻŘŜǊƴ ǇƘȅǘƻƭƛǘƘ ŀǎǎŜƳōƭŀƎŜǎ ŦǊƻƳ ǘƘŜ bƻǊǘƘ !ƳŜǊƛŎŀƴ ƎǊŜŀǘ 

ǇƭŀƛƴǎΥ WƻǳǊƴŀƭ ƻŦ .ƛƻƎŜƻƎǊŀǇƘȅΣ ǇΦ онмπоорΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнолтκнупррооΦ 

CǊŜŜƳŀƴΣ YΦΣ ŀƴŘ /ƻƭŀǊǳǎǎƻΣ [ΦΣ нллмΣ aƻƭŜŎǳƭŀǊ ŀƴŘ ƛǎƻǘƻǇƛŎ ǊŜŎƻǊŘǎ ƻŦ /п ƎǊŀǎǎƭŀƴŘ ŜȄǇŀƴǎƛƻƴ ƛƴ ǘƘŜ 

ƭŀǘŜ aƛƻŎŜƴŜΥ DŜƻŎƘƛƳƛŎŀ Ŝǘ /ƻǎƳƻŎƘƛƳƛŎŀ !ŎǘŀΣ ǾΦ срΣ ƴƻΦ фΣ ǇΦ мпофςмпрпΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ{ллмсπтлотόллύллртоπмΦ 

DŀƭƭŀƎƘŜǊΣ ¢Φ aΦΣ ŀƴŘ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ нлмоΣ ! ƴŜǿ ǇŀƭŜƻǘƘŜǊƳƻƳŜǘŜǊ ŦƻǊ ŦƻǊŜǎǘ ǇŀƭŜƻǎƻƭǎ ŀƴŘ ƛǘǎ 

ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ /ŜƴƻȊƻƛŎ ŎƭƛƳŀǘŜΥ DŜƻƭƻƎȅΣ пмόсύΣ сптςсрлΦ /ƭƛƳŀǘŜΣ ǾΦ нмΣ ƴƻΦ ноΣ ǇΦ сннтπ

снпсΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммтрκнллуW/[LннпфΦмΦ 

DŀƭƭƛΣ /Φ LΦΣ !ƭƻƴǎƻΣ wΦ bΦΣ ŀƴŘ /ƻƛǊŀΣ .Φ [ΦΣ нлноΣ tŀƭŜƻŜƴǾƛǊƻƳŜƴǘŀƭ ŜǾƻƭǳǝƻƴ ƻŦ ǘƘŜ /ŜƴƻȊƻƛŎ ŦƻǊŜƭŀƴŘ 

ōŀǎƛƴ ǘƻ ƛƴǘŜǊƳƻƴǘŀƴŜ ōŀǎƛƴǎ ƛƴ ǘƘŜ 9ŀǎǘŜǊƴ /ƻǊŘƛƭƭŜǊŀΣ bƻǊǘƘπ²ŜǎǘŜǊƴ !ǊƎŜƴǝƴŀΥ WƻǳǊƴŀƭ ƻŦ 

{ƻǳǘƘ !ƳŜǊƛŎŀƴ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ ǾΦ молΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƧǎŀƳŜǎΦнлноΦмлпрунΦ  

DŀƭƭƛΣ /Φ LΦΣ !ƭƻƴǎƻΣ wΦ bΦΣ ϧ /ƻƛǊŀΣ [Φ .ΦΣ нлмтΣ LƴǘŜƎǊŀǘŜŘ {ǘǊŀǝƎǊŀǇƘȅ ƻŦ ǘƘŜ /ŜƴƻȊƻƛŎ !ƴŘŜŀƴ CƻǊŜƭŀƴŘ 

.ŀǎƛƴ όbƻǊǘƘŜǊƴ !ǊƎŜƴǝƴŀύΣ ƛƴ !ƳōǊƻǎƛƴƻΣ DΦ!ΦΣ ŜŘǎΦΣ  {ŜƛǎƳƛŎ ŀƴŘ {ŜǉǳŜƴŎŜ {ǘǊŀǝƎǊŀǇƘȅ ŀƴŘ 

LƴǘŜƎǊŀǘŜŘ {ǘǊŀǝƎǊŀǇƘȅτbŜǿ LƴǎƛƎƘǘǎ ŀƴŘ /ƻƴǘǊƛōǳǝƻƴǎΣ Lƴ¢ŜŎƘΣ /ǊƻŀǝŀΣ ǇΦ мнфπмрсΣ 

ƘǧǇΥκκŘȄΦŘƻƛΦƻǊƎκмлΦрттнκсснпнΦ 

DŀƴŘǳΣ !Φ ²ΦΣ ŀƴŘ {ƛƭǾŀ 5ƛŀǎΣ tΦ [ΦΣ мффуΣ LƳǇŀŎǘ ƻŦ ǘǊƻǇƛŎŀƭ ƘŜŀǘ ǎƻǳǊŎŜǎ ƻƴ ǘƘŜ {ƻǳǘƘ !ƳŜǊƛŎŀƴ 

ǘǊƻǇƻǎǇƘŜǊƛŎ ǳǇǇŜǊ ŎƛǊŎǳƭŀǝƻƴ ŀƴŘ ǎǳōǎƛŘŜƴŎŜΥ WƻǳǊƴŀƭ ƻŦ DŜƻǇƘȅǎƛŎŀƭ wŜǎŜŀǊŎƘΥ !ǘƳƻǎǇƘŜǊŜǎΣ 

ǾΦ млоΣ ƴƻΦ 5сΣ ǇΦсллмπслмрΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκфтW5ломмпΦ 

DƘƻǎƘΣ !ΦΣ нлнмΣ 5ƛŘ ŎƘŀƴƎŜǎ ƛƴ ǎŜŀǎƻƴŀƭƛǘȅ ŀƴŘ ŬǊŜ ŦǊŜǉǳŜƴŎȅ ŎŀǳǎŜ /п ƎǊŀǎǎ ŜȄǇŀƴǎƛƻƴ ƛƴ {ƻǳǘƘ 

!ƳŜǊƛŎŀΚ LƴǾŜǎǝƎŀǝƻƴǎ ŦǊƻƳ bΦ²Φ !ǊƎŜƴǝƴŀ ǳǎƛƴƎ ƎŜƻŎƘŜƳƛŎŀƭ ǇǊƻȄƛŜǎ ŦƻǊ ŎƭƛƳŀǘŜ ŀƴŘ 

ǾŜƎŜǘŀǝƻƴ ŎƘŀƴƎŜΦ ώ¢ƘŜǎƛǎϐΥ /ŀƭƛŦƻǊƴƛŀ {ǘŀǘŜ ¦ƴƛǾŜǊǎƛǘȅΣ bƻǊǘƘǊƛŘƎŜΣ 

ƘǧǇΥκκŘǎǇŀŎŜΦŎŀƭǎǘŀǘŜΦŜŘǳκƘŀƴŘƭŜκмлнммΦоκнмфтут όŀŎŎŜǎǎŜŘ{ŜǇǘŜƳōŜǊΣ нлнпύΦ 

DƻǿƛƪΣ ¦ΦΣ ŀƴŘ ²ŜǎǘƘƻũΣ tΦΣ нлммΣ ¢ƘŜ ǇŀǘƘ ŦǊƻƳ /о ǘƻ /п ǇƘƻǘƻǎȅƴǘƘŜǎƛǎΥ tƭŀƴǘ tƘȅǎƛƻƭƻƎȅΣ ǾΦ мррΣ ƴƻΦ 

мΣ ǇΦ рсςсоΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммлпκǇǇΦммлΦмсролуΦ 

DǊƛŶƴΣ 5Φ [ΦΣ нллнΣ !ǊƛŘƛǘȅ ŀƴŘ ƘǳƳƛŘƛǘȅΥ ǘǿƻ ŀǎǇŜŎǘǎ ƻŦ ǘƘŜ ƭŀǘŜ aƛƻŎŜƴŜ ŎƭƛƳŀǘŜ ƻŦ bƻǊǘƘ !ŦǊƛŎŀ ŀƴŘ 

ǘƘŜ aŜŘƛǘŜǊǊŀƴŜŀƴΥ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ мунΣ ƴƻΦ мπнΣ ǇΦ срπ

фмΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ{лломπлмунόлмύллпроπфΦ 

https://doi.org/10.1130/G19580.1
https://doi.org/10.2307/2845533
https://doi.org/10.1016/S0016-7037(00)00573-1
https://doi.org/10.1175/2008JCLI2249.1
https://doi.org/10.1016/j.jsames.2023.104582
http://dx.doi.org/10.5772/66242
https://doi.org/10.1029/97JD03114
https://doi.org/10.1104/pp.110.165308
https://doi.org/10.1016/S0031-0182(01)00453-9
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IŀƛƴΣ aΦ tΦΣ {ǘǊŜŎƪŜǊΣ aΦ wΦΣ .ƻƻƪƘŀƎŜƴΣ .ΦΣ !ƭƻƴǎƻΣ wΦ bΦΣ tƛƴƎŜƭΣ IΦΣ ŀƴŘ {ŎƘƳƛǧΣ !Φ YΦΣ нлммΣ bŜƻƎŜƴŜ 

ǘƻ vǳŀǘŜǊƴŀǊȅ ōǊƻƪŜƴ ŦƻǊŜƭŀƴŘ ŦƻǊƳŀǝƻƴ ŀƴŘ ǎŜŘƛƳŜƴǘŀǝƻƴ ŘȅƴŀƳƛŎǎ ƛƴ ǘƘŜ !ƴŘŜǎ ƻŦ b² 

IŀǘŀƴƻΣ bΦΣ ŀƴŘ ¸ƻǎƘƛŘŀΣ YΦΣ нлмтΣ {ŜŘƛƳŜƴǘŀǊȅ ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ǇŀƭŜƻǎƻƭǎ ƻŦ ƳƛŘŘƭŜ aƛƻŎŜƴŜ 

ƅǳǾƛŀƭ ŀƴŘ ƭŀŎǳǎǘǊƛƴŜ ǎŜŘƛƳŜƴǘǎ ƛƴ ŎŜƴǘǊŀƭ WŀǇŀƴΥ LƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǇŀƭŜƻŎƭƛƳŀǘŜ ƛƴǘŜǊǇǊŜǘŀǝƻƴǎΥ 

{ŜŘƛƳŜƴǘŀǊȅ ƎŜƻƭƻƎȅΣ ǾΦ оптΣ ǇΦ ммтπмнфΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǎŜŘƎŜƻΦнлмсΦммΦллп 

Φ!ǊƎŜƴǝƴŀ όнр ϲ {ύΥ ¢ŜŎǘƻƴƛŎǎΣ ǾΦ олΣ ƴƻΦ нΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлмл¢/ллнтлоΦ 

IŀǘŎƘΣ aΦ 5ΦΣ мфутΣ /п ǇƘƻǘƻǎȅƴǘƘŜǎƛǎΥ ŀ ǳƴƛǉǳŜ ŜƭŜƴŘ ƻŦ ƳƻŘƛŬŜŘ ōƛƻŎƘŜƳƛǎǘǊȅΣ ŀƴŀǘƻƳȅ ŀƴŘ 

ǳƭǘǊŀǎǘǊǳŎǘǳǊŜΥ .ƛƻŎƘƛƳƛŎŀ Ŝǘ .ƛƻǇƘȅǎƛŎŀ !Ŏǘŀ ό..!ύπwŜǾƛŜǿǎ ƻƴ .ƛƻŜƴŜǊƎŜǝŎǎΣ ǾΦ уфрΣ ƴƻΦ нΣ ǇΦ 

умπмлсΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ{лолпπпмтоόутύулллфπрΦ 

IŜǇǇŜƴƘŜƛƳŜǊΣ IΦΣ {ǘŜũŜƴǎΣ YΦΣ tǸǧƳŀƴΣ ²ΦΣ ŀƴŘ YŀƭƪǊŜǳǘƘΣ ²ΦΣ мффнΣ /ƻƳǇŀǊƛǎƻƴ ƻŦ ǊŜǎƛƴƛǘŜπǊŜƭŀǘŜŘ 

ŀǊƻƳŀǝŎ ōƛƻƳŀǊƪŜǊ ŘƛǎǘǊƛōǳǝƻƴǎ ƛƴ /ǊŜǘŀŎŜƻǳǎπ¢ŜǊǝŀǊȅ Ŏƻŀƭǎ ŦǊƻƳ /ŀƴŀŘŀ ŀƴŘ DŜǊƳŀƴȅΥ 

hǊƎŀƴƛŎ DŜƻŎƘŜƳƛǎǘǊȅΣ ǾΦ муΣ ƴƻΦ оΣ ǇΦ нтоπнутΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκлмпсπсоулόфнύфллсфπ

!Φ 

IŜǊōŜǊǘΣ ¢Φ 5ΦΣ [ŀǿǊŜƴŎŜΣ YΦ ¢ΦΣ ¢ȊŀƴƻǾŀΣ !ΦΣ tŜǘŜǊǎƻƴΣ [Φ /ΦΣ /ŀōŀƭƭŜǊƻπDƛƭƭΣ wΦΣ ŀƴŘ YŜƭƭȅΣ /Φ {ΦΣ нлмсΣ [ŀǘŜ 

aƛƻŎŜƴŜ Ǝƭƻōŀƭ ŎƻƻƭƛƴƎ ŀƴŘ ǘƘŜ ǊƛǎŜ ƻŦ ƳƻŘŜǊƴ ŜŎƻǎȅǎǘŜƳǎΥ bŀǘǳǊŜ DŜƻǎŎƛŜƴŎŜΣ ǾΦ фΣ ƴƻΦ ммΣ ǇΦ 

упоςуптΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκƴƎŜƻнумоΦ 

IƛƎƎƛƴǎΣ {Φ LΦΣ ŀƴŘ {ŎƘŜƛǘŜǊΣ {ΦΣ нлмнΣ !ǘƳƻǎǇƘŜǊƛŎ /hн ŦƻǊŎŜǎ ŀōǊǳǇǘ ǾŜƎŜǘŀǝƻƴ ǎƘƛƊǎ ƭƻŎŀƭƭȅΣ ōǳǘ ƴƻǘ 

ƎƭƻōŀƭƭȅΥ bŀǘǳǊŜΣ ǾΦ пууΣ ǇΦ нлфπнмнΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκƴŀǘǳǊŜммноуΦ 

IƻŜǘȊŜƭΣ {ΦΣ 5ǳǇƻƴǘΣ [ΦΣ {ŎƘŜŦǳǖΣ 9ΦΣ wƻƳƳŜǊǎƪƛǊŎƘŜƴΣ CΦΣ ŀƴŘ ²ŜŦŜǊΣ DΦΣ нлмоΣ ¢ƘŜ ǊƻƭŜ ƻŦ ŬǊŜ ƛƴ 

aƛƻŎŜƴŜ ǘƻ tƭƛƻŎŜƴŜ /п ƎǊŀǎǎƭŀƴŘ ŀƴŘ ŜŎƻǎȅǎǘŜƳ ŜǾƻƭǳǝƻƴΥ bŀǘǳǊŜ DŜƻǎŎƛŜƴŎŜΣ ǾΦ сΣ ƴƻΦ мнΣ ǇΦ 

млнтπмлолΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκƴƎŜƻмфупΦ 

IƻǊǘƻƴΣ .Φ YΦΣ нлмуΣ {ŜŘƛƳŜƴǘŀǊȅ ǊŜŎƻǊŘ ƻŦ !ƴŘŜŀƴ Ƴƻǳƴǘŀƛƴ ōǳƛƭŘƛƴƎΥ 9ŀǊǘƘπ{ŎƛŜƴŎŜ wŜǾƛŜǿǎΣ ǾΦ мтуΣ ǇΦ 

нтфπолфΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜŀǊǎŎƛǊŜǾΦнлмтΦммΦлнрΦ 

IǳŀƴƎΣ ¸ΦΣ /ƭŜƳŜƴǎΣ {Φ /ΦΣ [ƛǳΣ ²ΦΣ ²ŀƴƎΣ ¸ΦΣ ŀƴŘ tǊŜƭƭΣ ²Φ [ΦΣ нллтΣ [ŀǊƎŜπǎŎŀƭŜ ƘȅŘǊƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜ ŘǊƻǾŜ 

ǘƘŜ ƭŀǘŜ aƛƻŎŜƴŜ /п Ǉƭŀƴǘ ŜȄǇŀƴǎƛƻƴ ƛƴ ǘƘŜ IƛƳŀƭŀȅŀƴ ŦƻǊŜƭŀƴŘ ŀƴŘ !Ǌŀōƛŀƴ tŜƴƛƴǎǳƭŀΥ 

DŜƻƭƻƎȅΣ ǾΦ орΣ ƴƻΦ сΣ ǇΦ ромπропΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDноссс!ΦмΦ 

IǳƛΣ ½ΦΣ DƻǿŀƴΣ 9Φ WΦΣ IƻǳΣ ½ΦΣ ½ƘƻǳΣ ·ΦΣ aŀΣ ¸ΦΣ DǳƻΣ ½ΦΣ ŀƴŘ ½ƘŀƴƎΣ WΦΣ нлнмΣ LƴǘŜƴǎƛŬŜŘ ŬǊŜ ŀŎǝǾƛǘȅ 

ƛƴŘǳŎŜŘ ōȅ ŀǊƛŘƛŬŎŀǝƻƴ ŦŀŎƛƭƛǘŀǘŜŘ [ŀǘŜ aƛƻŎŜƴŜ /п Ǉƭŀƴǘ ŜȄǇŀƴǎƛƻƴ ƛƴ ǘƘŜ ƴƻǊǘƘŜŀǎǘŜǊƴ 

¢ƛōŜǘŀƴ tƭŀǘŜŀǳΣ /ƘƛƴŀΥ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦртоΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлнмΦммлпотΦ 

https://doi.org/10.1029/2010TC002703
https://doi.org/10.1016/S0304-4173(87)80009-5
https://doi.org/10.1016/0146-6380(92)90069-A
https://doi.org/10.1016/0146-6380(92)90069-A
https://doi.org/10.1038/ngeo2813
https://doi.org/10.1038/nature11238
https://doi.org/10.1038/ngeo1984
https://doi.org/10.1016/j.earscirev.2017.11.025
https://doi.org/10.1130/G23666A.1
https://doi.org/10.1016/j.palaeo.2021.110437
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IȅƭŀƴŘΣ 9Φ DΦΣ ŀƴŘ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ нлмоΣ /ƻǳǇƭŜŘ /hнπŎƭƛƳŀǘŜ ǊŜǎǇƻƴǎŜ ŘǳǊƛƴƎ ǘƘŜ ŜŀǊƭȅ 9ƻŎŜƴŜ ŎƭƛƳŀǝŎ 

ƻǇǝƳǳƳΥ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ осфΣ ǇΦ мнрπморΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмнΦмлΦлммΦ 

IȅƭŀƴŘΣ 9Φ DΦΣ ŀƴŘ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ нлмсΣ 9ȄŀƳƛƴƛƴƎ ǘƘŜ ǎǇŀǝŀƭ ŎƻƴǎƛǎǘŜƴŎȅ ƻŦ ǇŀƭŀŜƻǎƻƭ ǇǊƻȄƛŜǎΥ 

LƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǇŀƭŀŜƻŎƭƛƳŀǝŎ ŀƴŘ ǇŀƭŀŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎ ƛƴ ǘŜǊǊŜǎǘǊƛŀƭ 

ǎŜŘƛƳŜƴǘŀǊȅ ōŀǎƛƴǎΥ {ŜŘƛƳŜƴǘƻƭƻƎȅΣ ǾΦ соΣ ƴƻΦ пΣ ǇΦ фрфπфтмΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκǎŜŘΦмннпрΦ 

IȅƭŀƴŘΣ 9Φ DΦΣ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ {ƳƛǘƘΣ {Φ ¸ΦΣ ŀƴŘ {ǘǊǀƳōŜǊƎΣ /Φ !ΦΣ нлмфΣ [ŀǘŜ aƛƻŎŜƴŜ ǊƛǎŜ ŀƴŘ Ŧŀƭƭ ƻŦ /п 

ƎǊŀǎǎŜǎ ƛƴ ǘƘŜ ǿŜǎǘŜǊƴ ¦ƴƛǘŜŘ {ǘŀǘŜǎ ƭƛƴƪŜŘ ǘƻ ŀǊƛŘƛŬŎŀǝƻƴ ŀƴŘ ǳǇƭƛƊΥ .ǳƭƭŜǝƴΣ ǾΦ момΣ ƴƻΦ όмςнύΣ 

ǇΦ ннпςнопΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκ.онллфм Φ 

IȅƭŀƴŘΣ 9ΦΣ .ŜǊǊȅΣ YΦΣ !ȊƳƛΣ LΦΣ /ŀǊŘŜƴŀƭΣ 9ΦΣ .ǳǊƎŜƴŜǊΣ [ΦΣ нлноΣ {ǘŀǝǎǝŎŀƭ ǇŀŎƪŀƎŜ ŦƻǊ ŜǎǝƳŀǝƴƎ 

ǳƴŎŜǊǘŀƛƴǘȅ ƻƴ ǇƘȅǘƻƭƛǘƘ Ŏƻǳƴǘǎ ǳǎƛƴƎ ōƻƻǘǎǘǊŀǇǇƛƴƎ ŀƴŀƭȅǎŜǎ ό±ŜǊǎƛƻƴ нлноύΥ ½ŜƴƻŘƻΣ 

ŘƻƛΦƻǊƎκмлΦрнумκȊŜƴƻŘƻΦуоптлосΦ  

IȅƴŜƪΣ {Φ !ΦΣ tŀǎǎŜȅΣ .Φ IΦΣ tǊŀŘƻΣ WΦ [ΦΣ .ǊƻǿƴΣ CΦ IΦΣ /ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ ŀƴŘ vǳŀŘŜΣ WΦΣ нлмнΣ {Ƴŀƭƭ ƳŀƳƳŀƭ 

ŎŀǊōƻƴ ƛǎƻǘƻǇŜ ŜŎƻƭƻƎȅ ŀŎǊƻǎǎ ǘƘŜ aƛƻŎŜƴŜςtƭƛƻŎŜƴŜ ōƻǳƴŘŀǊȅΣ ƴƻǊǘƘǿŜǎǘŜǊƴ !ǊƎŜƴǝƴŀΥ 9ŀǊǘƘ 

ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ ǾΦ онмΣ ǇΦ мттπмууΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлммΦмнΦлоуΦ 

LƴǎŜƭΣ bΦΣ tƻǳƭǎŜƴΣ /Φ WΦΣ ŀƴŘ 9ƘƭŜǊǎΣ ¢Φ !ΦΣ нлмлΣ LƴƅǳŜƴŎŜ ƻŦ ǘƘŜ !ƴŘŜǎ aƻǳƴǘŀƛƴǎ ƻƴ {ƻǳǘƘ !ƳŜǊƛŎŀƴ 

ƳƻƛǎǘǳǊŜ ǘǊŀƴǎǇƻǊǘΣ ŎƻƴǾŜŎǝƻƴΣ ŀƴŘ ǇǊŜŎƛǇƛǘŀǝƻƴΥ /ƭƛƳŀǘŜ 5ȅƴŀƳƛŎǎΣ ǾΦ орΣ ǇΦ мпттπмпфнΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκǎллоунπллфπлсотπмΦ 

LƴǎŜƭΣ bΦΣ tƻǳƭǎŜƴΣ /Φ WΦΣ 9ƘƭŜǊǎΣ ¢Φ !ΦΣ ŀƴŘ {ǘǳǊƳΣ /ΦΣ нлмнΣ wŜǎǇƻƴǎŜ ƻŦ ƳŜǘŜƻǊƛŎ ʵмуh ǘƻ ǎǳǊŦŀŎŜ ǳǇƭƛƊτ

LƳǇƭƛŎŀǝƻƴǎ ŦƻǊ /ŜƴƻȊƻƛŎ !ƴŘŜŀƴ tƭŀǘŜŀǳ ƎǊƻǿǘƘΥ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ ǾΦ омтΣ 

ǇΦ нснπнтнΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлммΦммΦлофΦ 

bŜǳƳŀƴƴΣ YΦΣ {ǘǊǀƳōŜǊƎΣ /Φ!Φ9ΦΣ .ŀƭƭΣ ¢ΦΣ !ƭōŜǊǘΣ wΦaΦΣ ±ǊȅŘŀƎƘǎΣ [ΦΣ /ǳƳƳƛƴƎǎΣ [Φ{ΦΣ нлмфΣ LƴǘŜǊƴŀǝƻƴŀƭ 

/ƻŘŜ ŦƻǊ tƘȅǘƻƭƛǘƘ bƻƳŜƴŎƭŀǘǳǊŜ όL/tbύ нΦлΥ !ƴƴŀƭǎ ƻŦ .ƻǘŀƴȅΣ ǾΦ мнпΣ ƴƻΦ нΣ муфπмффΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлфоκŀƻōκƳŎȊлспΦ 

YŀǊǇΣ !Φ ¢ΦΣ .ŜƘǊŜƴǎƳŜȅŜǊΣ !Φ YΦΣ ŀƴŘ CǊŜŜƳŀƴΣ YΦ IΦΣ нлмуΣ DǊŀǎǎƭŀƴŘ ŬǊŜ ŜŎƻƭƻƎȅ Ƙŀǎ Ǌƻƻǘǎ ƛƴ ǘƘŜ ƭŀǘŜ 

aƛƻŎŜƴŜΥ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ bŀǝƻƴŀƭ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎπtb!{Σ ǾΦ ммрΣ ƴƻΦ пуΣ мнмолπмнморΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтоκǇƴŀǎΦмулфтруммрΦ 

YŀǊǇΣ !Φ ¢ΦΣ IƻƭƳŀƴΣ !Φ LΦΣ IƻǇǇŜǊΣ tΦΣ DǊƛŎŜΣ YΦΣ ŀƴŘ CǊŜŜƳŀƴΣ YΦ IΦΣ нлнлΣ CƛǊŜ ŘƛǎǝƴƎǳƛǎƘŜǊǎΥ wŜŬƴŜŘ 

ƛƴǘŜǊǇǊŜǘŀǝƻƴǎ ƻŦ ǇƻƭȅŎȅŎƭƛŎ ŀǊƻƳŀǝŎ ƘȅŘǊƻŎŀǊōƻƴǎ ŦƻǊ ǇŀƭŜƻπŀǇǇƭƛŎŀǝƻƴǎΥ DŜƻŎƘƛƳƛŎŀ Ŝǘ 

/ƻǎƳƻŎƘƛƳƛŎŀ !ŎǘŀΣ ǾΦ нуфΣ ǇΦ фоπммоΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎŎŀΦнлнлΦлуΦлнпΦ 

https://doi.org/10.1016/j.palaeo.2012.10.011
https://doi.org/10.1111/sed.12245
https://doi.org/10.1130/B320091
https://doi.org/10.1016/j.epsl.2011.12.038
https://doi.org/10.1007/s00382-009-0637-1
https://doi.org/10.1016/j.epsl.2011.11.039
https://doi.org/10.1093/aob/mcz064
https://doi.org/10.1073/pnas.1809758115
https://doi.org/10.1016/j.gca.2020.08.024
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YŀǊǇΣ !Φ ¢ΦΣ ¦ƴƻΣ YΦ ¢ΦΣ tƻƭƛǎǎŀǊΣ tΦ WΦΣ ŀƴŘ CǊŜŜƳŀƴΣ YΦ IΦΣ нлнмΣ [ŀǘŜ aƛƻŎŜƴŜ /п ƎǊŀǎǎƭŀƴŘ ŬǊŜ ŦŜŜŘōŀŎƪǎ 

ƻƴ ǘƘŜ LƴŘƛŀƴ {ǳōŎƻƴǝƴŜƴǘΥ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅ ŀƴŘ tŀƭŜƻŎƭƛƳŀǘƻƭƻƎȅΣ ǾΦ осΣ ƴƻΦ пΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлt!ллпмлсΦ  

YŀǊǇΣ !Φ ¢ΦΣ !ƴŘǊŀŜΣ WΦ ²ΦΣ aŎLƴŜǊƴŜȅΣ CΦ !ΦΣ tƻƭƛǎǎŀǊΣ tΦ WΦΣ ŀƴŘ CǊŜŜƳŀƴΣ YΦ IΦΣ нлнмΣ {ƻƛƭ ŎŀǊōƻƴ ƭƻǎǎ ŀƴŘ 

ǿŜŀƪ ŬǊŜ ŦŜŜŘōŀŎƪǎ ŘǳǊƛƴƎ tƭƛƻŎŜƴŜ /п ƎǊŀǎǎƭŀƴŘ ŜȄǇŀƴǎƛƻƴ ƛƴ !ǳǎǘǊŀƭƛŀΦ DŜƻǇƘȅǎƛŎŀƭ wŜǎŜŀǊŎƘ 

[ŜǧŜǊǎΣ ǾΦ пуΣ ƴƻΦ нΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлD[лфлфспΦ  

YŀǇǇŜƴōŜǊƎΣ !ΦΣ .ǊŀǳƴΣ aΦΣ !ƳŜƭǳƴƎΣ ²ΦΣ ŀƴŘ [ŜƘƴŘƻǊũΣ 9ΦΣ нлмфΣ CƛǊŜ ŎƻƴŘŜƴǎŀǘŜǎ ŀƴŘ ŎƘŀǊŎƻŀƭǎΥ 

/ƘŜƳƛŎŀƭ ŎƻƳǇƻǎƛǝƻƴ ŀƴŘ ŦǳŜƭ ǎƻǳǊŎŜ ƛŘŜƴǝŬŎŀǝƻƴΥ hǊƎŀƴƛŎ DŜƻŎƘŜƳƛǎǘǊȅΣ ǾΦ молΣ ǇΦ поπрлΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƻǊƎƎŜƻŎƘŜƳΦнлмфΦлмΦллфΦ 

YŜŜƭŜȅΣ WΦ 9ΦΣ ŀƴŘ wǳƴŘŜƭΣ tΦ ²ΦΣ нллрΣ CƛǊŜ ŀƴŘ ǘƘŜ aƛƻŎŜƴŜ ŜȄǇŀƴǎƛƻƴ ƻŦ /п ƎǊŀǎǎƭŀƴŘǎΥ 9ŎƻƭƻƎȅ [ŜǧŜǊǎΣ 

ǾΦ уΣ ƴƻΦ тΣ ǇΦ суоςсфлΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмпсмπлнпуΦнллрΦллтстΦȄΦ  

YƭŜƛƴŜǊǘΣ YΦΣ ϧ {ǘǊŜŎƪŜǊΣ aΦ wΦΣ нллмΣ /ƭƛƳŀǘŜ ŎƘŀƴƎŜ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ƻǊƻƎǊŀǇƘƛŎ ōŀǊǊƛŜǊ ǳǇƭƛƊΥ ǇŀƭŜƻǎƻƭ 

ŀƴŘ ǎǘŀōƭŜ ƛǎƻǘƻǇŜ ŜǾƛŘŜƴŎŜ ŦǊƻƳ ǘƘŜ ƭŀǘŜ bŜƻƎŜƴŜ {ŀƴǘŀ aŀǊƛŀ ōŀǎƛƴΣ ƴƻǊǘƘǿŜǎǘŜǊƴ 

!ǊƎŜƴǝƴŀΥ DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀ .ǳƭƭŜǝƴΣ ǾΦ ммоΣ ƴƻΦ сΣ тнуπтпнΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπтслсόнллмύммо҈о/лтнуΥ//Lw¢h҈о9нΦлΦ/hΤнΦ  

YƴƻǊǊΣ DΦΣ .ǳǘȊƛƴΣ aΦΣ aƛŎƘŜŜƭǎΣ !ΦΣ ŀƴŘ [ƻƘƳŀƴƴΣ DΦΣ нлммΣ ! ǿŀǊƳ aƛƻŎŜƴŜ ŎƭƛƳŀǘŜ ŀǘ ƭƻǿ 

ŀǘƳƻǎǇƘŜǊƛŎ /hн ƭŜǾŜƭǎΥ DŜƻǇƘȅǎƛŎŀƭ wŜǎŜŀǊŎƘ [ŜǧŜǊǎΣ ǾΦ оуΣ ƴƻΦ нл 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлммD[лпуутоΦ 

YǊǳƭƭΣ 9Φ {ΦΣ .ŜǎǘƭŀƴŘΣ 9Φ !ΦΣ ŀƴŘ DŀǘŜǎΣ ²Φ tΦΣ нллнΣ {ƻƛƭ ƻǊƎŀƴƛŎ ƳŀǧŜǊ ŘŜŎƻƳǇƻǎƛǝƻƴ ŀƴŘ ǘǳǊƴƻǾŜǊ ƛƴ ŀ 

ǘǊƻǇƛŎŀƭ ¦ƭǝǎƻƭΥ ŜǾƛŘŜƴŎŜ ŦǊƻƳ ʵмо/Σ ʵмрb ŀƴŘ ƎŜƻŎƘŜƳƛǎǘǊȅΥ wŀŘƛƻŎŀǊōƻƴΣ ǾΦ ппΦ bƻΦ мΣ ǇΦ фоπ

ммнΣ ŘƻƛΥмлΦмлмтκ{ллооунннлллсптлΦ 

YǊǳƭƭΣ 9Φ DΦΣ ŀƴŘ .ǊŀȅΣ {Φ {ΦΣ нллрΣ !ǎǎŜǎǎƳŜƴǘ ƻŦ ǾŜƎŜǘŀǝƻƴ ŎƘŀƴƎŜ ŀƴŘ ƭŀƴŘǎŎŀǇŜ ǾŀǊƛŀōƛƭƛǘȅ ōȅ ǳǎƛƴƎ 

ǎǘŀōƭŜ ŎŀǊōƻƴ ƛǎƻǘƻǇŜǎ ƻŦ ǎƻƛƭ ƻǊƎŀƴƛŎ ƳŀǧŜǊΥ !ǳǎǘǊŀƭƛŀƴ WƻǳǊƴŀƭ ƻŦ .ƻǘŀƴȅΣ ǾΦ роΣ ƴƻΦ тΣ ǇΦ срмπ

ссмΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтмκ.¢лпмнпΦ  

YǳƳŀǊΣ aΦΣ {ŀƛƪƛŀΣ YΦΣ !ƎǊŀǿŀƭΣ {ΦΣ DƘƻǎƘΣ wΦΣ !ƭƛΣ {Φ bΦΣ !ǊƛŦΣ aΦΣ ΦΦΦ ϧ .ŀƧǇŀƛΣ {ΦΣ нлннΣ /ƭƛƳŀǝŎ ŎƻƴǘǊƻƭ ƻƴ 

ǘƘŜ /о ŀƴŘ /п Ǉƭŀƴǘ ŀōǳƴŘŀƴŎŜ ŘǳǊƛƴƎ ǘƘŜ ƭŀǘŜ tƭŜƛǎǘƻŎŜƴŜςIƻƭƻŎŜƴŜ ƛƴ ǘƘŜ ƴƻǊǘƘŜǊƴ DŀƴƎŜǝŎ 

tƭŀƛƴΣ LƴŘƛŀΥ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ рфмΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлннΦммлуфлΦ 

[ŀǘƻǊǊŜΣ /ΦΣ vǳŀŘŜΣ WΦΣ ŀƴŘ aŎLƴǘƻǎƘΣ ²Φ /ΦΣ мффтΣ ¢ƘŜ ŜȄǇŀƴǎƛƻƴ ƻŦ /п ƎǊŀǎǎŜǎ ŀƴŘ Ǝƭƻōŀƭ ŎƘŀƴƎŜ ƛƴ ǘƘŜ 

ƭŀǘŜ aƛƻŎŜƴŜΥ ǎǘŀōƭŜ ƛǎƻǘƻǇŜ ŜǾƛŘŜƴŎŜ ŦǊƻƳ ǘƘŜ !ƳŜǊƛŎŀǎΥ 9ŀǊǘƘ ŀƴŘ ǇƭŀƴŜǘŀǊȅ ǎŎƛŜƴŎŜ ƭŜǧŜǊǎΣ 

ǾΦ мпсΣ ƴƻΦ мπнΣ ǇΦ уоπфсΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ{ллмнπунм·όфсύллномπнΦ 

https://doi.org/10.1029/2020PA004106
https://doi.org/10.1029/2020GL090964
https://doi.org/10.1016/j.orggeochem.2019.01.009
https://doi.org/10.1111/j.1461-0248.2005.00767.x
https://doi.org/10.1130/0016-7606(2001)113%3C0728:CCIRTO%3E2.0.CO;2
https://doi.org/10.1029/2011GL048873
https://doi.org/10.1071/BT04124
https://doi.org/10.1016/j.palaeo.2022.110890
https://doi.org/10.1016/S0012-821X(96)00231-2
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[ŀǘǊǳōŜǎǎŜΣ 9Φ aΦΣ /ƻȊȊǳƻƭΣ aΦΣ Řŀ {ƛƭǾŀπ/ŀƳƛƴƘŀΣ {Φ !ΦΣ wƛƎǎōȅΣ /Φ !ΦΣ !ōǎȅΣ aΦ [ΦΣ ŀƴŘ WŀǊŀƳƛƭƭƻΣ /ΦΣ нлмлΣ 

¢ƘŜ [ŀǘŜ aƛƻŎŜƴŜ ǇŀƭŜƻƎŜƻƎǊŀǇƘȅ ƻŦ ǘƘŜ !ƳŀȊƻƴ .ŀǎƛƴ ŀƴŘ ǘƘŜ ŜǾƻƭǳǝƻƴ ƻŦ ǘƘŜ !ƳŀȊƻƴ wƛǾŜǊ 

ǎȅǎǘŜƳΥ 9ŀǊǘƘπ{ŎƛŜƴŎŜ wŜǾƛŜǿǎΣ ǾΦ ффΣ ƴƻΦ оπпΣ ǇΦ ффπмнпΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜŀǊǎŎƛǊŜǾΦнлмлΦлнΦллрΦ 

[ŀǳΣ 9Φ ±ΦΣ DŀƴΣ {ΦΣ ŀƴŘ bƎΣ IΦ YΦΣ нлмлΣ 9ȄǘǊŀŎǝƻƴ ǘŜŎƘƴƛǉǳŜǎ ŦƻǊ ǇƻƭȅŎȅŎƭƛŎ ŀǊƻƳŀǝŎ ƘȅŘǊƻŎŀǊōƻƴǎ ƛƴ 

ǎƻƛƭǎΥ LƴǘŜǊƴŀǝƻƴŀƭ ƧƻǳǊƴŀƭ ƻŦ ŀƴŀƭȅǝŎŀƭ ŎƘŜƳƛǎǘǊȅΣ ǾΦ нлмлΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммррκнлмлκофуоумΦ 

[ŜŜƎƻƻŘΣ wΦ/ΦΣ нлллΣ ¢ǊŀƴǎǇƻǊǘ 5ǳǊƛƴƎ /п tƘƻǘƻǎȅƴǘƘŜǎƛǎΦ LƴΥ [ŜŜƎƻƻŘΣ wΦ/ΦΣ {ƘŀǊƪŜȅΣ ¢Φ5ΦΣ Ǿƻƴ 

/ŀŜƳƳŜǊŜǊΣ {Φ όŜŘǎύ tƘƻǘƻǎȅƴǘƘŜǎƛǎΦ !ŘǾŀƴŎŜǎ ƛƴ tƘƻǘƻǎȅƴǘƘŜǎƛǎ ŀƴŘ wŜǎǇƛǊŀǝƻƴΣ ǾΦ фΦ {ǇǊƛƴƎŜǊΣ 

5ƻǊŘǊŜŎƘǘΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκлπолсπпумотπрψм 

[ƛΣ WΦΣ ²ŀƴƎΣ DΦΣ [ƛǳΣ ·ΦΣ IŀƴΣ WΦΣ [ƛǳΣ aΦΣ ŀƴŘ [ƛǳΣ ·ΦΣ нллфΣ ±ŀǊƛŀǝƻƴǎ ƛƴ ŎŀǊōƻƴ ƛǎƻǘƻǇŜ Ǌŀǝƻǎ ƻŦ / о Ǉƭŀƴǘǎ 

ŀƴŘ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ / п Ǉƭŀƴǘǎ ŀƭƻƴƎ ŀƴ ŀƭǝǘǳŘƛƴŀƭ ǘǊŀƴǎŜŎǘ ƻƴ ǘƘŜ ŜŀǎǘŜǊƴ ǎƭƻǇŜ ƻŦ aƻǳƴǘ 

DƻƴƎƎŀΥ {ŎƛŜƴŎŜ ƛƴ /Ƙƛƴŀ {ŜǊƛŜǎ 5Υ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ ǾΦ рнΣ ǇΦ мтмпπмтноΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκǎммполπллфπлмтлπпΦ 

[ǳΣ WΦΣ !ƭƎŜƻΣ ¢Φ WΦΣ ½ƘǳŀƴƎΣ DΦΣ ¸ŀƴƎΣ WΦΣ ·ƛŀƻΣ DΦΣ [ƛǳΣ WΦΣ ΦΦΦ ϧ ·ƛŜΣ {ΦΣ нлнлΣ ¢ƘŜ 9ŀǊƭȅ tƭƛƻŎŜƴŜ Ǝƭƻōŀƭ 

ŜȄǇŀƴǎƛƻƴ ƻŦ /п ƎǊŀǎǎƭŀƴŘǎΥ ! ƴŜǿ ƻǊƎŀƴƛŎ ŎŀǊōƻƴπƛǎƻǘƻǇƛŎ ŘŀǘŀǎŜǘ ŦǊƻƳ ǘƘŜ ƴƻǊǘƘ /Ƙƛƴŀ ǇƭŀƛƴΥ 

tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ ǇŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ ǇŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ роуΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмфΦмлфпрпΦ 

[ǳƪŜƴǎΣ ²Φ 9ΦΣ {ǝƴŎƘŎƻƳōΣ DΦ 9ΦΣ bƻǊŘǘΣ [Φ /ΦΣ YŀƘƭŜΣ 5Φ WΦΣ 5ǊƛŜǎŜΣ {Φ DΦΣ ŀƴŘ ¢ǳōōǎΣ WΦ 5ΦΣ нлмфΣ wŜŎǳǊǎƛǾŜ 

ǇŀǊǝǝƻƴƛƴƎ ƛƳǇǊƻǾŜǎ ǇŀƭŜƻǎƻƭ ǇǊƻȄƛŜǎ ŦƻǊ ǊŀƛƴŦŀƭƭΣ !ƳŜǊƛŎŀƴ WƻǳǊƴŀƭ ƻŦ {ŎƛŜƴŎŜΣ ǾΦ омфΣ ƴƻΦ млΣ 

ǇΦ умфπупрΦ 

Luo, X., Zhou, H., Satriawan, T. W., Tian, J., Zhao, R., Keenan, T. F., ... and Still, C. JΦΣ 2024, Mapping 

the global distribution of C4 vegetation using observations and optimality theory: Nature 

Communications, v. 15, https://doi.org/10.1038/s41467-024-45606-3.  

aŀŎƪΣ DΦ IΦΣ WŀƳŜǎΣ ²Φ /ΦΣ ŀƴŘ aƻƴƎŜǊΣ IΦ /ΦΣ мффоΣ /ƭŀǎǎƛŬŎŀǝƻƴ ƻŦ ǇŀƭŜƻǎƻƭǎΦ DŜƻƭƻƎƛŎŀƭ ǎƻŎƛŜǘȅ ƻŦ 

!ƳŜǊƛŎŀ ōǳƭƭŜǝƴΣ ǾΦ млрΣ ƴƻΦ нΣ ǇΦ мнфπмосΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπ

тслсόмффоύмлр҈о/лмнфΥ/ht҈о9нΦоΦ/hΤнΦ 

aŀŘŜƭƭŀΣ aΦΣ !ƭŜȄŀƴŘǊŜΣ !ΦΣ ŀƴŘ .ŀƭƭΣ ¢ΦΣ нллрΣ LƴǘŜǊƴŀǝƻƴŀƭ ŎƻŘŜ ŦƻǊ ǇƘȅǘƻƭƛǘƘ ƴƻƳŜƴŎƭŀǘǳǊŜ мΦлΦ !ƴƴŀƭǎ 

ƻŦ .ƻǘŀƴȅΣ ǾΦ фсΣ ƴƻΦ нΣ ǇΦ нроπнслΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлфоκŀƻōκƳŎƛмтнΦ 

https://doi.org/10.1016/j.earscirev.2010.02.005
https://doi.org/10.1155/2010/398381
https://doi.org/10.1007/0-306-48137-5_1
https://doi.org/10.1007/s11430-009-0170-4
https://doi.org/10.1016/j.palaeo.2019.109454
https://doi.org/10.1038/s41467-024-45606-3
https://doi.org/10.1130/0016-7606(1993)105%3C0129:COP%3E2.3.CO;2
https://doi.org/10.1130/0016-7606(1993)105%3C0129:COP%3E2.3.CO;2
https://doi.org/10.1093/aob/mci172
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aŀŎCŀŘŘŜƴΣ .Φ WΦΣ /ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ ŀƴŘ tǊŀŘƻΣ WΦΣмффсΣ /ŜƴƻȊƻƛŎ ǘŜǊǊŜǎǘǊƛŀƭ ŜŎƻǎȅǎǘŜƳ ŜǾƻƭǳǝƻƴ ƛƴ 

!ǊƎŜƴǝƴŀΥ ŜǾƛŘŜƴŎŜ ŦǊƻƳ ŎŀǊōƻƴ ƛǎƻǘƻǇŜǎ ƻŦ Ŧƻǎǎƛƭ ƳŀƳƳŀƭ ǘŜŜǘƘΣ tŀƭŀƛƻǎΣǾΦ ммΣ ƴƻΦ пΣ ǇΦомфπ

онтΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнолтκормрнпн  

aŀǊōǳǘΣ /Φ CΦΣмфорΣ !ǘƭŀǎ ƻŦ ŀƳŜǊƛŎŀƴ ŀƎǊƛŎǳƭǘǳǊŜΥ tŀǊǘ ƛƛƛ ǎƻƛƭǎ ƻŦ ǘƘŜ ǳƴƛǘŜŘ ǎǘŀǘŜǎΦ 

aƛŀƭƭΣ !Φ 5ΦΣ нлмпΣ CƭǳǾƛŀƭ 5ŜǇƻǎƛǝƻƴŀƭ {ȅǎǘŜƳΣ {ǿƛǘȊŜǊƭŀƴŘΣ {ǇǊƛƴƎŜǊ LƴǘŜǊƴŀǝƻƴŀƭΣ 5hLΥ млΦмллтκфтуπоπ

омфπллсссπс  

aƛŀƻΣ ¸ΦΣ bƛŜΣ WΦΣ IǳΣ ·ΦΣ ²ŀƴΣ ½ΦΣ ½ƘŀƻΣ .ΦΣ ½ƘŀƻΣ ¸ΦΣ ΦΦΦ ŀƴŘ /ƘŜƴΣ ¢ΦΣ нлннΣ ²ƛƭŘŬǊŜ ƘƛǎǘƻǊȅ ŀƴŘ ǎŀǾŀƴƴŀ 

ŜȄǇŀƴǎƛƻƴ ŀŎǊƻǎǎ ǎƻǳǘƘŜǊƴ !ŦǊƛŎŀ ǎƛƴŎŜ ǘƘŜ ƭŀǘŜ aƛƻŎŜƴŜΥ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ 

tŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ слоΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлннΦммммуфΦ  

aƛŎƘŜƭΣ [Φ !ΦΣ ¢ŀōƻǊΣ bΦ WΦΣ ŀƴŘ aƻƴǘŀƷŜȊΣ LΦ tΦΣ нлмсΣ tŀƭŜƻǎƻƭ ŘƛŀƎŜƴŜǎƛǎ ŀƴŘ ƛǘǎ ŘŜŜǇπǝƳŜ 

ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ƛƳǇƭƛŎŀǝƻƴǎΣ tŜƴƴǎȅƭǾŀƴƛŀƴςtŜǊƳƛŀƴ [ƻŘŜǾŜ .ŀǎƛƴΣ CǊŀƴŎŜΣ WƻǳǊƴŀƭ ƻŦ 

{ŜŘƛƳŜƴǘŀǊȅ wŜǎŜŀǊŎƘΣ ǾΦ усΣ ƴƻΦ тΣ ǇΦ умоπунфΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнммлκƧǎǊΦнлмсΦпм  

aƛŎƘŜƭΣ [Φ !ΦΣ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ aȅŜǊǎΣ ¢Φ {ΦΣ ϧ ¢ŀōƻǊΣ bΦ WΦΣ нлннΣ !ǎǎŜǎǎƳŜƴǘ ƻŦ ǇǊŜǘǊŜŀǘƳŜƴǘ ƳŜǘƘƻŘǎ ƻƴ 

/L!πY ŀƴŘ /![a!D ƛƴŘƛŎŜǎ ŀƴŘ ǘƘŜ ŜũŜŎǘǎ ƻƴ ǇŀƭŜƻǇǊŜŎƛǇƛǘŀǝƻƴ ŜǎǝƳŀǘŜǎΣ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ 

tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ слмΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлннΦммммлн  

aƛŎƘŜŜƭǎΣ !ΦΣ .ǊǳŎƘΣ !Φ !ΦΣ ¦ƘƭΣ 5ΦΣ ¦ǘŜǎŎƘŜǊΣ ¢ΦΣ ŀƴŘ aƻǎōǊǳƎƎŜǊΣ ±ΦΣ нллтΣ ! [ŀǘŜ aƛƻŎŜƴŜ ŎƭƛƳŀǘŜ 

ƳƻŘŜƭ ǎƛƳǳƭŀǝƻƴ ǿƛǘƘ 9/I!aпκa[ ŀƴŘ ƛǘǎ ǉǳŀƴǝǘŀǝǾŜ ǾŀƭƛŘŀǝƻƴ ǿƛǘƘ ǘŜǊǊŜǎǘǊƛŀƭ ǇǊƻȄȅ ŘŀǘŀΥ 

tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ нроΣ ƴƻΦ мπнΣ ǇΦ нрмπнтлΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнллтΦлоΦлпнΦ 

aƛŎƘŜŜƭǎΣ !ΦΣ .ǊǳŎƘΣ !Φ !ΦΣ 9ǊƻƴŜƴΣ WΦΣ CƻǊǘŜƭƛǳǎΣ aΦΣ IŀǊȊƘŀǳǎŜǊΣ aΦΣ ¦ǘŜǎŎƘŜǊΣ ¢ΦΣ ŀƴŘ aƻǎōǊǳƎƎŜǊΣ ±ΦΣ 

нлммΣ !ƴŀƭȅǎƛǎ ƻŦ ƘŜŀǘ ǘǊŀƴǎǇƻǊǘ ƳŜŎƘŀƴƛǎƳǎ ŦǊƻƳ ŀ [ŀǘŜ aƛƻŎŜƴŜ ƳƻŘŜƭ ŜȄǇŜǊƛƳŜƴǘ ǿƛǘƘ ŀ 

ŦǳƭƭȅπŎƻǳǇƭŜŘ ŀǘƳƻǎǇƘŜǊŜςƻŎŜŀƴ ƎŜƴŜǊŀƭ ŎƛǊŎǳƭŀǝƻƴ ƳƻŘŜƭΥ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ 

tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ олпΣ ƴƻΦ оπпΣ ǇΦ оотπорлΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмлΦлфΦлнмΦ 

aǳƭŎƘΣ !ΦΣ ¦ōŀΣ /Φ 9ΦΣ {ǘǊŜŎƪŜǊΣ aΦ wΦΣ {ŎƘƻŜƴōŜǊƎΣ wΦΣ ŀƴŘ /ƘŀƳōŜǊƭŀƛƴΣ /Φ tΦΣ нлмлΣ [ŀǘŜ aƛƻŎŜƴŜ 

ŎƭƛƳŀǘŜ ǾŀǊƛŀōƛƭƛǘȅ ŀƴŘ ǎǳǊŦŀŎŜ ŜƭŜǾŀǝƻƴ ƛƴ ǘƘŜ ŎŜƴǘǊŀƭ !ƴŘŜǎΥ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ 

[ŜǧŜǊǎΣ ǾΦ нфлΣ ƴƻΦ мπнΣ ǇΦ мтоπмунΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнллфΦмнΦлмфΦ 

hǎōƻǊƴŜΣ /Φ tΦΣ нллуΣ !ǘƳƻǎǇƘŜǊŜΣ ŜŎƻƭƻƎȅ ŀƴŘ ŜǾƻƭǳǝƻƴΥ ²Ƙŀǘ ŘǊƻǾŜ ǘƘŜ aƛƻŎŜƴŜ ŜȄǇŀƴǎƛƻƴ ƻŦ /п 

ƎǊŀǎǎƭŀƴŘǎΚ Υ WƻǳǊƴŀƭ ƻŦ 9ŎƻƭƻƎȅΣ ǾΦ фсΣ ǇΦ орςпрΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмосрπ

нтпрΦнллтΦлмоноΦȄΦ 

tŀƎŀƴƛΣ aΦΣ !ǊǘƘǳǊΣ aΦ !ΦΣ ŀƴŘ CǊŜŜƳŀƴΣ YΦ IΦΣ мфффΣ aƛƻŎŜƴŜ ŜǾƻƭǳǝƻƴ ƻŦ ŀǘƳƻǎǇƘŜǊƛŎ ŎŀǊōƻƴ ŘƛƻȄƛŘŜΥ 

tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅΣ ǾΦ мпΣ ƴƻΦ оΣ ǇΦ нтоςнфнΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκмфффt!фллллсΦ 

https://doi.org/10.2307/3515242
https://doi.org/10.1016/j.palaeo.2022.111189
https://doi.org/10.2110/jsr.2016.41
https://doi.org/10.1016/j.palaeo.2022.111102
https://doi.org/10.1016/j.palaeo.2007.03.042
https://doi.org/10.1016/j.palaeo.2010.09.021
https://doi.org/10.1016/j.epsl.2009.12.019
https://doi.org/10.1111/j.1365-2745.2007.01323.x
https://doi.org/10.1111/j.1365-2745.2007.01323.x
https://doi.org/10.1029/1999PA900006
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tŀƎŀƴƛΣ aΦΣ ½ŀŎƘƻǎΣ WΦ /ΦΣ CǊŜŜƳŀƴΣ YΦ IΦΣ ¢ƛǇǇƭŜΣ .ΦΣ ϧ .ƻƘŀǘȅΣ {ΦΣ нллрΣ aŀǊƪŜŘ ŘŜŎƭƛƴŜ ƛƴ ŀǘƳƻǎǇƘŜǊƛŎ 

ŎŀǊōƻƴ ŘƛƻȄƛŘŜ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ŘǳǊƛƴƎ ǘƘŜ tŀƭŜƻƎŜƴŜΣ {ŎƛŜƴŎŜΣ ǾΦ олфΣ ǇΦ сллπслоΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŜƴŎŜΦмммллсо  

tŀǎǎŜȅΣ .Φ IΦΣ !ȅƭƛũŜΣ [Φ YΦΣ YŀŀƪƛƴŜƴΣ !ΦΣ ½ƘŀƴƎΣ ½ΦΣ 9ǊƻƴŜƴΣ WΦ ¢ΦΣ ½ƘǳΣ ¸ΦΣ ΦΦΦ ϧ CƻǊǘŜƭƛǳǎΣ aΦΣнллфΣ 

{ǘǊŜƴƎǘƘŜƴŜŘ 9ŀǎǘ !ǎƛŀƴ ǎǳƳƳŜǊ Ƴƻƴǎƻƻƴǎ ŘǳǊƛƴƎ ŀ ǇŜǊƛƻŘ ƻŦ ƘƛƎƘπƭŀǝǘǳŘŜ ǿŀǊƳǘƘΚ LǎƻǘƻǇƛŎ 

ŜǾƛŘŜƴŎŜ ŦǊƻƳ aƛƻπtƭƛƻŎŜƴŜ Ŧƻǎǎƛƭ ƳŀƳƳŀƭǎ ŀƴŘ ǎƻƛƭ ŎŀǊōƻƴŀǘŜǎ ŦǊƻƳ ƴƻǊǘƘŜǊƴ /ƘƛƴŀΥ  9ŀǊǘƘ 

ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ ǾΦ  нттΣ ƴƻΦ оπпΣ ǇΦ ппоπпрнΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнллуΦммΦллуΦ 

tŜŀǊǎƻƴΣ tΦ bΦΣ ŀƴŘ tŀƭƳŜǊΣ aΦ wΦΣ нлллΣ !ǘƳƻǎǇƘŜǊƛŎ ŎŀǊōƻƴ ŘƛƻȄƛŘŜ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƻǾŜǊ ǘƘŜ Ǉŀǎǘ сл 

Ƴƛƭƭƛƻƴ ȅŜŀǊǎΥ bŀǘǳǊŜΣ ǾΦ плсΣ ǇΦ сфрςсффΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκорлнмлллΦ 

tŜǇǇŜΣ 5Φ WΦΣ /ƻǘŜΣ {Φ aΦΣ 5ŜƛƴƻΣ !Φ [ΦΣ CƻȄΣ 5Φ [ΦΣ YƛƴƎǎǘƻƴΣ WΦ 5ΦΣ YƛƴȅŀƴƧǳƛΣ wΦ bΦΣ ΦΦΦ ŀƴŘ aŎbǳƭǘȅΣ YΦ tΦΣ 

нлноΣ hƭŘŜǎǘ ŜǾƛŘŜƴŎŜ ƻŦ ŀōǳƴŘŀƴǘ /п ƎǊŀǎǎŜǎ ŀƴŘ Ƙŀōƛǘŀǘ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ƛƴ ŜŀǎǘŜǊƴ !ŦǊƛŎŀΣ 

{ŎƛŜƴŎŜΣ ǾΦ оулΣ ǇΦ мтоπмттΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŜƴŎŜΦŀōǉнуоп  

tƛƴƎŜƭΣ IΦΣ aǳƭŎƘΣ !ΦΣ !ƭƻƴǎƻΣ wΦ bΦΣ /ƻǧƭŜΣ WΦΣ IȅƴŜƪΣ {Φ !ΦΣ tƻƭŜǩΣ WΦΣ wƻƘǊƳŀƴƴΣ !ΦΣ {ŎƘƳƛǧΣ !Φ YΦΣ 

{ǘƻŎƪƭƛΣ 5Φ CΦΣ ŀƴŘ {ǘǊŜŎƪŜǊΣ aΦ wΦΣ нлмсΣ {ǳǊŦŀŎŜ ǳǇƭƛƊ ŀƴŘ ŎƻƴǾŜŎǝǾŜ ǊŀƛƴŦŀƭƭ ŀƭƻƴƎ ǘƘŜ ǎƻǳǘƘŜǊƴ 

/ŜƴǘǊŀƭ !ƴŘŜǎ ό!ƴƎŀǎǘŀŎƻ .ŀǎƛƴΣ b² !ǊƎŜƴǝƴŀύΥ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ ǾΦ пплΣ ǇΦ 

ооςпнΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмсΦлнΦллфΦ 

tƻǿŜƭƭΣ wΦ [ΦΣ ŀƴŘ {ǝƭƭΣ /Φ WΦΣ нллфΣ .ƛƻƎŜƻƎǊŀǇƘȅ ƻŦ /о ŀƴŘ /п ǾŜƎŜǘŀǝƻƴ ƛƴ {ƻǳǘƘ !ƳŜǊƛŎŀΥ !ƴŀƛǎ ·L± 

{ƛƳǇƽǎƛƻ .ǊŀǎƛƭŜƛǊƻ ŘŜ {ŜƴǎƻǊƛŀƳŜƴǘƻ wŜƳƻǘƻΣ ǇΦ нфорπнфпнΦ 

vǳŀŘŜΣ WΦΣ /ŀǘŜǊΣ WΦ aΦΣ hƧƘŀΣ ¢Φ tΦΣ !ŘŀƳΣ WΦΣ ŀƴŘ aŀǊƪ IŀǊǊƛǎƻƴΣ ¢ΦΣ мффрΣ [ŀǘŜ aƛƻŎŜƴŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ 

ŎƘŀƴƎŜ ƛƴ bŜǇŀƭ ŀƴŘ ǘƘŜ ƴƻǊǘƘŜǊƴ LƴŘƛŀƴ ǎǳōŎƻƴǝƴŜƴǘΥ ǎǘŀōƭŜ ƛǎƻǘƻǇƛŎ ŜǾƛŘŜƴŎŜ ŦǊƻƳ 

ǇŀƭŜƻǎƻƭǎΥ DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀ .ǳƭƭŜǝƴΣ ǾΦ млтΣ ƴƻΦ мнΣ ǇΦ моумπмофтΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπтслсόмффрύмлт҈о/моумΥ[a9/Lb҈о9нΦоΦ/hΤнΦ 

wŀƎƘŀǾŜƴŘǊŀΣ !Φ {ΦΣ ϧ {ŀƎŜΣ wΦ CΦΣ нлмлΣ /п ǇƘƻǘƻǎȅƴǘƘŜǎƛǎ ŀƴŘ ǊŜƭŀǘŜŘ /hн ŎƻƴŎŜƴǘǊŀǝƴƎ ƳŜŎƘŀƴƛǎƳǎΣ  

5ƻǊŘǊŜŎƘǘΣ bŜǘƘŜǊƭŀƴŘΣ {ǇǊƛƴƎŜǊΣ ǾΦонΦ 

wŀƳŘŀƘƭΣ ¢ΦΣ мфуоΣ wŜǘŜƴŜτŀ ƳƻƭŜŎǳƭŀǊ ƳŀǊƪŜǊ ƻŦ ǿƻƻŘ ŎƻƳōǳǎǝƻƴ ƛƴ ŀƳōƛŜƴǘ ŀƛǊΥ bŀǘǳǊŜΣ ǾΦ олсΣ ǇΦ 

рулπрунΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκолсрулŀлΦ 

wŀƳƻǎΣ ±Φ !ΦΣ нллфΣ !ƴŀǘƻƳȅ ŀƴŘ Ǝƭƻōŀƭ ŎƻƴǘŜȄǘ ƻŦ ǘƘŜ !ƴŘŜǎΥ aŀƛƴ ƎŜƻƭƻƎƛŎ ŦŜŀǘǳǊŜǎ ŀƴŘ ǘƘŜ !ƴŘŜŀƴ 

ƻǊƻƎŜƴƛŎ ŎȅŎƭŜΥ aŜƳƻƛǊ ƻŦ ǘƘŜ DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀΣ ǾΦ нлпΣ ǇΦ омπсрΣ 

ƘǧǇΥκκŘȄΦŘƻƛΦƻǊƎκмлΦммолκнллфΦмнлпόлнύΦ  

wŜǘŀƭƭŀŎƪΣ DΦ WΦΣ wŜƛƴƘŀǊŘǘΣ WΦΣ ŀƴŘ {ƛƎƭŜƻΣ ²Φ wΦΣ мфууΣ CƛŜƭŘ ǊŜŎƻƎƴƛǝƻƴ ƻŦ ǇŀƭŜƻǎƻƭǎΥ DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ 

ƻŦ !ƳŜǊƛŎŀ {ǇŜŎƛŀƭ tŀǇŜǊΣ ǾΦ нмсΣ ǇΦ мπнлΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκ{t9нмсπǇмΦ  

https://doi.org/10.1126/science.1110063
https://doi.org/10.1016/j.epsl.2008.11.008
https://doi.org/10.1038/35021000
https://doi.org/10.1126/science.abq2834
https://doi.org/10.1016/j.epsl.2016.02.009
https://doi.org/10.1130/0016-7606(1995)107%3C1381:LMECIN%3E2.3.CO;2
https://doi.org/10.1038/306580a0
http://dx.doi.org/10.1130/2009.1204(02)
https://doi.org/10.1130/SPE216-p1
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wŜǘŀƭƭŀŎƪΣ DΦ WΦΣ мффмΣ ¦ƴǘŀƴƎƭƛƴƎ ǘƘŜ ŜũŜŎǘǎ ƻŦ ōǳǊƛŀƭ ŀƭǘŜǊŀǝƻƴ ŀƴŘ ŀƴŎƛŜƴǘ ǎƻƛƭ ŦƻǊƳŀǝƻƴΥ !ƴƴǳŀƭ 

wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ ǾΦ мфΣ ǇΦ муоπнлсΦ 

wŜǘŀƭƭŀŎƪΣ DΦ WΦΣ мффпΣ ¢ƘŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŦŀŎǘƻǊ ŀǇǇǊƻŀŎƘ ǘƻ ǘƘŜ ƛƴǘŜǊǇǊŜǘŀǝƻƴ ƻŦ ǇŀƭŜƻǎƻƭǎΣ ƛƴ 

!ƳǳƴŘǎƻƴΣ !ΦΣ IŀǊŘŜƴΣ WΦΣ ŀƴŘ {ƛƴƎŜǊΣ aΦΣ ŜŘǎΣ CŀŎǘƻǊǎ ƻŦ ǎƻƛƭ ŦƻǊƳŀǝƻƴΥ ! ŬƊƛŜǘƘ ŀƴƴƛǾŜǊǎŀǊȅ 

ǊŜǘǊƻǎǇŜŎǝǾŜΣ aŀŘƛǎƻƴΣ ²ƛǎŎƻƴǎƛƴΣ {ƻƛƭ {ŎƛŜƴŎŜ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀΣ {{{! {ǇŜŎƛŀƭ tǳōƭƛŎŀǝƻƴΣ ǾΦ 

ооΣ ǇΦ омπспΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнмосκǎǎǎŀǎǇŜŎǇǳōооΦŎоΦ 

wŜǘŀƭƭŀŎƪΣ DΦWΦΣнллрΣ tŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜ ǇǊƻȄƛŜǎ ŦƻǊ ŀƳƻǳƴǘ ŀƴŘ ǎŜŀǎƻƴŀƭƛǘȅ ƻŦ ǇǊŜŎƛǇƛǘŀǝƻƴ ƛƴ 

ǇŀƭŜƻǎƻƭǎΥ DŜƻƭƻƎȅΣ ǾΦ ооΣ ƴƻΦ пΣ ǇΦ оооςоосΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDнмнсоΦмΦ  

wŜǘŀƭƭŀŎƪΣ DΦ WΦΣ нллтΣ /ŜƴƻȊƻƛŎ ǇŀƭŜƻŎƭƛƳŀǘŜ ƻƴ ƭŀƴŘ ƛƴ bƻǊǘƘ !ƳŜǊƛŎŀΥ ¢ƘŜ WƻǳǊƴŀƭ ƻŦ DŜƻƭƻƎȅΣ ǾΦ ммрΣ 

ƴƻΦ оΣ ǇΦ нтмπнфпΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлусκрмнтроΦ 

wŜǘŀƭƭŀŎƪΣ DΦ WΦΣ нллуΣ {ƻƛƭǎ ƻŦ ǘƘŜ ǇŀǎǘΥ ŀƴ ƛƴǘǊƻŘǳŎǝƻƴ ǘƻ ǇŀƭŜƻǇŜŘƻƭƻƎȅΣ WƻƘƴ ²ƛƭŜȅ ŀƴŘ {ƻƴǎΦ 

wŜȅƴƻƭŘǎΣ WΦ IΦΣ DŀƭƭƛΣ /Φ LΦΣ IŜǊƴłƴŘŜȊΣ wΦ aΦΣ LŘƭŜƳŀƴΣ .Φ 5ΦΣ YƻǝƭŀΣ WΦ aΦΣ IƛƭƭƛŀǊŘΣ wΦ ±ΦΣ ŀƴŘ bŀŜǎŜǊΣ /Φ 

²ΦΣ нлллΣ aƛŘŘƭŜ aƛƻŎŜƴŜ ǘŜŎǘƻƴƛŎ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ ǘǊŀƴǎƛǝƻƴ ȊƻƴŜΣ {ŀƭǘŀ tǊƻǾƛƴŎŜΣ 

ƴƻǊǘƘǿŜǎǘ !ǊƎŜƴǝƴŀΥ aŀƎƴŜǝŎ ǎǘǊŀǝƎǊŀǇƘȅ ŦǊƻƳ ǘƘŜ aŜǘŀƴ {ǳōƎǊƻǳǇΣ {ƛŜǊǊŀ ŘŜ DƻƴȊŀƭŜȊΥ 

DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀ .ǳƭƭŜǝƴΣ ǾΦ ммнΣ ƴƻΦ ммΣ ǇΦ мтосπмтрмΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπтслсόнлллύммн҈о/мтосΥaa¢5h¢҈о9нΦлΦ/hΤнΦ  

wƻƘǊƳŀƴƴΣ !ΦΣ {ŀŎƘǎŜΣ 5ΦΣ aǳƭŎƘΣ !ΦΣ tƛƴƎŜƭΣ IΦΣ ¢ƻŦŜƭŘŜΣ {ΦΣ !ƭƻƴǎƻΣ wΦ bΦΣ ŀƴŘ {ǘǊŜŎƪŜǊΣ aΦ wΦΣ нлмсΣ 

aƛƻŎŜƴŜ ƻǊƻƎǊŀǇƘƛŎ ǳǇƭƛƊ ŦƻǊŎŜǎ ǊŀǇƛŘ ƘȅŘǊƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǎƻǳǘƘŜǊƴ ŎŜƴǘǊŀƭ !ƴŘŜǎΥ 

{ŎƛŜƴǝŬŎ ǊŜǇƻǊǘǎΣ ǾΦ сΣ орстуΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκǎǊŜǇорстуΦ 

wƻǎǎƛǘŜǊΣ bΦ !ΦΣ {ŜǧŜǊŬŜƭŘΣ {Φ !ΦΣ 5ƻǳƎƭŀǎΣ aΦ aΦΣ ŀƴŘ IǳǘƭŜȅΣ [Φ .ΦΣ нллоΣ ¢ŜǎǝƴƎ ǘƘŜ ƎǊŀǎǎπŬǊŜ ŎȅŎƭŜΥ 

ŀƭƛŜƴ ƎǊŀǎǎ ƛƴǾŀǎƛƻƴ ƛƴ ǘƘŜ ǘǊƻǇƛŎŀƭ ǎŀǾŀƴƴŀǎ ƻŦ ƴƻǊǘƘŜǊƴ !ǳǎǘǊŀƭƛŀΥ 5ƛǾŜǊǎƛǘȅ ŀƴŘ ŘƛǎǘǊƛōǳǝƻƴǎΣ ǾΦ 

фΦ bƻΦ оΣ ǇΦ мсфπмтсΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлпсκƧΦмптнπпспнΦнллоΦлллнлΦȄΦ 

{ŀŀǊƛƴŜƴΣ WΦΣ aŀƴǘȊƻǳƪŀΣ 5ΦΣ {ŀƪŀƭŀΣ WΦΣ нлнлΣ !ǊƛŘƛǘȅΣ /ƻƻƭƛƴƎΣ hǇŜƴ ±ŜƎŜǘŀǝƻƴΣ ŀƴŘ ǘƘŜ 9Ǿƻƭǳǝƻƴ ƻŦ 

tƭŀƴǘǎ ŀƴŘ !ƴƛƳŀƭǎ 5ǳǊƛƴƎ ǘƘŜ /ŜƴƻȊƻƛŎΣ ƛƴ aŀǊǝƴŜǧƻΣ 9ΦΣ ¢ǎŎƘƻǇǇΣ 9ΦΣ DŀǎǘŀƭŘƻΣ wΦ!ΦΣ ŜŘǎΦΣ 

bŀǘǳǊŜ ǘƘǊƻǳƎƘ ¢ƛƳŜΥ {ǇǊƛƴƎŜǊ ¢ŜȄǘōƻƻƪǎ ƛƴ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ DŜƻƎǊŀǇƘȅ ŀƴŘ 9ƴǾƛǊƻƴƳŜƴǘ 

{ǇǊƛƴƎŜǊΣ /ƘŀƳΣ ǇΦ уоπмлтΣ  ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκфтуπоπлолπорлруπмψоΦ  

{ŀƎŜΣ wΦ CΦΣ нллмΣ 9ƴǾƛǊƻƴƳŜƴǘŀƭ ŀƴŘ ŜǾƻƭǳǝƻƴŀǊȅ ǇǊŜŎƻƴŘƛǝƻƴǎ ŦƻǊ ǘƘŜ ƻǊƛƎƛƴ ŀƴŘ ŘƛǾŜǊǎƛŬŎŀǝƻƴ ƻŦ ǘƘŜ 

/п ǇƘƻǘƻǎȅƴǘƘŜǝŎ ǎȅƴŘǊƻƳŜΥ tƭŀƴǘ .ƛƻƭƻƎȅΣ ǾΦ оΣ ƴƻΦ оΣ ǇΦ нлнπнмоΣ 

ƘǧǇǎΥκκǳƛΦŀŘǎŀōǎΦƘŀǊǾŀǊŘΦŜŘǳκƭƛƴƪψƎŀǘŜǿŀȅκнллмtƭ.ƛƻΦΦΦоΦΦнлн{κŘƻƛΥмлΦмлррκǎπнллмπмрнлсΦ 

{ŀƎŜΣ wΦ CΦΣ нллпΣ ¢ƘŜ ŜǾƻƭǳǝƻƴ ƻŦ /п ǇƘƻǘƻǎȅƴǘƘŜǎƛǎΥ  bŜǿ tƘȅǘƻƭƻƎƛǎǘΣ ǾΦ мсмΣ ƴƻΦ нΣ ǇΦ опмςотлΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмпсфπумотΦнллпΦллфтпΦȄΦ 

https://doi.org/10.2136/sssaspecpub33.c3
https://doi.org/10.1130/G21263.1
https://doi.org/10.1086/512753
https://doi.org/10.1130/0016-7606(2000)112%3C1736:MMTDOT%3E2.0.CO;2
https://doi.org/10.1038/srep35678
https://doi.org/10.1046/j.1472-4642.2003.00020.x
https://doi.org/10.1007/978-3-030-35058-1_3
https://ui.adsabs.harvard.edu/link_gateway/2001PlBio...3..202S/doi:10.1055/s-2001-15206
https://doi.org/10.1111/j.1469-8137.2004.00974.x
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{ŀƎŜΣ wΦ CΦΣ {ŀƎŜΣ ¢Φ [ΦΣ ŀƴŘ YƻŎŀŎƛƴŀǊΣ CΦΣ нлмнΣ tƘƻǘƻǊŜǎǇƛǊŀǝƻƴ ŀƴŘ ǘƘŜ ŜǾƻƭǳǝƻƴ ƻŦ /п ǇƘƻǘƻǎȅƴǘƘŜǎƛǎΥ 

!ƴƴǳŀƭ wŜǾƛŜǿ ƻŦ tƭŀƴǘ .ƛƻƭƻƎȅΣ ǾΦ соΣ ǇΦ мфςптΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾπŀǊǇƭŀƴǘπ

лпнуммπмлррммΦ 

{ŎƘŜƛǘŜǊΣ {ΦΣ IƛƎƎƛƴǎΣ {Φ LΦΣ hǎōƻǊƴŜΣ /Φ tΦΣ .ǊŀŘǎƘŀǿΣ /ΦΣ [ǳƴǘΣ 5ΦΣ wƛǇƭŜȅΣ .Φ {ΦΣ ΦΦΦ ŀƴŘ .ŜŜǊƭƛƴƎΣ 5Φ WΦΣ нлмнΣ 

CƛǊŜ ŀƴŘ ŬǊŜπŀŘŀǇǘŜŘ ǾŜƎŜǘŀǝƻƴ ǇǊƻƳƻǘŜŘ /п ŜȄǇŀƴǎƛƻƴ ƛƴ ǘƘŜ ƭŀǘŜ aƛƻŎŜƴŜΥ bŜǿ tƘȅǘƻƭƻƎƛǎǘΣ 

ǾΦ мфрΣ ƴƻΦ оΣ ǇΦ сроπсссΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκƧΦмпсфπумотΦнлмнΦлпнлнΦȄΦ 

{ŎƘŜǊŜǊΣ /Φ aΦΣ [ŀǾƛƴŀΣ 9Φ [ΦΣ 5ƛŀǎ CƛƭƘƻΣ 5Φ /ΦΣ hƭƛǾŜƛǊŀΣ CΦ aΦΣ .ƻƴƎƛƻƭƻΣ 5Φ 9ΦΣ ŀƴŘ !ƎǳƛŀǊΣ 9Φ {ΦΣ нллтΣ 

{ǘǊŀǝƎǊŀǇƘȅ ŀƴŘ ŦŀŎƛŜǎ ŀǊŎƘƛǘŜŎǘǳǊŜ ƻŦ ǘƘŜ ƅǳǾƛŀƭςŀŜƻƭƛŀƴςƭŀŎǳǎǘǊƛƴŜ {ŜǊƎƛ CƻǊƳŀǝƻƴ ό¦ǇǇŜǊ 

WǳǊŀǎǎƛŎύΣ wŜŎƾƴŎŀǾƻ .ŀǎƛƴΣ .ǊŀȊƛƭΥ {ŜŘƛƳŜƴǘŀǊȅ DŜƻƭƻƎȅΣ ǾΦ мфпΣ ƴƻΦ оπпΣ ǇΦ мсфπмфоΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǎŜŘƎŜƻΦнллсΦлсΦллнΦ 

{ŎƘŜǊŜǊΣ /Φ aΦΣ DƻƭŘōŜǊƎΣ YΦΣ ŀƴŘ .ŀǊŘƻƭŀΣ ¢ΦΣ нлмрΣ CŀŎƛŜǎ ŀǊŎƘƛǘŜŎǘǳǊŜ ŀƴŘ ǎŜǉǳŜƴŎŜ ǎǘǊŀǝƎǊŀǇƘȅ ƻŦ ŀƴ 

ŜŀǊƭȅ ǇƻǎǘπǊƛƊ ƅǳǾƛŀƭ ǎǳŎŎŜǎǎƛƻƴΣ !Ǉǝŀƴ .ŀǊōŀƭƘŀ CƻǊƳŀǝƻƴΣ !ǊŀǊƛǇŜ .ŀǎƛƴΣ ƴƻǊǘƘŜŀǎǘŜǊƴ .ǊŀȊƛƭΥ 

{ŜŘƛƳŜƴǘŀǊȅ DŜƻƭƻƎȅΣ ǾΦ оннΣ ǇΦ поπснΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǎŜŘƎŜƻΦнлмрΦлоΦлмлΦ 

{ŜǇǳƭŎƘǊŜΣ tΦΣ wŀƳǎǘŜƛƴΣ DΦΣ CƭǳǘŜŀǳΣ CΦΣ {ŎƘǳǎǘŜǊΣ aΦΣ ¢ƛŜǊŎŜƭƛƴΣ WΦ WΦΣ ŀƴŘ .ǊǳƴŜǘΣ aΦΣ нллсΣ ¢ŜŎǘƻƴƛŎ ǳǇƭƛƊ 

ŀƴŘ 9ŀǎǘŜǊƴ !ŦǊƛŎŀ ŀǊƛŘƛŬŎŀǝƻƴΥ {ŎƛŜƴŎŜΣ ǾΦ омоΣ ǇΦ мпмфπмпноΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŜƴŎŜΦммнфмруΦ 

{ƘŜƭŘƻƴΣ bΦ 5ΦΣ wŜǘŀƭƭŀŎƪΣ DΦ WΦΣ ŀƴŘ ¢ŀƴŀƪŀΣ {ΦΣ нллнΣ DŜƻŎƘŜƳƛŎŀƭ ŎƭƛƳƻŦǳƴŎǝƻƴǎ ŦǊƻƳ bƻǊǘƘ !ƳŜǊƛŎŀƴ 

ǎƻƛƭǎ ŀƴŘ ŀǇǇƭƛŎŀǝƻƴ ǘƻ ǇŀƭŜƻǎƻƭǎ ŀŎǊƻǎǎ ǘƘŜ 9ƻŎŜƴŜπhƭƛƎƻŎŜƴŜ ōƻǳƴŘŀǊȅ ƛƴ hǊŜƎƻƴΥ ¢ƘŜ 

WƻǳǊƴŀƭ ƻŦ DŜƻƭƻƎȅΣ ǾΦ ммлΣ ƴƻΦ сΣ ǇΦ сутςсфсΣ ƘǧǇΥκκŘȄΦŘƻƛΦƻǊƎκмлΦмлусκопнусрΦ 

{ƘŜƭŘƻƴΣ bΦ 5ΦΣ нллсΣ !ōǊǳǇǘ ŎƘŜƳƛŎŀƭ ǿŜŀǘƘŜǊƛƴƎ ƛƴŎǊŜŀǎŜ ŀŎǊƻǎǎ ǘƘŜ tŜǊƳƛŀƴς¢ǊƛŀǎǎƛŎ ōƻǳƴŘŀǊȅΦ 

tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ номόоπпύΣ омрπонмΦ 

{ƘŜƭŘƻƴΣ bΦ 5ΦΣ ŀƴŘ ¢ŀōƻǊΣ bΦ WΦΣ нллфΣ vǳŀƴǝǘŀǝǾŜ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ŀƴŘ ǇŀƭŜƻŎƭƛƳŀǝŎ 

ǊŜŎƻƴǎǘǊǳŎǝƻƴ ǳǎƛƴƎ ǇŀƭŜƻǎƻƭǎΦ 9ŀǊǘƘπǎŎƛŜƴŎŜ ǊŜǾƛŜǿǎΣ фрόмπнύΣ мπрнΦ 

{ƘŜƭŘƻƴΣ bΦ 5ΦΣ {ƳƛǘƘΣ {Φ ¸ΦΣ {ǘŜƛƴΣ wΦΣ ϧ bƎΣ aΦΣнлнлΣ /ŀǊōƻƴ ƛǎƻǘƻǇŜ ŜŎƻƭƻƎȅ ƻŦ ƎȅƳƴƻǎǇŜǊƳǎ ŀƴŘ 

ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǇŀƭŜƻŎƭƛƳŀǝŎ ŀƴŘ ǇŀƭŜƻŜŎƻƭƻƎƛŎŀƭ ǎǘǳŘƛŜǎΥ Dƭƻōŀƭ ŀƴŘ tƭŀƴŜǘŀǊȅ /ƘŀƴƎŜΣ ǾΦ мупΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎƭƻǇƭŀŎƘŀΦнлмфΦмлолслΦ 

{ƛƳƻƴŜƛǘΣ .Φ wΦΣ ŀƴŘ aŀȊǳǊŜƪΣ aΦ !ΦΣ мфунΣ hǊƎŀƴƛŎ ƳŀǧŜǊ ƻŦ ǘƘŜ ǘǊƻǇƻǎǇƘŜǊŜτLLΦ bŀǘǳǊŀƭ ōŀŎƪƎǊƻǳƴŘ 

ƻŦ ōƛƻƎŜƴƛŎ ƭƛǇƛŘ ƳŀǧŜǊ ƛƴ ŀŜǊƻǎƻƭǎ ƻǾŜǊ ǘƘŜ ǊǳǊŀƭ ǿŜǎǘŜǊƴ ¦ƴƛǘŜŘ {ǘŀǘŜǎΥ !ǘƳƻǎǇƘŜǊƛŎ 

9ƴǾƛǊƻƴƳŜƴǘ όмфстύΣ ǾΦ мсΦ bƻΦ фΣ ǇΦ нмофπнмрфΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκлллпπсфумόунύфлнупπ

лΦ  

{ƛƳƻƴŜƛǘΣ .Φ wΦΣ wƻƎƎŜΣ ²Φ CΦΣ aŀȊǳǊŜƪΣ aΦ !ΦΣ {ǘŀƴŘƭŜȅΣ [Φ WΦΣ IƛƭŘŜƳŀƴƴΣ [Φ aΦΣ ŀƴŘ /ŀǎǎΣ DΦ wΦΣ мффоΣ 

[ƛƎƴƛƴ ǇȅǊƻƭȅǎƛǎ ǇǊƻŘǳŎǘǎΣ ƭƛƎƴŀƴǎΣ ŀƴŘ ǊŜǎƛƴ ŀŎƛŘǎ ŀǎ ǎǇŜŎƛŬŎ ǘǊŀŎŜǊǎ ƻŦ Ǉƭŀƴǘ ŎƭŀǎǎŜǎ ƛƴ 

https://doi.org/10.1146/annurev-arplant-042811-105511
https://doi.org/10.1146/annurev-arplant-042811-105511
https://doi.org/10.1111/j.1469-8137.2012.04202.x
https://doi.org/10.1016/j.sedgeo.2006.06.002
https://doi.org/10.1016/j.sedgeo.2015.03.010
https://doi.org/10.1126/science.1129158
http://dx.doi.org/10.1086/342865
https://doi.org/10.1016/j.gloplacha.2019.103060
https://doi.org/10.1016/0004-6981(82)90284-0
https://doi.org/10.1016/0004-6981(82)90284-0
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ŜƳƛǎǎƛƻƴǎ ŦǊƻƳ ōƛƻƳŀǎǎ ŎƻƳōǳǎǝƻƴΥ 9ƴǾƛǊƻƴƳŜƴǘŀƭ ǎŎƛŜƴŎŜ ŀƴŘ ǘŜŎƘƴƻƭƻƎȅΣ ǾΦ нтΣ ƴƻΦ мнΣ ǇΦ 

нрооπнрпмΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнмκŜǎлллпуŀлопΦ 

{ƳƛƭŜȅΣ ¢Φ aΦΣ IȅƭŀƴŘΣ 9Φ DΦΣ /ƻǧƻƴΣ WΦ aΦΣ ŀƴŘ wŜȅƴƻƭŘǎΣ wΦ 9ΦΣ нлмуΣ 9ǾƛŘŜƴŎŜ ƻŦ ŜŀǊƭȅ /п ƎǊŀǎǎŜǎΣ 

Ƙŀōƛǘŀǘ ƘŜǘŜǊƻƎŜƴŜƛǘȅΣ ŀƴŘ Ŧŀǳƴŀƭ ǊŜǎǇƻƴǎŜ ŘǳǊƛƴƎ ǘƘŜ aƛƻŎŜƴŜ /ƭƛƳŀǝŎ hǇǝƳǳƳ ƛƴ ǘƘŜ 

aƻƧŀǾŜ wŜƎƛƻƴΥ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ пфлΣ ǇΦ пмрςполΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмтΦммΦлнлΦ 

{ƻōƻƭŜǾΣ {Φ±ΦΣ .ŀōŜȅƪƻΣ !Φ¸ΦΣ YƻǳƭŀƪƻǾΣ LΦΣ hƴŎƪŜƴΣ hΦ όнллсύΦ aŜŎƘŀƴƛǎƳ ƻŦ ǘƘŜ !ƴŘŜŀƴ hǊƻƎŜƴȅΥ LƴǎƛƎƘǘ 

ŦǊƻƳ bǳƳŜǊƛŎŀƭ aƻŘŜƭƛƴƎΣ ƛƴ hƴŎƪŜƴΣ hΦΣ Ŝǘ ŀƭΣ ŜŘǎΦΣ ¢ƘŜ !ƴŘŜǎΥ CǊƻƴǝŜǊǎ ƛƴ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ 

{ǇǊƛƴƎŜǊΣ .ŜǊƭƛƴΣ IŜƛŘŜƭōŜǊƎΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκфтуπоπрплπпусупπуψнрΦ 

{ƻƛƭ {ǳǊǾŜȅ {ǘŀũΣ нлмпΣ YŜȅǎ ǘƻ {ƻƛƭ ¢ŀȄƻƴƻƳȅΥ мнǘƘ 9ŘƛǝƻƴΣ ¦{5!πbŀǘǳǊŀƭ wŜǎƻǳǊŎŜǎ /ƻƴǎŜǊǾŀǝƻƴ 

{ŜǊǾƛŎŜΣ ²ŀǎƘƛƴƎǘƻƴ 5/Φ 

{ǇƛŎŜǊΣ wΦ !ΦΣ нлмтΣ ¢ƛōŜǘΣ ǘƘŜ IƛƳŀƭŀȅŀΣ !ǎƛŀƴ Ƴƻƴǎƻƻƴǎ ŀƴŘ ōƛƻŘƛǾŜǊǎƛǘȅςLƴ ǿƘŀǘ ǿŀȅǎ ŀǊŜ ǘƘŜȅ 

ǊŜƭŀǘŜŘΚ Υ tƭŀƴǘ ŘƛǾŜǊǎƛǘȅΣ ǾΦ офΣ ƴƻΦ рΣ ǇΦ нооπнппΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇƭŘΦнлмтΦлфΦллмΦ 

{ǘŀǊŎƪΣ 5ΦΣ ŀƴŘ ±ŜǊƎŀƴƛΣ DΦΣ мффсΣ 5ŜǎŀǊǊƻƭƭƻ ǘŜŎǘƻπǎŜŘƛƳŜƴǘŀǊƛƻ ŘŜƭ /ŜƴƻȊƻƛŎƻ Ŝƴ Ŝƭ ǎǳǊ ŘŜ ƭŀ tǊƻǾƛƴŎƛŀ 

ŘŜ {ŀƭǘŀπ!ǊƎŜƴǝƴŀΥ Lƴ /ƻƴƎǊŜǎƻ DŜƻƭƽƎƛŎƻ !ǊƎŜƴǝƴƻΣ ǾΦ уΣ ǇΦ пооπпрнΦ 

{ǘŀǊŎƪΣ 5ΦΣ ŀƴŘ !ƴȊƽǘŜƎǳƛΣ [Φ aΦΣ нллмΣ ¢ƘŜ ƭŀǘŜ aƛƻŎŜƴŜ ŎƭƛƳŀǝŎ ŎƘŀƴƎŜτtŜǊǎƛǎǘŜƴŎŜ ƻŦ ŀ ŎƭƛƳŀǝŎ 

ǎƛƎƴŀƭ ǘƘǊƻǳƎƘ ǘƘŜ ƻǊƻƎŜƴƛŎ ǎǘǊŀǝƎǊŀǇƘƛŎ ǊŜŎƻǊŘ ƛƴ ƴƻǊǘƘǿŜǎǘŜǊƴ !ǊƎŜƴǝƴŀΥ WƻǳǊƴŀƭ ƻŦ {ƻǳǘƘ 

!ƳŜǊƛŎŀƴ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ ǾΦ мпΣ ƴƻΦ тΣ ǇΦ тсоπттпΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ{луфрπ

фуммόлмύлллссπфΦ 

{ǘŜƛƴǘƘƻǊǎŘƻǩǊΣ aΦΣ /ƻȄŀƭƭΣ IΦΣ 5Ŝ .ƻŜǊΣ !ΦΣ IǳōŜǊΣ aΦΣ .ŀǊōƻƭƛƴƛΣ bΦΣ .ǊŀŘǎƘŀǿΣ /ΦΣ .ǳǊƭǎΣ bΦΣ CŜŀƪƛƴǎΣ {ΦΣ 

DŀǎǎƻƴΣ 9ΦΣ ŀƴŘ IŜƴŘŜǊƛƪǎΣ WΦΣ нлнмΣ ¢ƘŜ aƛƻŎŜƴŜΥ ¢ƘŜ ŦǳǘǳǊŜ ƻŦ ǘƘŜ ǇŀǎǘΥ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅ 

ŀƴŘ tŀƭŜƻŎƭƛƳŀǘƻƭƻƎȅΣ ǾΦ осΣ ƴƻΦ пΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлt!ллплотΦ 

{ǘŜǇǇǳƘƴΣ !ΦΣ aƛŎƘŜŜƭǎΣ !ΦΣ .ǊǳŎƘΣ !Φ !ΦΣ ¦ƘƭΣ 5ΦΣ ¦ǘŜǎŎƘŜǊΣ ¢ΦΣ ŀƴŘ aƻǎōǊǳƎƎŜǊΣ ±ΦΣ нллтΣ ¢ƘŜ ǎŜƴǎƛǝǾƛǘȅ 

ƻŦ 9/I!aпκa[ ǘƻ ŀ ŘƻǳōƭŜ /hн ǎŎŜƴŀǊƛƻ ŦƻǊ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜ ŀƴŘ ǘƘŜ ŎƻƳǇŀǊƛǎƻƴ ǘƻ 

ǘŜǊǊŜǎǘǊƛŀƭ ǇǊƻȄȅ ŘŀǘŀΥ Dƭƻōŀƭ ŀƴŘ tƭŀƴŜǘŀǊȅ /ƘŀƴƎŜΣ ǾΦ ртΣ ƴƻΦ оπпΣ ǇΦ муфπнмнΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎƭƻǇƭŀŎƘŀΦнллсΦлфΦллоΦ 

{ǝƭŜǎΣ /Φ !ΦΣ ŀƴŘ {ǘŜƴǎǾƻƭŘΣ YΦ !ΦΣ нллуΣ [ƻŜǎǎ ŎƻƴǘǊƛōǳǝƻƴ ǘƻ ǎƻƛƭǎ ŦƻǊƳƛƴƎ ƻƴ ŘƻƭƻǎǘƻƴŜ ƛƴ ǘƘŜ 5ǊƛƊƭŜǎǎ 

!ǊŜŀ ƻŦ ²ƛǎŎƻƴǎƛƴΥ {ƻƛƭ {ŎƛŜƴŎŜ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀ WƻǳǊƴŀƭΣ ǾΦ тнΣ ƴƻΦ оΣ ǇΦ срлπсрфΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнмосκǎǎǎŀƧнллтΦлммнΦ 

 {ǝƭƭΣ /Φ WΦΣ .ŜǊǊȅΣ WΦ !ΦΣ /ƻƭƭŀǘȊΣ DΦ WΦΣ ϧ 5ŜCǊƛŜǎΣ wΦ {ΦΣ нллоΣ Dƭƻōŀƭ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ /о ŀƴŘ /п ǾŜƎŜǘŀǝƻƴΥ 

ŎŀǊōƻƴ ŎȅŎƭŜ ƛƳǇƭƛŎŀǝƻƴǎΦ Dƭƻōŀƭ ōƛƻƎŜƻŎƘŜƳƛŎŀƭ ŎȅŎƭŜǎΣ ǾΦ мтΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнллмD.ллмултΦ  

https://doi.org/10.1021/es00048a034
https://doi.org/10.1016/j.palaeo.2017.11.020
https://doi.org/10.1007/978-3-540-48684-8_25
https://doi.org/10.1016/j.pld.2017.09.001
https://doi.org/10.1016/S0895-9811(01)00066-9
https://doi.org/10.1016/S0895-9811(01)00066-9
https://doi.org/10.1029/2020PA004037
https://doi.org/10.1016/j.gloplacha.2006.09.003
https://doi.org/10.2136/sssaj2007.0112
https://doi.org/10.1029/2001GB001807
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{ǝƴŎƘŎƻƳōΣ DΦ 9ΦΣ bƻǊŘǘΣ [Φ /ΦΣ 5ǊƛŜǎŜΣ {Φ DΦΣ [ǳƪŜƴǎΣ ²Φ 9ΦΣ ²ƛƭƭƛŀƳǎƻƴΣ CΦ /ΦΣ ŀƴŘ ¢ǳōōǎΣ WΦ 5ΦΣ нлмсΣ ! 

ŘŀǘŀπŘǊƛǾŜƴ ǎǇƭƛƴŜ ƳƻŘŜƭ ŘŜǎƛƎƴŜŘ ǘƻ ǇǊŜŘƛŎǘ ǇŀƭŜƻŎƭƛƳŀǘŜ ǳǎƛƴƎ ǇŀƭŜƻǎƻƭ ƎŜƻŎƘŜƳƛǎǘǊȅΥ 

!ƳŜǊƛŎŀƴ WƻǳǊƴŀƭ ƻŦ {ŎƛŜƴŎŜΣ ǾΦ омсΣ ƴƻΦ уΣ ǇΦ тпсπтттΣ 

ƘǧǇǎΥκκǳƛΦŀŘǎŀōǎΦƘŀǊǾŀǊŘΦŜŘǳκƭƛƴƪψƎŀǘŜǿŀȅκнлмс!ƳW{ΦΦомсΦΦтпс{κŘƻƛΥмлΦнптрκлуΦнлмсΦлнΦ  

{ǘǊŜŎƪŜǊΣ aΦ wΦΣ !ƭƻƴǎƻΣ wΦ bΦΣ .ƻƻƪƘŀƎŜƴΣ .ΦΣ /ŀǊǊŀǇŀΣ .ΦΣ IƛƭƭŜȅΣ DΦ 9ΦΣ {ƻōŜƭΣ 9Φ wΦΣ ŀƴŘ ¢ǊŀǳǘƘΣ aΦ IΦΣ 

нллтΣ ¢ŜŎǘƻƴƛŎǎ ŀƴŘ ŎƭƛƳŀǘŜ ƻŦ ǘƘŜ ǎƻǳǘƘŜǊƴ ŎŜƴǘǊŀƭ !ƴŘŜǎΥ !ƴƴǳŀƭ wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ 

tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ ǾΦ орΣ ǇΦ тптπтутΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾΦŜŀǊǘƘΦорΦломолсΦмплмруΦ 

{ǘǊǀƳōŜǊƎΣ /Φ !ΦΣ нллоΣ ¢ƘŜ ƻǊƛƎƛƴ ŀƴŘ ǎǇǊŜŀŘ ƻŦ ƎǊŀǎǎπŘƻƳƛƴŀǘŜŘ ŜŎƻǎȅǎǘŜƳǎ ŘǳǊƛƴƎ ǘƘŜ ¢ŜǊǝŀǊȅ ƻŦ 

bƻǊǘƘ !ƳŜǊƛŎŀƴ ŀƴŘ Ƙƻǿ ƛǘ ǊŜƭŀǘŜǎ ǘƻ ǘƘŜ ŜǾƻƭǳǝƻƴ ƻŦ ƘȅǇǎƻŘƻƴǘȅ ƛƴ ŜǉǳƛŘǎΥ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ 

/ŀƭƛŦƻǊƴƛŀΣ .ŜǊƪŜƭŜȅΦ 

{ǘǊǀƳōŜǊƎΣ /Φ !ΦΣ нллпΣ ¦ǎƛƴƎ ǇƘȅǘƻƭƛǘƘ ŀǎǎŜƳōƭŀƎŜǎ ǘƻ ǊŜŎƻƴǎǘǊǳŎǘ ǘƘŜ ƻǊƛƎƛƴ ŀƴŘ ǎǇǊŜŀŘ ƻŦ ƎǊŀǎǎπ

ŘƻƳƛƴŀǘŜŘ Ƙŀōƛǘŀǘǎ ƛƴ ǘƘŜ ƎǊŜŀǘ Ǉƭŀƛƴǎ ƻŦ bƻǊǘƘ !ƳŜǊƛŎŀ ŘǳǊƛƴƎ ǘƘŜ ƭŀǘŜ 9ƻŎŜƴŜ ǘƻ ŜŀǊƭȅ 

aƛƻŎŜƴŜΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ ǾΦ нлтΣ ƴƻΦ оςпΣ ǇΦ нофςнтрΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнллоΦлфΦлнуΦ 

{ǘǊǀƳōŜǊƎΣ /Φ !ΦΣ нлммΣ 9Ǿƻƭǳǝƻƴ ƻŦ ƎǊŀǎǎŜǎ ŀƴŘ ƎǊŀǎǎƭŀƴŘ ŜŎƻǎȅǎǘŜƳǎΥ !ƴƴǳŀƭ ǊŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ 

ǇƭŀƴŜǘŀǊȅ ǎŎƛŜƴŎŜǎΣ ǾΦ офΣ ǇΦ рмтπрппΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾπŜŀǊǘƘπлплулфπмрнплн Φ  

{ǘǊǀƳōŜǊƎΣ /Φ !ΦΣ ŀƴŘ aŎLƴŜǊƴŜȅΣ CΦ !ΦΣ нлммΣ ¢ƘŜ bŜƻƎŜƴŜ ǘǊŀƴǎƛǝƻƴ ŦǊƻƳ /о ǘƻ /п ƎǊŀǎǎƭŀƴŘǎ ƛƴ bƻǊǘƘ 

!ƳŜǊƛŎŀΥ ŀǎǎŜƳōƭŀƎŜ ŀƴŀƭȅǎƛǎ ƻŦ Ŧƻǎǎƛƭ ǇƘȅǘƻƭƛǘƘǎΥ tŀƭŜƻōƛƻƭƻƎȅΣ ǾΦ отΣ ǇΦ рлπтмΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмсссκлфлстΦмΦ  

¢ŀōƻǊΣ bΦ WΦΣ ŀƴŘ aȅŜǊǎΣ ¢Φ {ΦΣ нлмрΣ tŀƭŜƻǎƻƭǎ ŀǎ ƛƴŘƛŎŀǘƻǊǎ ƻŦ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ǇŀƭŜƻŎƭƛƳŀǘŜΥ 

!ƴƴǳŀƭ wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ поΣ оооπосмΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾπ

ŜŀǊǘƘπлслсмпπмлроррΦ 

¢ŀǳȄŜΣ [ΦΣ ŀƴŘ CŜŀƪƛƴǎΣ {Φ WΦΣ нлнлΣ ! ǊŜŀǎǎŜǎǎƳŜƴǘ ƻŦ ǘƘŜ ŎƘǊƻƴƻǎǘǊŀǝƎǊŀǇƘȅ ƻŦ ƭŀǘŜ aƛƻŎŜƴŜ /оς/п 

ǘǊŀƴǎƛǝƻƴǎΥ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅ ŀƴŘ tŀƭŜƻŎƭƛƳŀǘƻƭƻƎȅΣ ǾΦ орΣ ƴƻΦ тΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлt!ллоуртΦ 

¢ƛŜǎȊŜƴΣ [Φ [ΦΣ {ŜƴȅƛƳōŀΣ aΦ aΦΣ LƳōŀƳōŀΣ {Φ YΦΣ ŀƴŘ ¢ǊƻǳƎƘǘƻƴΣ WΦ IΦΣ мфтфΣ ¢ƘŜ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ / о ŀƴŘ 

/ п ƎǊŀǎǎŜǎ ŀƴŘ ŎŀǊōƻƴ ƛǎƻǘƻǇŜ ŘƛǎŎǊƛƳƛƴŀǝƻƴ ŀƭƻƴƎ ŀƴ ŀƭǝǘǳŘƛƴŀƭ ŀƴŘ ƳƻƛǎǘǳǊŜ ƎǊŀŘƛŜƴǘ ƛƴ 

YŜƴȅŀΦ hŜŎƻƭƻƎƛŀΣ отΣ оотπорлΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκ.CллоптфмлΦ 

¢ƛƴŜƻΣ 5Φ 9ΦΣ aƻȅŀƴƻπtŀȊΣ 5ΦΣ ±ŀǊŜƭŀΣ !Φ bΦΣ ŀƴŘ tƻƛǊŞΣ 5Φ DΦΣ нлннŀΣ hƴǎŜǘ ƻŦ ǘƘŜ aƛƻŎŜƴŜ /ƘŀŎƻ 

ŦƻǊŜƭŀƴŘ ōŀǎƛƴΥ ŘŜǇƻǎƛǝƻƴŀƭ ŎƻƴŘƛǝƻƴǎΣ ǇǊƻǾŜƴŀƴŎŜ ŀƴŘ ǇŀƭŜƻƎŜƻƎǊŀǇƘƛŎ ƛƳǇƭƛŎŀǝƻƴǎ ƻŦ ǘƘŜ 

https://ui.adsabs.harvard.edu/link_gateway/2016AmJS..316..746S/doi:10.2475/08.2016.02
https://doi.org/10.1146/annurev.earth.35.031306.140158
https://doi.org/10.1016/j.palaeo.2003.09.028
https://doi.org/10.1146/annurev-earth-040809-152402
https://doi.org/10.1666/09067.1
https://doi.org/10.1146/annurev-earth-060614-105355
https://doi.org/10.1146/annurev-earth-060614-105355
https://doi.org/10.1029/2020PA003857
https://doi.org/10.1007/BF00347910
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¢Ǌŀƴǉǳƛǘŀǎ CƻǊƳŀǝƻƴ ό!ǊƎŜƴǝƴŀύΥ LƴǘŜǊƴŀǝƻƴŀƭ WƻǳǊƴŀƭ ƻŦ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ ǾΦ мммΣ ƴƻΦ сΣ ǇΦ 

мтофπмттмΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκǎллромπлннπлннлоπоΦ  

¢ƛƴŜƻΣ 5Φ 9ΦΣ /ƻƳŜǊƛƻΣ aΦ !ΦΣ ±ƛƎƛŀƴƛΣ [Φ IΦΣ YǸǊǘŜƴ aƻǊŜƴƻΣ DΦ {ΦΣ ŀƴŘ tƻƛǊŞΣ 5Φ DΦΣ нлннōΣ ¢ŜŎǘƻƴƛŎ ŀƴŘ 

ǇŀƭŜƻŎƭƛƳŀǝŎ ŎƻƴǘǊƻƭǎ ƻƴ ǘƘŜ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ƛƴƭŀƴŘ ǿŜǘƭŀƴŘ ŘŜǇƻǎƛǘǎΣ /ƘŀŎƻ ŦƻǊŜƭŀƴŘ ōŀǎƛƴΣ 

/ŜƴǘǊŀƭ !ƴŘŜǎΥ WƻǳǊƴŀƭ ƻŦ {ŜŘƛƳŜƴǘŀǊȅ wŜǎŜŀǊŎƘΣ ǾΦ фнΣ ƴƻΦ нΣ ǇΦ ммнπмооΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнммлκƧǎǊΦнлнмΦлооΦ 

¢ƛǇǇƭŜΣ .Φ WΦΣ ŀƴŘ tŀƎŀƴƛΣ aΦΣ нллтΣ ¢ƘŜ ŜŀǊƭȅ ƻǊƛƎƛƴǎ ƻŦ ǘŜǊǊŜǎǘǊƛŀƭ /п ǇƘƻǘƻǎȅƴǘƘŜǎƛǎΦ !ƴƴǳΦ wŜǾΦ 9ŀǊǘƘ 

tƭŀƴŜǘΦ {ŎƛΦΣ орΣ порςпсмΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾΦŜŀǊǘƘΦорΦломолсΦмплмрлΦ 

¢ƛǇǇƭŜΣ .Φ WΦΣ aŜȅŜǊǎΣ {Φ wΦΣ ϧ tŀƎŀƴƛΣ aΦΣ нлмлΣ /ŀǊōƻƴ ƛǎƻǘƻǇŜ Ǌŀǝƻ ƻŦ /ŜƴƻȊƻƛŎ /hнΥ ! ŎƻƳǇŀǊŀǝǾŜ 
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ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнллфt!ллмурмΦ 
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ƎŜƻŎƘǊƻƴƻƭƻƎȅ ƻŦ DǳŀƴŀŎƻ CƻǊƳŀǝƻƴ ƛƴ ǘƘŜ wƝƻ /ƘƛŎƻ όWǳƧǳȅΣ bƻǊǘƘǿŜǎǘŜǊƴ !ǊƎŜƴǝƴŀύΥ Dƭƻōŀƭ 

ŀƴŘ tƭŀƴŜǘŀǊȅ /ƘŀƴƎŜΣ ǾΦ нлтΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎƭƻǇƭŀŎƘŀΦнлнмΦмлостоΦ   

±ŜǊŀΣ /ΦΣ IƛƎƎƛƴǎΣ ²ΦΣ !ƳŀŘƻǊΣ WΦΣ !ƳōǊƛȊȊƛΣ ¢ΦΣ DŀǊǊŜŀǳŘΣ wΦΣ DƻŎƘƛǎΣ 5ΦΣ DǳǘȊƭŜǊΣ 5ΦΣ [ŜǧŜƴƳŀƛŜǊΣ 5ΦΣ 

aŀǊŜƴƎƻΣ WΦΣ aŜŎƘƻǎƻΣ /Φ wΦΣ bƻƎǳŜǎπtŀŜƎƭŜΣ WΦΣ 5ƛŀǎΣ tΦ [Φ {ΦΣ ŀƴŘ ½ƘŀƴƎΣ /ΦΣ нллсΣ ¢ƻǿŀǊŘ ŀ 

¦ƴƛŬŜŘ ±ƛŜǿ ƻŦ ǘƘŜ !ƳŜǊƛŎŀƴ aƻƴǎƻƻƴ {ȅǎǘŜƳǎΥ WƻǳǊƴŀƭ ƻŦ /ƭƛƳŀǘŜΣ ǾΦ мфΣ ƴƻΦ нлΣ ǇΦ пфттπ
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·ǳŜΣ ¸ΦΣ 5Ŝ {ŀƭŜǎΣ CΦΣ [ƛΣ ²Φ tΦΣ aŜŎƘƻǎƻΣ /Φ wΦΣ bƻōǊŜΣ /Φ !ΦΣ ŀƴŘ WǳŀƴƎΣ IΦ aΦΣ нллсΣ wƻƭŜ ƻŦ ƭŀƴŘ ǎǳǊŦŀŎŜ 

ǇǊƻŎŜǎǎŜǎ ƛƴ {ƻǳǘƘ !ƳŜǊƛŎŀƴ Ƴƻƴǎƻƻƴ ŘŜǾŜƭƻǇƳŜƴǘΥ WƻǳǊƴŀƭ ƻŦ ŎƭƛƳŀǘŜΣ ǾΦ мфΣ ƴƻΦ рΣ ǇΦ тпмπ

тснΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммтрκW/[LосстΦмΦ  
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CHAPTER 3: Miocene paleosol records of monsoonal climate evolution from the Cacheuta 

Basin, NW Argentina. 

Abstract:  

The evolution of the South American Monsoon System (SAMS) since the Cenozoic has played a 

critical role in shaping regional climate and ecosystems, as well as the global climate system. However, 

the timing and development of the SAMS remain poorly understood. This study investigates the Late 

Miocene evolution of monsoonal climate linked to the SAMS in the Cacheuta Basin, NW Argentina, using 

well-preserved paleosol horizons within the Neogene deposits (12ςт aŀύΦ ! ƳǳƭǘƛǇǊƻȄȅ ŀǇǇǊƻŀŎƘΣ 

including geochemical and stable isotopic analysis, clumped isotope paleothermometry, phytolith 

assemblages, and biomarker data is used to reconstruct paleoclimate and paleoenvironmental conditions. 

Paleoclimate reconstructions indicate a more humid hydroclimate than present, a stable mean annual 

temperature, and an average warm month mean temperature of 31°C across the studied interval. Mean 

annual and growing-season precipitation estimates show an increasing trend, ranging from 300 to 

млрр ƳƳȅǊ-1 ŀƴŘ сс ǘƻ пор ƳƳȅǊ-1, respectively. These proxy-based estimates are consistent with model-

derived estimates of the region for 10 and 8 Ma. The oxygen isotopic composition of the source water, 

reconstructed from pedogenic carbonates, ranges from -6.9 to -нΦн ҉Φ tŀƭŜƻǾŜƎŜǘŀǘƛƻƴ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴs 

ƛƴŘƛŎŀǘŜ ŀ /ї-dominated, semi-ŎƭƻǎŜŘ ŦƻǊŜǎǘ ŜŎƻǎȅǎǘŜƳ ǿƛǘƘ ǎǇƻǊŀŘƛŎ /ї ƎǊŀǎǎƭŀƴŘ ŀƴŘ ƳƛƴƻǊΣ ŜǇƛǎƻŘƛŎ 

ŀǇǇŜŀǊŀƴŎŜǎ ƻŦ /ј ƎǊŀǎǎŜǎΦ bƻ ǎƛƎƴƛŦƛŎŀƴǘ ǘǊŜƴŘ ƛǎ ƻōǎŜǊǾŜŘ ƛƴ ǇŀƭŜƻŦƛǊŜ ŦǊŜǉǳŜƴŎȅΣ ŜȄŎŜǇǘ ŦƻǊ ŀ ǎƛƴƎǳƭŀǊ 

ƛƴŎǊŜŀǎŜ ŀǘ Ϥу aŀ ǘƘŀǘ ŎƻƛƴŎƛŘŜǎ ǿƛǘƘ ǘƘŜ ŀǇǇŜŀǊŀƴŎŜ ƻŦ /ј ƎǊŀǎǎŜǎΦ hǳǊ ƳǳƭǘƛǇǊƻȄȅ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴ 

suggests enhanced precipitation seasonality and hydroclimatic variability during the Late Miocene, 

indicating the development of a monsoon-driven climate in this region. 
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3.1 Introduction  

Monsoonal climates play a crucial role in shaping global ecosystems, driving seasonal variations 

in precipitation that sustain diverse floral and faunal communities. Globally, monsoon systems cover half 

the planet (Figure 3.1A) and impact the livelihoods of nearly 70% of the world's population (Chang et al., 

2018; Geen et al., 2020; Zhisheng et al., 2015). These climatic systems are particularly important for 

tropical and subtropical regions, where they regulate water availability, influence plant productivity, and 

control the distribution of vegetation types (Gadgil, 2003; Gupta et al., 2020; Webster et al., 1998). 

Monsoonal climates support global biodiversity by sustaining rainforests, grasslands, and savannas, while 

also influencing evolutionary processes by creating dynamic environmental pressures (Forzieri et al., 

2011; Gupta et al., 2020; Notaro et al., 2011). Therefore, understanding how monsoonal climate patterns 

will evolve in the future is of critical importance. However, uncertainties in predicting future changes in 

monsoonal distribution and intensity driven by ongoing anthropogenic climate change (Chang et al., 2018; 

Chen et al., 2020; Wang et al., 2022), highlight the need to study the long-term evolutionary records of 

regional monsoon systems (Moon & Ha, 2020). In addition to offering critical insights into monsoon 

climate dynamics, studying past monsoon systems provides valuable analogs for predicting future climatic 

conditions (e.g., Seth et al., 2019; Tierney et al., 2020). 

The South American Monsoon System (SAMS) is one of the most prominent monsoon systems in 

the Americas (de Carvalho & Cavalcanti, 2016), playing a crucial role in regulating regional climate and 

sustaining the rich biodiversity of South America and the Amazon Basin (Silva & Kousky, 2012). The SAMS 

is primarily driven by differential heating between the continent and the Atlantic Ocean, influenced by 

the Andes to the west and the South Atlantic to the east (de Carvalho & Cavalcanti, 2016). Key atmospheric 

features include the Chaco Low, the South Atlantic Convergence Zone (SACZ), the South American Low-

Level Jet (SALLJ), and the Bolivian High (Figure 3.1B). The SAMS follows a seasonal cycle with three distinct 

phases: onset, maturity, and demise with interannual variabilities in their timing and intensity (e.g., 
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Liebmann & Mechoso, 2011; Marengo et al., 2010; Raia & Cavalcanti, 2008; Vera et al., 2006). During the 

mature phase (December through February), a low-pressure system over the Chaco region and the 

Bolivian High redirects moisture-laden easterly winds southward, driving intense rainfall over the 

Altiplano Plateau, the southern Amazon Basin, and northern Argentina (Marengo et al., 2010; Vera et al., 

2006). As the monsoon transitions into the demise phase (MarchςApril), driven by weakening land-ocean 

temperature contrasts and a shift in atmospheric circulation, it leads to reduced moisture transport and 

a reversal of wind patterns (Vera et al., 2006). 

 

Figure 3.1: Map showing (A) the distributions of major regional Monsoon Systems (after IPCC, 2021) Areas 
over Central America, equatorial South America, and southern Africa are highlighted with dotted magenta 
and dotted blue are not classified as distinct regional monsoons  (B) prominent features of South American 
Monsoon System (SAMS; after Wang et al., 2006). 
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 Variations in the intensity and distribution of precipitation in the SAMS are governed by complex 

interactions between oceanic and atmospheric processes (Raia & Cavalcanti, 2008). However, over 

geological timescales, SAMS development has been traced back to the Miocene and its variability and 

intensity appears closely linked to the uplift of the Andes (e.g., Pingel et al., 2016; Rohrmann et al., 2016). 

Paleoclimate data and modeling studies suggest multiple intensification stages of SAMS throughout the 

Neogene and Holocene, coinciding with the uplift of the Andes, which acted as a topographic barrier, 

enhancing moisture transport from the Atlantic and promoting orographic precipitation on the eastern 

slopes (e.g., Insel et al., 2010; Knorr et al., 2011; Micheels et al., 2007, 2011; Steppuhn et al., 2007). The 

orogeny-driven intensification is reflected in a shift from semi-arid to humid conditions during the late 

Miocene, inferred from sedimentological, paleontological, and stable isotope evidence from 

northwestern Argentina and southern Bolivia (e.g., Kleinert & Strecker, 2001; Mulch et al., 2010; 

Rohrmann et al., 2016; Starck & Anzotegui, 2001; Uba et al., 2007). Consequently, the Cenozoic rise of the 

Andes and development of the monsoon system influenced the regional and global climate and 

biogeographic patterns. 

Globally, the Cenozoic marks a critical transition from predominantly closed-canopy forests to 

more open grassland ecosystems, with the Late Miocene marking the widespread expansion of C4 

grasslands. Though debated (Azmi et al., 2025), the asynchronous rise of C4 grasses during the Late 

Miocene has been linked with the development and intensification of monsoon systems from different 

regions (Andrae et al., 2018; Cotton et al., 2016; Dupont et al., 2013; Karp et al., 2018; Quade et al., 1995). 

The replacement of forest cover by open grasslands and the increase in C4 grass cover represent a 

transition in plant communities and have cascading effects on herbivore populations and broader trophic 

networks. Despite spatio-temporal variation, several studies have suggested a transition towards a C4 

grassland in South America coinciding with the development of SAMS during the Late Miocene. However, 

several factors complicate our ability to fully reconstruct the climatic and ecological shifts associated with 
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Andean orogeny and SAMS evolution, including (i) the complexity of Andean evolution, coupled with 

spatiotemporal variations (Horton, 2018), (ii) lack of paleoenvironmental records and limited proxies for 

seasonality, (iii) regional variability in monsoon development, and (iv) poor age constraints of many 

Neogene formations in these areas. Such uncertainties highlight the importance of understanding the 

variability in orogenic processes and their impacts on climate patterns across regions while accounting for 

local factors. A multiproxy approach integrating sedimentary, geochemical, and paleontological data to 

produce a high-resolution paleoenvironmental record can advance our understanding of the links 

between monsoonal climate variability, vegetation change, and ecosystem evolution over the Late 

Miocene. 

We investigate the thick Neogene deposits of the Cacheuta Basin, a retroarc foreland basin in the 

South-Central Andes, located approximately 30 km west-southwest of Mendoza and adjacent to the 

Aconcagua Fold and Thrust Belt (AFTB). This study explores the relationship between orogenic processes 

and the development of the monsoonal climate in this region and their impacts on the ecosystem. 

Stratigraphic and paleopedologic analyses of the Middle to Late Miocene deposits provide key insights 

into basin evolution and paleoenvironmental dynamics. We used a multiproxy approach to reconstruct 

paleoclimatic conditions and past vegetation composition, integrating bulk geochemical and isotopic 

analyses of paleosol materials (including A and B horizons, soil organic matter, and pedogenic carbonates) 

with phytolith assemblage data. Late Miocene climate conditions were also reconstructed using 

Community Earth System Model (CESM) simulations, providing a regional-scale framework for 

comparison with site-specific proxy-derived paleoclimate estimates. We also used polycyclic aromatic 

hydrocarbons (PAHs) to reconstruct paleofire inputs and biomass composition, in an effort to reveal how 

evolving monsoonal seasonality modulated fire regimes, thereby shaping the broader ecosystem across 

the Cacheuta Basin. To refine the chronostratigraphic framework, we collected and dated new detrital-

zircon samples from the previously poorly constrained Mogotes Formation. The updated 
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chronostratigraphic framework allows for better constraints on the timing of tectonic activity, monsoonal 

climate evolution, fire regime changes, and ecosystem shifts in the Cacheuta Basin. 

3.2 Geological Background 

3.2.1 Tectonics and paleoenvironments 

 
The subduction of the Nazca Plate beneath the South American Plate has led to the formation of 

the Andes, the world's second-highest orogenic belt with average elevations exceeding 4,000 meters, 

marking the western margin of the continent (Buelow et al., 2018 and references therein; Lothari et al., 

2025; Ramos, 1996). Variations in the dip angle of the subducting slab have produced a segmented 

continental margin with alternating flat-slab and normal-slab subduction (Horton, 2018), driving 

differential orogenic evolution and contributing to the complex lateral development of the foreland basin 

system (Lothari et al., 2025). 

The Cacheuta Basin (~33°S) is situated within the transitional zone between the flat-slab 

subduction region to the north, known as the Pampean flat-slab domain of the central Andes (27ς33°S), 

and the steeper subduction zone to the south (Figure 3.2A,B; Hunger et al., 2018; Lossada et al., 2020). 

North of this latitude, the Andean orogen consists of five morphotectonic units formed during the 

Cenozoic: the Coastal Cordillera, the Principal Cordillera, the Frontal Cordillera, the Precordillera, and the 

Sierra Pampeanas, from west to east (Buelow et al., 2018; Hunger et al., 2018). Though debated (Alarcón 

& Pinto, 2015), deformation and uplift are suggested to begin in the westernmost part of the orogen 

during the Early Miocene (Ramos et al., 1996) and continue to progress eastward throughout the Neogene 

accompanied by the migration of arc-related magmatism and the sequential uplift of the various 

morphotectonic units (e.g., Charrier et al., 2014; Giambiagi & Ramos, 2003; Giambiagi et al., 2016; Hunger 

et al., 2018; Ramos et al., 2002). By 18 Ma, the Principal Cordillera started to deform and uplift, 

accompanied by the episodic development of the AFTB. Buelow et al. (2018) suggest that the uplift of the 



   

111 

 

Principal Cordillera, Frontal Cordillera, and Precordillera during the early-mid-Miocene was accompanied 

by the formation of the Cacheuta retro arc foreland basins driven by contractional deformation and crustal 

thickening (Figure 3.2C).  

 

Figure 3.2: Map showing (A) geology of the study area with studies section marked in red circle, (B) 
schematic of the tectonic model (after Lossada et al. 2020), and (C) chart summarizing major tectonic 
events and the general stratigraphy of the Cacheuta Basin. 

 

The 2200 m thick clastic deposits of the Cacheuta Basin reflect episodic sedimentation during the 

eastward propagation of the thrust associated with AFTB. The sedimentary infill of the Cacheuta Basin is 

comprised of the following formations: Divisadero Largo, Mariño, La Pilona, Tobas La Angostura, Río de 



   

112 

 

los Pozos, and Mogotes (Figure 3.2C). The Paleogene Divisadero Largo Formation comprises fine-grained 

clastic, gypsum, and anhydrite horizons interpreted to be deposited in an ancient sabkha to mudflat 

system (Hunger et al., 2018; Irigoyen et al 2000). Mariño Formation disconformably overlies the 

Divisadero Largo Formation and is composed of intercalated pebble conglomerate, lithic arenite, siltstone, 

and mudstone (Hunger et al., 2018). The progradation of the basal Mariño Formation into the gradually 

subsiding Cacheuta depocenter marks the initiation of Miocene basin subsidence at 19.2 ± 0.26 Ma 

(Buelow et al., 2018). The transition from the basal muddy, weakly to moderately pedogenized alluvium, 

interspersed with isolated sandy to fine gravelly members of the Mariño Formation, to the upper 

members of cross-stratified sandstone and conglomerate within channel fills, accompanied by muddy 

overbank deposits, indicates a shift in the depositional environment from alluvial to fluvial conditions, 

with the intermittent eolian setting suggesting climate aridification and/or a regional reorganization of 

the primary fluvial system (Hunger et al., 2018). 

The La Pilona Formation unconformably overlies the Mariño Formation through a low-angle 

unconformity and consists of interbedded pebble to cobble conglomerates, gravelly sandstones, and both 

massive and cross-stratified sandstones, with minimal mudstone (Buelow et al., 2018; Hunger et al., 2018; 

Lossada et al., 2023; Yrigoyen, 1993). It represents foreland deposition within an ephemeral fluvial setting 

and is marked by pulses of volcanic activities in the Late Miocene (Buelow et al., 2018; Lossada et al., 

2023). The overlying Río de los Pozos Formation is characterized by poorly consolidated lithic arenite, 

sandy conglomerates, and fine-grained clastic deposits (Lossada et al., 2023), reflecting a proximal fluvial 

setting with intermittent volcanic activity (Buelow et al., 2018). The overlying youngest unit, the Mogotes 

Formation, is composed of pebbles to boulder conglomerates interspersed with mudstone and siltstone 

layers indicating a proximal alluvial fan depositional setting (Buelow et al., 2018). 

3.2.2 Age model 
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The age model of the Cacheuta Basin infill has been constrained through a combination of U-Pb 

geochronology on volcanic tuff and detrital zircons (Buelow et al., 2018), 40Ar/39Ar ages of volcanic tuff 

(biotite and hornblende), and magnetostratigraphy (Irigoyen et al., 2000). Irigoyen et al. (2000) suggested 

that the Mariño Formation was deposited between 15.7 Ma and 12.0 Ma, while Buelow et al. (2018) 

proposed a depositional age between 19.2 ± 0.6 Ma and 12.03 ± 0.45 Ma, indicating an earlier initiation 

of basin subsidence closer to 20 Ma. With an approximate thickness of 1180 m, the sedimentation rate 

for the Mariño Formation is estimated at 0.16 mm/yr (Buelow et al., 2018). This updated chronological 

framework suggests a slower accumulation than the 0.22 mm/yr sedimentation rate suggested by 

Irigoyen et al. (2000). The U-Pb zircon age from the base of the overlying Tobas La Angostura Formation 

constrains the minimum age of the La Pilona Formation at 8.39 ± 0.42 Ma (Buelow et al., 2018). This age 

constraint is further supported by a 40Ar/39Ar hornblende age of 9.30 ± 0.68 Ma from samples collected 

from a similar level in Tobas La Angostura Formation (Irigoyen et al., 2000). The La Pilona Formation, with 

an observed thickness of approximately 860 m, thus yields a sedimentation rate of 0.29 mm/yr (Buelow 

et al., 2018). 

The base of the Tobas La Angostura Formation, characterized by approximately 160 m of 

tuffaceous deposits, spans from ca. 8.39 to 8.31 Ma, while the upper boundary is constrained by a U-Pb 

zircon age of 7.41 ± 0.66 Ma (Buelow et al., 2018). The sparse zircon population and limited 

geochronological constraints yield a maximum depositional age of 7.41 ± 1.3 Ma for the middle of the Río 

de los Pozos Formation, resulting in a sedimentation rate of 0.16 mm/yr (Buelow et al., 2018). The 

stratigraphically higher Mogotes Formation lacks geochronological data. It is, therefore, constrained as 

younger than 7.4 Ma (Buelow et al., 2018), with its depositional timing and relationship to basin dynamics 

remaining uncertain.  This study provides new UςPb detrital zircon data to improve age constraints for 

the Mogotes Formation (See Section 3.5.1).  
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This study infers a linear age model for each of the studied deposits based on the abovementioned 

depositional ages and sedimentation rates (Figure 3.3), which provides a temporal context for basin 

development and associated paleoenvironmental changes.  

3.3. Methods 

3.3.1 Paleosol classification and sample collection 

The stratigraphic succession of the Cacheuta Basin was studied in three different sections (Figure 

3.2A), where detailed field stratigraphy and facies descriptions were documented, with emphasis on 

pedogenically modified intervals. These measured stratigraphic sections serve as a framework for paleosol 

sampling and further analysis, including correlation to existing geochronology. Paleosols were identified 

based on key diagnostic features, including horizonation, color changes or gleying, the presence of 

complex burrows and root traces (rhizoliths), pedogenic carbonate nodules, and other preserved 

pedogenic structures (e.g., cutans/slickens). The classification scheme follows the taxonomic framework 

of the U.S. Department of Agriculture (Soil Survey Staff, 2014) and established paleosol classification 

schemes (Mack et al., 1993; Retallack, 2008). Paleosols were described, photographed, and systematically 

trenched and sampled in the field for geochemical, isotopic, and phytolith analyses. Samples were 

collected from all available paleosol horizons, with particular focus on the A and B horizons due to their 

potential to preserve phytolith assemblages (A horizon; Strömberg, 2004), soil organic matter (A horizon; 

Cotton et al., 2014), and geochemical signals relevant to paleoenvironmental reconstructions (B horizon; 

Hyland and Sheldon, 2016). Surface layers affected by modern weathering or pedogenic alteration were 

avoided by removing >30 cm of surface material before collecting samples from fresh surfaces. Two 

detrital zircon geochronology samples were also collected from identified reworked ashy horizons in 

Section Five of the Mogotes Formation (Figure 3.3). 

3.3.2 Detrital zircon analysis 
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Two samples (TU-M5-DZ1 and TU-M5-DZ2) were collected from Section Five at heights of 32 m 

and 70 m, respectively, corresponding to 1122 m and 1160 m on the composite stratigraphy (Figure 3.3). 

Zircon separation was conducted at California State University, Northridge, using standard magnetic and 

density-based techniques, and resultant abundant 50ςнлл ҡƳ ŀƴƎǳƭŀǊ ǘƻ ǊƻǳƴŘŜŘ ȊƛǊŎƻƴǎ ǿŜǊŜ ƳƻǳƴǘŜŘ 

and imaged (Figure B1 in Appendix B). The resulting mounts were sent to the Isotope Geology Lab at Boise 

State University for UςPb LA-ICP-a{ ŀƴŀƭȅǎƛǎΦ tǊƛƻǊ ǘƻ ŀƴŀƭȅǎƛǎΣ ȊƛǊŎƻƴ ǎŜǇŀǊŀǘŜǎ ǿŜǊŜ ŀƴƴŜŀƭŜŘ ŀǘ флл ϲ/ 

for 60 hours to reduce radiation damage and enhance CL imaging and ablation consistency. Grains were 

ǎƛŜǾŜŘ ƛƴǘƻ ǘƘǊŜŜ ǎƛȊŜ ŦǊŀŎǘƛƻƴǎ όғтл ҡƳΣ тлςмрл ҡƳΣ Ҕмрл ҡƳ), mounted by size on double-sided tape in 

epoxy, and polished to expose grain interiors. Cathodoluminescence (CL) imaging was performed using a 

Hitachi TM4000 SEM to identify internal zoning and avoid cracks or inclusions. Laser spots were 

distributed proportionally across size fractions, targeting dominant growth domains in 14ς28 grains 

όҔмрл ҡƳύΣ рс ƎǊŀƛƴǎ όтлςмрл ҡƳύΣ ŀƴŘ ǘƘŜ ǊŜƳŀƛƴŘŜǊ ƛƴ ǘƘŜ ғтл ҡƳ ŦǊŀŎǘƛƻƴΦ 

UςPb geochronology was conducted via LA-ICP-MS at Boise State University using a Teledyne 

!ƴŀƭȅǘŜ 9ȄŎƛǘŜҌ мфо ƴƳ ŜȄŎƛƳŜǊ ƭŀǎŜǊ ŎƻǳǇƭŜŘ ǘƻ ŀ ¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎ ƛ/!t wv ǉǳŀŘǊǳǇƻƭŜ L/t-MS. 

Analyses followed in-house protocols for acquisition and calibration of UςPb isotopic data, high field 

strength elements (HFSE), rare earth elements (REE), and Ti concentrations. Zircons were ablated using a 

нл ҡƳ ƭŀǎŜǊ ǎǇƻǘ ǿƛǘƘ ŀ ŦƭǳŜƴŎŜ ƻŦ ϤнΦр WκŎƳч ŀƴŘ мл IȊ ǊŜǇŜǘƛǘƛƻƴ ǊŀǘŜΣ ƎŜƴŜǊŀǘƛƴƎ Ϥт ҡƳ-deep pits during 

ол ǎ Ǌǳƴǎ όмл ǎ Ǝŀǎ ōƭŀƴƪΣ нл ǎ ŀōƭŀǘƛƻƴύΦ !ōƭŀǘŜŘ ƳŀǘŜǊƛŀƭ ǿŀǎ ǘǊŀƴǎǇƻǊǘŜŘ ōȅ мΦр [κƳƛƴ IŜ ǘƻ ǘƘŜ ǇƭŀǎƳŀΦ 

Signals were background-ǎǳōǘǊŀŎǘŜŘ ŀƴŘ ƛƴǘŜǊƴŀƭƭȅ ƴƻǊƳŀƭƛȊŜŘ ǘƻ чю{ƛΤ ŜƭŜƳŜƴǘŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǿŜǊŜ 

calibrated against NIST SRM 610/612 glasses. Analyses with significant common Pb (204Pb) were excluded 

due to low signal-to-noise ratios (<100 cps 202Hg during blanks). 

UςPb ages were corrected for instrumental fractionation using zircon standards and plotted on 

Wetherill and Tera-Wasserburg concordia diagrams (See Appendix B). Maximum depositional ages (MDAs) 
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were interpreted following recommended approaches (Vermeesch, 2021), where presented MDA 

candidates are the youngest single concordant analysis (youngest date) and its 2-sigma uncertainty, and 

the weighted mean of the youngest group of dates (n > 2) that together yield a mean square of weighted 

deviates (MSWD) <1 (Wendt and Carl, 1991), and full 95% confidence interval for the weighted mean of 

the population (Herriott et al., 2019). 

3.3.3 Geochemical analysis 

Bulk paleosol major element analyses were carried out to estimate paleoclimate conditions. The 

paleoclimate reconstruction estimates include mean annual temperature (MAT), mean annual range of 

temperature (MART), mean annual precipitation (MAP), and growing season precipitation (GSP). 

Paleoclimate reconstructions are based on climofunctions derived from the bulk geochemical analysis of 

29 paleosol samples (B-horizon) from the Cacheuta Basin sequence. Samples were cleaned, pulverized 

όғнрл ˃ƳύΣ ŀƴŘ ƘƻƳƻƎŜƴƛȊed in individual cups and were sent to ALS Chemex (Reno, NV) for bead fusion 

and X-ray fluorescence analysis of 13 major elements. As the majority of the paleosols were non-calcic 

Alfisols, the acid pretreatment was excluded because the error associated with the CIA-K proxy is minimal 

and falls within the error margin (Michel et al., 2022), and the Soil Geochemistry Paleoclimate Model 

(SGPM) uses untreated soil composition (Jackson, 2023). Analytical uncertainty is maintained at between 

0.001 and 0.1% (depending on the element analyzed; Appendix B), and duplicate analyses had a mean 

standard deviation of <0.5%. Whole rock major elements were then corrected for loss on ignition (LOI) 

and converted to molar masses before being used as inputs for standard paleosol weathering indices (e.g., 

CIA-K and PWI) and relevant climofunctions. Two methods were used to reconstruct MAT: the paleosol 

weathering index (PWI; R2=0.57), and the SGPM. The PWI climofunction is described by Gallagher and 

Sheldon (2013): 

ὖὡὍρππ τȢς ὔὥ ρȢφφὓὫ υȢυτὑ ςȢπυὅὥ  .(3.1) 

-!4 ᴈ  ςȢχτÌÎὖὡὍ ςρȢσωȠ3Ȣ% ςȢρᴈ      .(3.2) 
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This method is based on the relationship between the relative loss of major cations from B 

horizons during chemical weathering and subsequent leaching. Following Gallagher and Sheldon (2013), 

we apply this paleothermometer only to paleosols with a Paleosol Weathering Index (PWI) less than 60, 

as higher PWI values (>60) indicate paleosols that are not sufficiently weathered to be distinguished from 

parent material. In addition, we used the SGPM, which applies a novel partial least squares (PLS) 

regression method that incorporates an expanded modern soil database to estimate temperature and 

precipitation variables. This method provides estimates of MAT and MART (calculated as the difference 

between the warmest and coldest mean monthly temperatures) and associated predictive error, and also 

excludes relatively unweathered soils (Jackson, 2023). 

MAP estimates were determined using the chemical index of alteration minus potassium (CIA-K) 

as an input for the mean annual precipitation (MAP) climofunction (R2= 0.72) of Sheldon et al. (2002): 

#)!+ ρππ     .(3.3) 

-!0 άάώὶ ςςρȢρὩ Ȣ      (S.E=±299 mmyr-1 ; Lukens et al., 2019)    .(3.4) 

This climofunction is based on the principle that silicate mineral weathering produces clay through 

hydrolysis and acid reactions, with moisture availability as the primary control on these processes 

(Sheldon et al., 2002). Consequently, wetter climates promote higher clay formation (Sheldon et al., 

2002). The application of the CIA-K climofunction is limited to non-calcic paleosols (Sheldon et al., 2002). 

In addition to estimating MAP using the CIA-K climofunction, this study employed the SGPM 

(Jackson, 2023), which also provides estimates of growing season precipitation (GSP), where GSP is 

defined as the total precipitation during months when the mean temperature exceeds 10ᴈ (generally 

summer). This method provides estimates of MAP and GSP and associated predictive error using the same 

PLS method as above, but does not exclude calcic soils (Jackson, 2023). 
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3.3.4 Climate model 

High-resolution simulations from the Community Earth System Model (CESM) were used to 

ƛƴǾŜǎǘƛƎŀǘŜ ŀƴŘ ŎƻƳǇŀǊŜ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ǇŀǘǘŜǊƴǎ ŀǘ мл aŀ ŀƴŘ у aŀΦ /9{a ƛǎ ŀ Ŧǳƭƭȅ 

coupled, three-dimensional global climate model based on the Community Climate System Model (CCSM; 

.ƭŀŎƪƳƻƴ Ŝǘ ŀƭΦΣ нллмύΣ ŀƴŘ ƛƴŎƭǳŘŜǎ ƛƴǘŜǊŀŎǘƛǾŜ ŎƻƳǇƻƴŜƴǘǎ ŦƻǊ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜΣ ƻŎŜŀƴΣ ƭŀƴŘΣ ŀƴŘ ǎŜŀ ƛŎŜΦ 

Our simulations employ the seventh-generation Community Atmosphere Model, CAM4 (Neale et 

ŀƭΦΣ нлмоύ ŀƴŘ ǳǎŜ ǘƘŜ /ƻƳƳǳƴƛǘȅ [ŀƴŘ aƻŘŜƭ ǾŜǊǎƛƻƴ п ό/[aпΤ [ŀǿǊŜƴŎŜ Ŝǘ ŀƭΦΣ нлммύ ŦƻǊ ǘƘŜ ƭŀƴŘ ǎǳǊŦŀŎŜ 

component. Vegetation was prescribed using a dataset based on the modern global potential vegetation 

distribution from Ramankutty and Foley (1999), with modern ice-covered areas modified to reflect 

reconstructed paleo ice extent. Topography, sea level, and ice extent were implemented following 

reconstructions by Rowley et al. (2013). The ocean is represented by a thermodynamic slab ocean model 

(DOCN), and greenhouse gas concentrations were prescribed according to reconstructions by Pagani et 

ŀƭΦ όмфффύΦ ¢ƘŜ ǎƻƭŀǊ Ŏƻƴǎǘŀƴǘ ŀƴŘ ƻǊōƛǘŀƭ ǇŀǊŀƳŜǘŜǊǎ ǿŜǊŜ ƘŜƭŘ ŀǘ ƳƻŘŜǊƴ ǾŀƭǳŜǎ ό[ŀǎƪŀǊ Ŝǘ ŀƭΦΣ нллпύΦ ¢ƘŜ 

CESM experiments were performed globally using a 0.5° horizontal resolution and 26 vertical levels. Each 

simulation was run for 100 years, with the final 30 years averaged to analyze climate variables under near-

equilibrium conditions. Model output was generated as monthly averages, allowing analysis of seasonal 

variability and long-term climate means. We explicitly simulated mid- to Late Miocene climates to explore 

shifts in seasonal monsoonal precipitation and assess their consistency with geologic and multiproxy 

paleovegetation records.  

3.3.5 Isotope analyses 

Isotopic analysis of samples collected from the Cacheuta Basin included stable carbon and oxygen 

ƛǎƻǘƻǇƛŎ ŀƴŀƭȅǎƛǎ όʵцш/carb ŀƴŘ ʵцэhcarbύ ŀƴŘ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ όɲјћύ ǇŀƭŜƻǘƘŜǊƳƻƳŜǘǊȅ ƻŦ ǇŜŘƻƎŜƴƛŎ 

ŎŀǊōƻƴŀǘŜ ƴƻŘǳƭŜǎΣ ŀƴŘ ǎǘŀōƭŜ ŎŀǊōƻƴ ƛǎƻǘƻǇƛŎ ŀƴŀƭȅǎƛǎ ƻŦ ǎƻƛƭ ƻǊƎŀƴƛŎ ƳŀǘǘŜǊ όʵцш/org). These 

measurements are used to infer paleovegetation and paleoclimate conditions. 
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 3.3.5.1 Isotope analyses of pedogenic carbonate nodules (ŭĭįCcarb , ŭĭ Ocarb and ȹ ) 

¢ƘŜ ƛǎƻǘƻǇƛŎ ŎƻƳǇƻǎƛǘƛƻƴǎΣ ƛƴŎƭǳŘƛƴƎ ʵцш/carbΣ ʵцэhcarbΣ ŀƴŘ ɲјћΣ ƻŦ ǇŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜ ƴƻŘǳƭŜǎ 

(n=6) were analyzed in the Paleo³ Laboratory at North Carolina State University. Pedogenic carbonate 

nodules were sampled from Bk horizons at depths greater than 30 cm below the paleosol surface across 

the studied ǎŜŎǘƛƻƴ ǘƻ ƳƛƴƛƳƛȊŜ ǘƘŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ŀǘƳƻǎǇƘŜǊƛŎ /hі ŘƛŦŦǳǎƛƻƴ όYƻŎƘΣ мффуύΦ /ŀǊōƻƴŀǘŜ 

nodules smaller than 1 cm in diameter were cleaned using deionized water in an ultrasonic bath for 30 

minutes and subsequently dried overnight. These were then crushed into fine powder using a mortar and 

pestle. Nodules larger than 1 cm were cut into slabs to expose a fresh surface and drilled into powder 

ǳǎƛƴƎ ŀ 5ǊŜƳŜƭ ǘƻƻƭ ǎŜǘ ŀǘ ҖмрΣллл wta ό{ǘŀǳŘƛƎŜƭ ϧ {ǿŀǊǘΣ нлмс). All powdered samples were cleaned by 

ǎǳōƳŜǊƎƛƴƎ ǘƘŜƳ ƛƴ о҈ ƘȅŘǊƻƎŜƴ ǇŜǊƻȄƛŘŜ όIіhіύ ƻǾŜǊƴƛƎƘǘ ǘƻ ǊŜƳƻǾŜ ƻǊƎŀƴƛŎ ŎƻƴǘŀƳƛƴŀƴǘǎΣ ǘƘŜƴ 

thoroughly rinsed with deionized water and dried. 

Approximately 700 µg of sample powder and 400ς500 µg of standard material (IAEA C2, ETH-3, 

ETH-пύ ǿŜǊŜ ǿŜƛƎƘŜŘ ƛƴǘƻ ǾƛŀƭǎΦ {ŀƳǇƭŜǎ ǿŜǊŜ ŘƛƎŜǎǘŜŘ ŀǘ тл ϲ/ ƛƴ ƻǊǘƘƻǇƘƻǎǇƘƻǊƛŎ ŀŎƛŘ όˊҐ мΦфт ƎκƳƭύ 

ǳǎƛƴƎ ǘƘŜ bǳ/ŀǊō ŀǳǘƻƳŀǘŜŘ ŎŀǊōƻƴŀǘŜ ŘŜǾƛŎŜΦ ¢ƘŜ /hі Ǝŀǎ ǊŜƭŜŀǎed during acid digestion was 

cryogenically purified using a series of cold fingers and a Porapak Q trap held at -ну ϲ/Φ /ƭǳƳǇŜŘ ƛǎƻǘƻǇŜ 

measurements were conducted using a Nu Instruments Perspective IS isotope ratio mass spectrometer 

equipped with a dual-iƴƭŜǘ ǎȅǎǘŜƳΣ ŀƭƭƻǿƛƴƎ ǎƛƳǳƭǘŀƴŜƻǳǎ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ /hі ƛǎƻǘƻǇƻƭƻƎǳŜǎ ŀǘ ƳŀǎǎŜǎ 

44ς49 (m/z).  

ʵцш/carb ŀƴŘ ʵцэhcarb values were reported relative to the Vienna Pee Dee Belemnite (VPDB), while 

ɲјћ ǾŀƭǳŜǎ ǿŜǊŜ ŎŀƭƛōǊŀǘŜŘ ǘƻ ǘƘŜ LƴǘŜǊ/ŀǊō-Carbon Dioxide Equilibrium Scale (I-CDES) following 

Bernasconi et al. (2021). All samples were analyzed in three to five replicates to ensure reproducibility 

and minimize analytical uncertainty, and internal laboratory (C64) and international (IAEA C2, ETH3) 

carbonate standards were used to monitor instrumental accuracy. Data were reduced using pooled 

standardization approaches (e.g., Daëron, 2021)Σ ŀƴŘ ǇŀƭŜƻǘŜƳǇŜǊŀǘǳǊŜǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ ɲјћ ǾŀƭǳŜǎ 
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using Anderson et al. (2021) with Brand et al. (2010) 17h ŎƻǊǊŜŎǘƛƻƴ ǇŀǊŀƳŜǘŜǊǎΦ ¢ƘŜ ʵцэhcarb values were 

normalized to the Vienna Standard Mean Ocean Water (VSMOW) scale following Coplen et al. (1983) and 

ǿŜǊŜ ǎǳōǎŜǉǳŜƴǘƭȅ ǳǎŜŘ ǘƻ ŜǎǘƛƳŀǘŜ ǘƘŜ ʵцэh ƻŦ ǎƻǳǊŎŜ ǿŀǘŜǊ όʵцэhswύ ǳǎƛƴƎ ɲјћ ǇŀƭŜƻǘŜƳǇŜǊŀǘǳǊŜǎ ŀƴŘ 

ŦƻƭƭƻǿƛƴƎ YƛƳ ŀƴŘ hΩbŜƛƭ όмффтύΦ 

The isotopic composition of pedogenic carbonate has long been used as a paleoenvironmental 

indicator, including atmospheric circulation, precipitation patterns, shifts in vegetation, paleoaltimetry, 

and formation temperatures (e.g., Amundson et al., 1996; Cerling et al., 1989; Eiler, 2007; Garzione et al., 

нлллΣ нллпΤ vǳŀŘŜ Ŝǘ ŀƭΦΣ нллтΣ нлмоύΦ 9ŀǊƭȅ ǎǘǳŘƛŜǎ ŀǎǎǳƳŜŘ ɲјћ-derived temperatures as an 

approximation of mean annual air temperature (e.g., Quade et al., 2007, 2013). However, subsequent 

studies have identified a strong seasonal bias in carbonate formation, showing that diurnal and seasonal 

changes in soil moisture, temperature, and pCO2 influence carbonate precipitation and dissolution 

(Breecker et al., 2009; Passey et al., 2010;  Peters et al., 2013). Studies have shown that pedogenic 

ŎŀǊōƻƴŀǘŜǎ ŦƻǊƳ ƛƴ ǘƘŜ ǿŀǊƳŜǎǘ ƳƻƴǘƘ ƻŦ ǘƘŜ ȅŜŀǊΤ ǘƘŜǊŜŦƻǊŜΣ ɲјћ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀǊŜ ōŜ ƛƴǘŜǊǇǊŜǘŜŘ ŀǎ 

peak summer soil or near-surface air temperatures rather than the annual means (Kelson et al., 2018, 

2020; Quade et al., нлмоύΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘƛǎ ǎǘǳŘȅ ǳǎŜǎ ǘƘŜ ɲјћ-based paleotemperature reconstructions as 

a proxy for warm-month mean temperature (WMMT; Burgener et al., 2016; Hough et al., 2014; Passey et 

al., 2010). 

tŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜǎ ŦƻǊƳŜŘ ƛƴ ƛǎƻǘƻǇƛŎ ŜǉǳƛƭƛōǊƛǳƳ ǿƛǘƘ ǎƻƛƭ /hіΣ ŘŜǊƛǾŜŘ ŦǊƻƳ ƳƛŎǊƻōƛŀƭ 

oxidation of organic matter and root respiration, reflect the relative contributions of isotopically distinct 

/ї ŀƴŘ /ј Ǉƭŀƴǘ ōƛƻƳŀǎǎ ŘǳǊƛƴƎ ŎŀǊōƻƴŀǘŜ ŦƻǊƳŀǘƛƻƴ όCƻȄ ϧ YƻŎƘΣ нллпύΦ !ǎ /hі ŘƛŦŦǳǎŜǎ ŦǊƻƳ ǘƘŜ ǎƻƛƭ ǘƻ 

ǘƘŜ ŀǘƳƻǎǇƘŜǊŜΣ ƛǘ ōŜŎƻƳŜǎ ŜƴǊƛŎƘŜŘ ƛƴ цш/ ōȅ ŀǇǇǊƻȄƛƳŀǘŜƭȅ пΦп҉ ǊŜƭŀǘƛǾŜ ǘƻ ǎƻƛƭ organic matter (Cerling 

& Quade, 1993). Additionally, temperature-dependent fractionation during calcite precipitation 

contribǳǘŜǎ ŀƴ ŜƴǊƛŎƘƳŜƴǘ ƻŦ ǊƻǳƎƘƭȅ млΦр҉Φ !ǎ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘŜǎŜ ŎƻƳōƛƴŜŘ ǇǊƻŎŜǎǎŜǎΣ ƳƻŘŜǊƴ ǇŜŘƻƎŜƴƛŎ 

ŎŀǊōƻƴŀǘŜǎ ŦƻǊƳƛƴƎ ŀǘ ŘŜǇǘƘǎ ƎǊŜŀǘŜǊ ǘƘŀƴ Ϥол ŎƳ ŜȄƘƛōƛǘ ʵцш/carb ǾŀƭǳŜǎ ǘƘŀǘ ŀǊŜΣ ƻƴ ŀǾŜǊŀƎŜΣ мрΦм ҕ мΦм҉ 
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ƘƛƎƘŜǊ ǘƘŀƴ ŀǎǎƻŎƛŀǘŜŘ ǎƻƛƭ ƻǊƎŀƴƛŎ ƳŀǘǘŜǊ όYƻŎƘΣ мффуύΦ Lƴ ƻǊŘŜǊ ǘƻ ŎƻƳǇŀǊŜ ǿƛǘƘ ǘƘŜ ʵцш/org values (See 

Section 3.5.2ύ ŀƴŘ ŜǎǘƛƳŀǘŜ ǊŜƭŀǘƛǾŜ /ї ŀƴŘ /ј ǾŜƎŜǘŀǘƛƻƴ ŎƻƴǘǊƛōǳǘƛƻƴǎΣ ʵцш/carb values were converted to 

ŜǉǳƛǾŀƭŜƴǘ ʵцш/org by subtracting this offset. 

3.3.5.2 Isotope analysis of soil organic matter (ŭ 13Corg) 

Twenty-nine samples were collected from A-ƘƻǊƛȊƻƴǎ ŦƻǊ ʵцш/org and analyzed at the Stable Isotope 

Lab at California State University, Northridge. The samples were broken into smaller pieces (<1 cm) and 

ultrasonicated in methanol to remove labile modern organic matter, followed by a reaction with 6% HCl 

to eliminate carbonates. The samples were then rinsed with deionized water until a neutral pH was 

achieved and dried overnight in an oven at 80°C. Once dry, the samples were homogenized, weighed, and 

placed into tin capsules, which were loaded into the autosampler of a Costech Elemental Analyzer 

ŎƻƴƴŜŎǘŜŘ ǘƻ ŀ 5Ŝƭǘŀ ±Ҍ ƛǎƻǘƻǇŜ Ǌŀǘƛƻ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘŜǊΦ ʵцш/org ǾŀƭǳŜǎ ŀǊŜ ǊŜǇƻǊǘŜŘ ƛƴ ǇŜǊ Ƴƛƭ ό҉ύ 

relative to the Vienna Pee Dee Belemnite (VPDB) standard. Each analysis included set amounts of USGS 

ƛǎƻǘƻǇŜ ǎǘŀƴŘŀǊŘǎ ό¦{D{смΥ ʵцш/ Ґ -орΦлр ҕ лΦлп҉Σ ¦{D{снΥ ʵцш/ Ґ -мпΦтф ҕ лΦлп҉Σ ¦{D{соΥ ʵцш/ Ґ -1.17 

ҕ лΦлп҉ύ ŀǎ ǿŜƭƭ as a low-carbon soil standard (Low Organic Content Soil Standard OAS Cat No. B2153 ς 

/ŜǊǘƛŦƛŎŀǘŜ bƻΦ онптлп ŦǊƻƳ 9ƭŜƳŜƴǘŀƭ aƛŎǊƻŀƴŀƭȅǎƛǎΥ ʵцш/ Ґ ннΦуу҉ ҕ лΦлп҉ύΣ ƳŜŀsured at the 

ōŜƎƛƴƴƛƴƎΣ ƳƛŘŘƭŜΣ ŀƴŘ ŜƴŘ ƻŦ ŜŀŎƘ ǊǳƴΦ !ƴŀƭȅǘƛŎŀƭ ǳƴŎŜǊǘŀƛƴǘȅ ŦƻǊ ʵцш/org values was maintained at 

ŀǇǇǊƻȄƛƳŀǘŜƭȅ лΦм҉Σ ŀƴŘ ǘƘŜ ŀǾŜǊŀƎŜ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊ ŦƻǊ ǊŜǇƭƛŎŀǘŜ ŀƴŀƭȅǎŜǎ ǿŀǎ лΦлт҉Φ  

¢ƘŜ ŀōǳƴŘŀƴŎŜ ƻŦ /ї ŀƴŘ /ј ǾŜƎŜǘŀǘƛƻƴ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ōŀǎŜŘ ƻƴ ʵцш/org ǾŀƭǳŜǎΣ ŀǎ /ї ŀƴŘ /ј Ǉƭŀƴǘǎ 

ŜȄƘƛōƛǘ ŘƛǎǘƛƴŎǘ ƛǎƻǘƻǇƛŎ ǎƛƎƴŀǘǳǊŜǎΦ /ј Ǉƭŀƴǘǎ ǎƘƻǿ ƳƻǊŜ ŜƴǊƛŎƘŜŘ ʵцш/org ǾŀƭǳŜǎ ǘƘŀƴ /ї Ǉƭŀƴǘǎ ŀǎ ǘƘŜ /4 

photosynthetic pathway preferentially incorporates the heavier carbon isotope (¹³C) (Koch, 1998). 

However, the isotopic composition of plant matter can vary due to climate conditions and atmospheric 

/hі ŎƻƴŎŜƴǘǊŀǘƛƻƴΦ Lƴ ƳƻŘŜǊƴ ŜŎƻǎȅǎǘŜƳǎΣ ǘƘŜ ʵцш/org ǾŀƭǳŜǎ ŦƻǊ /ї Ǉƭŀƴǘǎ ǊŀƴƎŜ ŦǊƻƳ -от҉ ǘƻ -но҉ 

(Kohn, 2010), while the same for C4 plants vary between -мп҉ ǘƻ -мл҉ ό¢ƛŜǎȊŜƴ ϧ .ƻǳǘǘƻƴΣ мфуфύΣ 

reflecting variations associated with factors like humidity and plant taxonomy (e.g., Diefendorf et al., 
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нлмлΤ {ƘŜƭŘƻƴ Ŝǘ ŀƭΦΣ нлнлύΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ŦƭǳŎǘǳŀǘƛƻƴǎ ƛƴ ʵцш/atm ǾŀƭǳŜǎ ƻǾŜǊ ǘƛƳŜ ƭŜŀŘ ǘƻ ǎƘƛŦǘǎ ƛƴ ʵцш/org. 

Therefore, to establish cutoff and endmember values for estimating C3 versus C4 plant abundances during 

the LŀǘŜ aƛƻŎŜƴŜΣ ƛǘ ƛǎ ŜǎǎŜƴǘƛŀƭ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ʵцш/atm estimates and climate conditions for the specific 

time interval being studied. 

This study evaluates the presence/absence of C4 ǾŜƎŜǘŀǘƛƻƴ ǳǎƛƴƎ ʵцш/org signatures by applying 

cutoff values, following Cotton et al. (2012, 2014), which account for local precipitation regimes and 

atmospheric composition. Using modern plant data from Diefendorf et al. (2010), the estimated MAP 

range from this study, and recoƴǎǘǊǳŎǘŜŘ ʵ13Catm values (-сΦм҉ ҕ лΦс҉Τ tŀǎǎŜȅ Ŝǘ ŀƭΦΣ нллфΤ ¢ƛǇǇƭŜ Ŝǘ ŀƭΦΣ 

нлмлύΣ ǿŜ ŘŜǘŜǊƳƛƴŜŘ ǘƘŜ Ƴƻǎǘ ŎƻƴǎŜǊǾŀǘƛǾŜ ŎǳǘƻŦŦ ǾŀƭǳŜ ŦƻǊ ʵ13Corg of C3 plants to be -ннΦо҉Φ ¢Ƙƛǎ ǾŀƭǳŜ 

reǇǊŜǎŜƴǘǎ ǘƘŜ ƳŀȄƛƳǳƳ ʵ13C enrichment observed in a pure C3 ecosystem within a semi-arid interval, 

ŀƴŘ ǘƘǳǎ ƳƻǊŜ ǇƻǎƛǘƛǾŜ ʵ13C values represent some presence of C4 vegetation.  

3.3.6 Phytolith assemblages 

Phytolith analysis was carried out in the Paleo3 Lab at North Carolina State University following a 

modified version of Strömberg et al. (2003). Eleven samples (A-horizon) from the Cacheuta Basin were 

selected for phytolith analysis. 1ς3 g of each sample were crushed into finer fragments, reacted with HCl, 

ŀƴŘ ǘƘŜƴ ǎƛŜǾŜŘ ǘƻ ŜȄŎƭǳŘŜ ǇŀǊǘƛŎƭŜǎ ƭŀǊƎŜǊ ǘƘŀƴ нрл ҡƳΦ ¢ƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ǘƘŜƴ ƻȄƛŘƛȊŜŘ ǿƛǘƘ {ŎƘǳƭǘȊΩǎ 

solution to eliminate organic matter before deflocculation and removal of clay particles through sieving 

ǿƛǘƘ ŀ ро ҡƳ ƳŜǎƘ ŀƴŘ ǿŀǎƘƛƴƎ ǿƛǘƘ ŘŜƛƻƴƛȊŜŘ ǿŀǘŜǊΦ CƛƴŀƭƭȅΣ ǇƘȅǘƻƭƛǘƘǎ ǿŜǊŜ ǎŜǇŀǊŀǘŜŘ ǳǎƛƴƎ ½ƴ.Ǌі 

heavy liquid flotation (specific gravity = 2.3 g/cm³). Phytoliths were mounted on slides with Cargille 

Meltmount (R.I. = 1.539) and analyzed under a Nikon Eclipse N-E compound/petrographic microscope, at 

magnifications of 200ς1000X. At least 300 phytolith grains were counted per slide for quantitative 

analysis, following the protocol of Strömberg et al. (2003). 
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Morphotype identification was based on fossil and modern reference collections, including 

Strömberg (2003, 2004), PhytCore DB (Albert et al., 2016), and E.G. Hyland's reference collection at North 

Carolina State University. The identification follows the nomenclature and descriptors outlined in the 

International Code for Phytolith Nomenclature (ICPN1.0; Madella et al., 2005) and ICPN2.0 (Neumann et 

al., 2019). Morphotypes were broadly classified into two functional groups: forest indicators and grass 

indicators. Forest indicator (FI) morphotypes include Forest (FI), Dicotyledon (DICOT), Conifer (CONI), 

Sedge (SEDGE), Palm (PALM), and Bambusoid (BAMB). Grass indicator (GI) morphotypes consist of Grass 

(GRASS), Pooideae (POOID), Chloridoideae (CHLOR), Panicoideae (PANI), and PACCAD (which includes 

Panicoideae, Arundinoideae, Chloridoideae, Centothecoideae, Aristidoideae, and Danthonioideae). GI 

ƳƻǊǇƘƻǘȅǇŜǎ ǿŜǊŜ ŦǳǊǘƘŜǊ ǳǎŜŘ ǘƻ ŜǎǘƛƳŀǘŜ ǘƘŜ ǊŜƭŀǘƛǾŜ ŀōǳƴŘŀƴŎŜ ƻŦ /ј ǾŜǊǎǳǎ /ї ǾŜƎŜǘŀǘƛƻƴΦ aŀȄƛƳǳƳ 

ŀƴŘ ƳƛƴƛƳǳƳ /ј ǾŜgetation abundances were estimated by including and excluding PACCAD 

morphotypes, respectively, following the methodology of Strömberg and McInerney (2011). A 

bootstrapping function was used for error calculation, computing 95% confidence intervals (CI) for 

estimating errors in the abundance of each functional plant type (Chen et al., 2015; Hyland et al., 2023).   

3.3.7 Biomarker analysis 

Incomplete combustion and pyrolysis of organic matter results in the formation of polycyclic 

aromatic hydrocarbons (PAHs) that resist degradation and allow better preservation in soil compared to 

the traditionally used charcoal and pollen methods for reconstructing fire activity (Lau et al., 2010). 

Modern gas chromatograph analytical techniques are used to analyze PAH concentrations and reconstruct 

the paleovegetation and paleofire occurrences for the Cacheuta Basin (e.g., Azmi et al., 2025). For PAH 

analysis, bulk paleosol samples from A-horizons were crushed into a fine powder (<62.5 µm), rinsed with 

acetone to remove modern contaminants, and left to dry. After crushing again, the samples were 

transferred to a glass fiber thimble and lowered into a Soxhlet apparatus where a solution of 85:15 

dichloromethane:acetone was used as a solvent. After running for 24 hours, cycling 4-6 times per hour, 
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the contents were transferred to a rotary evaporator flask, where the solvent mixture was evaporated. 

The sample was redissolved in dichloromethane and transferred to a GC vial, to which was added an 

internal standard mixture at a 1:20 ratio (v/v) of internal standard to sample. The internal standards were 

deuterated PAHs: naphthalene d-8, acenaphthene d-10, phenanthrene d-10, chrysene d-12, and perylene 

d-12. The samples were then analyzed using a Thermo Trace 1310 Gas Chromatograph equipped with an 

ISQ mass spectrometer detector at California State University Northridge. Each run was preceded by nine 

calibration standards containing 63 compounds, and a test standard was run before each new GC 

sequence to verify instrument accuracy. 

Samples were analyzed in Selective Ion Monitoring (SIM) mode to enhance the instrument's 

sensitivity for all compounds, including the 16 Environmental Protection Agency (EPA) polycyclic aromatic 

hydrocarbons (PAHs) and alkylated PAHs targeted for quantification. In addition to the EPA 16 PAHs, 

benzo(e)pyrene (BeP), perylene (PERY), retene (RET), dibenzofuran (DBF), dibenzothiophene (DBT), long-

chain n-alkanes (C12-C38), and alkylated PAHs (C1-C4 NAP, C1-C4 ANT/PHE, C1 FLE, C1 FLU/PYR, and C1-

C2 CHY/BaA) were also quantified. Standard quantification and confirmation ions were employed in SIM 

mode, with peak areas calculated relative to deuterated internal standards using both internal and 

external standards for quantification. For alkylated PAHs without specific standards, quantification was 

based on response factors of the closest available standard compound. The detection limit for PAHs in 

paleosols and soils was approximately 0.1 µg/kg. Soxhlet extraction was used for all samples, with six 

duplicate samples and eight method blanks analyzed to ensure accuracy.  

To differentiate between petrogenic and pyrogenic PAHs, the Alkylated PAH Derivative Index 

(APDI; Karp et al., 2020) was utilized. To further distinguish between sources and isolate the pyrogenic 

component associated with vegetation combustion, carbon preference index (CPI; Marzi et al., 1993) and 

PAH alkyltion index (PAI; Hindersmann et al., 2020) were employed to determine the source or organic 

matter of PAHs. To address preservation bias between samples, we normalized the total PAH 
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concentrations using C31 alkane (Azmi et al., 2025; Karp et al., 2020; Ghosh, 2021). Further details of these 

analyses are provided in Appendix B. 

To determine the fire input, we followed relationships described by Denis (2017) and Karp et al. 

(2021b): 

ὊὭὶὩ ὍὲὴόὸВ
 

  
   .(3.5) 

¢ƘŜ ƭƛǎǘ ƻŦ t!IΩǎ ŀƴŀƭȅȊŜŘ ŦƻǊ ǘƻǘŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǿŜǊŜ ŀǎ ŦƻƭƭƻǿǎΥ ǇƘŜƴŀƴǘƘǊŜƴŜ όtI9ύΣ ŀƴǘƘǊŀŎŜƴŜ 

(ANT), fluoranthene (FLU), pyrene (PYR), RET, benz[a]anthracene (BaA), chrysene (CHY), 

benzo[k]fluoranthene (BkF), (BeP), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene (IND), and 

benzo[ghi]perylene (BgP).  

To determine vegetation burn provenance, we used a combination of the retene proxy (Ramdahl, 

1983; Simoneit et al., 1993), and the DMP-x and DMP-y proxies (Kappenberg et al., 2019; Karp et al., 2020; 

Simoneit and Mazurek, 1982), where:   
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and DMP stands for dimethylphenanthrene. A minimum value of 0 for the retene proxy indicates 

pyrogenic PAHs derived from an angiosperm-dominated ecosystem, while values approaching 1 indicate 

pyrogenic PAHs derived from gymnosperms. For the DMP-x proxy, values closer to 0 indicate pyrogenic 

PAHs derived from angiosperm trees, while values near 1 indicate pyrogenic PAHs derived from 

gymnosperms. Similarly, DMP-y values closer to 0 indicate angiosperm trees, while higher values (>10) 

indicate gymnosperms. Details of this method can be found in Azmi et al. (2025). 
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3.4 Results 

3.4.1 Stratigraphy and paleosols 

Our stratigraphic record of the Cacheuta Basin (Figure 3.3), constructed from three transects 

(Appendix B, Figures B2 ς B4), reveals approximately 1200 m of clastic sedimentary deposits. The basal 

177 m consists predominantly of grey pebble-cobble conglomerate interbedded with massive sandstone 

and minor reddish mudstone, corresponding to the uppermost part of the Mariño Formation. This coarse-

grained unit is overlain by 575 m of alternating pebble-cobble conglomerate beds with occasional sand 

lenses, fine to medium sandstone, and mudstone, correlated to the La Pilona Formation. A minor increase 

in mudstone towards the upper La Pilona Formation is observed. 

The Tobas La Angostura Formation rests unconformably on the La Pilona Formation, consisting of 

165 m of ashy sand, silt, and volcanic deposits, with reworked tuff and pyroclastic materials within 

conglomerates. The Tobas La Angostura Formation transitions gradually to the overlying Rio de los Pozos 

Formation, composed of 165 m of interbedded mudstones, yellow tuffaceous sandstones, and grey 

conglomerates. Localized evidence of mammal burrows was observed within this formation. The Mogotes 

Formation unconformably overlies the Rio de los Pozos Formation and shows an increase in coarse-

grained deposits, characterized by disorganized pebble to boulder conglomerate interbedded with fine to 

medium sandstone, grey tuffaceous reworked ash, and reddish mudstone (Figure 3.3).  

A total of four volcanic ash layers: Ash-1, Ash-2, Ash-3, and Ash-4 (Figure 3.3), served as 

chronostratigraphic markers for correlation (See Section 3.2.2). Ash-1 and Ash-2 were identified within 

the La Pilona Formation at 641 m, and 738 m, respectively. Ash-3 and Ash-4 were identified within Tobas 

la Angostura and Rio de los Pozos formations, at 881 m, and 995 m (Figure 3.3), respectively. 
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Figure 3.3: Cacheuta Basin composite stratigraphy. 
 

 Thirty paleosol horizons were identified throughout the studied section and categorized into 

three major pedotypes based on physical characteristics: Argillisol/Alfisol (CB-1), Protosol/Entisol (CB-2), 

and Calcisol/Calcic Alfisol (CB-3; Appendix B) (e.g., Mack et al., 1993; Retallack, 2008; Soil Survey Staff, 

2014). CB-1 represents a moderately developed soil characterized by a reddish-brown sandy A horizon 



   

128 

 

(>50 cm thick) with root traces and peds approximately 1 cm in diameter. The underlying Bt horizon (>55 

cm thick) exhibits reddish-brown clay, gleying, and clay slickens, with occasional occurrences of a C 

horizon (Figure 3.4). CB-1 is the most common pedotype, with 18 occurrences identified across the 

Cacheuta Basin stratigraphic sections and a consistent presence in all formations. CB-2 is a poorly 

developed soil lacking a B horizon, defined by a reddish-brown sandy A horizon (~100 cm thick) with root 

traces and gleying (Figure 3.4). Five paleosols of this pedotype were identified across the Cacheuta Basin 

stratigraphic sections, with no strong spatial pattern in their distribution. CB-3 represents a moderately 

developed soil with brown sandy clay, A horizon (<30 cm thick) containing root traces followed by a Bt 

horizon (~40 cm thick) with gleying and clay slickensides, a Bk horizon (~30 cm thick) with calcium 

carbonate nodules, and a sandy C horizon (Figure 3.4). With seven paleosols of this pedotype identified 

across the Cacheuta Basin stratigraphic sections, CB-3 is most commonly observed within the Río de los 

Pozos Formation. 

3.4.2 U-Pb detrital zircon ages 

A maximum depositional age is determined for samples TU-M5-DZ1 and TU-M5-DZ2 (Table 3.1). 

TU-M5-DZ1, collected from the base of the Mogotes Formation, yielded an age of 7.6 ± 0.3 Ma (n = 7; 

MSWD = 0.74). TU-M5-DZ2, collected from the top of the Mogotes Formation, yielded an age of 7.1 ± 0.5 

Ma (n = 2; MSWD = 0.21). These dates constrain the age of the Mogotes Formation to between 7.6 and 

тΦм aŀΦ ¦ǎƛƴƎ ǘƘŜ ǘƘƛŎƪƴŜǎǎ ōŜǘǿŜŜƴ ŘŀǘŜŘ ƘƻǊƛȊƻƴǎ όоу Ƴύ ŀƴŘ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜƛǊ a5!ǎ 

όϤлΦр aŀύΣ ŀ ǎŜŘƛƳŜƴǘŀǘƛƻƴ ǊŀǘŜ ƻŦ ϤлΦлу ƳƳȅǊѐц ƛǎ ŜǎǘƛƳŀǘŜŘ ŀŎǊƻǎǎ ǘƘŜ ŘŀǘŜŘ ƛƴǘŜǊǾŀƭΦ 
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Figure 3.4: Major pedotypes identified within the Cacheuta Basin, along with associated exemplar 
geochemical profiles. 

 

Table 3.1: Summary of Detrital Zircon Analyses and MDA Estimates from the Mogotes Formation 
 
Sample Height 

(m)* 
Total 
number of 
analyses (N) 

Number of 
concordant 
analyses (n) 

MDA Candidates 1 

Youngest date Youngest mode 

TU-M5-DZ1 1125 127 122 6.5±1Ma тΦс ҕ лΦо aŀ όƴҐт˟ a{²5ҐлΦтпύ  

TU-M5-DZ2 1160 268 246 6.8±0.9Ma тΦм ҕ лΦр aŀ όƴҐн˟ a{²5ҐлΦнмύ 

a5!ҐƳŀȄƛƳǳƳ ŘŜǇƻǎƛǘƛƻƴŀƭ ŀƎŜ˟ 1 uncertainties reported at 95% confidence, * Composite stratigraphy (Figure 3.3). 

3.4.3 Geochemical analyses 

Paleotemperature reconstructions include mean annual temperature (MAT) and mean annual 

range of temperature (MART) estimates. Most samples exhibit high PWI values (range=33ς11; 

average=53.3), consistent with the elevated CaO content of the paleosols (Appendix B). As the MAT 

climofunction is restricted to PWI <60, estimates from this approach were derived from the 24 samples 

within the applicable range, yielding MAT values of 9.56ς11.8 ± 2.1°C, with an average of 10.8°C and a 

standard deviation of 0.5°C (Figure 3.5A). The SGPM model yields similar MAT estimates, ranging from 8 
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to 10°C, with an average of 9.3°C and a standard deviation of 0.6°C (RMSPE=4.2°C; Figure 3.5A). MART 

estimates from the SGPM model range between 23.8 and 26.8°C, with an average of 25.3°C a standard 

deviation of 0.6°C (RMSPE=5.1°C; Figure 3.6A). The two independent MAT estimates are consistent within 

error, showing no significant trend in MAT across the studied interval despite a slight increasing trend 

noticed in MART (Figure 3.6A). 

Paleoprecipitation reconstructions include mean annual precipitation (MAP) and growing season 

precipitation (GSP) estimates. MAP estimates based on the CIA-K climofunction range between 305 and 

молл ҕ нфф ƳƳȅǊѐцΣ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ тпс ƳƳȅǊѐц ŀƴŘ ŀ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ нтп ƳƳȅǊѐц (Figure 3.5B). 

{Dta ƳƻŘŜƭ ƻǳǘǇǳǘǎ ǎǳƎƎŜǎǘ a!t ŜǎǘƛƳŀǘŜǎ ōŜǘǿŜŜƴ мтт ŀƴŘ тмм ƳƳȅǊѐцΣ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ пол 

ƳƳȅǊѐц ŀ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ мпл ƳƳȅǊѐц όwa{t9ҐоррΦс ƳƳȅǊѐцΤ CƛƎǳǊŜ оΦр.ύΦ .ƻǘƘ ƳŜǘƘƻŘǎ ǇǊƻŘǳŎŜ 

overlapping MAP estimates within error, and indicate a slight increase in paleoprecipitation throughout 

ǘƘŜ ǎǘǳŘƛŜŘ ƛƴǘŜǊǾŀƭΦ D{t ŜǎǘƛƳŀǘŜǎ ŦǊƻƳ ǘƘŜ {Dta ƳƻŘŜƭ ǊŀƴƎŜ ōŜǘǿŜŜƴ сс ŀƴŘ пор ƳƳ ȅǊѐцΣ ǿƛǘƘ ŀƴ 

ŀǾŜǊŀƎŜ ƻŦ нто ƳƳ ȅǊѐц ŀƴŘ ŀ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ млр ƳƳ ȅǊѐц όAppendix B), showing a slight increase 

in growing season precipitation through time (Figure 3.5C). 

3.4.4 Climate model 

¢ƘŜ /9{a ǎƛƳǳƭŀǘƛƻƴǎ ŦƻǊ мл aŀ ŀƴŘ у aŀ ǎƘƻǿ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜ ƛƴ ƳŜŀƴ ŀƴƴǳŀƭ ǎǳǊŦŀŎŜ 

temperatures (Figure 3.р!ύΣ ǿƛǘƘ ǾŀƭǳŜǎ ƻŦ мсΦфϲ/ ŀǘ мл aŀ ŀƴŘ мсΦмϲ/ ŀǘ у aŀ όŀǾŜǊŀƎŜ ǎǘŀƴŘŀǊŘ 

deviations of 1.3°C and 1.0°C, respectively). However, the mean annual temperature range, calculated as 

the difference between the 30-year average of monthly maximum and minimum temperatures, increased 

slightly from 19.2°C at 10 Ma to 22.4°C at 8 Ma (Figure 3.6A), indicating a minor rise in seasonal 

temperature variability. ¢ƘŜ ƳŜŀƴ ŀƴƴǳŀƭ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ŀǘ мл aŀ ǊŀƴƎŜǎ ōŜǘǿŜŜƴ ооп ŀƴŘ мррр ƳƳ ȅǊ-¹ 

ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ a!t ƻŦ упл ƳƳ ȅǊ-¹ (Figure 3.р.Τ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴΥ офл ƳƳ ȅǊ-¹). At 8 Ma, MAP varies 

ōŜǘǿŜŜƴ нму ŀƴŘ нмро ƳƳ ȅǊ-цΣ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ фмо ƳƳ ȅǊ-¹ (Figure 3.5B, standard deviation: 

пуф ƳƳ ȅǊ-¹), reflecting a slight overall increase in MAP. In contrast, estimates of growing season 
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όŎƻƴǾŜŎǘƛǾŜύ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ǊŜƳŀƛƴ ǎǘŀōƭŜΣ ŀǾŜǊŀƎƛƴƎ пст ƳƳ ȅǊ-ц ŀǘ мл aŀ ŀƴŘ пср ƳƳ ȅǊ-ц ŀǘ у aŀΣ ǿƛǘƘ 

low variability (Figure 3.р/Τ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴǎ ƻŦ лΦт ŀƴŘ лΦу ƳƳ ȅǊ-¹, respectively). 

 
Figure 3.5: Paleoclimate reconstruction from the Cacheuta Basin. (A) Paleotemperature reconstructions: 
Mean Annual Temperature (MAT) based on Paleosol Weathering Index (PWI, red circles) and Soil 
Geochemistry Paleoclimate Model (SGPM, black circles); Climate Model (CESM, yellow square), and Warm 
aƻƴǘƘ aŜŀƴ ¢ŜƳǇŜǊŀǘǳǊŜ ό²aa¢ύ ōŀǎŜŘ ƻƴ ŎŀǊōƻƴŀǘŜ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ ǇŀƭŀŜƻǘƘŜǊƳƻƳŜǘǊȅ όɲ47, black 
triangles). (B) Precipitation reconstructions: Mean Annual Precipitation (MAP) based on Chemical Index 
of Alteration minus Potassium (CIA-K, light blue circles), Soil Geochemistry Paleoclimate Model (SGPM, 
dark blue circles), and Climate Model (purple square). (C) Growing Season Precipitation (GSP) based on 
Soil Geochemistry Paleoclimate Model (SGPM, purple circles) and Convective. 
 

3.4.5 Isotope analyses 

ʵцш/carb values from six samples range from -7.8 to -сΦн҉Σ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ -сΦу҉ όŀǾŜǊŀƎŜ 

ǎǘŀƴŘŀǊŘ ŜǊǊƻǊҐ лΦло҉ύΦ ²ƘŜƴ ŎƻƴǾŜǊǘŜŘ ǘƻ ŜǉǳƛǾŀƭŜƴǘ ǾŀƭǳŜǎ ŦƻǊ ǎƻƛƭ ƻǊƎŀƴƛŎ ƳŀǘǘŜǊΣ ǘƘŜȅ ǊŀƴƎŜ ŦǊƻƳ -

23.3 to -нмΦт҉Σ ŀǾŜǊŀƎƛƴƎ -ннΦо҉. .ŀǎŜŘ ƻƴ ǘƘŜ ŎǳǘƻŦŦ ǾŀƭǳŜΣ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ /ј ǾŜƎŜǘŀǘƛƻƴ ƛǎ ƛŘŜƴǘƛŦƛŜŘ 

around 8 Ma (Figure 3.т!ύΦ IƻǿŜǾŜǊΣ ǘƘŜ ƻǾŜǊŀƭƭ ǘǊŜƴŘ ǊŜŦƭŜŎǘǎ ŀ ǇǊƻƎǊŜǎǎƛǾŜ ŘŜŎǊŜŀǎŜ ƛƴ ʵцш/ ǾŀƭǳŜǎ 

through time. ɲјћ ǾŀƭǳŜǎ ǊŀƴƎŜ ŦǊƻƳ лΦрсл ǘƻ лΦрфл҉ όL-/59{ύΣ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ лΦрул҉ όŀǾŜǊŀƎŜ 

ǎǘŀƴŘŀǊŘ ŜǊǊƻǊ ғлΦлм҉Τ Appendix B). Corresponding paleotemperature estimates span from 25.1 to 

35.5°C, averaging 31.2°C (average standard error= ~2°C; Figure 3.5A). The ʵц8Ocarb values vary between -

6.86 and -9.43҉ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ -тΦу҉ όŀǾŜǊŀƎŜ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊ <0.01҉Τ VPDB) while the 
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ǊŜŎƻƴǎǘǊǳŎǘŜŘ ʵцэhsw values vary between -сΦф҉ ŀƴŘ -нΦн҉ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ -пΦл҉ ό±{ah²Τ ŀǾŜǊŀƎŜ 

ǎǘŀƴŘŀǊŘ ŜǊǊƻǊҐлΦо҉Τ CƛƎǳǊŜ оΦс/ύΦ ¢ƘŜ ƻǾŜǊŀƭƭ ǘǊŜƴŘ ǎƘƻǿǎ ŀ ǎƭƛƎƘǘ ŜƴǊƛŎƘƳŜƴǘ ƻŦ 18O through time. 

¢ƘŜ ʵ13Corg values from twenty-nine samples vary between -25.3 to -ннΦм҉ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ -

нпΦм҉ όˋ Ґ лΦтр҉ύΦ  .ŀǎŜŘ ƻƴ ǘƘŜ ŎǳǘƻŦŦ ǾŀƭǳŜǎ of -22.3҉Σ /4 vegetation is identified around 7 Ma (Figure 

3.7A). The overall trend shows an increase in 13C enrichment through time. 

 
Figure 3.6: Seasonality Indicators. (A) Mean annual range of temperature based on Soil Geochemistry 
Paleoclimate Model (SGPM, Black), clumped isotope paleothermometry following Burgener et al. (2019; 
red) and climate model (CESM, yellow) [modern warmest and coldest quarter mean temperatures are ~20 
°C and ~5 °C, respectively; Fick & Hijmans, 2017)]. (B) ratio between growing season precipitation and 
ƳŜŀƴ ŀƴƴǳŀƭ ǇǊŜŎƛǇƛǘŀǘƛƻƴ όƭƛƎƘǘ ōƭǳŜ ǎǉǳŀǊŜǎύΤ ŀƴŘ ό/ύ ƛǎƻǘƻǇƛŎ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ǎƻǳǊŎŜ ǿŀǘŜǊ όʵцэhsw, open 
dark blue circles).  [here, TLA: Tobas La Angostura; RdlP: Rio de los Pozos]. 
 
 

3.4.6 Phytolith analysis 

Eleven samples were analyzed for phytolith morphology, with an average of 78 morphotypes 

(~130 sub-morphotypes) identified per slide and an average of 315 counts. The analysis included the 

identification and classification of both diagnostic (D) and nondiagnostic (ND) morphotypes. The identified 
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forest indicator (FI) groups include FI-GEN, DICOT-GEN, DICOT-WO, CONI/MONO, CONI, SEDGE, PALM-D, 

and BAMB/B (GEN - general, WO - woody, B - basal). The grass indicator (GI) groups include GRASS-D, 

POOID-D, CHLOR, PANI, and PACCAD-GEN (Figure B8 in Appendix B). 

The estimated average forest biomass is 53% (range = 45%ςрф҈Τ ˋ Ґ оΦф҈ύΣ ǿƘƛƭŜ ǘƘŜ ŀǾŜǊŀƎŜ 

grass composition is 37% (range = 34%ςпо҈Τ ˋ Ґ нΦт҈ύ όCƛƎǳǊŜ оΦт.ύΦ /4 vegetation estimates based on 

eleven phytolith samples range from a minimum value of 0%ςуΦо҈ όŀǾŜǊŀƎŜ Ϥм҈Τ ˋ Ґ нΦп҈ύ ǘƻ ŀ ƳŀȄƛƳǳƳ 

value of 0%ςмоΦф҈ όŀǾŜǊŀƎŜ Ϥм҈Τ ˋ Ґ п҈ύΣ ƛƴŘƛŎŀǘƛƴƎ ŀ ƳƛƴƛƳŀƭ ǇǊŜǎŜƴŎŜ ƻŦ /4 vegetation (Figure 3.7B). 

.ŀǎŜŘ ƻƴ ǘƘŜ ǘǿƻ ǎŀƳǇƭŜǎ ǿƛǘƘ /ј ƳƻǊǇƘƻǘȅǇŜǎΣ ŀƴ ƛƴŎǊŜŀǎƛƴƎ ǘǊŜƴŘ ƛƴ /ј ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƛǎ ƛŘŜƴǘƛŦƛŜŘΣ 

reflected by higher proportions of both PANI and PACCAD morphotypes and an insignificant presence of 

CHLOR. 

3.4.7 Biomarker analysis 

Based on the APDI, PAI, and CPI obtained from seventeen samples analyzed for PAHs, we 

identified mixed fractions of pyrogenic and petrogenic PAH signals (Appendix B). The proportion of the 

ǇȅǊƻƎŜƴƛŎ t!I ŦǊŀŎǘƛƻƴ ǾŀǊƛŜǎ ōŜǘǿŜŜƴ лΦлт ŀƴŘ лΦу ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ лΦмф όˋҐ лΦмтύΣ ƛƴŘƛŎŀǘƛƴƎ 

heterogeneous fire contributions with no clear directional trend (Figure 3.8A). A pronounced spike in the 

fireȤƛƴǇǳǘ ǇǊƻȄȅ όлΦуύ ƻŎŎǳǊǎ ŀǘ Ϥу aŀ όCƛƎǳǊŜ оΦу!ύΦ ¢ƘŜ Ǌŀǘƛƻ ƻŦ ǊŜǘŜƴŜ ŀƴŘ t!Iǎ ǊŀƴƎŜǎ ŦǊƻƳ лΦлс ǘƻ лΦрл 

όƳŜŀƴ Ґ лΦнт), indicating majority angiospermȤderived biomass fuel source with some samples showing 

mixed angiospermȤgymnosperm inputs (Appendix B). DMP-X ratios range between 0.81 and 0.95 

όƳŜŀƴ Ґ лΦфлΤ CƛƎǳǊŜ оΦу.ύΣ ǿƘŜǊŜŀǎ 5at-¸ Ǌŀǘƛƻǎ ǊŀƴƎŜ ōŜǘǿŜŜƴ нΦлп ŀƴŘ мнΦмф όƳŜŀƴ Ґ тΦлрΤ CƛƎǳǊŜ 

3.8C), consistent with a gymnosperm-dominated ecosystem and showing no clear temporal trend. 
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Figure 3.7: Paleovegetation reconstruction of Cacheuta Basin. (A) carbon isotope composition of soil 
ƻǊƎŀƴƛŎ ƳŀǘǘŜǊ ŦǊƻƳ ! ƘƻǊƛȊƻƴǎ όʵ13Corg, red circles) and pedogenic carbonate nodules from Bk horizons 
όŎƻƴǾŜǊǘŜŘ ʵ13Ccarb, black squares); and (B) phytolith-based paleovegetation composition [here, cutoff 
value, -ннΦо҉Τ ¢[!Υ ¢ƻōŀǎ [ŀ !ƴƎƻǎǘǳǊŀΤ wŘƭtΥ wƛƻ ŘŜ ƭƻǎ tƻȊƻǎϐΦ 

 

3.5 Discussion 

3.5.1 Age model 

The new detrital zircon UςPb data provide a geochronological constraints for the Mogotes 

Formation. Without a direct age control, the Mogotes Formation was previously suggested to be younger 

than 7.4 Ma, based on the ages from the underlying tuffaceous beds in La Pilona Formation (Buelow et 

al., 2018). Maximum depositional ages of 7.6 ± 0.3 Ma (base) and 7.1 ± 0.5 Ma (upper level) obtained in 

this study confirm the younger age of the Mogotes Formation (Figure 3.3) and refine its depositional age 

range. Although the top of the formation was not encountered in this study, these new ages provide 

improved chronostratigraphic constraints for the Mogotes Formation. 
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Figure 3.8: Biomarker analysis from Cacheuta Basin. (A) Fire input based on polycyclic aromatic 
hydrocarbons (PAH, red circles); (B) DMP-X (black circles); and (C) DMP-Y (black squares). [here, TLA: 
Tobas La Angostura; RdlP: Rio de los Pozos]. 

 

Assuming a near-continuous sediment deposition between the dated horizons, the Mogotes 

CƻǊƳŀǘƛƻƴ ȅƛŜƭŘǎ ŀƴ ŀǾŜǊŀƎŜ ǎŜŘƛƳŜƴǘŀǘƛƻƴ ǊŀǘŜ ƻŦ лΦлу ƳƳ ȅǊѐцΣ ǿƘƛŎƘ ƛǎ ƭƻǿŜǊ ǘƘŀƴ ǘƘŜ ǎŜŘƛƳŜƴǘŀǘƛƻƴ 

rates suggested for the underlying formations (See Section 3.2.2). Buelow et al. (2018) interpreted the 

Mogotes Formation as representing a rapid deposition in a proximal alluvial fan setting adjacent to active 

thrust faults within the Cordillera Frontal. However, our detrital zircon ages suggest a lower average 

sedimentation rate instead. This apparent discrepancy could be due to the use of MDAs as true 

depositional ages, which can lead to over- or underestimation of sedimentation rates because of inherited 

or recycled zircons and the statistical rarity of the youngest grains (Sharman & Malkowski, 2020; 

Vermeesch, 2021). Alternatively, the lower sedimentation rate could be attributed to fan dynamics, as 

alluvial-fan systems commonly experience short, rapid sedimentation events interspersed with longer 

periods of reduced sedimentation phases due to channel avulsion and lobe switching (Yu, 2025; Clarke, 

2015). Such hiatus events can impact the estimated accumulation or sedimentation rate (Sadler, 1999). 
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In addition, unlike the underlying units, which contain multiple volcanic ash-fall horizons and reworked 

ash in most lithologies, the Mogotes Formation lacks primary volcanic deposits, suggesting that 

sedimentation was driven solely by alluvial processes rather than by a combination of alluvial and volcanic 

inputs. The absence of this significant material source may therefore have impacted overall sedimentation 

rates.  As the full thickness of the Mogotes Formation was not encountered and age control is limited to 

the dated intervals, the estimated sedimentation rate may not be representative of the entire formation. 

Therefore, the newly obtained MDAs are used to establish a chronostratigraphic framework for the dated 

interval of the Mogotes Formation. Incorporating these new results with previously published ages, an 

age model is developed (Figure 3.3), providing a temporal context for the paleoenvironmental 

reconstructions discussed below. 

3.5.2 Stratigraphy and paleosols 

The upper Mariño Formation (ca. >12.5 Ma), characterized by stacked, amalgamated 

conglomerates with interbedded sandstone and mudstone, is interpreted as a fluvial system dominated 

by high-energy depositional processes. The observed coarsening-upward successions, composed of 

pebbly conglomerates, are consistent with deposition in braided river channels, whereas the finer-grained 

mudstone and siltstone likely reflect interchannel or overbank deposition (Miall, 1985; Reading, 2009; 

Rust & Gibling, 1990). Our interpretation is consistent with that of Irigoyen et al. (2000), who described 

the Mariño Formation deposited within a fluvialςalluvial deposition setting under arid to semi-arid 

conditions dominated by ephemeral stream processes, and Buelow et al. (2018), who proposed a braided 

stream system within a distal terminal fan setting. The abundance of Argillisol/Alfisol (CB-1) pedotypes 

within the upper Mariño Formation indicates prolonged periods of landscape stability and vegetated 

floodplain development under semi-arid to subhumid conditions, with episodes of fluvial deposition 

(Hyland and Sheldon, 2013; Kraus, 1999).  
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The overlying La Pilona Formation is composed of thick intercalated pebble- to cobble-sized 

conglomerates with minor sandstone and siltstone, along with two ash-fall horizons (A1 and A2; Figure 

3.3), indicative of deposition under high-energy conditions. The stacked conglomerates are interpreted as 

fluvial channel fills (Hunger et al., 2018; Owen et al., 2017), while occasional cross-stratified sandstone 

and conglomerate units represent the development of subaqueous dunes. The subordinate siltstone 

intervals are interpreted as overbank deposits. Overall, the La Pilona Formation reflects a fluvial 

depositional setting, consistent with previous interpretations (Buelow et al., 2018; Hunger et al., 2018; 

Irigoyen et al., 2000). The shift towards coarser clast sizes (compared to the underlying Mariño 

Formation), is interpreted to reflect increased orogenic exhumation in the source area (Hunger et al., 

2018). This change likely resulted in higher sediment flux and influenced depositional dynamics, as further 

evidenced by the variations in pedotypes identified within the La Pilona Formation. 

The lowermost part of the La Pilona Formation is dominated by Protosol/Entisol (CB-2) pedotypes 

(Figure 3.3), suggesting an active depositional setting characterized by high sedimentation accumulation, 

minimal soil development, and low landscape stability. In contrast, the abundance of Alfisol/Argillisol (CB-

1) pedotypes throughout the rest of the formation, along with the occasional presence of Calcic Alfisol 

(CB-3), indicates a shift toward a more stable landscape. This transition reflects a decline in sediment 

accumulation and the development of vegetated floodplain environments with prolonged periods of 

subaerial exposure under semi-arid, seasonally dry conditions. 

The overlying ash-rich Tobas La Angostura Formation, composed of conglomerate and sandstone 

with minor mudstone, is indicative of a fluvial depositional setting with a marked increase in volcanic 

inputs (Figure 3.3), which is consistent with previous interpretations (Buelow et al., 2018; Irigoyen et al., 

2000). The presence of Argillisol/Alfisol (CB-1) and Calcic Alfisol (CB-3) suggests stable soil development 

within a subhumid to semi-arid environment with seasonally dry conditions.  
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The Rio de los Pozos Formation, composed of mudstone, sandstone, tuffaceous sandstone, and 

conglomerate, reflects a fluvial depositional environment (Figure 3.3). Thick conglomerate beds were 

likely deposited within braided fluvial channels (Hunger et al., 2018), whereas the finer-grained mudstone 

and tuffaceous sandstone suggest overbank and floodplain deposits with intermittent volcanism (Hunger 

et al., 2018; Irigoyen et al., 2000;). Burrows identified within these finer units suggest intervals of slower 

sediment accumulation, which is further strengthened by the presence of more developed pedotypes in 

this formation. The dominance of Calcic Alfisol (CB-3) and Argillisol/Alfisol (CB-1) indicates the persistence 

of a subarid to subhumid climate with seasonally dry conditions. The occasional presence of 

Protosol/Entisol (CB-2) likely reflects brief periods of rapid sedimentation and shifts in depositional 

dynamics. 

The Mogotes Formation indicates deposition in a proximal alluvial fan setting, as indicated by 

disorganized pebble to boulder conglomerates interbedded with minor siltstone and tuffaceous 

sandstone (Hunger et al., 2018; Irigoyen et al., 2000). The occurrence of well-developed Argillisol/Alfisol 

(CB-1) paleosols (Figure 3.3) indicates intervals of prolonged subaerial exposure and reduced 

sedimentation under a subhumid to semi-arid, seasonally dry climate. 

3.5.3 Paleoclimate  

Paleotemperature reconstructions indicate no significant trend in MAT across the studied 

interval. Our multiproxy estimates, using both the PWI climofunction and SGPM methods, yield an 

average MAT of approximately 10°C, with consistent patterns and overlapping uncertainty ranges (Figure 

3.5A). These reconstructions suggest a slightly cooler climate compared to the modern regional MAT of 

~13°C (Fick and Hijmans, 2017). However, this temperature offset contrasts with Late Miocene 

paleoclimate records that indicate a warmer-than-modern global climate (Steinthorsdottir et al., 2021). 

In South America, average temperatures during the Late Miocene were comparable to pre-industrial 

values, except in regions undergoing active orogenic processes (Bradshaw et al., 2012). Although the 
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Cacheuta Basin experienced some orogenic rearrangements (Hunger et al., 2018) during the Middle to 

early Late Miocene, paleoelevation models suggest that it reached near-ƳƻŘŜǊƴ ŜƭŜǾŀǘƛƻƴǎ όϤмΣплл Ƴύ ōȅ 

ǘƘŀǘ ǘƛƳŜ ŀƴŘ ŜȄǇŜǊƛŜƴŎŜŘ ƳƛƴƛƳŀƭ ǳǇƭƛŦǘ ŀŦǘŜǊ Ϥмм aŀ ό.ƻǎŎƘƳŀƴΣ нлнмύΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜǎŜ ƎŜƻŎƘŜƳƛŎŀƭ 

proxies are likely more reliable for capturing relative temperature trends than for reconstructing absolute 

MAT values (Hyland and Sheldon, 2016), which may have been close to modern.  

The CESM simulation results align broadly with the proxy-derived paleoclimate reconstructions, 

though key differences in magnitude and resolution highlight the strengths and limitations of each 

approach. While the absolute values of the simulated MAT (16.9ϲ/ ŀǘ мл aŀ ŀƴŘ мсΦмϲ/ ŀǘ у aŀύ ŀǊŜ ƘƛƎƘŜǊ 

than proxy-based MAT estimates (which average ~10°C using both the PWI and SGPM climofunctions), 

they align more closely with pre-industrial values. The offset likely reflects differences in model spatial 

resolution, and boundary conditions (like pCO2). However, both the model and proxy derived 

reconstructions indicate minimal change in MAT across the interval. 

ɲ47-derived paleotemperatures from Cacheuta Basin vary between ~25ς35°C (Figure 3.5A). Quade 

Ŝǘ ŀƭΦ όнлмоύ ǎƘƻǿ ǘƘŀǘ ƛƴ ŀ ƳƻŘŜǊƴ ŜƴǾƛǊƻƴƳŜƴǘΣ ɲ47 typically exceeds MAT by 10ς15°C in seasonally dry 

settings and correlates with monsoon offset from MAT. Compared to modern WMMT near Cacheuta Basin 

(~20°C), our reconstructions suggest a higher WMMT than modern. The WMMT varies substantially 

between 10ςт aŀΣ ǊƛǎƛƴƎ ŀōƻǾŜ олϲ/ ŀǊƻǳƴŘ у aŀ ŀƴŘ ŘǊƻǇǇƛƴƎ ǘƻ Ϥнрϲ/ ŀǘ мл aŀ ŀƴŘ ŀƎŀƛƴ ŀǘ тΦр aŀΦ 

These fluctuations in peak summer temperature, contrasted with the relatively stable MAT trend, indicate 

fluctuations in seasonal moisture balance and soilȤdrying timing, likely linked to the evolving strength of 

the SAMS. 

              The range of temperatures offers additional insight into seasonal variability. MART estimates 

derived from the SGPM method yield an average of ~25.3°C, with minor increase observed toward the 

younger interval (Figure 3.6A). While the CESM model-ŘŜǊƛǾŜŘ a!w¢ ǾŀƭǳŜǎ όмфΦнϲ/ ŀǘ мл aŀ ŀƴŘ ннΦпϲ/ 
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ŀǘ у aŀΣ CƛƎǳǊŜ оΦс!ύ ŀǊŜ ǎƭƛƎƘǘƭȅ ƭƻǿŜǊ ǘƘŀƴ ǇǊƻȄȅ-based estimates (average 23.6°C), both indicate an 

ƛƴŎǊŜŀǎƛƴƎ ǘǊŜƴŘ ƛƴ ǎŜŀǎƻƴŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ǾŀǊƛŀōƛƭƛǘȅΦ Lƴ ŎƻƴǘǊŀǎǘΣ ǘƘŜ ɲ47-derived MART reconstructions, 

following Burgener et al. (2019), show a broader range of temperatures (Figure 3.6A). The discrepancy 

between the two methods is likely due to differences in proxy sensitivity. While the bulk geochemical 

composition of paleosol reflects average conditions over longer periods, clumped isotope estimates are 

biased toward the dry season when higher summer temperatures promote soil moisture evaporation and 

carbonate formation (Breecker et al., 2009). !ǎ ŀ ǊŜǎǳƭǘΣ Ƴƻǎǘ ƳƻŘŜǊƴ ǎƻƛƭ ŎŀǊōƻƴŀǘŜ ɲјћ ŘŀǘŀǎŜǘǎ ǎƘƻǿ ŀ 

warm-season bias (Burgener et al., 2016; Passey et al., 2010; Quade et al., 2013). However, studies suggest 

that this bias is not universal, especially in regions with strongly seasonal precipitation where delayed soil 

drying can lead to carbonate precipitation that records mean annual rather than peak summer 

temperatures (e.g., Kelson et al., 2018; Peters et al., 2013). Peters et al. (2013) show that at lower 

ŜƭŜǾŀǘƛƻƴ όғнллл Ƴύ ŀƭƻƴƎ ǘƘŜ ŜŀǎǘŜǊƴ Ŧƭŀƴƪ ƻŦ ǘƘŜ !ƴŘŜǎΣ ɲ47 temperatures are sensitive to precipitation 

seasonality. TƘŜǊŜŦƻǊŜΣ ǘƘŜ ɲјћ ǊŜŎƻǊŘ ƛƴ ǘƘŜ /ŀŎƘŜǳǘŀ .ŀǎƛƴ ƭƛƪŜƭȅ ǊŜŦƭŜŎǘǎ ǎƘƛŦǘǎ ƛƴ ǘƘŜ ǎŜŀǎƻƴŀƭ 

distribution of warmth and dryness, with temperature seasonality intensifying gradually during the Late 

Miocene and the warmest intervals exhibiting greater variability. 

              Mean annual precipitation (MAP) estimates from SGPM and CIA-K climofunctions yield average 

ǾŀƭǳŜǎ ƻŦ тпс ƳƳ yr-1 ŀƴŘ пол ƳƳ yr-1, respectively. Both estimates follow a similar pattern; CIAȤK 

estimates are higher than those of SGPM-based reconstruction, though they remain within mutual error 

margins. The CESM simulations show a slight increase in mean annual precipitation from 839.7 to 

фмо ƳƳ ȅǊѐцΣ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ ǘǊŜƴŘ ƻōǎŜǊǾŜŘ ƛƴ ǇǊƻȄȅ- derived MAP estimates, across the studied 

interval (Figure 3.5B). Although the absolute MAP values are somewhat higher in the simulations, they 

agree on the direction of change. While both reconstructions suggest an overall increase through time 

(Figure 3.5B), a three-point moving average identifies short-term fluctuations (Appendix B). MAP 

ŘŜŎǊŜŀǎŜǎ ǘƻ ŀǊƻǳƴŘ рлл ƳƳ yr-1 ŀǘ ϤммΦр aŀΣ ŦƻƭƭƻǿŜŘ ōȅ ŀƴ ƛƴŎǊŜŀǎŜ ǘƻ ŀōƻǳǘ мллл ƳƳ yr-1 ŀǘ ϤмлΦр aŀΣ 
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ŀƴŘ ǘƘŜƴ ƎǊŀŘǳŀƭƭȅ ŘŜŎƭƛƴŜǎ ǘƻ Ϥтлл ƳƳ yr-1 ōȅ т aŀΦ ¢ƘŜǎŜ ǾŀƭǳŜǎ ƛƴŘƛŎŀǘŜ ŀ ǿŜǘǘŜǊ ŎƭƛƳŀǘŜ ŘǳǊƛƴƎ ǘƘŜ 

LŀǘŜ aƛƻŎŜƴŜ ŎƻƳǇŀǊŜŘ ǘƻ ƳƻŘŜǊƴ ŎƻƴŘƛǘƛƻƴǎ ƛƴ ǘƘŜ ǊŜƎƛƻƴ όϤнуо ƳƳ yr-1; Fick and Hijman, 2017) 

suggesting that the Cacheuta Basin was still situated on the wetter, windward flank of the evolving Andean 

rain shadow.  

The growing season precipitation follows a similar pattern to MAP with a substantial proportion 

of that precipitation concentrated during the growing season (Figure 3.6B).  During 8ς10.5 Ma, more than 

half of the annual rainfall occurred during the growing season, comparable to modern northȤ and 

centralȤSouth America, where >50% of yearly precipitation is received in the DJF monsoon core (Silva & 

YƻǳǎƪȅΣ нлмнύΦ Because both MAP and GSP are derived from bulkȤgeochemical indices, they share 

potential biases related to parent lithology, diagenesis, and calibration limits. However, these factors 

should influence absolute values more than the relative trend in GSP and MAP estimated, suggesting the 

overall trend to be useful in inferring paleoclimatic changes. Growing-season precipitation estimates from 

modeled simulations follow a similar pattern.  

The CESM simulations broadly support the proxy-derived estimates as both model- and proxy-

based reconstructions suggest that over 50% of total precipitation occurred during the growing season 

(Figure 3.6B), consistent with a well-established monsoonal system. Modeled GSP values remain relatively 

ǎǘŀōƭŜ ōŜǘǿŜŜƴ мл aŀ ŀƴŘ у aŀ ŀƴŘ ŀǊŜ ǎƭƛƎƘǘƭȅ ƘƛƎƘŜǊ ǘƘŀƴ ǇǊƻȄȅ-derived estimates (Figure 3.5C). The 

observed difference in values can be attributed to the inherent differences between the modeling and 

proxy approaches. CESM outputs capture regional-scale atmospheric processes and produce spatially-

averaged outputs, whereas proxy-derived estimates likely reflect local conditions. While proxies are 

limited by temporal sampling resolution and assumptions embedded in climofunctions, the CESM 

simulations provide independent evidence for a seasonal precipitation hydroclimate regime without the 

lithological biases that affect bulk geochemical proxies. Therefore, the consistent increase in concentrated 
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precipitation suggests that the Late Miocene climate likely exhibited modernȤlike monsoonal seasonality, 

with progressively stronger summerȤdominated rainfall as the SAMS intensified. 

¢ƘŜ ʵцэhsw values in the Cacheuta Basin show a temporal fluctuation of alternating depleted and 

ŜƴǊƛŎƘŜŘ ƛƴǘŜǊǾŀƭǎ όCƛƎǳǊŜ оΦс/ύΦ tŜǊƛƻŘǎ ǿƛǘƘ ƳƻǊŜ ŘŜǇƭŜǘŜŘ ʵцэhsw values (~ -с҉Σ мл ŀƴŘ тΦр aŀύ ƭƛƪŜƭȅ 

reflect reduced evaporative enrichment in the soil, consistent with increased moisture availability and 

more effective precipitation. In contrast, the intervals with more enriched values (approaching -н҉Σ Ϥу 

Ma) suggest enhanced evaporation or a possible shift toward isotopically heavier moisture sources. These 

ŦƭǳŎǘǳŀǘƛƻƴǎ ƛƴ ʵцэhsw imply dynamic changes in the local hydrologic regime, pointing to variable 

seasonality, moisture recycling intensity, and/or shifts in dominant sources during the Late Miocene (Hoke 

et al., 2013, 2014; Poulsen et al., 2010). 

Overall, our multiproxy reconstructions suggest a stable temperature, while maximum summer 

temperature varied and became more extreme towards the younger interval. A wetter than modern 

condition persisted throughout the studied interval with marked shifts toward a larger summer share of 

ǇǊŜŎƛǇƛǘŀǘƛƻƴΦ hȄȅƎŜƴ ƛǎƻǘƻǇŜǎ ŎƻƴŦƛǊƳ ǘƘŀǘ ǿŜǘǘŜǊ ǎǳƳƳŜǊǎ ƭƛƴŜŘ ǳǇ ǿƛǘƘ ƭƛƎƘǘŜǊ ʵцэhsw values. All lines 

of evidence point to an increasingly seasonal climate in the Cacheuta Basin during the Late Miocene. These 

findings are consistent with regional studies suggesting intensification of the SAMS during this interval 

(Rohrmann et al., 2016; Strecker et al., 2007) and provide additional insight into climate evolution in this 

region. 

3.5.4 Paleovegetation and paleofire input 

Paleovegetation proxies from the Cacheuta Basin suggest a predominantly forested ecosystem 

with subordinate grass/shrub vegetation throughout the studied interval. Despite a minor enrichment 

ǘƻǿŀǊŘǎ Ϥт aŀΣ ʵцш/org ǾŀƭǳŜǎ ǊŜƳŀƛƴǎ ŎƻƴǎƛǎǘŜƴǘƭȅ ƳƻǊŜ ŘŜǇƭŜǘŜŘ ǘƘŀƴ ǘƘŜ /ї-/ј ŎǳǘƻŦŦ όCƛƎǳǊŜ оΦт!Τ -

ннΦо҉ύΦ ¢ƘŜ ŦƛǊǎǘ ŀƴŘ ƻƴƭȅ /ј ǎƛƎƴŀƭΣ ōŀǎŜŘ ƻƴ ʵцш/orgΣ ŀǇǇŜŀǊǎ ŀǘ т aŀΦ Lƴ ŎƻƴǘǊŀǎǘΣ ǘƘŜ ʵцш/carb values 



   

143 

 

identifies the first C4 signals identified at 8 Ma (Figure 3.7A) with a minor decline in C4 abundance through 

тaŀΦ tŀƛǊŜŘ ʵцш/org ŀƴŘ ʵцш/carb Řŀǘŀ ŦǊƻƳ /ŀŎƘŜǳǘŀ ǎƘƻǿ ɲцш/carbȤorg values of 16.2ςмуΦф҉Σ ǎƭƛƎƘǘƭȅ ŀōƻǾŜ 

the suggested 14ςмт҉ ƻŦŦǎŜǘ ό/ŜǊƭƛƴƎΣ мффмΤ /ŜǊƭƛƴƎ ϧ vǳŀŘŜ мффоΤ wƻƳŀƴŜƪ Ŝǘ ŀƭΦΣ мффнύΦ ¢ƘŜǎŜ 

differences likely reflect lowȤproductivity soils where subdued root respiration allows a greater 

ŀǘƳƻǎǇƘŜǊƛŎ /hі ǎƛƎƴŀƭ ŀƴŘ ŀƳǇƭƛŦƛŜǎ ŘƛŦŦǳǎƛǾŜ ŜƴǊƛŎƘƳŜƴǘ ό/ƻǘǘƻƴ Ŝǘ ŀƭΦΣ нлмнΤ {ƘŜƭŘƻƴ ϧ ¢ŀōƻǊ нллфΤ 

¢ŀōƻǊ Ŝǘ ŀƭΦΣ нлмоύΦ  

!ƭǘŜǊƴŀǘƛǾŜƭȅΣ ǘƘŜ ƘƛƎƘŜǊ ɲцш/carb-org values could reflect a bias in the organic matter record, where 

ʵцш/org values are anomalously depleted. This may result from selective preservation of 13C-depleted 

compounds (Dümig et al., 2013), or post-depositional alteration (Wynn, 2007) processes that reduce the 

ʵцш/ ƻŦ ōǳƭƪ ƻǊƎŀƴƛŎ ƳŀǘǘŜǊ ǊŜƭŀǘƛǾŜ ǘƻ ǇǊƛƳŀǊȅ Ǉƭŀƴǘ ƛƴǇǳǘǎΦ {ǳŎƘ ŜŦŦŜŎǘǎ ǿƻǳƭŘ ŎŀǳǎŜ ʵцш/org to 

underestimate the true vegetation signal, further complicating direct comparisons with pedogenic 

carbonate ǾŀƭǳŜǎΦ IƻǿŜǾŜǊΣ ʵцш/org values are typically enriched relative to original plant biomass due to 

ƳƛŎǊƻōƛŀƭ ŘŜŎƻƳǇƻǎƛǘƛƻƴ ό²ȅƴƴΣ нллтύΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ŜƭŜǾŀǘŜŘ ɲцш/carb-org offsets observed at Cacheuta 

.ŀǎƛƴ ƭƛƪŜƭȅ ǊŜŦƭŜŎǘ ŀ ōƛŀǎ ŦǊƻƳ ŜƴǊƛŎƘŜŘ ʵцш/carb values. Pedogenic carbonates have been shown to 

ƻǾŜǊŜǎǘƛƳŀǘŜ /ј ǾŜƎŜǘŀǘƛƻƴ ŀōǳƴŘŀƴŎŜΣ ŀǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ōȅ /ƻǘǘƻƴ Ŝǘ ŀƭΦ όнлмпύ ƛƴ 9ƴǘǊŜ wƝƻǎΦ ¢Ƙƛǎ ōƛŀǎ 

may result from low-productivity ecosystems, carbonate formation on limestone-rich substrates (Hsieh & 

Yapp, 1999; Tabor et al., 2004), or diagenetic overprinting (Cotton et al., 2012; Sheldon & Tabor, 2009). 

wŜƎŀǊŘƭŜǎǎ ƻŦ ǘƘŜǎŜ ƻŦŦǎŜǘǎΣ ōƻǘƘ ƛǎƻǘƻǇƛŎ ǇǊƻȄƛŜǎ ŎƻƴǎƛǎǘŜƴǘƭȅ ƛƴŘƛŎŀǘŜ ŀ ǇǊŜŘƻƳƛƴŀƴǘƭȅ /ї ŘƻƳƛƴŀǘŜŘ 

ecosystem throughout the studied interval. 

Phytolith assemblages also support a predominantly forested ecosystem with some grass and 

shrub vegetation. Quantitative estimates indicate that forest indicators make up ~50ς60% of the 

assemblages, while grass indicators comprise ~33ς45%, with a minor upward trend in forest signals 

ǘƘǊƻǳƎƘ ǘƛƳŜ όCƛƎǳǊŜ оΦт.ύΦ !ƳƻƴƎ ǘƘŜ ƎǊŀǎǎ ƛƴŘƛŎŀǘƻǊǎΣ ǘƘŜ ƳŀƧƻǊƛǘȅ ŀǊŜ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ /ї ƎǊŀǎǎŜǎΦ /ј 

taxa are present but limited, primarily represented by morphotypes assignable to the PACCAD, 
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Panicoideae (PANI), and Chloridoideae (CHLOR), with a higher abundance of PANI than CHLOR. However, 

/ј ǎƛƎƴŀƭǎ ŀǊŜ ƭƛƳƛǘŜŘ ǘƻ ǘǿƻ ƛƴǘŜǊǾŀƭǎΣ ϤмлΦр aŀ ŀƴŘ ϤтΦт aŀΣ ǎƘƻǿƛƴƎ ƻƴƭȅ ǎƭƛƎƘǘ ƛƴŎǊŜŀǎŜǎ ƛƴ ŀōǳƴŘŀƴŎŜΦ 

Overall, the phytolith-based reconstruction aligns well with the isotopic data, reinforcing the 

ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ ƻŦ ŀ /ї-ŘƻƳƛƴŀǘŜŘ ƭŀƴŘǎŎŀǇŜ ǿƛǘƘ ƭƛƳƛǘŜŘ ŀƴŘ ǘŜƳǇƻǊŀƭƭȅ ŎƻƴǎǘǊŀƛƴŜŘ /ј ƎǊŀǎǎ ǇǊŜǎŜƴŎŜΦ 

To study compositional differences among the phytolith assemblages from different formations, 

we conducted a principal components analysis (PCA) using eleven functional groups (FI, DICOT, CONI, 

SEDGE, PALM, BAMB, GRASS, POOID, CHLOR, PANI, and PACCAD). The PCA results reflect shifts between 

closed and open vegetation structures where samples positioned toward the negative PC1 and higher PC2 

are associated with greater abundances of PALM, FI, and CONI, suggesting these assemblages represent 

more closed, forested environments (Figure 3.9A). In contrast, samples aligned with the positive PC1 axis 

ǎƘƻǿ ǎǘǊƻƴƎ ŀǎǎƻŎƛŀǘƛƻƴǎ ǿƛǘƘ /ј ƎǊŀǎǎ ŎƭŀŘŜǎ ǎǳŎƘ ŀǎ /ƘƭƻǊƛŘƻƛŘŜŀŜ ό/I[hwύΣ tŀƴƛŎƻƛŘŜŀŜ όt!bLύΣ ŀƴŘ 

general PACCAD grasses, indicative of more open, grass-dominated landscapes with reduced canopy 

ŎƻǾŜǊΦ ¢Ƙƛǎ ǇŀǘǘŜǊƴ ŀƭƛƎƴǎ ǿƛǘƘ ŜŎƻƭƻƎƛŎŀƭ ŜȄǇŜŎǘŀǘƛƻƴǎ ǿƘŜǊŜ /ј ƎǊŀǎǎŜǎ ŜȄǇŀƴŘ ǳƴŘŜǊ ƛƴŎǊŜŀǎŜŘ 

seasonality and aridity, while closed-canopy forests persist under more stable and humid conditions 

(Edwards et al., 2010; Strömberg, 2011). However, the general GRASS functional group loads negatively 

along PC1, clustering with forest indicators (FI), palms (PALM), and conifers (CONI), rather than with the 

more open-ŜƴǾƛǊƻƴƳŜƴǘ /ј ƎǊŀǎǎ ƎǊƻǳǇǎ όŜΦƎΦΣ /I[hwΣ t!bLΣ t!//!5ύΦ  

To better understand the ecological gradients, we ran a second set of PCA with thirteen functional 

groups by separating the non-diagnostic grass (GRASS-ND) from diagnostic grasses and including OTH 

group. In the updated PCA, GRASS-ND loads negatively along PC1 and clusters with forest indicators (FI), 

conifers (CONI), and palms (PALM), suggesting that these morphotypes are more abundant in semi-closed 

or forest-margin environments (Figure 3.9B). The general GRASS category continues to load negatively on 

PC1 and clusters with forest indicators, even after separating out non-diagnostic types. The OTH group 

loads strongly on the positive end of PC2, distinct from both the open-environment grass clades and forest 
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indicators, likely representing ecologically ambiguous or understory elements that lack diagnostic value 

for habitat interpretation. The co-occurrence of GRASS (both diagnostic and nondiagnostic) morphotypes 

with forest taxa may indicate low ground cover grasses persisting under partially closed canopies in 

seasonally dry forests or riparian margins (Barboni et al., 2007; Currano et al., 2020; Strömberg, 2011). 

These findings highlight the importance of distinguishing between different grass lineages when 

interpreting vegetation openness and suggest a more nuanced vegetation structure than a simple forest-

to-grassland transition (Edwards et al., 2010; Strömberg, 2011). 

 
Figure 3.9: Principal component analysis (PCA) of 11 phytolith samples from Cacheuta Basin, including 11 
plant functional groups (A) or including 13 plant functional groups (B).  
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Lƴ ōƻǘƘ t/! ŀƴŀƭȅǎŜǎΣ ǎŀƳǇƭŜǎ ŀƭƛƎƴŜŘ ǿƛǘƘ ǘƘŜ ǇƻǎƛǘƛǾŜ t/м ŀȄƛǎ ǎƘƻǿ ǎǘǊƻƴƎ ŀǎǎƻŎƛŀǘƛƻƴǎ ǿƛǘƘ /ј 

grass clades such as CHLOR, PANI, and PACCAD grasses, indicative of more open, grass-dominated 

landscapes that are typically favored under seasonal climates with pronounced dry periods and reduced 

canopy cover. However, most samples show weak alignment with these open-environment indicators, 

suggesting that such conditions were limited in extent or duration. Instead, the majority of assemblages 

likely represent semi-closed ecosystems, such as woodland, savanna mosaics, or seasonally dry forests, 

ǿƘŜǊŜ ƎǊŀǎǎŜǎ ǿŜǊŜ ǇǊŜǎŜƴǘ ōǳǘ ƴƻǘ ŘƻƳƛƴŀƴǘΦ ¢Ƙƛǎ ǇŀǘǘŜǊƴ ŀƭƛƎƴǎ ǿƛǘƘ ŜŎƻƭƻƎƛŎŀƭ ŜȄǇŜŎǘŀǘƛƻƴǎ ǿƘŜǊŜ /ј 

grasses tend to expand under increased seasonality and aridity, while closed-canopy forests persist in 

more humid and stable environments (Strömberg, 2011; Edwards et al., 2010). In addition, both PCA 

analyses show a clustering of samples from the Mariño and Mogotes formations, characterized by 

negative PC1 and higher PC2 values. In contrast, samples from the La Pilona and Río de los Pozos 

formations align with higher PC1 and lower PC2 values. This separation likely reflects a shift in ecosystem 

across the studied interval, which is further supported by the DMP-X and DMP-Y ratios derived from PAH 

analysis, which indicate a mostly gymnosperm-dominated biomass signal throughout the studied interval.  

The occurrence of gymnosperm signals in phytolith and PAH proxies suggests that the burning 

vegetation largely originated from woody, forested components rather than open grasslands. However, 

at ~8 Ma, a pronounced spike in the paleofire input coincides with a shift in DMP-X and DMP-Y ratios 

toward values indicative of angiosperm biomass (Figure 3.8) and a drop in retene values (Appendix B). The 

coincidence of elevated fire input and angiosperm signal suggests an episodic increase in angiosperms, 

resulting in abundant fuel and elevated fire activity. In turn, increased fires might have helped maintain 

ecosystem openness by creating canopy gaps and recycling nutrients, resulting in a short-lived positive 

feedback loop before reverting to a more gymnosperm-rich, fire-suppressed state. A similar short-lived 

positive fire feedback loop has been documented in the Río Iruya Basin (~22.9°S), where intervals of 

elevated fire frequency coincided with enhanced precipitation and increased angiosperm (Ghosh, 2021). 
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Our multiproxy evidence points to a semiȤclosed to closed vegetation mosaic in the Cacheuta 

.ŀǎƛƴΣ ǇǳƴŎǘǳŀǘŜŘ ƻƴƭȅ ōȅ ōǊƛŜŦΣ ƭƻŎŀƭƛȊŜŘ ŜǇƛǎƻŘŜǎ ƻŦ ƎǊŜŀǘŜǊ ƻǇŜƴƴŜǎǎΦ ¢ƘŜ ƭŀŎƪ ƻŦ ŀ ǎǘǊƻƴƎ /јȤgrass 

signal, the dominance of forestȤindicator phytoliths, and gymnosperms imply that fully open grasslands 

never became regionally extensive here during the LŀǘŜ aƛƻŎŜƴŜΦ tŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜŎƻǊŘǎ ŦǊƻƳ 

nearby Andean and foreland basins support this view. Mammalian stableȤisotope data from the Argentine 

Pampas show predominantly woodland and wooded C3 grassland and xeric C3 diets during the Chasicoan 

Stage (Late Miocene) and the Huayquerian Stage (Late MioceneςEarly Pliocene), with only minor, 

lateȤǎǘŀƎŜ /ј ƛƴŎǊŜŀǎŜ ό{ŀƴȊ-Perez et al., 2023). Cardeño et al. (2023) described Tupungato-

tƛŜŘǊŀǎ /ƻƭƻǊŀŘŀǎ Ŧŀǳƴŀƭ ŀǎǎŜƳōƭŀƎŜǎΣ ǎǘǊŀǘƛƎǊŀǇƘƛŎŀƭƭȅ ŜǉǳƛǾŀƭŜƴǘ ǘƻ wƝƻ ŘŜ ƭƻǎ tƻȊƻǎ ǘƘǊƻǳƎƘ aƻƎƻǘŜǎ 

interval, which shares its taxonomic signature with other Huayquerian mammal faunas that inhabited 

mixed, semiȤarid woodlands rather than open grasslands. These regional floral and faunal datasets are 

consistent with our interpretation that open vegetation in centralȤwestern Argentina remained spatially 

restricted and climatically constrained during the LŀǘŜ aƛƻŎŜƴŜΣ ƭƛƪŜƭȅ ƳƻŘǳƭŀǘŜŘ ōȅ ŜƭŜǾŀǘƛƻƴΣ ƭƻŎŀƭ 

topography, and an intensifying SAMS. 

3.5.5 Development of monsoonal conditions 

The Miocene represents a globally warmer interval, marked by the Middle Miocene Climatic 

Optimum when global temperatures were approximately 3ςс /ϲ ƘƛƎƘŜǊ ǘƘŀƴ ǘƻŘŀȅΣ ŦƻƭƭƻǿŜŘ ōȅ ŀ ŎƻƻƭƛƴƎ 

trend in the Late Miocene associated with the expansion of Antarctic ice sheets (Herbert et al., 2016; 

Zachos et al., 2001). Global sea surface temperature records indicate a decline of nearly 6°C during the 

Late Miocene cooling interval (Herbert et al., 2016; Holbourn et al., 2018; Martinot et al., 2022; Tanner et 

al., 2020; Wen et al., 2023), leading to a steeper equator-to-pole temperature gradient and a general 

strengthening of global monsoon systems (Herbert et al., 2016). In South America, multiple lines of 

evidence, including sedimentological, isotopic, and climate modeling studies, suggest that the South 

American Monsoon  System (SAMS) had already been established by the mid-Cenozoic but underwent 
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significant intensification during the Late Miocene (Acosta et al., 2024; Insel et al., 2012; Mulch et al., 

2010; Quade et al., 2007; Rohrmann et al., 2016; Strecker et al., 2007). A rapid increase in sediment 

ŀŎŎǳƳǳƭŀǘƛƻƴ ǊŀǘŜǎ ŀƴŘ ǇǳƭǎŜǎ ƻŦ ŎƻŀǊǎŜ ŎƭŀǎǘƛŎ ŘŜǇƻǎƛǘƛƻƴ ŀǊƻǳƴŘ мл ŀƴŘ уΦр aŀ ƘŀǾŜ ōeen interpreted 

as responses to enhanced monsoon-driven runoff (Strecker et al., 2007). Stable isotope studies from 

ǇŀƭŀŜƻŀƭǘƛƳŜǘǊȅ όʵцэh ŀƴŘ ʵ5ύ ŀƭǎƻ ƛƴŘƛŎŀǘŜ ƛƴŎǊŜŀǎŜŘ ǎǳƳƳŜǊ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ŀƭƻƴƎ ǘƘŜ 9ŀǎǘŜǊƴ /ƻǊŘƛƭƭera 

during this time (Mulch et al., 2010). These proxy data are supported by paleoclimate model simulations 

that show a positive precipitation anomaly and isotopic enrichment (1ςн҉ ƛƴ ʵцэhύ ƻǾŜǊ ǘƘŜ ŜŀǎǘŜǊƴ 

!ƴŘŜǎ ǳƴŘŜǊ ƘƛƎƘŜǊ ŀǘƳƻǎǇƘŜǊƛŎ /hі ƭŜǾŜƭǎΣ Ǉƻƛƴǘƛng to stronger seasonality and convective rainfall during 

the austral summer (Acosta et al., 2024). Coinciding with these climatic changes, the Andean orogen 

experienced a phase of rapid uplift and deformation. The latest Miocene to Pliocene was marked by a 

significant rise of the Altiplano and a continued eastward migration of the orogenic front resulting in uplift 

of major structural blocks across the northern, central, and southern Andes (Boschman, 2021). 

In the Cacheuta Basin, Miocene sedimentary deposits indicate key regional hydroclimatic 

transitions linked to this broader South American climate evolution. During the Early to Middle Miocene, 

the Mariño Formation records extensive eolian deposits, indicating arid conditions (Buelow et al., 2018; 

Hunger et al., 2018). However, by the Middle Miocene Climatic Optimum (MCO; ~17ς14 Ma), this basin, 

ŀƭƻƴƎ ǿƛǘƘ ƻǘƘŜǊǎ ŀŎǊƻǎǎ ŀ Ϥмллл ƪƳ ƭŀǘƛǘǳŘƛƴŀƭ ǘǊŀƴǎŜŎǘ ǿƛǘƘƛƴ ǘƘŜ ŎŜƴǘǊŀƭ !ƴŘŜǎΣ ŜȄǇŜǊƛŜƴŎŜŘ ŀ ƳŀǊƪŜŘ 

shift to fluvial-lacustrine deposition, driven by elevated global temperatures during the MCO and resultant 

regional increase in moisture availability (George et al., 2025). This transition is interpreted as climate-

driven rather than tectonically induced, based on the synchronous timing of facies changes across 

structurally diverse regions. Supporting this interpretation, paleoclimate model simulations forced with 

ŜƭŜǾŀǘŜŘ ŀǘƳƻǎǇƘŜǊƛŎ /hі ǊŜǇǊƻŘǳŎŜ ŀ ǎǘǊƻƴƎ ŀǳǎǘǊŀƭ ǎǳƳƳŜǊ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ŀƴƻƳŀƭȅ ŀƴŘ ŀ мςн҉ 

enrichment ƛƴ ƳŜǘŜƻǊƛŎ ʵцэh ƛƴ ǘƘŜ /ŜƴǘǊŀƭ !ƴŘŜǎΣ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ƛƴŎǊŜŀǎŜŘ ǎŜŀǎƻƴŀƭƛǘȅ ŀƴŘ ŎƻƴǾŜŎǘƛǾŜ 
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rainfall (George et al., 2025). The demise of eolian conditions and expansion of fluvial systems in the 

Cacheuta Basin thus reflect broader Miocene monsoon intensification across the region. 

Our multiproxy reconstruction approach identifies Late Miocene climate variability in the 

/ŀŎƘŜǳǘŀ .ŀǎƛƴ ōŜǘǿŜŜƴ мн ŀƴŘ т aŀΣ ƛƴǘŜƎǊŀǘƛƴƎ ǇŀƭŜƻǎƻƭ-based reconstructions of precipitation, 

ǘŜƳǇŜǊŀǘǳǊŜΣ ǾŜƎŜǘŀǘƛƻƴΣ ŀƴŘ ŦƛǊŜ ƛƴǇǳǘǎΦ ¢ƘŜ ƛƴǘŜǊǾŀƭ ŦǊƻƳ мнΦр ǘƻ млΦр aŀ ƛƴ ƻǳǊ ǊŜŎƻǊŘ ǊŜŦƭŜŎǘǎ ŀ ƘǳƳƛŘ 

climate with relatively weak seasonality compared to the younger phase. Reconstructed MAP and GSP 

values indicate consistent moisture availability, but the lower GSP/MAP ratio suggests that rainfall was 

more evenly distributed throughout the year, lacking a pronounced warm-season concentration (Figure 

3.6B). This pattern is consistent with pre-monsoon hydroclimate and likely represents the continued 

effects of the MCO. The onset of basin subsidence and megafan progradatƛƻƴ ōŜǘǿŜŜƴ мм ŀƴŘ у aŀ 

ό.ǳŜƭƻǿ Ŝǘ ŀƭΦΣ нлмуύ ŎƻƛƴŎƛŘŜǎ ǿƛǘƘ ǘƘŜ млΦр aŀ ōǊŜŀƪǇƻƛƴǘΣ ƭƛƴƪƛƴƎ ŀ ǘŜŎǘƻƴƻ-sedimentary reorganization 

to a hydrologic shift toward more summer-focused rainfall. 

While different proxies broadly agree, the younger interval (10ςт aŀύ ƛǎ ƳƻǊŜ Ǌƻōǳǎǘƭȅ 

ŎƻƴǎǘǊŀƛƴŜŘ ŘǳŜ ǘƻ ǘƘŜ ŀǾŀƛƭŀōƛƭƛǘȅ ƻŦ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀƴŘ ʵцэh-derived estimates. From 

our reconstructions, we identify two key climatic intervals. The firǎǘΣ ŀǘ млΦр aŀΣ ƛǎ ŘŜŦƛƴŜŘ ōŀǎŜŘ ƻƴ ŀ 

breakpoint analysis of growing season precipitation (GSP), which reveals a statistically significant 

difference between values above and below this threshold, marking the onset of increased warm-season 

rainfall and heiƎƘǘŜƴŜŘ ǎŜŀǎƻƴŀƭƛǘȅ όCƛƎǳǊŜ оΦсύΦ ¢ƘŜ ǎŜŎƻƴŘΣ ŀǊƻǳƴŘ у aŀΣ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ŀ ǇŜǊƛƻŘ ƻŦ 

more pronounced variability across multiple proxies (Figure 3.6). During this interval (~8 Ma), we observe 

ǘƘŜ ǿŀǊƳŜǎǘ ǊŜŎƻƴǎǘǊǳŎǘŜŘ ǎǳƳƳŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎΣ ƭŜǎǎ ƴŜƎŀǘƛǾŜ ʵцэhsw values suggesting either increased 

evaporation or a shift in moisture source, and a short-lived spike in fire input. The increased pulse of fire 

ƛƴǇǳǘ ŎƻƛƴŎƛŘŜǎ ǿƛǘƘ ŀ ƭƻŎŀƭƛȊŜŘ ƛƴŎǊŜŀǎŜ ƛƴ /ј ƎǊŀǎǎ ǇƘȅǘƻƭƛǘƘǎ ŀƴŘ t!I-based indicators of angiosperm 

biomass, suggesting ecosystem sensitivity to hydroclimate change. 
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The rise in the GSP/MAP ratio indicates an increase in concentrated precipitation during the 

growing/warm season, likely from low-level easterly moisture within a deeper, wider foreland 

ό{ǘǊŜŎƪŜǊ Ŝǘ ŀƭΦΣ нллтύΦ /ƻƳǇŀǊŜŘ ǘƻ DŜƻǊƎŜ Ŝǘ ŀƭΦ όнлнрύ ƳƛŘ-Miocene ɻ цэh ǾŀƭǳŜǎ ό-12 to -мл҉ ±t5.ύΣ 

ǘƘŜ ʵцэh ό-фΦн҉ ±t5.ύ ŀƴŘ ʵцэhsw (-с҉ύ ǾŀƭǳŜǎ ŦǊƻƳ ǘƘƛǎ ǎǘǳŘȅ ŘǳǊƛƴƎ млΦрς8 Ma indicate an enhanced 

ŎƻƴǾŜŎǘƛǾŜ ǊŜŎȅŎƭƛƴƎ ό9ƘƭŜǊǎ ϧ tƻǳƭǎŜƴΣ нллфύΦ {ƛƳǳƭǘŀƴŜƻǳǎƭȅΣ ǘƘŜ ǿƛŘŜƴƛƴƎ ƎŀǇ ōŜǘǿŜŜƴ a!¢ ŀƴŘ 

WMMT suggests warmer summers relative to average temperature. These estimates are consistent with 

intensified low-ƭŜǾŜƭ ƳƻƛǎǘǳǊŜ ŎƻƴǾŜǊƎŜƴŎŜ ƻǾŜǊ ǘƘŜ ŜŀǎǘŜǊƴ !ƴŘŜŀƴ Ŧƭŀƴƪ όLƴǎŜƭ Ŝǘ ŀƭΦΣ нлмнύΦ ¢ƻƎŜǘƘŜǊΣ 

these lines of evidence show that during 10.5ςуΦр aŀΣ ǘƘŜ /ŀŎƘŜǳǘŀ .ŀǎƛƴ ǿŀǎ ǊŜŎƻǊŘƛƴƎ ŀ ǇǊƻƎǊŜǎǎƛǾŜƭȅ 

seasonal, monsoon-dominated hydroclimate. 

This climatic trend is further supported by the CESM model outputs, which indicate a strongly 

ǎŜŀǎƻƴŀƭ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ǊŜƎƛƳŜ ŀǘ ōƻǘƘ мл ŀƴŘ у aŀΣ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ Ƴƻƴǎƻƻƴŀƭ ŎƭƛƳŀǘŜ ŘȅƴŀƳƛŎǎΦ ¢ƘŜ 

percentage of convective precipitation relative to total annual rainfall consistently exceeds 50% at both 

ǘƛƳŜ ǎƭƛŎŜǎΣ ǿƛǘƘ ŀ ǎƭƛƎƘǘ ŘŜŎǊŜŀǎŜ ƻōǎŜǊǾŜŘ ŀǘ у aŀΦ ¢Ƙƛǎ ǇŀǘǘŜǊƴ ŀƭƛƎƴǎ ǿŜƭƭ ǿƛǘƘ ǇǊƻȄȅ-derived estimates 

(Figure 3.6), reinforcing the interpretation of a sustained, seasonally concentrated precipitation regime. 

Moreover, the broader climate trends simulated by the model are generally consistent with those inferred 

from isotopic and geochemical proxies. Taken together, the proxy and model reconstructions suggest that 

ŀǊƻǳƴŘ у aŀΣ ǘƘŜ ǊŜƎƛƻƴ ŜȄǇŜǊƛŜƴŎŜŘ ǘƘŜ Ƴƻǎǘ pronounced hydroclimatic variability of the Late Miocene, 

marked by enhanced seasonality and fluctuations in moisture availability. 

tǊŜǾƛƻǳǎ ǎǘǳŘƛŜǎ ƛŘŜƴǘƛŦȅ ŀ ǇǳƭǎŜ ƻŦ /ј ƎǊŀǎǎ ŜȄǇŀƴǎƛƻƴ ƛƴ ǘƘŜ Late Miocene (Latorre et al., 1997; 

MacFadden et al., 1996), commonly linked to declining atmospheric p/hі ƭŜǾŜƭǎ ŀƴŘ ŀ ǎƘƛŦǘ ǘƻǿŀǊŘ ŀ ƳƻǊŜ 

seasonal, fire-prone climate (Strömberg, 2011). Climate model simulations and isotopic proxy data 

suggest that the South American Low-Level Jet (SALLJ) intensified and shifted southwest during this time 

(Mulch et al., 2010; Rohrmann et al., 2016). Insel et al. (2012) show that as the Andes rose from 

approximately 50% to 75% of their modern elevation, the subtropical high intensified and migrated 



   

151 

 

southward. South of 30°S, where the SALLJ terminates, this shift resulted in an increased influx of 

isotopically heavier subtropical moisture into the eastern Andean foreland, while reducing the 

contribution of isotopically depleted mid-latitude air masses. Additionally, the continued Andean uplift 

during the Late Miocene sharpened isotopic lapse rates and altered low-level circulation patterns, 

redirecting easterly moisture and enhancing convective rainfall along the eastern flank of the orogen 

(Insel et al., 2012). 

The Late Miocene marks the onset of convective rainfall in the Central Andes, representing a key 

climatic transition from arid to more humid conditions (Kleinert and Strecker., 2001; Poulsen et al., 2010; 

Uba et al., 2007) which is linked to the development of monsoon system beginning as early as the Middle 

Miocene. These hydroclimatic changes are attributed primarily to topography-driven modifications in 

atmospheric circulation patterns, rather than global climate forcing (Rohrmann et al., 2016). Our results 

are consistent with these interpretations and provide additional detail through high-resolution multiproxy 

reconstructions, offering a comprehensive record of Late Miocene hydroclimate and its connections to 

regional tectonic and ecological dynamics. 

3.6 Conclusions 

This study investigates the Late Miocene evolution of the monsoonal climate in the Cacheuta 

Basin, linked to the intensification of the South American Monsoon System. New geochronological data 

yield an improved age control for the Mogotes Formation (7.6ς7.1 Ma), providing an updated 

chronological framework for multiproxy reconstructions of paleoclimate and paleoenvironmental 

conditions between 12 and 7 Ma. A wetter-than-modern condition with relatively stable 

paleotemperatures and a semi-closed ecosystem persisted throughout the studied interval. This study 

identifies a progressive shift toward a more seasonal, monsoon-associated climate, marked by 

increasingly warm summers and growing season precipitation, with two key intervals of climatic variability 

at 1лΦр aŀ ŀƴŘ у aŀΦ DŜƻŎƘŜƳƛŎŀƭ ŀƴŘ ƛǎƻǘƻǇƛŎ ŜǾƛŘŜƴŎŜ ƛƴŘƛŎŀǘŜǎ ǘƘŜ ƻƴǎŜǘ ƻŦ ŎƻƴŎŜƴǘǊŀǘŜŘ ƎǊƻǿƛƴƎ-
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ǎŜŀǎƻƴ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ŀǘ млΦр aŀΣ ŦƻƭƭƻǿŜŘ ōȅ ƛƴǘŜƴǎƛŦƛŜŘ ƘȅŘǊƻŎƭƛƳŀǘƛŎ ǾŀǊƛŀōƛƭƛǘȅ ŀǊƻǳƴŘ у aŀΦ /ƻƴǎƛǎǘŜƴǘ 

with overall climate conditions, paleovegetation records indicate a predominantly forested ecosystem 

ǿƛǘƘ ƛƴǘŜǊƳƛǘǘŜƴǘ ƻŎŎǳǊǊŜƴŎŜǎ ƻŦ /ї-dominated grŀǎǎƭŀƴŘǎΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ƻǇŜƴ /ј ŜŎƻǎȅǎǘŜƳǎΦ 

IƻǿŜǾŜǊΣ ŎƻƛƴŎƛŘƛƴƎ ǿƛǘƘ ǘƘŜ у aŀ ǎƘƛŦǘ ƛƴ ƘȅŘǊƻŎƭƛƳŀǘŜΣ ǿŜ ƛŘŜƴǘƛŦȅ ŀ ƳƛƴƻǊ ǇǊŜǎŜƴŎŜ ƻŦ /ј ǾŜƎŜǘŀǘƛƻƴ 

and an episodic increase in fire input. Overall, the high-resolution multiproxy paleoenvironmental 

reconstructions from this study indicate the development of a Late Miocene monsoonal climate in this 

ǊŜƎƛƻƴΣ ǿƛǘƘ ŜǇƛǎƻŘƛŎ ŦƛǊŜ ŜǾŜƴǘǎ ŀƴŘ ōǊƛŜŦ /ј ƎǊŀǎǎ ŀǇǇŜŀǊŀƴŎŜǎ ǇƻƛƴǘƛƴƎ ǘƻ ǇŜǊƛƻŘƛŎ ŎŀƴƻǇȅ ƻǇŜƴƛƴƎǎ 

under changing hydroclimatic conditions, reflecting the evolving South American Monsoon System. 
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ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ aƛƻŎŜƴŜ ǊŜǘǊƻŀǊŎ ŦƻǊŜƭŀƴŘ ōŀǎƛƴΣ ǎƻǳǘƘπŎŜƴǘǊŀƭ !ƴŘŜǎΦ [ƛǘƘƻǎǇƘŜǊŜΣ млόоύΣ 

оссςофмΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκ[тлфΦм  

.ǳǊƎŜƴŜǊΣ [ΦΣ IǳƴǝƴƎǘƻƴΣ YΦ ²ΦΣ IƻƪŜΣ DΦ 5ΦΣ {ŎƘŀǳŜǊΣ !ΦΣ wƛƴƎƘŀƳΣ aΦ /ΦΣ [ŀǘƻǊǊŜΣ /ΦΣ ϧ 5ƝŀȊΣ CΦ tΦ όнлмсύΦ 

±ŀǊƛŀǝƻƴǎ ƛƴ ǎƻƛƭ ŎŀǊōƻƴŀǘŜ ŦƻǊƳŀǝƻƴ ŀƴŘ ǎŜŀǎƻƴŀƭ ōƛŀǎ ƻǾŜǊ Ҕп ƪƳ ƻŦ ǊŜƭƛŜŦ ƛƴ ǘƘŜ ǿŜǎǘŜǊƴ 

!ƴŘŜǎ όолϲ{ύ ǊŜǾŜŀƭŜŘ ōȅ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ ǘƘŜǊƳƻƳŜǘǊȅΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ 

ппмΣ мууςмффΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмсΦлнΦлоо  

.ǳǊƎŜƴŜǊΣ [ΦΣ IȅƭŀƴŘΣ 9ΦΣ IǳƴǝƴƎǘƻƴΣ YΦ ²ΦΣ YŜƭǎƻƴΣ WΦ wΦΣ ϧ {ŜǿŀƭƭΣ WΦ hΦ όнлмфύΦ wŜǾƛǎƛǝƴƎ ǘƘŜ ŜǉǳŀōƭŜ 

ŎƭƛƳŀǘŜ ǇǊƻōƭŜƳ ŘǳǊƛƴƎ ǘƘŜ [ŀǘŜ /ǊŜǘŀŎŜƻǳǎ ƎǊŜŜƴƘƻǳǎŜ ǳǎƛƴƎ ǇŀƭŜƻǎƻƭ ŎŀǊōƻƴŀǘŜ ŎƭǳƳǇŜŘ 

ƛǎƻǘƻǇŜ ǘŜƳǇŜǊŀǘǳǊŜǎ ŦǊƻƳ ǘƘŜ /ŀƳǇŀƴƛŀƴ ƻŦ ǘƘŜ ²ŜǎǘŜǊƴ LƴǘŜǊƛƻǊ .ŀǎƛƴΣ ¦{!Φ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ 

tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ рмсΣ нппςнстΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмуΦмнΦллп  

/ŜǊŘŜƷƻΣ 9ΦΣ aƻƴǘŀƭǾƻΣ /Φ LΦΣ 5Ŝƭ tƛƴƻΣ {Φ IΦΣ {ǳǊƛŀƴƻΣ WΦΣ /ƛŀƴŎƛƻΣ aΦ wΦΣ tǳƧƻǎΣ CΦΣ ΦΦΦ ϧ !ƘǳƳŀŘŀΣ WΦ {Φ {Φ 

όнлноύΦ [ŀǘŜ aƛƻŎŜƴŜς9ŀǊƭȅ tƭƛƻŎŜƴŜ ƳŀƳƳŀƭǎ ŦǊƻƳ ǘƘŜ ¢ǳǇǳƴƎŀǘƻςtƛŜŘǊŀǎ /ƻƭƻǊŀŘŀǎ 

!ƴǝŎƭƛƴŜǎΣ aŜƴŘƻȊŀΣ !ǊƎŜƴǝƴŀΦ WƻǳǊƴŀƭ ƻŦ {ƻǳǘƘ !ƳŜǊƛŎŀƴ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ мнфΣ млппфтΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƧǎŀƳŜǎΦнлноΦмлппфт   

/ŜǊƭƛƴƎΣ ¢Φ 9Φ όмффмύΦ /ŀǊōƻƴ ŘƛƻȄƛŘŜ ƛƴ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜΥ ŜǾƛŘŜƴŎŜ ŦǊƻƳ /ŜƴƻȊƻƛŎ ŀƴŘ aŜǎƻȊƻƛŎ ǇŀƭŜƻǎƻƭǎΦ 

!ƳŜǊƛŎŀƴ WƻǳǊƴŀƭ ƻŦ {ŎƛŜƴŎŜΤό¦ƴƛǘŜŘ {ǘŀǘŜǎύΣ нфмόпύΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнптрκŀƧǎΦнфмΦпΦотт   

/ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ ϧ vǳŀŘŜΣ WΦ όмффоύΦ {ǘŀōƭŜ ŎŀǊōƻƴ ŀƴŘ ƻȄȅƎŜƴ ƛǎƻǘƻǇŜǎ ƛƴ ǎƻƛƭ ŎŀǊōƻƴŀǘŜǎΦ DŜƻǇƘȅǎƛŎŀƭ 

ƳƻƴƻƎǊŀǇƘ ǎŜǊƛŜǎΣ туΣ нмтπномΦ 

/ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ vǳŀŘŜΣ WΦΣ ²ŀƴƎΣ ¸ΦΣ ϧ .ƻǿƳŀƴΣ WΦ wΦ όмфуфύΦ /ŀǊōƻƴ ƛǎƻǘƻǇŜǎ ƛƴ ǎƻƛƭǎ ŀƴŘ ǇŀƭŀŜƻǎƻƭǎ ŀǎ 

ŜŎƻƭƻƎȅ ŀƴŘ ǇŀƭŀŜƻŜŎƻƭƻƎȅ ƛƴŘƛŎŀǘƻǊǎΦ bŀǘǳǊŜΣ опмόсноуύΣ моуςмофΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκопммоуŀл  

/ƘŀƴƎΣ /ΦπtΦΣ WƻƘƴǎƻƴΣ wΦ IΦΣ IŀΣ YΦπWΦΣ YƛƳΣ 5ΦΣ [ŀǳΣ DΦ bΦπ/ΦΣ ²ŀƴƎΣ .ΦΣ .ŜƭƭΣ aΦ aΦΣ ϧ [ǳƻΣ ¸Φ όнлмуύΦ ¢ƘŜ 

aǳƭǝǎŎŀƭŜ Dƭƻōŀƭ aƻƴǎƻƻƴ {ȅǎǘŜƳΥ wŜǎŜŀǊŎƘ ŀƴŘ tǊŜŘƛŎǝƻƴ /ƘŀƭƭŜƴƎŜǎ ƛƴ ²ŜŀǘƘŜǊ ŀƴŘ /ƭƛƳŀǘŜΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммтрκ.!a{π5πмуπллурΦм  

/ƘŀǊǊƛŜǊΣ wΦΣ wŀƳƻǎΣ ±Φ !ΦΣ ¢ŀǇƛŀΣ CΦΣ ϧ {ŀƎǊƛǇŀƴǝΣ [Φ όнлмрύΦ ¢ŜŎǘƻƴƻπǎǘǊŀǝƎǊŀǇƘƛŎ ŜǾƻƭǳǝƻƴ ƻŦ ǘƘŜ !ƴŘŜŀƴ 

hǊƻƎŜƴ ōŜǘǿŜŜƴ ом ŀƴŘ отϲ{ ό/ƘƛƭŜ ŀƴŘ ²ŜǎǘŜǊƴ !ǊƎŜƴǝƴŀύΦ DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅΣ [ƻƴŘƻƴΣ {ǇŜŎƛŀƭ 

tǳōƭƛŎŀǝƻƴǎΣ оффόмύΣ моςсмΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммппκ{tоффΦнл  

https://doi.org/10.1130/L709.1
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/ƘŜƴΣ {Φ ¢ΦΣ {ƳƛǘƘΣ {Φ ¸ΦΣ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ ϧ {ǘǊǀƳōŜǊƎΣ /Φ !Φ 9Φ όнлмрύΦ wŜƎƛƻƴŀƭπǎŎŀƭŜ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ ǘƘŜ 

ǎǇǊŜŀŘ ƻŦ ƎǊŀǎǎƭŀƴŘǎ ƛƴ ǘƘŜ ƭŀǘŜ aƛƻŎŜƴŜΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ 

потΣ пнςрнΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмрΦлтΦлнл  

/ƘŜƴΣ ½ΦΣ ½ƘƻǳΣ ¢ΦΣ ½ƘŀƴƎΣ [ΦΣ /ƘŜƴΣ ·ΦΣ ½ƘŀƴƎΣ ²ΦΣ ϧ WƛŀƴƎΣ WΦ όнлнлύΦ Dƭƻōŀƭ [ŀƴŘ aƻƴǎƻƻƴ tǊŜŎƛǇƛǘŀǝƻƴ 

/ƘŀƴƎŜǎ ƛƴ /aLtс tǊƻƧŜŎǝƻƴǎΦ DŜƻǇƘȅǎƛŎŀƭ wŜǎŜŀǊŎƘ [ŜǧŜǊǎΣ птόмпύΣ ŜнлмфD[лусфлнΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлмфD[лусфлн     

/ƭŀǊƪŜΣ [Φ 9Φ όнлмрύΦ 9ȄǇŜǊƛƳŜƴǘŀƭ ŀƭƭǳǾƛŀƭ ŦŀƴǎΥ !ŘǾŀƴŎŜǎ ƛƴ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ Ŧŀƴ ŘȅƴŀƳƛŎǎ ŀƴŘ 

ǇǊƻŎŜǎǎŜǎΦ DŜƻƳƻǊǇƘƻƭƻƎȅΣ нппΣ морςмпрΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎŜƻƳƻǊǇƘΦнлмрΦлпΦлмо  

/ƻǇƭŜƴΣ ¢Φ .ΦΣ YŜƴŘŀƭƭΣ /ΦΣ ϧ IƻǇǇƭŜΣ WΦ όмфуоύΦ /ƻƳǇŀǊƛǎƻƴ ƻŦ ǎǘŀōƭŜ ƛǎƻǘƻǇŜ ǊŜŦŜǊŜƴŎŜ ǎŀƳǇƭŜǎΦ bŀǘǳǊŜΣ 

олнόрфлрύΣ носςноуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκолнносŀл  

/ƻǧƻƴΣ WΦ aΦΣ /ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ IƻǇǇŜΣ YΦ !ΦΣ aƻǎƛŜǊΣ ¢Φ aΦΣ ϧ {ǝƭƭΣ /Φ WΦ όнлмсύΦ /ƭƛƳŀǘŜΣ /hнΣ ŀƴŘ ǘƘŜ ƘƛǎǘƻǊȅ 

ƻŦ bƻǊǘƘ !ƳŜǊƛŎŀƴ ƎǊŀǎǎŜǎ ǎƛƴŎŜ ǘƘŜ [ŀǎǘ DƭŀŎƛŀƭ aŀȄƛƳǳƳΦ {ŎƛŜƴŎŜ !ŘǾŀƴŎŜǎΣ нόоύΣ ŜмрлмопсΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŀŘǾΦмрлмопс  

/ƻǧƻƴΣ WΦ aΦΣ IȅƭŀƴŘΣ 9Φ DΦΣ ϧ {ƘŜƭŘƻƴΣ bΦ 5Φ όнлмпύΦ aǳƭǝπǇǊƻȄȅ ŜǾƛŘŜƴŎŜ ŦƻǊ ǘŜŎǘƻƴƛŎ ŎƻƴǘǊƻƭ ƻƴ ǘƘŜ 

ŜȄǇŀƴǎƛƻƴ ƻŦ /п ƎǊŀǎǎŜǎ ƛƴ ƴƻǊǘƘǿŜǎǘ !ǊƎŜƴǝƴŀΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ офрΣ пмςрлΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмпΦлоΦлмп  

/ƻǧƻƴΣ WΦ aΦΣ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ ϧ {ǘǊǀƳōŜǊƎΣ /Φ !Φ 9Φ όнлмнύΦ IƛƎƘπǊŜǎƻƭǳǝƻƴ ƛǎƻǘƻǇƛŎ ǊŜŎƻǊŘ ƻŦ /п 

ǇƘƻǘƻǎȅƴǘƘŜǎƛǎ ƛƴ ŀ aƛƻŎŜƴŜ ƎǊŀǎǎƭŀƴŘΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ 

оотςооуΣ ууςфуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмнΦлоΦлор  

/ǳǊǊŀƴƻΣ 9Φ 5ΦΣ WŀŎƻōǎΣ .Φ CΦΣ .ǳǎƘΣ wΦ ¢ΦΣ bƻǾŜƭƭƻΣ !ΦΣ CŜǎŜƘŀΣ aΦΣ DǊƝƳǎǎƻƴΣ CΦΣ aŎLƴŜǊƴŜȅΣ CΦ !ΦΣ aƛŎƘŜƭΣ [Φ 

!ΦΣ tŀƴΣ !Φ 5ΦΣ tƘŜƭǇǎΣ {Φ wΦΣ tƻƭƛǎǎŀǊΣ tΦΣ {ǘǊǀƳōŜǊƎΣ /Φ !Φ 9ΦΣ ϧ ¢ŀōƻǊΣ bΦ WΦ όнлнлύΦ 9ŎƻƭƻƎƛŎŀƭ 

ŘȅƴŀƳƛŎ ŜǉǳƛƭƛōǊƛǳƳ ƛƴ ŀƴ ŜŀǊƭȅ aƛƻŎŜƴŜ όнмΦто aŀύ ŦƻǊŜǎǘΣ 9ǘƘƛƻǇƛŀΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ 

tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ рофΣ млфпнрΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмфΦмлфпнр  

5ŀšǊƻƴΣ aΦ όнлнмύΦ Cǳƭƭ tǊƻǇŀƎŀǝƻƴ ƻŦ !ƴŀƭȅǝŎŀƭ ¦ƴŎŜǊǘŀƛƴǝŜǎ ƛƴ ɲпт aŜŀǎǳǊŜƳŜƴǘǎΦ DŜƻŎƘŜƳƛǎǘǊȅΣ 

DŜƻǇƘȅǎƛŎǎΣ DŜƻǎȅǎǘŜƳǎΣ ннόрύΣ ŜнлнлD/ллфрфнΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлD/ллфрфн  

ŘŜ /ŀǊǾŀƭƘƻΣ [Φ aΦ ±ΦΣ ϧ /ŀǾŀƭŎŀƴǝΣ LΦ CΦ !Φ όнлмсύΦ ¢ƘŜ {ƻǳǘƘ !ƳŜǊƛŎŀƴ aƻƴǎƻƻƴ {ȅǎǘŜƳ ό{!a{ύΦ Lƴ [Φ aΦ 

±Φ ŘŜ /ŀǊǾŀƭƘƻ ϧ /Φ WƻƴŜǎ ό9ŘǎΦύΣ ¢ƘŜ aƻƴǎƻƻƴǎ ŀƴŘ /ƭƛƳŀǘŜ /ƘŀƴƎŜΥ hōǎŜǊǾŀǝƻƴǎ ŀƴŘ aƻŘŜƭƛƴƎ 

όǇǇΦ мнмςмпуύΦ {ǇǊƛƴƎŜǊ LƴǘŜǊƴŀǝƻƴŀƭ tǳōƭƛǎƘƛƴƎΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκфтуπоπомфπнмсрлπуψс  

https://doi.org/10.1016/j.palaeo.2015.07.020
https://doi.org/10.1029/2019GL086902
https://doi.org/10.1016/j.geomorph.2015.04.013
https://doi.org/10.1038/302236a0
https://doi.org/10.1126/sciadv.1501346
https://doi.org/10.1016/j.epsl.2014.03.014
https://doi.org/10.1016/j.palaeo.2012.03.035
https://doi.org/10.1016/j.palaeo.2019.109425
https://doi.org/10.1029/2020GC009592
https://doi.org/10.1007/978-3-319-21650-8_6
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5ŜƴƛǎΣ 9Φ IΦΣ tŜŘŜƴǘŎƘƻǳƪΣ bΦΣ {ŎƘƻǳǘŜƴΣ {ΦΣ tŀƎŀƴƛΣ aΦΣ ϧ CǊŜŜƳŀƴΣ YΦ IΦ όнлмтύΦ CƛǊŜ ŀƴŘ ŜŎƻǎȅǎǘŜƳ 

ŎƘŀƴƎŜ ƛƴ ǘƘŜ !ǊŎǝŎ ŀŎǊƻǎǎ ǘƘŜ tŀƭŜƻŎŜƴŜς9ƻŎŜƴŜ ¢ƘŜǊƳŀƭ aŀȄƛƳǳƳΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ 

{ŎƛŜƴŎŜ [ŜǧŜǊǎΣ пстΣ мпфςмрсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмтΦлоΦлнм  

5ƛŜŦŜƴŘƻǊŦΣ !Φ CΦΣ aǳŜƭƭŜǊΣ YΦ 9ΦΣ ²ƛƴƎΣ {ŎƻǧΦ [ΦΣ YƻŎƘΣ tΦ [ΦΣ ϧ CǊŜŜƳŀƴΣ YΦ IΦ όнлмлύΦ Dƭƻōŀƭ ǇŀǧŜǊƴǎ ƛƴ 

ƭŜŀŦ мо/ ŘƛǎŎǊƛƳƛƴŀǝƻƴ ŀƴŘ ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǎǘǳŘƛŜǎ ƻŦ Ǉŀǎǘ ŀƴŘ ŦǳǘǳǊŜ ŎƭƛƳŀǘŜΦ tǊƻŎŜŜŘƛƴƎǎ ƻŦ 

ǘƘŜ bŀǝƻƴŀƭ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎΣ млтόмоύΣ ртоуςртпоΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтоκǇƴŀǎΦлфмлрмомлт  

5ǸƳƛƎΣ !ΦΣ ±ŜǎǘŜΣ aΦΣ IŀƎŜŘƻǊƴΣ CΦΣ CƛǎŎƘŜǊΣ ¢ΦΣ [ŀƴƎŜΣ tΦΣ {ǇǊǀǘŜΣ wΦΣ ϧ YǀƎŜƭπYƴŀōƴŜǊΣ LΦ όнлмоύΦ .ƛƻƭƻƎƛŎŀƭ 

ǎƻƛƭ ŎǊǳǎǘǎ ƻƴ ƛƴƛǝŀƭ ǎƻƛƭǎΥ hǊƎŀƴƛŎ ŎŀǊōƻƴ ŘȅƴŀƳƛŎǎ ŀƴŘ ŎƘŜƳƛǎǘǊȅ ǳƴŘŜǊ ǘŜƳǇŜǊŀǘŜ ŎƭƛƳŀǝŎ 

ŎƻƴŘƛǝƻƴǎΦ .ƛƻƎŜƻǎŎƛŜƴŎŜǎ 5ƛǎŎǳǎǎƛƻƴǎΣ млόмύΣ урмςуфпΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦрмфпκōƎŘπмлπурмπ

нлмо  

5ǳǇƻƴǘΣ [Φ aΦΣ wƻƳƳŜǊǎƪƛǊŎƘŜƴΣ CΦΣ aƻƭƭŜƴƘŀǳŜǊΣ DΦΣ ϧ {ŎƘŜŦǳǖΣ 9Φ όнлмоύΦ aƛƻŎŜƴŜ ǘƻ tƭƛƻŎŜƴŜ ŎƘŀƴƎŜǎ 

ƛƴ {ƻǳǘƘ !ŦǊƛŎŀƴ ƘȅŘǊƻƭƻƎȅ ŀƴŘ ǾŜƎŜǘŀǝƻƴ ƛƴ ǊŜƭŀǝƻƴ ǘƻ ǘƘŜ ŜȄǇŀƴǎƛƻƴ ƻŦ /п ǇƭŀƴǘǎΦ 9ŀǊǘƘ ŀƴŘ 

tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ отрΣ плуςпмтΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмоΦлсΦллр  

9ŘǿŀǊŘǎΣ 9Φ WΦΣ hǎōƻǊƴŜΣ /Φ tΦΣ {ǘǊǀƳōŜǊƎΣ /Φ !ΦΣ {ƳƛǘƘΣ {Φ !ΦΣ /п DǊŀǎǎŜǎ /ƻƴǎƻǊǝǳƳΣ .ƻƴŘΣ ²Φ WΦΣ ΦΦΦ ϧ 

¢ƛǇǇƭŜΣ .Φ όнлмлύΦ ¢ƘŜ ƻǊƛƎƛƴǎ ƻŦ /п ƎǊŀǎǎƭŀƴŘǎΥ ƛƴǘŜƎǊŀǝƴƎ ŜǾƻƭǳǝƻƴŀǊȅ ŀƴŘ ŜŎƻǎȅǎǘŜƳ ǎŎƛŜƴŎŜΦ 

ǎŎƛŜƴŎŜΣ онуόрфтуύΣ рутπрфмΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŜƴŎŜΦммттнмс   

9ƘƭŜǊǎΣ ¢Φ !ΦΣ ϧ tƻǳƭǎŜƴΣ /Φ WΦ όнллфύΦ LƴƅǳŜƴŎŜ ƻŦ !ƴŘŜŀƴ ǳǇƭƛƊ ƻƴ ŎƭƛƳŀǘŜ ŀƴŘ ǇŀƭŜƻŀƭǝƳŜǘǊȅ ŜǎǝƳŀǘŜǎΦ 

9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ нумόоύΣ ноуςнпуΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнллфΦлнΦлнс  

9ƛƭŜǊΣ WΦ aΦ όнллтύΦ ά/ƭǳƳǇŜŘπƛǎƻǘƻǇŜέ ƎŜƻŎƘŜƳƛǎǘǊȅτ¢ƘŜ ǎǘǳŘȅ ƻŦ ƴŀǘǳǊŀƭƭȅπƻŎŎǳǊǊƛƴƎΣ ƳǳƭǝǇƭȅπ

ǎǳōǎǝǘǳǘŜŘ ƛǎƻǘƻǇƻƭƻƎǳŜǎΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ нснόоύΣ олфςонтΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнллтΦлуΦлнл  

CƛŎƪΣ {Φ 9ΦΣ ϧ IƛƧƳŀƴǎΣ wΦ WΦ όнлмтύΦ ²ƻǊƭŘ/ƭƛƳ нΥ bŜǿ мπƪƳ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ ŎƭƛƳŀǘŜ ǎǳǊŦŀŎŜǎ ŦƻǊ Ǝƭƻōŀƭ 

ƭŀƴŘ ŀǊŜŀǎΦ LƴǘŜǊƴŀǝƻƴŀƭ WƻǳǊƴŀƭ ƻŦ /ƭƛƳŀǘƻƭƻƎȅΣ отόмнύΣ полнςпомрΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллнκƧƻŎΦрлус  

CƻǊȊƛŜǊƛΣ DΦΣ /ŀǎǘŜƭƭƛΣ CΦΣ ϧ ±ƛǾƻƴƛΣ 9Φ wΦ όнлммύΦ ±ŜƎŜǘŀǝƻƴ 5ȅƴŀƳƛŎǎ ǿƛǘƘƛƴ ǘƘŜ bƻǊǘƘ !ƳŜǊƛŎŀƴ aƻƴǎƻƻƴ 

wŜƎƛƻƴΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммтрκнлмлW/[LоуптΦм  

https://doi.org/10.1016/j.epsl.2017.03.021
https://doi.org/10.1073/pnas.0910513107
https://doi.org/10.5194/bgd-10-851-2013
https://doi.org/10.5194/bgd-10-851-2013
https://doi.org/10.1016/j.epsl.2013.06.005
https://doi.org/10.1126/science.1177216
https://doi.org/10.1016/j.epsl.2009.02.026
https://doi.org/10.1016/j.epsl.2007.08.020
https://doi.org/10.1002/joc.5086
https://doi.org/10.1175/2010JCLI3847.1
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CƻȄΣ 5Φ [ΦΣ ϧ YƻŎƘΣ tΦ [Φ όнллпύΦ /ŀǊōƻƴ ŀƴŘ ƻȄȅƎŜƴ ƛǎƻǘƻǇƛŎ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ bŜƻƎŜƴŜ ǇŀƭŜƻǎƻƭ ŎŀǊōƻƴŀǘŜǎΥ 

/ƻƴǎǘǊŀƛƴǘǎ ƻƴ ǘƘŜ ŜǾƻƭǳǝƻƴ ƻŦ ǘƘŜ /пπƎǊŀǎǎƭŀƴŘǎ ƻŦ ǘƘŜ DǊŜŀǘ tƭŀƛƴǎΣ ¦{!Φ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ 

tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ нлтόоύΣ олрςонфΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнллоΦлфΦлол  

DŀŘƎƛƭΣ {Φ όнллоύΦ ¢ƘŜ LƴŘƛŀƴ aƻƴǎƻƻƴ ŀƴŘ Lǘǎ ±ŀǊƛŀōƛƭƛǘȅΦ !ƴƴǳŀƭ wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ 

омό±ƻƭǳƳŜ омΣ нллоύΣ пнфςпстΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾΦŜŀǊǘƘΦомΦмллфлмΦмпмнрм  

DŀƭƭŀƎƘŜǊΣ ¢Φ aΦΣ ϧ {ƘŜƭŘƻƴΣ bΦ 5Φ όнлмоύΦ ! ƴŜǿ ǇŀƭŜƻǘƘŜǊƳƻƳŜǘŜǊ ŦƻǊ ŦƻǊŜǎǘ ǇŀƭŜƻǎƻƭǎ ŀƴŘ ƛǘǎ 

ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ /ŜƴƻȊƻƛŎ ŎƭƛƳŀǘŜΦ DŜƻƭƻƎȅΣ пмόсύΣ сптςсрлΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDоплтпΦм  

DŀǊȊƛƻƴŜΣ /Φ bΦΣ 5ŜǧƳŀƴΣ 5Φ [ΦΣ ϧ IƻǊǘƻƴΣ .Φ YΦ όнллпύΦ /ŀǊōƻƴŀǘŜ ƻȄȅƎŜƴ ƛǎƻǘƻǇŜ ǇŀƭŜƻŀƭǝƳŜǘǊȅΥ 

9ǾŀƭǳŀǝƴƎ ǘƘŜ ŜũŜŎǘ ƻŦ ŘƛŀƎŜƴŜǎƛǎ ƻƴ ǇŀƭŜƻŜƭŜǾŀǝƻƴ ŜǎǝƳŀǘŜǎ ŦƻǊ ǘƘŜ ¢ƛōŜǘŀƴ ǇƭŀǘŜŀǳΦ 

tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ нмнόмύΣ ммфςмплΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнллпΦлрΦлнл  

DŀǊȊƛƻƴŜΣ /Φ bΦΣ 5ŜǧƳŀƴΣ 5Φ [ΦΣ vǳŀŘŜΣ WΦΣ 5Ŝ/ŜƭƭŜǎΣ tΦ DΦΣ ϧ .ǳǘƭŜǊΣ wΦ CΦ όнлллύΦ IƛƎƘ ǝƳŜǎ ƻƴ ǘƘŜ ¢ƛōŜǘŀƴ 

tƭŀǘŜŀǳΥ tŀƭŜƻŜƭŜǾŀǝƻƴ ƻŦ ǘƘŜ ¢ƘŀƪƪƘƻƭŀ ƎǊŀōŜƴΣ bŜǇŀƭΦ DŜƻƭƻƎȅΣ нуόпύΣ оофςопнΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллфмπтсмоόнлллύнуғоофΥI¢h¢¢tҔнΦлΦ/hΤн  

DŜŜƴΣ wΦΣ .ƻǊŘƻƴƛΣ {ΦΣ .ŀǩǎǝΣ 5Φ {ΦΣ ϧ IǳƛΣ YΦ όнлнлύΦ aƻƴǎƻƻƴǎΣ L¢/½ǎΣ ŀƴŘ ǘƘŜ /ƻƴŎŜǇǘ ƻŦ ǘƘŜ Dƭƻōŀƭ 

aƻƴǎƻƻƴΦ wŜǾƛŜǿǎ ƻŦ DŜƻǇƘȅǎƛŎǎΣ руόпύΣ ŜнлнлwDлллтллΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлwDлллтлл     

DŜƻǊƎŜΣ {Φ ²Φ aΦΣ /ŀǊǊŀǇŀΣ .ΦΣ 5Ŝ/ŜƭƭŜǎΣ tΦ DΦΣ WŜǇǎƻƴΣ DΦΣ bŀŘƻȅŀΣ IΦΣ ¢ŀōƻǊΣ /ΦΣ IƻǿƭŜǧΣ /Φ WΦΣ wƻƴŜƳǳǎΣ 

/Φ .ΦΣ /ƭŜƳŜƴǘȊΣ aΦ ¢ΦΣ ϧ {ŎƘƻŜƴōƻƘƳΣ [Φ όнлнрύΦ LƴŎǊŜŀǎŜŘ ƳƻƛǎǘǳǊŜ ŀǾŀƛƭŀōƛƭƛǘȅ ƛƴ ǘƘŜ /ŜƴǘǊŀƭ 

!ƴŘŜǎ ŘǳǊƛƴƎ ǘƘŜ aƛƻŎŜƴŜ /ƭƛƳŀǝŎ hǇǝƳǳƳΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ 

tŀƭŀŜƻŜŎƻƭƻƎȅΣ ссоΣ ммнтонΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлнрΦммнтон  

DƘƻǎƘΣ !Φ όнлнмύΦ 5ƛŘ ŎƘŀƴƎŜǎ ƛƴ ǎŜŀǎƻƴŀƭƛǘȅ ŀƴŘ ŬǊŜ ŦǊŜǉǳŜƴŎȅ ŎŀǳǎŜ /п ƎǊŀǎǎ ŜȄǇŀƴǎƛƻƴ ƛƴ {ƻǳǘƘ 

!ƳŜǊƛŎŀΚ LƴǾŜǎǝƎŀǝƻƴǎ ŦǊƻƳ bΦ²Φ !ǊƎŜƴǝƴŀ ǳǎƛƴƎ ƎŜƻŎƘŜƳƛŎŀƭ ǇǊƻȄƛŜǎ ŦƻǊ ŎƭƛƳŀǘŜ ŀƴŘ 

ǾŜƎŜǘŀǝƻƴ ŎƘŀƴƎŜΦ /ŀƭƛŦƻǊƴƛŀ {ǘŀǘŜ ¦ƴƛǾŜǊǎƛǘȅΣ bƻǊǘƘǊƛŘƎŜΦ 

DƛŀƳōƛŀƎƛΣ [Φ .ΦΣ wŀƳƻǎΣ ±Φ !ΦΣ DƻŘƻȅΣ 9ΦΣ !ƭǾŀǊŜȊΣ tΦ tΦΣ ϧ hǊǘǎΣ {Φ όнллоύΦ /ŜƴƻȊƻƛŎ ŘŜŦƻǊƳŀǝƻƴ ŀƴŘ 

ǘŜŎǘƻƴƛŎ ǎǘȅƭŜ ƻŦ ǘƘŜ !ƴŘŜǎΣ ōŜǘǿŜŜƴ ооϲ ŀƴŘ опϲ ǎƻǳǘƘ ƭŀǝǘǳŘŜΦ ¢ŜŎǘƻƴƛŎǎΣ ннόпύΣ нллм¢/ллморпΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнллм¢/ллморп  

https://doi.org/10.1016/j.palaeo.2003.09.030
https://doi.org/10.1146/annurev.earth.31.100901.141251
https://doi.org/10.1130/G34074.1
https://doi.org/10.1016/j.palaeo.2004.05.020
https://doi.org/10.1130/0091-7613(2000)28%3c339:HTOTTP%3e2.0.CO;2
https://doi.org/10.1029/2020RG000700
https://doi.org/10.1016/j.palaeo.2025.112732
https://doi.org/10.1029/2001TC001354
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DƛŀƳōƛŀƎƛΣ [ΦΣ !ƭǾŀǊŜȊΣ tΦΣ ϧ {ǇŀƎƴƻǧƻΣ {Φ όнлмсύΦ ¢ŜƳǇƻǊŀƭ ǾŀǊƛŀǝƻƴ ƻŦ ǘƘŜ ǎǘǊŜǎǎ ŬŜƭŘ ŘǳǊƛƴƎ ǘƘŜ 

ŎƻƴǎǘǊǳŎǝƻƴ ƻŦ ǘƘŜ ŎŜƴǘǊŀƭ !ƴŘŜǎΥ /ƻƴǎǘǊŀƛƴǎ ŦǊƻƳ ǘƘŜ ǾƻƭŎŀƴƛŎ ŀǊŎ ǊŜƎƛƻƴ όннςнс {ύΣ ²ŜǎǘŜǊƴ 

/ƻǊŘƛƭƭŜǊŀΣ /ƘƛƭŜΣ ŘǳǊƛƴƎ ǘƘŜ ƭŀǎǘ нл aŀΦ ¢ŜŎǘƻƴƛŎǎΣ орόфύΣ нлмпπнлооΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллнκнлмс¢/ллпнлм   

DǳǇǘŀΣ !Φ YΦΣ tǊŀƪŀǎŀƳΣ aΦΣ 5ǳǧΣ {ΦΣ /ƭƛƊΣ tΦ 5ΦΣ ϧ ¸ŀŘŀǾΣ wΦ wΦ όнлнлύΦ 9Ǿƻƭǳǝƻƴ ŀƴŘ 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ 

LƴŘƛŀƴ aƻƴǎƻƻƴΦ Lƴ bΦ DǳǇǘŀ ϧ {Φ YΦ ¢ŀƴŘƻƴ ό9ŘǎΦύΣ DŜƻŘȅƴŀƳƛŎǎ ƻŦ ǘƘŜ LƴŘƛŀƴ tƭŀǘŜΥ 

9ǾƻƭǳǝƻƴŀǊȅ tŜǊǎǇŜŎǝǾŜǎ όǇǇΦ пффςрорύΦ {ǇǊƛƴƎŜǊ LƴǘŜǊƴŀǝƻƴŀƭ tǳōƭƛǎƘƛƴƎΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκфтуπоπлолπмрфуфπпψмп  

IŜǊōŜǊǘΣ ¢Φ 5ΦΣ [ŀǿǊŜƴŎŜΣ YΦ ¢ΦΣ ¢ȊŀƴƻǾŀΣ !ΦΣ tŜǘŜǊǎƻƴΣ [Φ /ΦΣ /ŀōŀƭƭŜǊƻπDƛƭƭΣ wΦΣ ϧ YŜƭƭȅΣ /Φ {Φ όнлмсύΦ [ŀǘŜ 

aƛƻŎŜƴŜ Ǝƭƻōŀƭ ŎƻƻƭƛƴƎ ŀƴŘ ǘƘŜ ǊƛǎŜ ƻŦ ƳƻŘŜǊƴ ŜŎƻǎȅǎǘŜƳǎΦ bŀǘǳǊŜ DŜƻǎŎƛŜƴŎŜΣ фόммύΣ упоςуптΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκƴƎŜƻнумо  

IŜǊǊƛƻǧΣ ¢Φ aΦΣ /ǊƻǿƭŜȅΣ WΦ [ΦΣ {ŎƘƳƛǘȊΣ aΦ 5ΦΣ ²ŀǊǘŜǎΣ aΦ !ΦΣ ϧ DƛƭƭƛǎΣ wΦ WΦ όнлмфύΦ 9ȄǇƭƻǊƛƴƎ ǘƘŜ ƭŀǿ ƻŦ 

ŘŜǘǊƛǘŀƭ ȊƛǊŎƻƴΥ [!πL/tπa{ ŀƴŘ /!π¢La{ ƎŜƻŎƘǊƻƴƻƭƻƎȅ ƻŦ WǳǊŀǎǎƛŎ ŦƻǊŜŀǊŎ ǎǘǊŀǘŀΣ /ƻƻƪ LƴƭŜǘΣ 

!ƭŀǎƪŀΣ ¦{!Φ DŜƻƭƻƎȅΣ птόммύΣ млппπмлпуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDпсомнΦм  

IƛƴŘŜǊǎƳŀƴƴΣ .ΦΣ CǀǊǎǘŜǊΣ !ΦΣ ϧ !ŎƘǘŜƴΣ /Φ όнлнлύΦ bƻǾŜƭ ŀƴŘ ǎǇŜŎƛŬŎ ǎƻǳǊŎŜ ƛŘŜƴǝŬŎŀǝƻƴ ƻŦ t!I ƛƴ ǳǊōŀƴ 

ǎƻƛƭǎΥ !ƭƪπt!Iπ.t/! ƛƴŘŜȄ ŀƴŘ ά±έπǎƘŀǇŜ ŘƛǎǘǊƛōǳǝƻƴ ǇŀǧŜǊƴΦ 9ƴǾƛǊƻƴƳŜƴǘŀƭ tƻƭƭǳǝƻƴ ό.ŀǊƪƛƴƎΣ 

9ǎǎŜȄΥ мфутύΣ нртΣ мморфпΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜƴǾǇƻƭΦнлмфΦмморфп  

IƻƪŜΣ DΦ 5ΦΣ !ǊŀƴƛōŀǊΣ WΦ bΦΣ ±ƛŀƭŜΣ aΦΣ !ǊŀƴŜƻΣ 5Φ /ΦΣ ϧ [ƭŀƴƻΣ /Φ όнлмоύΦ {Ŝŀǎƻƴŀƭ ƳƻƛǎǘǳǊŜ ǎƻǳǊŎŜǎ ŀƴŘ 

ǘƘŜ ƛǎƻǘƻǇƛŎ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǇǊŜŎƛǇƛǘŀǝƻƴΣ ǊƛǾŜǊǎΣ ŀƴŘ ŎŀǊōƻƴŀǘŜǎ ŀŎǊƻǎǎ ǘƘŜ !ƴŘŜǎ ŀǘ онΦрς

орΦрϲ{Φ DŜƻŎƘŜƳƛǎǘǊȅΣ DŜƻǇƘȅǎƛŎǎΣ DŜƻǎȅǎǘŜƳǎΣ мпόпύΣ фснςфтуΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллнκƎƎƎŜΦнллпр  

IƻƪŜΣ DΦ 5ΦΣ DƛŀƳōƛŀƎƛΣ [Φ .ΦΣ DŀǊȊƛƻƴŜΣ /Φ bΦΣ aŀƘƻƴŜȅΣ WΦ .ΦΣ ϧ {ǘǊŜŎƪŜǊΣ aΦ wΦ όнлмпύΦ bŜƻƎŜƴŜ 

ǇŀƭŜƻŜƭŜǾŀǝƻƴ ƻŦ ƛƴǘŜǊƳƻƴǘŀƴŜ ōŀǎƛƴǎ ƛƴ ŀ ƴŀǊǊƻǿΣ ŎƻƳǇǊŜǎǎƛƻƴŀƭ Ƴƻǳƴǘŀƛƴ ǊŀƴƎŜΣ ǎƻǳǘƘŜǊƴ 

/ŜƴǘǊŀƭ !ƴŘŜǎ ƻŦ !ǊƎŜƴǝƴŀΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ плсΣ мроςмспΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмпΦлуΦлон  

IƻƭōƻǳǊƴΣ !Φ 9ΦΣ YǳƘƴǘΣ ²ΦΣ /ƭŜƳŜƴǎΣ {Φ /ΦΣ YƻŎƘƘŀƴƴΣ YΦ DΦ 5ΦΣ WǀƘƴŎƪΣ WΦΣ [ǸōōŜǊǎΣ WΦΣ ϧ !ƴŘŜǊǎŜƴΣ bΦ 

όнлмуύΦ [ŀǘŜ aƛƻŎŜƴŜ ŎƭƛƳŀǘŜ ŎƻƻƭƛƴƎ ŀƴŘ ƛƴǘŜƴǎƛŬŎŀǝƻƴ ƻŦ ǎƻǳǘƘŜŀǎǘ !ǎƛŀƴ ǿƛƴǘŜǊ ƳƻƴǎƻƻƴΦ 

bŀǘǳǊŜ /ƻƳƳǳƴƛŎŀǝƻƴǎΣ фόмύΣ мрупΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκǎпмпстπлмуπлофрлπм  

https://doi.org/10.1002/2016TC004201
https://doi.org/10.1007/978-3-030-15989-4_14
https://doi.org/10.1038/ngeo2813
https://doi.org/10.1130/G46312.1
https://doi.org/10.1016/j.envpol.2019.113594
https://doi.org/10.1002/ggge.20045
https://doi.org/10.1016/j.epsl.2014.08.032
https://doi.org/10.1038/s41467-018-03950-1
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IƻǊǘƻƴΣ .Φ YΦ όнлмуύΦ ¢ŜŎǘƻƴƛŎ wŜƎƛƳŜǎ ƻŦ ǘƘŜ /ŜƴǘǊŀƭ ŀƴŘ {ƻǳǘƘŜǊƴ !ƴŘŜǎΥ wŜǎǇƻƴǎŜǎ ǘƻ ±ŀǊƛŀǝƻƴǎ ƛƴ 

tƭŀǘŜ /ƻǳǇƭƛƴƎ 5ǳǊƛƴƎ {ǳōŘǳŎǝƻƴΦ ¢ŜŎǘƻƴƛŎǎΣ отόнύΣ плнςпнфΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллнκнлмт¢/ллпснп  

IƻǳƎƘΣ .Φ DΦΣ CŀƴΣ aΦΣ ϧ tŀǎǎŜȅΣ .Φ IΦ όнлмпύΦ /ŀƭƛōǊŀǝƻƴ ƻŦ ǘƘŜ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ ƎŜƻǘƘŜǊƳƻƳŜǘŜǊ ƛƴ ǎƻƛƭ 

ŎŀǊōƻƴŀǘŜ ƛƴ ²ȅƻƳƛƴƎ ŀƴŘ bŜōǊŀǎƪŀΣ ¦{!Υ LƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǇŀƭŜƻŜƭŜǾŀǝƻƴ ŀƴŘ ǇŀƭŜƻŎƭƛƳŀǘŜ 

ǊŜŎƻƴǎǘǊǳŎǝƻƴΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ офмΣ ммлςмнлΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмпΦлмΦллу  

IǎƛŜƘΣ WΦ /Φ /ΦΣ ϧ ¸ŀǇǇΣ /Φ WΦ όмфффύΦ {ǘŀōƭŜ ŎŀǊōƻƴ ƛǎƻǘƻǇŜ ōǳŘƎŜǘ ƻŦ /hн ƛƴ ŀ ǿŜǘΣ ƳƻŘŜǊƴ ǎƻƛƭ ŀǎ ƛƴŦŜǊǊŜŘ 

ŦǊƻƳ CŜό/hоύhI ƛƴ ǇŜŘƻƎŜƴƛŎ ƎƻŜǘƘƛǘŜΥ tƻǎǎƛōƭŜ ǊƻƭŜ ƻŦ ŎŀƭŎƛǘŜ ŘƛǎǎƻƭǳǝƻƴΦ DŜƻŎƘƛƳƛŎŀ Ŝǘ 

/ƻǎƳƻŎƘƛƳƛŎŀ !ŎǘŀΣ соόсύΣ тстςтуоΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ{ллмсπтлотόффύлллснπф  

IǳƴƎŜǊΣ DΦΣ ±ŜƴǘǊŀΣ 5ΦΣ aƻǎŎŀǊƛŜƭƭƻΣ !ΦΣ ±ŜƛƎŀΣ DΦΣ ϧ /ƘƛŀǊŀŘƛŀΣ aΦ όнлмуύΦ IƛƎƘπǊŜǎƻƭǳǝƻƴ ŎƻƳǇƻǎƛǝƻƴŀƭ 

ŀƴŀƭȅǎƛǎ ƻŦ ŀ ƅǳǾƛŀƭπŦŀƴ ǎǳŎŎŜǎǎƛƻƴΥ ¢ƘŜ aƛƻŎŜƴŜ ƛƴŬƭƭ ƻŦ ǘƘŜ /ŀŎƘŜǳǘŀ .ŀǎƛƴ όŎŜƴǘǊŀƭ !ǊƎŜƴǝƴƛŀƴ 

ŦƻǊŜƭŀƴŘύΦ {ŜŘƛƳŜƴǘŀǊȅ DŜƻƭƻƎȅΣ отрΣ нсуςнууΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǎŜŘƎŜƻΦнлмтΦмнΦллп  

IȅƭŀƴŘΣ 9Φ DΦΣ ϧ {ƘŜƭŘƻƴΣ bΦ 5Φ όнлмоύΦ /ƻǳǇƭŜŘ /hнπŎƭƛƳŀǘŜ ǊŜǎǇƻƴǎŜ ŘǳǊƛƴƎ ǘƘŜ 9ŀǊƭȅ 9ƻŎŜƴŜ /ƭƛƳŀǝŎ 

hǇǝƳǳƳΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ осфΣ мнрςморΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлмнΦмлΦлмм  

IȅƭŀƴŘΣ 9Φ DΦΣ ϧ {ƘŜƭŘƻƴΣ bΦ 5Φ όнлмсύΦ 9ȄŀƳƛƴƛƴƎ ǘƘŜ ǎǇŀǝŀƭ ŎƻƴǎƛǎǘŜƴŎȅ ƻŦ ǇŀƭŀŜƻǎƻƭ ǇǊƻȄƛŜǎΥ 

LƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǇŀƭŀŜƻŎƭƛƳŀǝŎ ŀƴŘ ǇŀƭŀŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎ ƛƴ ǘŜǊǊŜǎǘǊƛŀƭ 

ǎŜŘƛƳŜƴǘŀǊȅ ōŀǎƛƴǎΦ {ŜŘƛƳŜƴǘƻƭƻƎȅΣ соόпύΣ фрфςфтмΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκǎŜŘΦмннпр  

IȅƭŀƴŘΣ 9ΦΣ .ŜǊǊȅΣ YΦΣ !ȊƳƛΣ LΦΣ /ŀǊŘŜƴŀƭΣ 9ΦΣ ŀƴŘ .ǳǊƎŜƴŜǊΣ [Φ ό нлноύΦ {ǘŀǝǎǝŎŀƭ ǇŀŎƪŀƎŜ ŦƻǊ ŜǎǝƳŀǝƴƎ 

ǳƴŎŜǊǘŀƛƴǘȅ ƻƴ ǇƘȅǘƻƭƛǘƘ Ŏƻǳƴǘǎ ǳǎƛƴƎ ōƻƻǘǎǘǊŀǇǇƛƴƎ ŀƴŀƭȅǎŜǎ όǾŜǊǎƛƻƴ нлноύΥ ½ŜƴƻŘƻ Σ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦрнумκȊŜƴƻŘƻΦуоптлос  

LƴǎŜƭΣ bΦΣ tƻǳƭǎŜƴΣ /Φ WΦΣ ϧ 9ƘƭŜǊǎΣ ¢Φ !Φ όнлмлύΦ LƴƅǳŜƴŎŜ ƻŦ ǘƘŜ !ƴŘŜǎ aƻǳƴǘŀƛƴǎ ƻƴ {ƻǳǘƘ !ƳŜǊƛŎŀƴ 

ƳƻƛǎǘǳǊŜ ǘǊŀƴǎǇƻǊǘΣ ŎƻƴǾŜŎǝƻƴΣ ŀƴŘ ǇǊŜŎƛǇƛǘŀǝƻƴΦ /ƭƛƳŀǘŜ 5ȅƴŀƳƛŎǎΣ орόтςуύΣ мпттςмпфнΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκǎллоунπллфπлсотπм  

LƴǎŜƭΣ bΦΣ tƻǳƭǎŜƴΣ /Φ WΦΣ 9ƘƭŜǊǎΣ ¢Φ !ΦΣ ϧ {ǘǳǊƳΣ /Φ όнлмнύΦ wŜǎǇƻƴǎŜ ƻŦ ƳŜǘŜƻǊƛŎ ʵмуh ǘƻ ǎǳǊŦŀŎŜ ǳǇƭƛƊτ

LƳǇƭƛŎŀǝƻƴǎ ŦƻǊ /ŜƴƻȊƻƛŎ !ƴŘŜŀƴ tƭŀǘŜŀǳ ƎǊƻǿǘƘΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ омтςомуΣ 

нснςнтнΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлммΦммΦлоф  

https://doi.org/10.1002/2017TC004624
https://doi.org/10.1016/j.epsl.2014.01.008
https://doi.org/10.1016/S0016-7037(99)00062-9
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https://doi.org/10.1016/j.palaeo.2012.10.011
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LǊƛƎƻȅŜƴΣ aΦ ±ΦΣ .ǳŎƘŀƴΣ YΦ [ΦΣ ϧ .ǊƻǿƴΣ wΦ [Φ όнлллύΦ aŀƎƴŜǘƻǎǘǊŀǝƎǊŀǇƘȅ ƻŦ bŜƻƎŜƴŜ !ƴŘŜŀƴ ŦƻǊŜƭŀƴŘπ

ōŀǎƛƴ ǎǘǊŀǘŀΣ ƭŀǘ оо {Σ aŜƴŘƻȊŀ tǊƻǾƛƴŎŜΣ !ǊƎŜƴǝƴŀΦ DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀ .ǳƭƭŜǝƴΣ 

ммнόсύΣ улоςумсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπтслсόнлллύммнғулоΥahb!C{ҔнΦлΦ/hΤн  

WŀŎƪǎƻƴΣ YΦ {Φ όнлноύΦ tǊŜŘƛŎǝƴƎ tŀƭŜƻŎƭƛƳŀǘŜ ŀƴŘ /ƘŜŎƪƛƴƎ tǊŜŘƛŎǝƻƴ tŜǊŦƻǊƳŀƴŎŜΦ bƻǊǘƘ /ŀǊƻƭƛƴŀ {ǘŀǘŜ 

¦ƴƛǾŜǊǎƛǘȅΦ 

YŀǇǇŜƴōŜǊƎΣ !ΦΣ .ǊŀǳƴΣ aΦΣ !ƳŜƭǳƴƎΣ ²ΦΣ ϧ [ŜƘƴŘƻǊũΣ 9Φ όнлмфύΦ CƛǊŜ ŎƻƴŘŜƴǎŀǘŜǎ ŀƴŘ ŎƘŀǊŎƻŀƭǎΥ 

/ƘŜƳƛŎŀƭ ŎƻƳǇƻǎƛǝƻƴ ŀƴŘ ŦǳŜƭ ǎƻǳǊŎŜ ƛŘŜƴǝŬŎŀǝƻƴΦ hǊƎŀƴƛŎ DŜƻŎƘŜƳƛǎǘǊȅΣ молΣ поςрлΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƻǊƎƎŜƻŎƘŜƳΦнлмфΦлмΦллф  

YŀǊǇΣ !Φ ¢ΦΣ .ŜƘǊŜƴǎƳŜȅŜǊΣ !Φ YΦΣ ϧ CǊŜŜƳŀƴΣ YΦ IΦ όнлмуύΦ DǊŀǎǎƭŀƴŘ ŬǊŜ ŜŎƻƭƻƎȅ Ƙŀǎ Ǌƻƻǘǎ ƛƴ ǘƘŜ ƭŀǘŜ 

aƛƻŎŜƴŜΦ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ bŀǝƻƴŀƭ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎΣ ммрόпуύΣ мнмолςмнморΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтоκǇƴŀǎΦмулфтруммр  

YŀǊǇΣ !Φ ¢ΦΣ IƻƭƳŀƴΣ !Φ LΦΣ IƻǇǇŜǊΣ tΦΣ DǊƛŎŜΣ YΦΣ ϧ CǊŜŜƳŀƴΣ YΦ IΦ όнлнлύΦ CƛǊŜ ŘƛǎǝƴƎǳƛǎƘŜǊǎΥ wŜŬƴŜŘ 

ƛƴǘŜǊǇǊŜǘŀǝƻƴǎ ƻŦ ǇƻƭȅŎȅŎƭƛŎ ŀǊƻƳŀǝŎ ƘȅŘǊƻŎŀǊōƻƴǎ ŦƻǊ ǇŀƭŜƻπŀǇǇƭƛŎŀǝƻƴǎΦ DŜƻŎƘƛƳƛŎŀ Ŝǘ 

/ƻǎƳƻŎƘƛƳƛŎŀ !ŎǘŀΣ нуфΣ фоςммоΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎŎŀΦнлнлΦлуΦлнп  

YŀǊǇΣ !Φ ¢ΦΣ ¦ƴƻΣ YΦ ¢ΦΣ tƻƭƛǎǎŀǊΣ tΦ WΦΣ ϧ CǊŜŜƳŀƴΣ YΦ IΦ όнлнмŀύΦ [ŀǘŜ aƛƻŎŜƴŜ / п DǊŀǎǎƭŀƴŘ CƛǊŜ CŜŜŘōŀŎƪǎ 

ƻƴ ǘƘŜ LƴŘƛŀƴ {ǳōŎƻƴǝƴŜƴǘΦ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅ ŀƴŘ tŀƭŜƻŎƭƛƳŀǘƻƭƻƎȅΣ осόпύΣ Ŝнлнлt!ллпмлсΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлt!ллпмлс  

YŀǊǇΣ !Φ¢ΦΣ !ƴŘǊŀŜΣ WΦ²ΦΣ aŎLƴŜǊƴŜȅΣ CΦ!ΦΣ tƻƭƛǎǎŀǊΣ tΦWΦΣ ŀƴŘ CǊŜŜƳŀƴΣ YΦIΦ όнлнмōύ {ƻƛƭ ŎŀǊōƻƴ ƭƻǎǎ ŀƴŘ 

ǿŜŀƪ ŬǊŜ ŦŜŜŘōŀŎƪǎ ŘǳǊƛƴƎ tƭƛƻŎŜƴŜ /п ƎǊŀǎǎƭŀƴŘ ŜȄǇŀƴǎƛƻƴ ƛƴ !ǳǎǘǊŀƭƛŀΥ DŜƻǇƘȅǎƛŎŀƭ wŜǎŜŀǊŎƘ 

[ŜǧŜǊǎ Σ ǾΦ пуΣ ƴƻΦ нΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлD[лфлфсп   

YŜƭǎƻƴΣ WΦ wΦΣ IǳƴǝƴƎǘƻƴΣ YΦ ²ΦΣ .ǊŜŜŎƪŜǊΣ 5Φ hΦΣ .ǳǊƎŜƴŜǊΣ [Φ YΦΣ DŀƭƭŀƎƘŜǊΣ ¢Φ aΦΣ IƻƪŜΣ DΦ 5ΦΣ ϧ tŜǘŜǊǎŜƴΣ 

{Φ ±Φ όнлнлύΦ ! ǇǊƻȄȅ ŦƻǊ ŀƭƭ ǎŜŀǎƻƴǎΚ ! ǎȅƴǘƘŜǎƛǎ ƻŦ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ Řŀǘŀ ŦǊƻƳ IƻƭƻŎŜƴŜ ǎƻƛƭ 

ŎŀǊōƻƴŀǘŜǎΦ vǳŀǘŜǊƴŀǊȅ {ŎƛŜƴŎŜ wŜǾƛŜǿǎΣ нопΣ млснрфΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǉǳŀǎŎƛǊŜǾΦнлнлΦмлснрф  

YŜƭǎƻƴΣ WΦ wΦΣ ²ŀǜƻǊŘΣ 5ΦΣ .ŀǘŀƛƭƭŜΣ /ΦΣ IǳƴǝƴƎǘƻƴΣ YΦ ²ΦΣ IȅƭŀƴŘΣ 9ΦΣ ϧ .ƻǿŜƴΣ DΦ WΦ όнлмуύΦ ²ŀǊƳ 

ǘŜǊǊŜǎǘǊƛŀƭ ǎǳōǘǊƻǇƛŎǎ ŘǳǊƛƴƎ ǘƘŜ tŀƭŜƻŎŜƴŜ ŀƴŘ 9ƻŎŜƴŜΥ /ŀǊōƻƴŀǘŜ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ όɲптύ 

ŜǾƛŘŜƴŎŜ ŦǊƻƳ ǘƘŜ ¢ƻǊƴƛƭƭƻ .ŀǎƛƴΣ ¢ŜȄŀǎ ό¦{!ύΦ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅ ŀƴŘ tŀƭŜƻŎƭƛƳŀǘƻƭƻƎȅΣ ооόммύΣ 

мнолπмнпфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлмуt!ллоофм   

https://doi.org/10.1130/0016-7606(2000)112%3c803:MONAFS%3e2.0.CO;2
https://doi.org/10.1016/j.orggeochem.2019.01.009
https://doi.org/10.1073/pnas.1809758115
https://doi.org/10.1016/j.gca.2020.08.024
https://doi.org/10.1029/2020PA004106
https://doi.org/10.1029/2020GL090964
https://doi.org/10.1016/j.quascirev.2020.106259
https://doi.org/10.1029/2018PA003391
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YƛƳΣ {Φπ¢ΦΣ ϧ hΩbŜƛƭΣ WΦ wΦ όмффтύΦ 9ǉǳƛƭƛōǊƛǳƳ ŀƴŘ ƴƻƴŜǉǳƛƭƛōǊƛǳƳ ƻȄȅƎŜƴ ƛǎƻǘƻǇŜ ŜũŜŎǘǎ ƛƴ ǎȅƴǘƘŜǝŎ 

ŎŀǊōƻƴŀǘŜǎΦ DŜƻŎƘƛƳƛŎŀ Ŝǘ /ƻǎƳƻŎƘƛƳƛŎŀ !ŎǘŀΣ смόмсύΣ опсмςоптрΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ{ллмсπтлотόфтύллмсфπр  

YƭŜƛƴŜǊǘΣ YΦΣ ϧ {ǘǊŜŎƪŜǊΣ aΦ wΦ όнллмύΦ /ƭƛƳŀǘŜ ŎƘŀƴƎŜ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ƻǊƻƎǊŀǇƘƛŎ ōŀǊǊƛŜǊ ǳǇƭƛƊΥ tŀƭŜƻǎƻƭ 

ŀƴŘ ǎǘŀōƭŜ ƛǎƻǘƻǇŜ ŜǾƛŘŜƴŎŜ ŦǊƻƳ ǘƘŜ ƭŀǘŜ bŜƻƎŜƴŜ {ŀƴǘŀ aŀǊƝŀ ōŀǎƛƴΣ ƴƻǊǘƘǿŜǎǘŜǊƴ !ǊƎŜƴǝƴŀΦ 

DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀ .ǳƭƭŜǝƴΣ ммоόсύΣ тнуςтпнΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπ

тслсόнллмύммоғлтнуΥ//Lw¢hҔнΦлΦ/hΤн  

YƴƻǊǊΣ DΦΣ .ǳǘȊƛƴΣ aΦΣ aƛŎƘŜŜƭǎΣ !ΦΣ ϧ [ƻƘƳŀƴƴΣ DΦ όнлммύΦ ! ǿŀǊƳ aƛƻŎŜƴŜ ŎƭƛƳŀǘŜ ŀǘ ƭƻǿ ŀǘƳƻǎǇƘŜǊƛŎ 

/h н ƭŜǾŜƭǎΥ ŀ ǿŀǊƳ ƳƛƻŎŜƴŜ ŎƭƛƳŀǘŜ ǿƛǘƘ ƭƻǿ Ŏƻ нΦ DŜƻǇƘȅǎƛŎŀƭ wŜǎŜŀǊŎƘ [ŜǧŜǊǎΣ оуόнлύΣ ƴκŀπ

ƴκŀΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлммD[лпууто  

YƻŎƘΣ tΦ [Φ όмффуύΦ L{h¢htL/ w9/hb{¢w¦/¢Lhb hC t!{¢ /hb¢Lb9b¢![ 9b±Lwhba9b¢{Φ !ƴƴǳŀƭ wŜǾƛŜǿ 

ƻŦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ нсό±ƻƭǳƳŜ нсΣ мффуύΣ ртоςсмоΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾΦŜŀǊǘƘΦнсΦмΦрто  

YƻƘƴΣ aΦ WΦ όнлмлύΦ /ŀǊōƻƴ ƛǎƻǘƻǇŜ ŎƻƳǇƻǎƛǝƻƴǎ ƻŦ ǘŜǊǊŜǎǘǊƛŀƭ /о Ǉƭŀƴǘǎ ŀǎ ƛƴŘƛŎŀǘƻǊǎ ƻŦ όǇŀƭŜƻύ ŜŎƻƭƻƎȅ 

ŀƴŘ όǇŀƭŜƻύ ŎƭƛƳŀǘŜΦ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ bŀǝƻƴŀƭ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎΣ млтόпсύΣ мфсфмπмфсфрΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтоκǇƴŀǎΦмллпфоомлт  

YǊŀǳǎΣ aΦ WΦ όмфффύΦ tŀƭŜƻǎƻƭǎ ƛƴ ŎƭŀǎǝŎ ǎŜŘƛƳŜƴǘŀǊȅ ǊƻŎƪǎΥ ¢ƘŜƛǊ ƎŜƻƭƻƎƛŎ ŀǇǇƭƛŎŀǝƻƴǎΦ 9ŀǊǘƘπ{ŎƛŜƴŎŜ 

wŜǾƛŜǿǎΣ птόмύΣ пмςтлΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ{ллмнπунрнόффύлллнсπп  

[ŀǎƪŀǊΣ WΦΣ wƻōǳǘŜƭΣ tΦΣ WƻǳǘŜƭΣ CΦΣ DŀǎǝƴŜŀǳΣ aΦΣ /ƻǊǊŜƛŀΣ !Φ /Φ aΦΣ ϧ [ŜǾǊŀǊŘΣ .Φ όнллпύΦ ! ƭƻƴƎπǘŜǊƳ 

ƴǳƳŜǊƛŎŀƭ ǎƻƭǳǝƻƴ ŦƻǊ ǘƘŜ ƛƴǎƻƭŀǝƻƴ ǉǳŀƴǝǝŜǎ ƻŦ ǘƘŜ 9ŀǊǘƘΦ !ǎǘǊƻƴƻƳȅ ϧ !ǎǘǊƻǇƘȅǎƛŎǎΣ пнуόмύΣ 

нсмςнурΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлрмκлллпπсосмΥнллпмоор  

[ŀǘƻǊǊŜΣ /ΦΣ vǳŀŘŜΣ WΦΣ ϧ aŎLƴǘƻǎƘΣ ²Φ /Φ όмффтύΦ ¢ƘŜ ŜȄǇŀƴǎƛƻƴ ƻŦ /п ƎǊŀǎǎŜǎ ŀƴŘ Ǝƭƻōŀƭ ŎƘŀƴƎŜ ƛƴ ǘƘŜ 

ƭŀǘŜ aƛƻŎŜƴŜΥ {ǘŀōƭŜ ƛǎƻǘƻǇŜ ŜǾƛŘŜƴŎŜ ŦǊƻƳ ǘƘŜ !ƳŜǊƛŎŀǎΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ 

мпсόмςнύΣ уоςфсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ{ллмнπунм·όфсύллномπн  

[ŀǿǊŜƴŎŜΣ 5Φ aΦΣ hƭŜǎƻƴΣ YΦ ²ΦΣ CƭŀƴƴŜǊΣ aΦ DΦΣ ¢ƘƻǊƴǘƻƴΣ tΦ 9ΦΣ {ǿŜƴǎƻƴΣ {Φ /ΦΣ [ŀǿǊŜƴŎŜΣ tΦ WΦΣ ½ŜƴƎΣ ·ΦΣ 

¸ŀƴƎΣ ½Φπ[ΦΣ [ŜǾƛǎΣ {ΦΣ {ŀƪŀƎǳŎƘƛΣ YΦΣ .ƻƴŀƴΣ DΦ .ΦΣ ϧ {ƭŀǘŜǊΣ !Φ DΦ όнлммύΦ tŀǊŀƳŜǘŜǊƛȊŀǝƻƴ 

ƛƳǇǊƻǾŜƳŜƴǘǎ ŀƴŘ ŦǳƴŎǝƻƴŀƭ ŀƴŘ ǎǘǊǳŎǘǳǊŀƭ ŀŘǾŀƴŎŜǎ ƛƴ ±ŜǊǎƛƻƴ п ƻŦ ǘƘŜ /ƻƳƳǳƴƛǘȅ [ŀƴŘ 

aƻŘŜƭΦ WƻǳǊƴŀƭ ƻŦ !ŘǾŀƴŎŜǎ ƛƴ aƻŘŜƭƛƴƎ 9ŀǊǘƘ {ȅǎǘŜƳǎΣ оόмύΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлммa{лллпр  

https://doi.org/10.1016/S0016-7037(97)00169-5
https://doi.org/10.1130/0016-7606(2001)113%3c0728:CCIRTO%3e2.0.CO;2
https://doi.org/10.1130/0016-7606(2001)113%3c0728:CCIRTO%3e2.0.CO;2
https://doi.org/10.1029/2011GL048873
https://doi.org/10.1146/annurev.earth.26.1.573
https://doi.org/10.1073/pnas.1004933107
https://doi.org/10.1016/S0012-8252(99)00026-4
https://doi.org/10.1051/0004-6361:20041335
https://doi.org/10.1016/S0012-821X(96)00231-2
https://doi.org/10.1029/2011MS00045
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[ŜŜΣ 5Φ 5ΦΣ ϧ {ŜǳƴƎΣ IΦ {Φ όмфффύΦ [ŜŀǊƴƛƴƎ ǘƘŜ ǇŀǊǘǎ ƻŦ ƻōƧŜŎǘǎ ōȅ ƴƻƴπƴŜƎŀǝǾŜ ƳŀǘǊƛȄ ŦŀŎǘƻǊƛȊŀǝƻƴΦ 

bŀǘǳǊŜΣ плмόстррύΣ тууςтфмΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκппрср  

[ƛŜōƳŀƴƴΣ .ΦΣ ϧ aŜŎƘƻǎƻΣ /Φ wΦ όнлммύΦ ¢I9 {h¦¢I !a9wL/!b ahb{hhb {¸{¢9aΦ Lƴ /ΦπtΦ /ƘŀƴƎΣ ¸Φ 

5ƛƴƎΣ bΦπ/Φ [ŀǳΣ wΦ IΦ WƻƘƴǎƻƴΣ .Φ ²ŀƴƎΣ ϧ ¢Φ ¸ŀǎǳƴŀǊƛΣ ²ƻǊƭŘ {ŎƛŜƴǝŬŎ {ŜǊƛŜǎ ƻƴ !ǎƛŀπtŀŎƛŬŎ 

²ŜŀǘƘŜǊ ŀƴŘ /ƭƛƳŀǘŜ όнƴŘ ŜŘΦΣ ±ƻƭΦ рΣ ǇǇΦ мотςмртύΦ ²hw[5 {/L9b¢LCL/Φ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпнκфтуфумпопопммψлллф  

[ƻǎǎŀŘŀΣ !Φ /ΦΣ DƛŀƳōƛŀƎƛΣ [Φ .ΦΣ aŜǎŎǳŀΣ WΦ CΦΣ {ǳǊƛŀƴƻΣ WΦΣ wŀƳƻǎΣ aΦ 9ΦΣ .ŀǊǊƛƻƴǳŜǾƻΣ aΦΣ ϧ !ǊȊŀŘǵƴΣ DΦ 

όнлноύΦ 9ȄƘǳƳŀǝƻƴ ǝƳƛƴƎ ƻŦ ǘƘŜ /ƻǊŘƽƴ ŘŜƭ tƻǊǝƭƭƻΣ CǊƻƴǘŀƭ /ƻǊŘƛƭƭŜǊŀΣ ǎǳǇǇƻǊǘǎ ǘƘŜ Ŝŀǎǘπ

ǾŜǊƎŜƴǘ ƳƻŘŜƭ ŦƻǊ ǘƘŜ ƎǊƻǿǘƘ ƻŦ ǘƘŜ ǎƻǳǘƘŜǊƴ ŎŜƴǘǊŀƭ !ƴŘŜǎΦ WƻǳǊƴŀƭ ƻŦ {ƻǳǘƘ !ƳŜǊƛŎŀƴ 9ŀǊǘƘ 

{ŎƛŜƴŎŜǎΣ мнмΣ млпмрлΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƧǎŀƳŜǎΦнлннΦмлпмрл  

[ƻǎǎŀŘŀΣ !Φ /ΦΣ IƻƪŜΣ DΦ 5ΦΣ DƛŀƳōƛŀƎƛΣ [Φ .ΦΣ CƛǘȊƎŜǊŀƭŘΣ tΦ DΦΣ aŜǎŎǳŀΣ WΦ CΦΣ {ǳǊƛŀƴƻΣ WΦΣ ϧ !ƎǳƛƭŀǊΣ !Φ 

όнлнлύΦ 5ŜǘǊƛǘŀƭ ¢ƘŜǊƳƻŎƘǊƻƴƻƭƻƎȅ wŜǾŜŀƭǎ aŀƧƻǊ aƛŘŘƭŜ aƛƻŎŜƴŜ 9ȄƘǳƳŀǝƻƴ ƻŦ ǘƘŜ 9ŀǎǘŜǊƴ 

Cƭŀƴƪ ƻƊƘŜ !ƴŘŜǎ ¢Ƙŀǘ tǊŜŘŀǘŜǎ ǘƘŜ tŀƳǇŜŀƴCƭŀǘ {ƭŀō όооϲςооΦрϲ{ύΦ ¢ŜŎǘƻƴƛŎǎΣ офόпύΣ 

Ŝнлмф¢/ллртспΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлмф¢/ллртсп  

[ƻǘƘŀǊƛΣ [ΦΣ {ǳǊƛŀƴƻΣ WΦΣ aŜǎŎǳŀΣ WΦΣ ŘŜƭ .ŜǊǘƻŀ ŘŜƭ [ƭŀƴƻΣ aΦΣ !ǊƴƻǳǎΣ !ΦΣ tƛƴƎŜƭΣ IΦΣ {ǘǊŜŎƪŜǊΣ aΦ wΦΣ 

DƛŀƳōƛŀƎƛΣ [ΦΣ 9ŎƘŀǳǊǊŜƴΣ !ΦΣ .ŀǊǊƛƻƴǳŜǾƻΣ aΦΣ aŀƘƻƴŜȅΣ WΦ .ΦΣ ϧ /ƻǧƭŜΣ WΦ aΦ όнлнрύΦ ¢ŜŎǘƻƴƻπ

{ŜŘƛƳŜƴǘŀǊȅ 9Ǿƻƭǳǝƻƴ ƻŦ ǘƘŜ 5ƛǎǘŀƭ tŀƭŜƻƎŜƴŜ !ƴŘŜŀƴ wŜǘǊƻŀǊŎ ŀǘ ооϲ {Υ bŜǿ 5ŜǘǊƛǘŀƭ ½ƛǊŎƻƴ ¦ς

tō DŜƻŎƘǊƻƴƻƭƻƎȅ CǊƻƳ ǘƘŜ 5ƛǾƛǎŀŘŜǊƻ [ŀǊƎƻ CƻǊƳŀǝƻƴΦ .ŀǎƛƴ wŜǎŜŀǊŎƘΣ отόмύΣ ŜтллнмΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκōǊŜΦтллнм  

[ǳƪŜƴǎΣ ²Φ9ΦΣ {ǝƴŎƘŎƻƳōΣ DΦ9ΦΣ bƻǊŘǘΣ [Φ/ΦΣ YŀƘƭŜΣ 5ΦWΦΣ 5ǊƛŜǎŜΣ {ΦDΦΣ ŀƴŘ ¢ǳōōǎΣ WΦ5ΦόнлмфύΦ wŜŎǳǊǎƛǾŜ 

ǇŀǊǝǝƻƴƛƴƎ ƛƳǇǊƻǾŜǎ ǇŀƭŜƻǎƻƭ ǇǊƻȄƛŜǎ ŦƻǊ ǊŀƛƴŦŀƭƭΥ !ƳŜǊƛŎŀƴ WƻǳǊƴŀƭ ƻŦ {ŎƛŜƴŎŜ Σ ǾΦ омфΣ ƴƻΦ млΣ ǇΦ 

умфςупрΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнптрκмлΦнлмфΦлм  

aŀŎCŀŘŘŜƴΣ .Φ WΦΣ /ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ ϧ tǊŀŘƻΣ WΦ όмффсύΦ /ŜƴƻȊƻƛŎ ǘŜǊǊŜǎǘǊƛŀƭ ŜŎƻǎȅǎǘŜƳ ŜǾƻƭǳǝƻƴ ƛƴ !ǊƎŜƴǝƴŀΥ 

ŜǾƛŘŜƴŎŜ ŦǊƻƳ ŎŀǊōƻƴ ƛǎƻǘƻǇŜǎ ƻŦ Ŧƻǎǎƛƭ ƳŀƳƳŀƭ ǘŜŜǘƘΦ tŀƭŀƛƻǎΣ омфπонтΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнолтκормрнпн  

aŀŎƪΣ DΦ IΦΣ WŀƳŜǎΣ ²Φ /ΦΣ ϧ aƻƴƎŜǊΣ IΦ /Φ όмффоύΦ /ƭŀǎǎƛŬŎŀǝƻƴ ƻŦ ǇŀƭŜƻǎƻƭǎΦ D{! .ǳƭƭŜǝƴΣ млрόнύΣ мнфς

мосΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπтслсόмффоύмлрғлмнфΥ/htҔнΦоΦ/hΤн  

aŀŘŜƭƭŀΣ aΦΣ !ƭŜȄŀƴŘǊŜΣ !ΦΣ ŀƴŘ .ŀƭƭΣ ¢ΦΣ нллрΣ LƴǘŜǊƴŀǝƻƴŀƭ /ƻŘŜ ŦƻǊ tƘȅǘƻƭƛǘƘ bƻƳŜƴŎƭŀǘǳǊŜ мΦлΥ !ƴƴŀƭǎ 

ƻŦ .ƻǘŀƴȅ Σ ǾΦ фсΣ ƴƻΦ нΣ ǇΦ нроςнслΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлфоκŀƻōκƳŎƛмтн    

https://doi.org/10.1038/44565
https://doi.org/10.1142/9789814343411_0009
https://doi.org/10.1016/j.jsames.2022.104150
https://doi.org/10.1029/2019TC005764
https://doi.org/10.1111/bre.70021
https://doi.org/10.2475/10.2019.01
https://doi.org/10.2307/3515242
https://doi.org/10.1130/0016-7606(1993)105%3c0129:COP%3e2.3.CO;2
https://doi.org/10.1093/aob/mci172
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aŀǊŜƴƎƻΣ WΦ !ΦΣ [ƛŜōƳŀƴƴΣ .ΦΣ DǊƛƳƳΣ !Φ aΦΣ aƛǎǊŀΣ ±ΦΣ {ƛƭǾŀ 5ƛŀǎΣ tΦ [ΦΣ /ŀǾŀƭŎŀƴǝΣ LΦ CΦ !ΦΣ /ŀǊǾŀƭƘƻΣ [Φ aΦ 

±ΦΣ .ŜǊōŜǊȅΣ 9Φ IΦΣ !ƳōǊƛȊȊƛΣ ¢ΦΣ ±ŜǊŀΣ /Φ {ΦΣ {ŀǳƭƻΣ !Φ /ΦΣ bƻƎǳŜǎ tŀŜƎƭŜΣ WΦΣ ½ƛǇǎŜǊΣ 9ΦΣ {ŜǘƘΣ !ΦΣ ϧ 

!ƭǾŜǎΣ [Φ aΦ όнлмлύΦ wŜŎŜƴǘ ŘŜǾŜƭƻǇƳŜƴǘǎ ƻƴ ǘƘŜ {ƻǳǘƘ !ƳŜǊƛŎŀƴ Ƴƻƴǎƻƻƴ ǎȅǎǘŜƳΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллнκƧƻŎΦннрп  

aŀǊǝƴƻǘΣ /ΦΣ .ƻƭǘƻƴΣ /Φ ¢ΦΣ {ŀǊǊΣ !Φ /ΦΣ 5ƻƴƴŀŘƛŜǳΣ ¸ΦΣ DŀǊŎƛŀΣ aΦΣ DǊŀȅΣ 9ΦΣ ϧ ¢ŀŎƘƛƪŀǿŀΣ YΦ όнлннύΦ 5ǊƛǾŜǊǎ 

ƻŦ ƭŀǘŜ aƛƻŎŜƴŜ ǘǊƻǇƛŎŀƭ ǎŜŀ ǎǳǊŦŀŎŜ ŎƻƻƭƛƴƎΥ ! ƴŜǿ ǇŜǊǎǇŜŎǝǾŜ ŦǊƻƳ ǘƘŜ ŜǉǳŀǘƻǊƛŀƭ LƴŘƛŀƴ 

hŎŜŀƴΦ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅ ŀƴŘ tŀƭŜƻŎƭƛƳŀǘƻƭƻƎȅΣ отόмлύΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнмt!ллпплт   

aŀǊȊƛΣ wΦΣ ¢ƻǊƪŜƭǎƻƴΣ .Φ 9ΦΣ ϧ hƭǎƻƴΣ wΦ YΦ όмффоύΦ ! ǊŜǾƛǎŜŘ ŎŀǊōƻƴ ǇǊŜŦŜǊŜƴŎŜ ƛƴŘŜȄΦ hǊƎŀƴƛŎ 

DŜƻŎƘŜƳƛǎǘǊȅΣ нлόуύΣ молоςмолсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκлмпсπсоулόфоύфллмсπр  

aƛŀƭƭΣ !Φ 5Φ όмфурύΦ !ǊŎƘƛǘŜŎǘǳǊŀƭπ9ƭŜƳŜƴǘ !ƴŀƭȅǎƛǎΥ ! bŜǿ aŜǘƘƻŘ ƻŦ CŀŎƛŜǎ !ƴŀƭȅǎƛǎ !ǇǇƭƛŜŘ ǘƻ CƭǳǾƛŀƭ 

5ŜǇƻǎƛǘǎΦ Lƴ wΦ aΦ CƭƻǊŜǎΣ CΦ DΦ 9ǘƘǊƛŘƎŜΣ !Φ 5Φ aƛŀƭƭΣ ²Φ 9Φ DŀƭƭƻǿŀȅΣ ϧ ¢Φ 5Φ CƻǳŎƘ ό9ŘǎΦύΣ 

wŜŎƻƎƴƛǝƻƴ ƻŦ CƭǳǾƛŀƭ 5ŜǇƻǎƛǝƻƴŀƭ {ȅǎǘŜƳǎ ŀƴŘ ǘƘŜƛǊ wŜǎƻǳǊŎŜ tƻǘŜƴǝŀƭ ό±ƻƭΦ мфΣ ǇΦ лύΦ {9ta 

{ƻŎƛŜǘȅ ŦƻǊ {ŜŘƛƳŜƴǘŀǊȅ DŜƻƭƻƎȅΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнммлκǎŎƴΦурΦмфΦллоо  

aƛŎƘŜŜƭǎΣ !ΦΣ .ǊǳŎƘΣ !Φ !ΦΣ ¦ƘƭΣ 5ΦΣ ¦ǘŜǎŎƘŜǊΣ ¢ΦΣ ϧ aƻǎōǊǳƎƎŜǊΣ ±Φ όнллтύΦ ! [ŀǘŜ aƛƻŎŜƴŜ ŎƭƛƳŀǘŜ ƳƻŘŜƭ 

ǎƛƳǳƭŀǝƻƴ ǿƛǘƘ 9/I!aпκa[ ŀƴŘ ƛǘǎ ǉǳŀƴǝǘŀǝǾŜ ǾŀƭƛŘŀǝƻƴ ǿƛǘƘ ǘŜǊǊŜǎǘǊƛŀƭ ǇǊƻȄȅ ŘŀǘŀΦ 

tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ нроόмςнύΣ нрмςнтлΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнллтΦлоΦлпн  

aƛŎƘŜƭΣ [Φ !ΦΣ {ƘŜƭŘƻƴΣ bΦ 5ΦΣ aȅŜǊǎΣ ¢Φ {ΦΣ ϧ ¢ŀōƻǊΣ bΦ WΦ όнлннύΦ !ǎǎŜǎǎƳŜƴǘ ƻŦ ǇǊŜǘǊŜŀǘƳŜƴǘ ƳŜǘƘƻŘǎ ƻƴ 

/L!πY ŀƴŘ /![a!D ƛƴŘƛŎŜǎ ŀƴŘ ǘƘŜ ŜũŜŎǘǎ ƻƴ ǇŀƭŜƻǇǊŜŎƛǇƛǘŀǝƻƴ ŜǎǝƳŀǘŜǎΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ 

tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ слмΣ ммммлнΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлннΦммммлн  

aƻƻƴΣ {ΦΣ ϧ IŀΣ YΦπWΦ όнлнлύΦ CǳǘǳǊŜ ŎƘŀƴƎŜǎ ƛƴ Ƴƻƴǎƻƻƴ ŘǳǊŀǝƻƴ ŀƴŘ ǇǊŜŎƛǇƛǘŀǝƻƴ ǳǎƛƴƎ /aLtсΦ bǇƧ 

/ƭƛƳŀǘŜ ŀƴŘ !ǘƳƻǎǇƘŜǊƛŎ {ŎƛŜƴŎŜΣ оόмύΣ мςтΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκǎпмсмнπлнлπллмрмπǿ  

aǳƭŎƘΣ !ΦΣ ¦ōŀΣ /Φ 9ΦΣ {ǘǊŜŎƪŜǊΣ aΦ wΦΣ {ŎƘƻŜƴōŜǊƎΣ wΦΣ ϧ /ƘŀƳōŜǊƭŀƛƴΣ /Φ tΦ όнлмлύΦ [ŀǘŜ aƛƻŎŜƴŜ ŎƭƛƳŀǘŜ 

ǾŀǊƛŀōƛƭƛǘȅ ŀƴŘ ǎǳǊŦŀŎŜ ŜƭŜǾŀǝƻƴ ƛƴ ǘƘŜ ŎŜƴǘǊŀƭ !ƴŘŜǎΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ нфлόмς

нύΣ мтоςмунΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнллфΦмнΦлмф  

bŜŀƭŜΣ wΦ .ΦΣ wƛŎƘǘŜǊΣ WΦ IΦΣ tŀǊƪΣ {ΦΣ [ŀǳǊƛǘȊŜƴΣ tΦ IΦΣ ±ŀǾǊǳǎΣ {Φ WΦΣ wŀǎŎƘΣ tΦ WΦΣ ϧ ½ƘŀƴƎΣ aΦ όнлмоύΦ ¢ƘŜ 

aŜŀƴ /ƭƛƳŀǘŜ ƻŦ ǘƘŜ /ƻƳƳǳƴƛǘȅ !ǘƳƻǎǇƘŜǊŜ aƻŘŜƭ ό/!aпύ ƛƴ CƻǊŎŜŘ {{¢ ŀƴŘ Cǳƭƭȅ /ƻǳǇƭŜŘ 

9ȄǇŜǊƛƳŜƴǘǎΦ WƻǳǊƴŀƭ ƻŦ /ƭƛƳŀǘŜΣ нсόмпύΣ рмрлςрмсуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммтрκW/[Lπ5πмнπллносΦм   

https://doi.org/10.1002/joc.2254
https://doi.org/10.1029/2021PA004407
https://doi.org/10.1016/0146-6380(93)90016-5
https://doi.org/10.2110/scn.85.19.0033
https://doi.org/10.1016/j.palaeo.2007.03.042
https://doi.org/10.1016/j.palaeo.2022.111102
https://doi.org/10.1038/s41612-020-00151-w
https://doi.org/10.1016/j.epsl.2009.12.019
https://doi.org/10.1175/JCLI-D-12-00236.1
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bŜǳƳŀƴƴΣ YΦΣ {ǘǊǀƳōŜǊƎΣ /Φ!Φ9ΦΣ .ŀƭƭΣ ¢ΦΣ !ƭōŜǊǘΣ wΦaΦΣ ±ǊȅŘŀƎƘǎΣ [ΦΣ ŀƴŘ /ǳƳƳƛƴƎǎΣ [Φ{ΦΣ нлмфΣ 

LƴǘŜǊƴŀǝƻƴŀƭ /ƻŘŜ ŦƻǊ tƘȅǘƻƭƛǘƘ bƻƳŜƴŎƭŀǘǳǊŜ όL/tbύ нΦлΥ !ƴƴŀƭǎ ƻŦ .ƻǘŀƴȅ Σ ǾΦ мнпΣ ƴƻΦ нΣ ǇΦ 

муфςмффΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлфоκŀƻōκƳŎȊлсп   

bƻǘŀǊƻΣ aΦΣ /ƘŜƴΣ DΦΣ ϧ [ƛǳΣ ½Φ όнлммύΦ ±ŜƎŜǘŀǝƻƴ CŜŜŘōŀŎƪǎ ǘƻ /ƭƛƳŀǘŜ ƛƴ ǘƘŜ Dƭƻōŀƭ aƻƴǎƻƻƴ wŜƎƛƻƴǎΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммтрκнлммW/[LпнотΦм    

hǿŜƴΣ !ΦΣ 9ōƛƴƎƘŀǳǎΣ !ΦΣ IŀǊǘƭŜȅΣ !Φ WΦΣ {ŀƴǘƻǎΣ aΦ DΦ aΦΣ ϧ ²ŜƛǎǎƳŀƴƴΣ DΦ {Φ όнлмтύΦ aǳƭǝπǎŎŀƭŜ 

ŎƭŀǎǎƛŬŎŀǝƻƴ ƻŦ ƅǳǾƛŀƭ ŀǊŎƘƛǘŜŎǘǳǊŜΥ !ƴ ŜȄŀƳǇƭŜ ŦǊƻƳ ǘƘŜ tŀƭŀŜƻŎŜƴŜς9ƻŎŜƴŜ .ƛƎƘƻǊƴ .ŀǎƛƴΣ 

²ȅƻƳƛƴƎΦ {ŜŘƛƳŜƴǘƻƭƻƎȅΣ спόсύΣ мртнςмрфсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммммκǎŜŘΦмносп  

tŀƎŀƴƛΣ aΦΣ !ǊǘƘǳǊΣ aΦ !ΦΣ ϧ CǊŜŜƳŀƴΣ YΦ IΦ όмфффύΦ aƛƻŎŜƴŜ ŜǾƻƭǳǝƻƴ ƻŦ ŀǘƳƻǎǇƘŜǊƛŎ ŎŀǊōƻƴ ŘƛƻȄƛŘŜΦ 

tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅΣ мпόоύΣ нтоςнфнΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκмфффt!фллллс  

tŀǎǎŜȅΣ .Φ IΦΣ !ȅƭƛũŜΣ [Φ YΦΣ YŀŀƪƛƴŜƴΣ !ΦΣ ½ƘŀƴƎΣ ½ΦΣ 9ǊƻƴŜƴΣ WΦ ¢ΦΣ ½ƘǳΣ ¸ΦΣ ½ƘƻǳΣ [ΦΣ /ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ ϧ CƻǊǘŜƭƛǳǎΣ 

aΦ όнллфύΦ {ǘǊŜƴƎǘƘŜƴŜŘ 9ŀǎǘ !ǎƛŀƴ ǎǳƳƳŜǊ Ƴƻƴǎƻƻƴǎ ŘǳǊƛƴƎ ŀ ǇŜǊƛƻŘ ƻŦ ƘƛƎƘπƭŀǝǘǳŘŜ ǿŀǊƳǘƘΚ 

LǎƻǘƻǇƛŎ ŜǾƛŘŜƴŎŜ ŦǊƻƳ aƛƻπtƭƛƻŎŜƴŜ Ŧƻǎǎƛƭ ƳŀƳƳŀƭǎ ŀƴŘ ǎƻƛƭ ŎŀǊōƻƴŀǘŜǎ ŦǊƻƳ ƴƻǊǘƘŜǊƴ /ƘƛƴŀΦ 

9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ нттόоύΣ ппоςпрнΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнллуΦммΦллу  

tŀǎǎŜȅΣ .Φ IΦΣ [ŜǾƛƴΣ bΦ 9ΦΣ /ŜǊƭƛƴƎΣ ¢Φ 9ΦΣ .ǊƻǿƴΣ CΦ IΦΣ ϧ 9ƛƭŜǊΣ WΦ aΦ όнлмлύΦ IƛƎƘπǘŜƳǇŜǊŀǘǳǊŜ 

ŜƴǾƛǊƻƴƳŜƴǘǎ ƻŦ ƘǳƳŀƴ ŜǾƻƭǳǝƻƴ ƛƴ 9ŀǎǘ !ŦǊƛŎŀ ōŀǎŜŘ ƻƴ ōƻƴŘ ƻǊŘŜǊƛƴƎ ƛƴ ǇŀƭŜƻǎƻƭ ŎŀǊōƻƴŀǘŜǎΦ 

tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ bŀǝƻƴŀƭ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎΣ млтόнрύΣ ммнпрςммнпфΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтоκǇƴŀǎΦмллмунпмлт  

tŜǘŜǊǎΣ bΦ !ΦΣ IǳƴǝƴƎǘƻƴΣ YΦ ²ΦΣ ϧ IƻƪŜΣ DΦ 5Φ όнлмоύΦ Iƻǘ ƻǊ ƴƻǘΚ LƳǇŀŎǘ ƻŦ ǎŜŀǎƻƴŀƭƭȅ ǾŀǊƛŀōƭŜ ǎƻƛƭ 

ŎŀǊōƻƴŀǘŜ ŦƻǊƳŀǝƻƴ ƻƴ ǇŀƭŜƻǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ hπƛǎƻǘƻǇŜ ǊŜŎƻǊŘǎ ŦǊƻƳ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ 

ǘƘŜǊƳƻƳŜǘǊȅΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ осмΣ нлуςнмуΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмнΦмлΦлнп  

tƛƴƎŜƭΣ IΦΣ aǳƭŎƘΣ !ΦΣ !ƭƻƴǎƻΣ wΦ bΦΣ /ƻǧƭŜΣ WΦΣ IȅƴŜƪΣ {Φ !ΦΣ tƻƭŜǩΣ WΦΣ wƻƘǊƳŀƴƴΣ !ΦΣ {ŎƘƳƛǧΣ !Φ YΦΣ {ǘƻŎƪƭƛΣ 

5Φ CΦΣ ϧ {ǘǊŜŎƪŜǊΣ aΦ wΦ όнлмсύΦ {ǳǊŦŀŎŜ ǳǇƭƛƊ ŀƴŘ ŎƻƴǾŜŎǝǾŜ ǊŀƛƴŦŀƭƭ ŀƭƻƴƎ ǘƘŜ ǎƻǳǘƘŜǊƴ /ŜƴǘǊŀƭ 

!ƴŘŜǎ ό!ƴƎŀǎǘŀŎƻ .ŀǎƛƴΣ b² !ǊƎŜƴǝƴŀύΦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ пплΣ ооςпнΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜǇǎƭΦнлмсΦлнΦллф  

tƻǳƭǎŜƴΣ /Φ WΦΣ 9ƘƭŜǊǎΣ ¢Φ !ΦΣ ϧ LƴǎŜƭΣ bΦ όнлмлύΦ hƴǎŜǘ ƻŦ ŎƻƴǾŜŎǝǾŜ ǊŀƛƴŦŀƭƭ ŘǳǊƛƴƎ ƎǊŀŘǳŀƭ ƭŀǘŜ aƛƻŎŜƴŜ 

ǊƛǎŜ ƻŦ ǘƘŜ ŎŜƴǘǊŀƭ !ƴŘŜǎΦ ǎŎƛŜƴŎŜΣ онуόрфттύΣ пфлπпфоΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŜƴŎŜΦммурлту   

https://doi.org/10.1093/aob/mcz064
https://doi.org/10.1175/2011JCLI4237.1
https://doi.org/10.1111/sed.12364
https://doi.org/10.1029/1999PA900006
https://doi.org/10.1016/j.epsl.2008.11.008
https://doi.org/10.1073/pnas.1001824107
https://doi.org/10.1016/j.epsl.2012.10.024
https://doi.org/10.1016/j.epsl.2016.02.009
https://doi.org/10.1126/science.1185078
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vǳŀŘŜΣ WΦΣ /ŀǘŜǊΣ WΦ aΦ [ΦΣ hƧƘŀΣ ¢Φ tΦΣ !ŘŀƳΣ WΦΣ ϧ aŀǊƪ IŀǊǊƛǎƻƴΣ ¢Φ όмффрύΦ [ŀǘŜ aƛƻŎŜƴŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ 

ŎƘŀƴƎŜ ƛƴ bŜǇŀƭ ŀƴŘ ǘƘŜ ƴƻǊǘƘŜǊƴ LƴŘƛŀƴ ǎǳōŎƻƴǝƴŜƴǘΥ {ǘŀōƭŜ ƛǎƻǘƻǇƛŎ ŜǾƛŘŜƴŎŜ ŦǊƻƳ ǇŀƭŜƻǎƻƭǎΦ 

DŜƻƭƻƎƛŎŀƭ {ƻŎƛŜǘȅ ƻŦ !ƳŜǊƛŎŀ .ǳƭƭŜǝƴΣ млтόмнύΣ моумςмофтΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκллмсπ

тслсόмффрύмлтғмоумΥ[a9/LbҔнΦоΦ/hΤн  

vǳŀŘŜΣ WΦΣ 9ƛƭŜǊΣ WΦΣ 5ŀšǊƻƴΣ aΦΣ ϧ !ŎƘȅǳǘƘŀƴΣ IΦ όнлмоύΦ ¢ƘŜ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ ƎŜƻǘƘŜǊƳƻƳŜǘŜǊ ƛƴ ǎƻƛƭ ŀƴŘ 

ǇŀƭŜƻǎƻƭ ŎŀǊōƻƴŀǘŜΦ DŜƻŎƘƛƳƛŎŀ Ŝǘ /ƻǎƳƻŎƘƛƳƛŎŀ !ŎǘŀΣ млрΣ фнςмлтΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎŎŀΦнлмнΦммΦлом  

vǳŀŘŜΣ WΦΣ DŀǊȊƛƻƴŜΣ /ΦΣ ϧ 9ƛƭŜǊΣ WΦ όнллтύΦ tŀƭŜƻŜƭŜǾŀǝƻƴ wŜŎƻƴǎǘǊǳŎǝƻƴ ǳǎƛƴƎ tŜŘƻƎŜƴƛŎ /ŀǊōƻƴŀǘŜǎΦ 

wŜǾƛŜǿǎ ƛƴ aƛƴŜǊŀƭƻƎȅ ŀƴŘ DŜƻŎƘŜƳƛǎǘǊȅΣ ссόмύΣ роςутΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦнмоуκǊƳƎΦнллтΦссΦо  

wŀƛŀΣ !ΦΣ ϧ /ŀǾŀƭŎŀƴǝΣ LΦ CΦ !Φ όнллуύΦ ¢ƘŜ [ƛŦŜ /ȅŎƭŜ ƻŦ ǘƘŜ {ƻǳǘƘ !ƳŜǊƛŎŀƴ aƻƴǎƻƻƴ {ȅǎǘŜƳΦ WƻǳǊƴŀƭ ƻŦ 

/ƭƛƳŀǘŜΣ нмόноύΣ сннтςснпсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммтрκнллуW/[LннпфΦм    

wŀƳŀƴƪǳǧȅΣ bΦΣ ϧ CƻƭŜȅΣ WΦ !Φ όмфффύΦ 9ǎǝƳŀǝƴƎ ƘƛǎǘƻǊƛŎŀƭ ŎƘŀƴƎŜǎ ƛƴ Ǝƭƻōŀƭ ƭŀƴŘ ŎƻǾŜǊΥ /ǊƻǇƭŀƴŘǎ ŦǊƻƳ 

мтлл ǘƻ мффнΦ Dƭƻōŀƭ .ƛƻƎŜƻŎƘŜƳƛŎŀƭ /ȅŎƭŜǎΣ моόпύΣ ффтςмлнтΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκмфффD.флллпс 

wŀƳŘŀƘƭΣ ¢ΦΣ мфуоΣ wŜǘŜƴŜτ! ƳƻƭŜŎǳƭŀǊ ƳŀǊƪŜǊ ƻŦ ǿƻƻŘ ŎƻƳōǳǎǝƻƴ ƛƴ ŀƳōƛŜƴǘ ŀƛǊΥ bŀǘǳǊŜ Σ ǾΦ олсΣ ǇΦ 

рулςрунΣ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκолсрулŀлΦ   

wŀƳƻǎΣ ±Φ !ΦΣ /ŜƎŀǊǊŀΣ aΦΣ ϧ /ǊƛǎǘŀƭƭƛƴƛΣ 9Φ όмффсύΦ /ŜƴƻȊƻƛŎ ǘŜŎǘƻƴƛŎǎ ƻŦ ǘƘŜ IƛƎƘ !ƴŘŜǎ ƻŦ ǿŜǎǘπŎŜƴǘǊŀƭ 

!ǊƎŜƴǝƴŀ όолςосϲ{ ƭŀǝǘǳŘŜύΦ ¢ŜŎǘƻƴƻǇƘȅǎƛŎǎΣ нрфόмύΣ мурςнллΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκллплπ

мфрмόфрύлллспπ·  

wŀƳƻǎΣ ±Φ !ΦΣ /ǊƛǎǘŀƭƭƛƴƛΣ 9Φ hΦΣ ϧ tŞǊŜȊΣ 5Φ WΦ όнллнύΦ ¢ƘŜ tŀƳǇŜŀƴ ƅŀǘπǎƭŀō ƻŦ ǘƘŜ /ŜƴǘǊŀƭ !ƴŘŜǎΦ WƻǳǊƴŀƭ 

ƻŦ {ƻǳǘƘ !ƳŜǊƛŎŀƴ 9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ мрόмύΣ рфςтуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ{луфрπфуммόлнύллллсπ

у  

wŜŀŘƛƴƎΣ IΦ DΦ ό9ŘΦύΦ όнллфύΦ {ŜŘƛƳŜƴǘŀǊȅ ŜƴǾƛǊƻƴƳŜƴǘǎΥ ǇǊƻŎŜǎǎŜǎΣ ŦŀŎƛŜǎ ŀƴŘ ǎǘǊŀǝƎǊŀǇƘȅΦ WƻƘƴ ²ƛƭŜȅ ϧ 

{ƻƴǎΦ 

wŜǘŀƭƭŀŎƪΣ DΦWΦΣ нллуΣ {ƻƛƭǎ ƻŦ ǘƘŜ tŀǎǘΥ !ƴ LƴǘǊƻŘǳŎǝƻƴ ǘƻ tŀƭŜƻǇŜŘƻƭƻƎȅΥ bŜǿ ¸ƻǊƪΣ WƻƘƴ ²ƛƭŜȅ ŀƴŘ {ƻƴǎΣ 

ррн ǇΦ 

https://doi.org/10.1130/0016-7606(1995)107%3c1381:LMECIN%3e2.3.CO;2
https://doi.org/10.1130/0016-7606(1995)107%3c1381:LMECIN%3e2.3.CO;2
https://doi.org/10.1016/j.gca.2012.11.031
https://doi.org/10.2138/rmg.2007.66.3
https://doi.org/10.1175/2008JCLI2249.1
https://doi.org/10.1038/306580a0
https://doi.org/10.1016/0040-1951(95)00064-X
https://doi.org/10.1016/0040-1951(95)00064-X
https://doi.org/10.1016/S0895-9811(02)00006-8
https://doi.org/10.1016/S0895-9811(02)00006-8
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wƻƘǊƳŀƴƴΣ !ΦΣ {ŀŎƘǎŜΣ 5ΦΣ aǳƭŎƘΣ !ΦΣ tƛƴƎŜƭΣ IΦΣ ¢ƻŦŜƭŘŜΣ {ΦΣ !ƭƻƴǎƻΣ wΦ bΦΣ ϧ {ǘǊŜŎƪŜǊΣ aΦ wΦ όнлмсύΦ 

aƛƻŎŜƴŜ ƻǊƻƎǊŀǇƘƛŎ ǳǇƭƛƊ ŦƻǊŎŜǎ ǊŀǇƛŘ ƘȅŘǊƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǎƻǳǘƘŜǊƴ ŎŜƴǘǊŀƭ !ƴŘŜǎΦ 

{ŎƛŜƴǝŬŎ wŜǇƻǊǘǎΣ сόмύΣ орстуΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлоуκǎǊŜǇорсту 

wƻƳŀƴŜƪΣ /Φ {ΦΣ DǊƻǎǎƳŀƴΣ 9Φ [ΦΣ ϧ aƻǊǎŜΣ WΦ ²Φ όмффнύΦ /ŀǊōƻƴ ƛǎƻǘƻǇƛŎ ŦǊŀŎǝƻƴŀǝƻƴ ƛƴ ǎȅƴǘƘŜǝŎ 

ŀǊŀƎƻƴƛǘŜ ŀƴŘ ŎŀƭŎƛǘŜΥ 9ũŜŎǘǎ ƻŦ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǇǊŜŎƛǇƛǘŀǝƻƴ ǊŀǘŜΦ DŜƻŎƘƛƳƛŎŀ Ŝǘ 

/ƻǎƳƻŎƘƛƳƛŎŀ !ŎǘŀΣ рсόмύΣ пмфςполΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκллмсπтлотόфнύфлмпнπс  

wƻǿƭŜȅΣ 5Φ .ΦΣ LƴǎŜƭΣ bΦΣ aƻǳŎƘŀΣ wΦΣ CƻǊǘŜΣ !Φ aΦΣ aƛǘǊƻǾƛŎŀΣ WΦ ·ΦΣ Ŝǘ ŀƭΦ όнлмоύΦ vǳŀƴǝǘŀǝǾŜ Ǝƭƻōŀƭ 

ǇŀƭŜƻƎŜƻƎǊŀǇƘȅΥ LƴǘŜƎǊŀǝƴƎ ƎŜƻƭƻƎȅ ŀƴŘ ƎŜƻŘȅƴŀƳƛŎǎ ƛƴ ǘƘŜ ŎǊŜŀǝƻƴ ƻŦ ƴŜȄǘȤƎŜƴŜǊŀǝƻƴ 

ǇŀƭŜƻƎŜƻƎǊŀǇƘƛŎ ƳŀǇǎ ώ¦ƴǇǳōƭƛǎƘŜŘ ŘŀǘŀǎŜǘϐΦ wŜǘǊƛŜǾŜŘ ŦǊƻƳ 

ƘǧǇǎΥκκǿǿǿΦǊŜǎŜŀǊŎƘƎŀǘŜΦƴŜǘκǇǳōƭƛŎŀǝƻƴκнрттфумуу  

wǳǎǘΣ .Φ wΦΣ ϧ DƛōƭƛƴƎΣ aΦ wΦ όмффлύΦ .ǊŀƛŘǇƭŀƛƴ ŜǾƻƭǳǝƻƴ ƛƴ ǘƘŜ tŜƴƴǎȅƭǾŀƴƛŀƴ {ƻǳǘƘ .ŀǊ CƻǊƳŀǝƻƴΣ 

{ȅŘƴŜȅ .ŀǎƛƴΣ bƻǾŀ {ŎƻǝŀΣ /ŀƴŀŘŀΦ WƻǳǊƴŀƭ ƻŦ {ŜŘƛƳŜƴǘŀǊȅ wŜǎŜŀǊŎƘΣ слόмύΣ рфςтнΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмолсκнмнCфммлπн.нпπмм5тπуспулллмлн/муср5  

{ŀŘƭŜǊΣ tΦ aΦ όмфумύΦ {ŜŘƛƳŜƴǘ !ŎŎǳƳǳƭŀǝƻƴ wŀǘŜǎ ŀƴŘ ǘƘŜ /ƻƳǇƭŜǘŜƴŜǎǎ ƻŦ {ǘǊŀǝƎǊŀǇƘƛŎ {ŜŎǝƻƴǎΦ ¢ƘŜ 

WƻǳǊƴŀƭ ƻŦ DŜƻƭƻƎȅΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлусκснусно  

{ŀƴȊπtŞǊŜȊΣ 5ΦΣ aƻƴǘŀƭǾƻΣ /Φ LΦΣ aŜƘƭΣ !Φ 9ΦΣ ¢ƻƳŀǎǎƛƴƛΣ wΦ [ΦΣ IŜǊƴłƴŘŜȊ CŜǊƴłƴŘŜȊΣ aΦΣ ϧ 5ƻƳƛƴƎƻΣ [Φ 

όнлнпύΦ tŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ǇŀƭŜƻŜŎƻƭƻƎȅ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ŜŀǊƭȅ ǇƘŀǎŜǎ ƻŦ ǘƘŜ DǊŜŀǘ 

!ƳŜǊƛŎŀƴ .ƛƻǝŎ LƴǘŜǊŎƘŀƴƎŜ ōŀǎŜŘ ƻƴ ǎǘŀōƭŜ ƛǎƻǘƻǇŜ ŀƴŀƭȅǎƛǎ ƻŦ Ŧƻǎǎƛƭ ƳŀƳƳŀƭǎ ŀƴŘ ƴŜǿ ¦ςtō 

ŀƎŜǎ ŦǊƻƳ ǘƘŜ tŀƳǇŀǎ ƻŦ !ǊƎŜƴǝƴŀΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ сопΣ 

мммфмтΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнлноΦмммфмт  

{ŜǘƘΣ !ΦΣ DƛŀƴƴƛƴƛΣ !ΦΣ wƻƧŀǎΣ aΦΣ wŀǳǎŎƘŜǊΣ {Φ !ΦΣ .ƻǊŘƻƴƛΣ {ΦΣ {ƛƴƎƘΣ 5ΦΣ ϧ /ŀƳŀǊƎƻΣ {Φ WΦ όнлмфύΦ aƻƴǎƻƻƴ 

wŜǎǇƻƴǎŜǎ ǘƻ /ƭƛƳŀǘŜ /ƘŀƴƎŜǎτ/ƻƴƴŜŎǝƴƎ tŀǎǘΣ tǊŜǎŜƴǘ ŀƴŘ CǳǘǳǊŜΦ /ǳǊǊŜƴǘ /ƭƛƳŀǘŜ /ƘŀƴƎŜ 

wŜǇƻǊǘǎΣ рόнύΣ соςтфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκǎплспмπлмфπллмнрπȅ  

{ƘŀǊƳŀƴΣ DΦ wΦΣ ϧ aŀƭƪƻǿǎƪƛΣ aΦ !Φ όнлнлύΦ bŜŜŘƭŜǎ ƛƴ ŀ ƘŀȅǎǘŀŎƪΥ 5ŜǘǊƛǘŀƭ ȊƛǊŎƻƴ ¦tō ŀƎŜǎ ŀƴŘ ǘƘŜ 

ƳŀȄƛƳǳƳ ŘŜǇƻǎƛǝƻƴŀƭ ŀƎŜ ƻŦ ƳƻŘŜǊƴ Ǝƭƻōŀƭ ǎŜŘƛƳŜƴǘΦ 9ŀǊǘƘπ{ŎƛŜƴŎŜ wŜǾƛŜǿǎΣ нлоΣ мломлфΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜŀǊǎŎƛǊŜǾΦнлнлΦмломлф  

{ƘŜƭŘƻƴΣ bΦ 5ΦΣ ϧ ¢ŀōƻǊΣ bΦ WΦ όнллфύΦ vǳŀƴǝǘŀǝǾŜ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ŀƴŘ ǇŀƭŜƻŎƭƛƳŀǝŎ ǊŜŎƻƴǎǘǊǳŎǝƻƴ 

ǳǎƛƴƎ ǇŀƭŜƻǎƻƭǎΦ 9ŀǊǘƘπ{ŎƛŜƴŎŜ wŜǾƛŜǿǎΣ фрόмύΣ мςрнΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜŀǊǎŎƛǊŜǾΦнллфΦлоΦллп  
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{ƘŜƭŘƻƴΣ bΦ 5ΦΣ wŜǘŀƭƭŀŎƪΣ DΦ WΦΣ ϧ ¢ŀƴŀƪŀΣ {Φ όнллнύΦ DŜƻŎƘŜƳƛŎŀƭ /ƭƛƳƻŦǳƴŎǝƻƴǎ ŦǊƻƳ bƻǊǘƘ !ƳŜǊƛŎŀƴ 

{ƻƛƭǎ ŀƴŘ !ǇǇƭƛŎŀǝƻƴ ǘƻ tŀƭŜƻǎƻƭǎ ŀŎǊƻǎǎ ǘƘŜ 9ƻŎŜƴŜπhƭƛƎƻŎŜƴŜ .ƻǳƴŘŀǊȅ ƛƴ hǊŜƎƻƴΦ ¢ƘŜ WƻǳǊƴŀƭ 

ƻŦ DŜƻƭƻƎȅΣ ммлόсύΣ сутςсфсΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлусκопнуср  

{ƘŜƭŘƻƴΣ bΦ 5ΦΣ {ƳƛǘƘΣ {Φ ¸ΦΣ {ǘŜƛƴΣ wΦΣ ϧ bƎΣ aΦ όнлнлύΦ /ŀǊōƻƴ ƛǎƻǘƻǇŜ ŜŎƻƭƻƎȅ ƻŦ ƎȅƳƴƻǎǇŜǊƳǎ ŀƴŘ 

ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǇŀƭŜƻŎƭƛƳŀǝŎ ŀƴŘ ǇŀƭŜƻŜŎƻƭƻƎƛŎŀƭ ǎǘǳŘƛŜǎΦ Dƭƻōŀƭ ŀƴŘ tƭŀƴŜǘŀǊȅ /ƘŀƴƎŜΣ мупΣ 

млолслΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎƭƻǇƭŀŎƘŀΦнлмфΦмлолсл  

{ƛƭǾŀΣ ±Φ .ΦΣ ϧ YƻǳǎƪȅΣ ±Φ 9Φ όнлмнύΦ ¢ƘŜ {ƻǳǘƘ !ƳŜǊƛŎŀƴ Ƴƻƴǎƻƻƴ ǎȅǎǘŜƳΥ /ƭƛƳŀǘƻƭƻƎȅ ŀƴŘ ǾŀǊƛŀōƛƭƛǘȅΦ 

aƻŘŜǊƴ ŎƭƛƳŀǘƻƭƻƎȅΣ мноΣ мрнΦ 

{ƛƳƻƴŜƛǘΣ .Φ wΦ ¢ΦΣ ϧ aŀȊǳǊŜƪΣ aΦ !Φ όмфунύΦ hǊƎŀƴƛŎ ƳŀǧŜǊ ƻŦ ǘƘŜ ǘǊƻǇƻǎǇƘŜǊŜτLLΦ zbŀǘǳǊŀƭ ōŀŎƪƎǊƻǳƴŘ 

ƻŦ ōƛƻƎŜƴƛŎ ƭƛǇƛŘ ƳŀǧŜǊ ƛƴ ŀŜǊƻǎƻƭǎ ƻǾŜǊ ǘƘŜ ǊǳǊŀƭ ǿŜǎǘŜǊƴ ǳƴƛǘŜŘ ǎǘŀǘŜǎΦ !ǘƳƻǎǇƘŜǊƛŎ 

9ƴǾƛǊƻƴƳŜƴǘ όмфстύΣ мсόфύΣ нмофςнмрфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκлллпπсфумόунύфлнупπл  

{ƛƳƻƴŜƛǘΣ .Φ wΦ ¢ΦΣ wƻƎƎŜΣ ²Φ CΦΣ aŀȊǳǊŜƪΣ aΦ !ΦΣ {ǘŀƴŘƭŜȅΣ [Φ WΦΣ IƛƭŘŜƳŀƴƴΣ [Φ aΦΣ ϧ /ŀǎǎΣ DΦ wΦ όмффоύΦ 

[ƛƎƴƛƴ ǇȅǊƻƭȅǎƛǎ ǇǊƻŘǳŎǘǎΣ ƭƛƎƴŀƴǎΣ ŀƴŘ ǊŜǎƛƴ ŀŎƛŘǎ ŀǎ ǎǇŜŎƛŬŎ ǘǊŀŎŜǊǎ ƻŦ Ǉƭŀƴǘ ŎƭŀǎǎŜǎ ƛƴ ŜƳƛǎǎƛƻƴǎ 

ŦǊƻƳ ōƛƻƳŀǎǎ ŎƻƳōǳǎǝƻƴΦ 9ƴǾƛǊƻƴƳŜƴǘŀƭ {ŎƛŜƴŎŜ ϧ ¢ŜŎƘƴƻƭƻƎȅΣ нтόмнύΣ нрооςнрпмΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнмκŜǎлллпуŀлоп  

{ƻƛƭ {ǳǊǾŜȅ {ǘŀũΦόнлмпύΦ YŜȅǎ ǘƻ {ƻƛƭ ¢ŀȄƻƴƻƳȅ όмнǘƘ ŜŘΦύΥ ²ŀǎƘƛƴƎǘƻƴΣ 5Φ/ΦΣ ¦Φ{Φ 5ŜǇŀǊǘƳŜƴǘ ƻŦ 

!ƎǊƛŎǳƭǘǳǊŜ bŀǘǳǊŀƭ wŜǎƻǳǊŎŜǎ /ƻƴǎŜǊǾŀǝƻƴ {ŜǊǾƛŎŜΣ осл ǇΦ 

{ǘŀǊŎƪΣ 5ΦΣ ϧ !ƴȊƽǘŜƎǳƛΣ [Φ aΦ όнллмύΦ ¢ƘŜ ƭŀǘŜ ƳƛƻŎŜƴŜ ŎƭƛƳŀǝŎ ŎƘŀƴƎŜτtŜǊǎƛǎǘŜƴŎŜ ƻŦ ŀ ŎƭƛƳŀǝŎ ǎƛƎƴŀƭ 

ǘƘǊƻǳƎƘ ǘƘŜ ƻǊƻƎŜƴƛŎ ǎǘǊŀǝƎǊŀǇƘƛŎ ǊŜŎƻǊŘ ƛƴ ƴƻǊǘƘǿŜǎǘŜǊƴ !ǊƎŜƴǝƴŀΦ WƻǳǊƴŀƭ ƻŦ {ƻǳǘƘ !ƳŜǊƛŎŀƴ 

9ŀǊǘƘ {ŎƛŜƴŎŜǎΣ мпόтύΣ тсоςттпΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκ{луфрπфуммόлмύлллссπф  

{ǘŀǳŘƛƎŜƭΣ tΦ ¢ΦΣ ϧ {ǿŀǊǘΣ tΦ YΦ όнлмсύΦ LǎƻǘƻǇƛŎ ōŜƘŀǾƛƻǊ ŘǳǊƛƴƎ ǘƘŜ ŀǊŀƎƻƴƛǘŜπŎŀƭŎƛǘŜ ǘǊŀƴǎƛǝƻƴΥ 

LƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǎŀƳǇƭŜ ǇǊŜǇŀǊŀǝƻƴ ŀƴŘ ǇǊƻȄȅ ƛƴǘŜǊǇǊŜǘŀǝƻƴΦ /ƘŜƳƛŎŀƭ DŜƻƭƻƎȅΣ ппнΣ молςмоуΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŎƘŜƳƎŜƻΦнлмсΦлфΦлмо   

{ǘŜƛƴǘƘƻǊǎŘƻǩǊΣ aΦΣ /ƻȄŀƭƭΣ IΦ YΦΣ 5Ŝ .ƻŜǊΣ !Φ aΦΣ IǳōŜǊΣ aΦΣ .ŀǊōƻƭƛƴƛΣ bΦΣ .ǊŀŘǎƘŀǿΣ /Φ 5ΦΣ ΦΦΦ ϧ 

{ǘǊǀƳōŜǊƎΣ /Φ !Φ 9Φ όнлнмύΦ ¢ƘŜ aƛƻŎŜƴŜΥ ¢ƘŜ ŦǳǘǳǊŜ ƻŦ ǘƘŜ ǇŀǎǘΦ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅ ŀƴŘ 

tŀƭŜƻŎƭƛƳŀǘƻƭƻƎȅΣ осόпύΣ Ŝнлнлt!ллплотΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлt!ллплот  

{ǘŜǇǇǳƘƴΣ !ΦΣ aƛŎƘŜŜƭǎΣ !ΦΣ .ǊǳŎƘΣ !Φ !ΦΣ ¦ƘƭΣ 5ΦΣ ¦ǘŜǎŎƘŜǊΣ ¢ΦΣ ϧ aƻǎōǊǳƎƎŜǊΣ ±Φ όнллтύΦ ¢ƘŜ ǎŜƴǎƛǝǾƛǘȅ ƻŦ 

9/I!aпκa[ ǘƻ ŀ ŘƻǳōƭŜ /hн ǎŎŜƴŀǊƛƻ ŦƻǊ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜ ŀƴŘ ǘƘŜ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘŜǊǊŜǎǘǊƛŀƭ 
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ǇǊƻȄȅ ŘŀǘŀΦ Dƭƻōŀƭ ŀƴŘ tƭŀƴŜǘŀǊȅ /ƘŀƴƎŜΣ ртόоςпύΣ муфςнмнΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎƭƻǇƭŀŎƘŀΦнллсΦлфΦлло  

{ǘǊŜŎƪŜǊΣ aΦ wΦΣ !ƭƻƴǎƻΣ wΦ bΦΣ .ƻƻƪƘŀƎŜƴΣ .ΦΣ /ŀǊǊŀǇŀΣ .ΦΣ IƛƭƭŜȅΣ DΦ 9ΦΣ {ƻōŜƭΣ 9Φ wΦΣ ϧ ¢ǊŀǳǘƘΣ aΦ IΦ όнллтύΦ 

¢ŜŎǘƻƴƛŎǎ ŀƴŘ /ƭƛƳŀǘŜ ƻŦ ǘƘŜ {ƻǳǘƘŜǊƴ /ŜƴǘǊŀƭ !ƴŘŜǎΦ !ƴƴǳŀƭ wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ 

{ŎƛŜƴŎŜǎΣ орόмύΣ тптςтутΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾΦŜŀǊǘƘΦорΦломолсΦмплмру  

{ǘǊǀƳōŜǊƎΣ /Φ !Φ όнлммύΦ 9Ǿƻƭǳǝƻƴ ƻŦ ƎǊŀǎǎŜǎ ŀƴŘ ƎǊŀǎǎƭŀƴŘ ŜŎƻǎȅǎǘŜƳǎΦ !ƴƴǳŀƭ ǊŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ 

ǇƭŀƴŜǘŀǊȅ ǎŎƛŜƴŎŜǎΣ офόмύΣ рмтπрппΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾπŜŀǊǘƘπлплулфπмрнплн    

{ǘǊǀƳōŜǊƎΣ /Φ !ΦΣ ϧ aŎLƴŜǊƴŜȅΣ CΦ !Φ όнлммύΦ ¢ƘŜ bŜƻƎŜƴŜ ǘǊŀƴǎƛǝƻƴ ŦǊƻƳ /о ǘƻ /п ƎǊŀǎǎƭŀƴŘǎ ƛƴ bƻǊǘƘ 

!ƳŜǊƛŎŀΥ ŀǎǎŜƳōƭŀƎŜ ŀƴŀƭȅǎƛǎ ƻŦ Ŧƻǎǎƛƭ ǇƘȅǘƻƭƛǘƘǎΦ tŀƭŜƻōƛƻƭƻƎȅΣ отόмύΣ рлπтмΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмсссκлфлстΦм   

{ǘǊǀƳōŜǊƎΣ /Φ !Φ 9Φ όнллпύΦ ¦ǎƛƴƎ ǇƘȅǘƻƭƛǘƘ ŀǎǎŜƳōƭŀƎŜǎ ǘƻ ǊŜŎƻƴǎǘǊǳŎǘ ǘƘŜ ƻǊƛƎƛƴ ŀƴŘ ǎǇǊŜŀŘ ƻŦ ƎǊŀǎǎπ

ŘƻƳƛƴŀǘŜŘ Ƙŀōƛǘŀǘǎ ƛƴ ǘƘŜ ƎǊŜŀǘ Ǉƭŀƛƴǎ ƻŦ bƻǊǘƘ !ƳŜǊƛŎŀ ŘǳǊƛƴƎ ǘƘŜ ƭŀǘŜ 9ƻŎŜƴŜ ǘƻ ŜŀǊƭȅ 

aƛƻŎŜƴŜΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ нлтόоύΣ нофςнтрΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнллоΦлфΦлну  

{ǘǊǀƳōŜǊƎΣ /Φ!Φ όнллоύΦ ¢ƘŜ hǊƛƎƛƴ ŀƴŘ {ǇǊŜŀŘ ƻŦ DǊŀǎǎπ5ƻƳƛƴŀǘŜŘ 9ŎƻǎȅǎǘŜƳǎ ŘǳǊƛƴƎ ǘƘŜ ¢ŜǊǝŀǊȅ ƻŦ 

bƻǊǘƘ !ƳŜǊƛŎŀƴ ŀƴŘ Iƻǿ Lǘ wŜƭŀǘŜǎ ǘƻ ǘƘŜ 9Ǿƻƭǳǝƻƴ ƻŦ IȅǇǎƻŘƻƴǘȅ ƛƴ 9ǉǳƛŘǎ ώtƘΦ5Φ 

ŘƛǎǎŜǊǘŀǝƻƴϐΥ .ŜǊƪŜƭŜȅΣ /ŀƭƛŦƻǊƴƛŀΣ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ /ŀƭƛŦƻǊƴƛŀς.ŜǊƪŜƭŜȅ Σ мрру ǇΦ 

¢ŀōƻǊΣ bΦ WΦΣ 5ƛaƛŎƘŜƭŜΣ ²Φ !ΦΣ aƻƴǘŀƷŜȊΣ LΦ tΦΣ ϧ /ƘŀƴŜȅΣ 5Φ {Φ όнлмоύΦ [ŀǘŜ tŀƭŜƻȊƻƛŎ ŎƻƴǝƴŜƴǘŀƭ ǿŀǊƳƛƴƎ 

ƻŦ ŀ ŎƻƭŘ ǘǊƻǇƛŎŀƭ ōŀǎƛƴ ŀƴŘ ƅƻǊƛǎǝŎ ŎƘŀƴƎŜ ƛƴ ǿŜǎǘŜǊƴ tŀƴƎŜŀΦ LƴǘŜǊƴŀǝƻƴŀƭ WƻǳǊƴŀƭ ƻŦ /ƻŀƭ 

DŜƻƭƻƎȅΣ ммфΣ мттςмусΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŎƻŀƭΦнлмоΦлтΦллф  

¢ŀōƻǊΣ bΦ WΦΣ aƻƴǘŀƷŜȊΣ LΦ tΦΣ ½ƛŜǊŜƴōŜǊƎΣ wΦΣ ϧ /ǳǊǊƛŜΣ .Φ {Φ όнллпύΦ aƛƴŜǊŀƭƻƎƛŎŀƭ ŀƴŘ ƎŜƻŎƘŜƳƛŎŀƭ 

ŜǾƻƭǳǝƻƴ ƻŦ ŀ ōŀǎŀƭǘπƘƻǎǘŜŘ Ŧƻǎǎƛƭ ǎƻƛƭ ό[ŀǘŜ ¢ǊƛŀǎǎƛŎΣ LǎŎƘƛƎǳŀƭŀǎǘƻ CƻǊƳŀǝƻƴΣ ƴƻǊǘƘǿŜǎǘ 

!ǊƎŜƴǝƴŀύΥ tƻǘŜƴǝŀƭ ŦƻǊ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜŎƻƴǎǘǊǳŎǝƻƴΦ D{! .ǳƭƭŜǝƴΣ ммсόфςмлύΣ мнулς

мнфоΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκ.нрнннΦм  

¢ŀƴƴŜǊΣ ¢ΦΣ IŜǊƴłƴŘŜȊπ!ƭƳŜƛŘŀΣ LΦΣ 5ǊǳǊȅΣ !Φ WΦΣ DǳƛǝłƴΣ WΦΣ ϧ {ǘƻƭƭΣ IΦ όнлнлύΦ 5ŜŎǊŜŀǎƛƴƎ !ǘƳƻǎǇƘŜǊƛŎ /hн 

5ǳǊƛƴƎ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜ /ƻƻƭƛƴƎΦ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅ ŀƴŘ tŀƭŜƻŎƭƛƳŀǘƻƭƻƎȅΣ орόмнύΣ 

Ŝнлнлt!ллофнрΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнлнлt!ллофнр  

https://doi.org/10.1016/j.gloplacha.2006.09.003
https://doi.org/10.1146/annurev.earth.35.031306.140158
https://doi.org/10.1146/annurev-earth-040809-152402
https://doi.org/10.1666/09067.1
https://doi.org/10.1016/j.palaeo.2003.09.028
https://doi.org/10.1016/j.coal.2013.07.009
https://doi.org/10.1130/B25222.1
https://doi.org/10.1029/2020PA003925


   

170 

 

¢ƛŜǊƴŜȅΣ WΦ 9ΦΣ tƻǳƭǎŜƴΣ /Φ WΦΣ aƻƴǘŀƷŜȊΣ LΦ tΦΣ .ƘŀǧŀŎƘŀǊȅŀΣ ¢ΦΣ CŜƴƎΣ wΦΣ CƻǊŘΣ IΦ [ΦΣ IǀƴƛǎŎƘΣ .ΦΣ LƴƎƭƛǎΣ DΦ 

bΦΣ tŜǘŜǊǎŜƴΣ {Φ ±ΦΣ {ŀƎƻƻΣ bΦΣ ¢ŀōƻǊΣ /Φ wΦΣ ¢ƘƛǊǳƳŀƭŀƛΣ YΦΣ ½ƘǳΣ WΦΣ .ǳǊƭǎΣ bΦ WΦΣ CƻǎǘŜǊΣ DΦ [ΦΣ 

DƻŘŘŞǊƛǎΣ ¸ΦΣ IǳōŜǊΣ .Φ ¢ΦΣ LǾŀƴȅΣ [Φ /ΦΣ YƛǊǘƭŀƴŘ ¢ǳǊƴŜǊΣ {ΦΣ Χ ½ƘŀƴƎΣ ¸Φ DΦ όнлнлύΦ tŀǎǘ ŎƭƛƳŀǘŜǎ 

ƛƴŦƻǊƳ ƻǳǊ ŦǳǘǳǊŜΦ {ŎƛŜƴŎŜΣ отлόсрмтύΣ ŜŀŀȅотлмΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŜƴŎŜΦŀŀȅотлм  

¢ƛǇǇƭŜΣ .Φ WΦΣ aŜȅŜǊǎΣ {Φ wΦΣ ϧ tŀƎŀƴƛΣ aΦ όнлмлύΦ /ŀǊōƻƴ ƛǎƻǘƻǇŜ Ǌŀǝƻ ƻŦ /ŜƴƻȊƻƛŎ /hнΥ ! ŎƻƳǇŀǊŀǝǾŜ 

ŜǾŀƭǳŀǝƻƴ ƻŦ ŀǾŀƛƭŀōƭŜ ƎŜƻŎƘŜƳƛŎŀƭ ǇǊƻȄƛŜǎΦ tŀƭŜƻŎŜŀƴƻƎǊŀǇƘȅΣ нрόоύΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκнллфt!ллмурм   

¦ōŀΣ /Φ 9ΦΣ {ǘǊŜŎƪŜǊΣ aΦ wΦΣ ϧ {ŎƘƳƛǧΣ !Φ YΦ όнллтύΦ LƴŎǊŜŀǎŜŘ ǎŜŘƛƳŜƴǘ ŀŎŎǳƳǳƭŀǝƻƴ ǊŀǘŜǎ ŀƴŘ ŎƭƛƳŀǝŎ 

ŦƻǊŎƛƴƎ ƛƴ ǘƘŜ ŎŜƴǘǊŀƭ !ƴŘŜǎ ŘǳǊƛƴƎ ǘƘŜ ƭŀǘŜ aƛƻŎŜƴŜΦ DŜƻƭƻƎȅΣ орόммύΣ фтфΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммолκDннплнр!Φм    

±ŜǊŀΣ /ΦΣ IƛƎƎƛƴǎΣ ²ΦΣ !ƳŀŘƻǊΣ WΦΣ !ƳōǊƛȊȊƛΣ ¢ΦΣ DŀǊǊŜŀǳŘΣ wΦΣ DƻŎƘƛǎΣ 5ΦΣ DǳǘȊƭŜǊΣ 5ΦΣ [ŜǧŜƴƳŀƛŜǊΣ 5ΦΣ 

aŀǊŜƴƎƻΣ WΦΣ aŜŎƘƻǎƻΣ /Φ wΦΣ bƻƎǳŜǎπtŀŜƎƭŜΣ WΦΣ 5ƛŀǎΣ tΦ [Φ {ΦΣ ϧ ½ƘŀƴƎΣ /Φ όнллсύΦ ¢ƻǿŀǊŘ ŀ ¦ƴƛŬŜŘ 

±ƛŜǿ ƻŦ ǘƘŜ !ƳŜǊƛŎŀƴ aƻƴǎƻƻƴ {ȅǎǘŜƳǎΦ WƻǳǊƴŀƭ ƻŦ /ƭƛƳŀǘŜΣ мфόнлύΣ пфттςрлллΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммтрκW/[LоуфсΦм  

±ŜǊƳŜŜǎŎƘΣ tΦ όнлнмύΦ aŀȄƛƳǳƳ ŘŜǇƻǎƛǝƻƴŀƭ ŀƎŜ ŜǎǝƳŀǝƻƴ ǊŜǾƛǎƛǘŜŘΦ DŜƻǎŎƛŜƴŎŜ CǊƻƴǝŜǊǎΣ мнόнύΣ упоς

урлΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƎǎŦΦнлнлΦлуΦллу  

²ŀƴƎΣ IΦΣ 5ŀƛΣ ¸ΦΣ ¸ŀƴƎΣ {ΦΣ [ƛΣ ¢ΦΣ [ǳƻΣ WΦΣ {ǳƴΣ .ΦΣ 5ǳŀƴΣ aΦΣ aŀΣ WΦΣ ¸ƛƴΣ ½ΦΣ ϧ IǳŀƴƎΣ ¸Φ όнлннύΦ tǊŜŘƛŎǝƴƎ 

ŎƭƛƳŀǘŜ ŀƴƻƳŀƭƛŜǎΥ ! ǊŜŀƭ ŎƘŀƭƭŜƴƎŜΦ !ǘƳƻǎǇƘŜǊƛŎ ŀƴŘ hŎŜŀƴƛŎ {ŎƛŜƴŎŜ [ŜǧŜǊǎΣ мрόмύΣ мллммрΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŀƻǎƭΦнлнмΦмллммр  

²ŜōǎǘŜǊΣ tΦ WΦΣ aŀƎŀƷŀΣ ±Φ hΦΣ tŀƭƳŜǊΣ ¢Φ bΦΣ {ƘǳƪƭŀΣ WΦΣ ¢ƻƳŀǎΣ wΦ !ΦΣ ¸ŀƴŀƛΣ aΦΣ ϧ ¸ŀǎǳƴŀǊƛΣ ¢Φ όмффуύΦ 

aƻƴǎƻƻƴǎΥ tǊƻŎŜǎǎŜǎΣ ǇǊŜŘƛŎǘŀōƛƭƛǘȅΣ ŀƴŘ ǘƘŜ ǇǊƻǎǇŜŎǘǎ ŦƻǊ ǇǊŜŘƛŎǝƻƴΦ WƻǳǊƴŀƭ ƻŦ DŜƻǇƘȅǎƛŎŀƭ 

wŜǎŜŀǊŎƘΥ hŎŜŀƴǎΣ млоό/тύΣ мппрмςмпрмлΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлнфκфтW/лнтмф  

²ŜƴΣ ¸ΦΣ ½ƘŀƴƎΣ [ΦΣ IƻƭōƻǳǊƴΣ !Φ 9ΦΣ ½ƘǳΣ /ΦΣ IǳƴǝƴƎǘƻƴΣ YΦ ²ΦΣ WƛƴΣ ¢ΦΣ [ƛΣ ¸ΦΣ ϧ ²ŀƴƎΣ /Φ όнлноύΦ /hнπŦƻǊŎŜŘ 

[ŀǘŜ aƛƻŎŜƴŜ ŎƻƻƭƛƴƎ ŀƴŘ ŜŎƻǎȅǎǘŜƳ ǊŜƻǊƎŀƴƛȊŀǝƻƴǎ ƛƴ 9ŀǎǘ !ǎƛŀΦ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ bŀǝƻƴŀƭ 

!ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎΣ мнлόрύΣ ŜннмпсррмнлΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлтоκǇƴŀǎΦннмпсррмнл  

²ŜƴŘǘΣ LΦΣ ϧ /ŀǊƭΣ /Φ όмффмύΦ ¢ƘŜ ǎǘŀǝǎǝŎŀƭ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ǘƘŜ ƳŜŀƴ ǎǉǳŀǊŜŘ ǿŜƛƎƘǘŜŘ ŘŜǾƛŀǝƻƴΦ 

/ƘŜƳƛŎŀƭ DŜƻƭƻƎȅΥ LǎƻǘƻǇŜ DŜƻǎŎƛŜƴŎŜ {ŜŎǝƻƴΣ усόпύΣ нтрςнурΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκлмсуπ

фсннόфмύфллмлπ¢  
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²ȅƴƴΣ WΦ όнллтύΦ /ŀǊōƻƴ LǎƻǘƻǇŜ CǊŀŎǝƻƴŀǝƻƴ 5ǳǊƛƴƎ 5ŜŎƻƳǇƻǎƛǝƻƴ ƻŦ hǊƎŀƴƛŎ aŀǧŜǊ Lƴ {ƻƛƭǎ ŀƴŘ 

tŀƭŜƻǎƻƭǎΥ LƳǇƭƛŎŀǝƻƴǎ ŦƻǊ tŀƭŜƻŜŎƻƭƻƎƛŎŀƭ LƴǘŜǊǇǊŜǘŀǝƻƴǎ ƻŦ tŀƭŜƻǎƻƭǎΦ tŀƭŀŜƻƎŜƻƎǊŀǇƘȅΣ 

tŀƭŀŜƻŎƭƛƳŀǘƻƭƻƎȅΣ tŀƭŀŜƻŜŎƻƭƻƎȅΣ нрмόоςпύΣ потςпруΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦǇŀƭŀŜƻΦнллтΦлпΦллф  

¸ǊƛƎƻȅŜƴΣ aΦ wΦ όмффоύΦ wŜǾƛǎƛƽƴ ŜǎǘǊŀǝƎǊłŬŎŀ ŘŜƭ bŜƽƎŜƴƻ ŘŜ ƭŀ ǊŜƎƛƽƴ /ŀŎƘŜǳǘŀπ[ŀ tƛƭƻƴŀπ¢ǳǇǳƴƎŀǘƻΣ 

aŜƴŘƻȊŀ ǎŜǇǘŜƴǘǊƛƻƴŀƭΣ !ǊƎŜƴǝƴŀΦ мнȏ /ƻƴƎǊŜǎƻ DŜƻƭƽƎƛŎƻ !ǊƎŜƴǝƴƻ ȅ нȏ /ƻƴƎǊŜǎƻ ŘŜ 

9ȄǇƭƻǊŀŎƛƽƴ ŘŜ IƛŘǊƻŎŀǊōǳǊƻǎ !ŎǘŀǎΣ нΣ мутςмффΦ 

¸ǳΣ DΦπ!Φ όнлнрύΦ !ƭƭǳǾƛŀƭ Ŧŀƴ ƳƻǊǇƘƻŘȅƴŀƳƛŎǎΥ !ŘǾŀƴŎŜǎ ŀƴŘ ŦǳǘǳǊŜ ǇǊƻǎǇŜŎǘǎΦ 9ŀǊǘƘπ{ŎƛŜƴŎŜ wŜǾƛŜǿǎΣ 

нтлΣ млрннфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦŜŀǊǎŎƛǊŜǾΦнлнрΦмлрннф  

½ŀŎƘƻǎΣ WΦΣ tŀƎŀƴƛΣ aΦΣ {ƭƻŀƴΣ [ΦΣ ¢ƘƻƳŀǎΣ 9ΦΣ ϧ .ƛƭƭǳǇǎΣ YΦ όнллмύΦ ¢ǊŜƴŘǎΣ wƘȅǘƘƳǎΣ ŀƴŘ !ōŜǊǊŀǝƻƴǎ ƛƴ 

Dƭƻōŀƭ /ƭƛƳŀǘŜ ср aŀ ǘƻ tǊŜǎŜƴǘΦ {ŎƛŜƴŎŜΣ нфнόррмтύΣ сусςсфоΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммнсκǎŎƛŜƴŎŜΦмлрфпмн  

½ƘƛǎƘŜƴƎΣ !ΦΣ DǳƻȄƛƻƴƎΣ ²ΦΣ WƛŀƴǇƛƴƎΣ [ΦΣ ¸ƻǳōƛƴΣ {ΦΣ ¸ƛƳƛƴΣ [ΦΣ ²ŜƛƧƛŀƴΣ ½ΦΣ ¸ŀƴƧǳƴΣ /ΦΣ !ƴƳƛƴΣ 5ΦΣ [ƛΣ [ΦΣ 

WƛŀƴƎȅǳΣ aΦΣ IŀƛΣ /ΦΣ ½ƘŜƴƎƎǳƻΣ {ΦΣ [ƛŀƴƎŎƘŜƴƎΣ ¢ΦΣ IƻƴƎΣ ¸ΦΣ IƻƴƎΣ !ΦΣ IƻƴƎΣ /ΦΣ ϧ WǳŀƴΣ CΦ όнлмрύΦ 

Dƭƻōŀƭ aƻƴǎƻƻƴ 5ȅƴŀƳƛŎǎ ŀƴŘ /ƭƛƳŀǘŜ /ƘŀƴƎŜΦ !ƴƴǳŀƭ wŜǾƛŜǿ ƻŦ 9ŀǊǘƘ ŀƴŘ tƭŀƴŜǘŀǊȅ {ŎƛŜƴŎŜǎΣ 

поό±ƻƭǳƳŜ поΣ нлмрύΣ нфςттΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦммпсκŀƴƴǳǊŜǾπŜŀǊǘƘπлсломоπлрпсно  
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CHAPTER 4: Reconstructing Spatial Variability in Late Miocene Paleoclimate and 

Paleovegetation Across the Cerro Azul Formation, Central Argentina 

Abstract:  

5ŜǎǇƛǘŜ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ǎǇŀǝŀƭ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ŦƻǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǊŜƎƛƻƴŀƭπǎŎŀƭŜ ŘȅƴŀƳƛŎǎΣ ƛǘ ƛǎ 

ƻƊŜƴ ƻǾŜǊƭƻƻƪŜŘ ƛƴ ǘŜǊǊŜǎǘǊƛŀƭ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜŎƻǊŘǎΦ ¢Ƙƛǎ ǎǘǳŘȅ ƛƴǾŜǎǝƎŀǘŜǎ ǎǇŀǝŀƭ ƘŜǘŜǊƻƎŜƴŜƛǘȅ 

ƛƴ bŜƻƎŜƴŜ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘ ǘƘǊƻǳƎƘ ŀ ƳǳƭǝǇǊƻȄȅ ŀǇǇǊƻŀŎƘ ǳǎƛƴƎ ǿŜƭƭπǇǊŜǎŜǊǾŜŘ ǇŀƭŜƻǎƻƭ ƘƻǊƛȊƻƴǎ 

ŦǊƻƳ ǘƘŜ ǎǇŀǝŀƭƭȅ ŜȄǘŜƴǎƛǾŜ /ŜǊǊƻ !Ȋǳƭ CƻǊƳŀǝƻƴ ŀƴŘ ŜǉǳƛǾŀƭŜƴǘ ŘŜǇƻǎƛǘǎ ŀŎǊƻǎǎ ǘƘŜ ǎƻǳǘƘŜŀǎǘŜǊƴ tŀƳǇŀǎ 

ƛƴ ŎŜƴǘǊŀƭ !ǊƎŜƴǝƴŀΦ DŜƻŎƘŜƳƛŎŀƭ ŀƴŘ ƛǎƻǘƻǇƛŎ ŎƻƳǇƻǎƛǝƻƴǎΣ ŀƭƻƴƎ ǿƛǘƘ ǇƘȅǘƻƭƛǘƘ ŀǎǎŜƳōƭŀƎŜǎΣ ǿŜǊŜ ǳǎŜŘ 

ǘƻ ǊŜŎƻƴǎǘǊǳŎǘ ǇŀƭŜƻŎƭƛƳŀǘŜ ŀƴŘ ǇŀƭŜƻǾŜƎŜǘŀǝƻƴ ŎƻƴŘƛǝƻƴǎ ŘǳǊƛƴƎ ŀ ǎǇŜŎƛŬŎ ǎƭƛŎŜ ƻŦ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜ 

όIǳŀȅǉǳŜǊƛŀƴύΦ tŀƭŜƻŎƭƛƳŀǘŜ ǊŜŎƻƴǎǘǊǳŎǝƻƴ ƛƴŘƛŎŀǘŜǎ ŀƴ ƻǾŜǊŀƭƭ ǎŜƳƛπŀǊƛŘ ǘƻ ǎǳōπƘǳƳƛŘ ƘȅŘǊƻŎƭƛƳŀǘŜ ǿƛǘƘ 

ǎǘŀōƭŜ ǇŀƭŜƻǘŜƳǇŜǊŀǘǳǊŜ ŀŎǊƻǎǎ ǘƘŜ ǘǊŀƴǎŜŎǘΦ /ŀǊōƻƴŀǘŜ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜπŘŜǊƛǾŜŘ ǇŀƭŜƻǘŜƳǇŜǊŀǘǳǊŜǎ 

ȅƛŜƭŘ ŀƴ ŀǾŜǊŀƎŜ ǿŀǊƳπƳƻƴǘƘ ƳŜŀƴ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ Ϥооϲ/Φ aŜŀƴ ŀƴƴǳŀƭ ŀƴŘ ƎǊƻǿƛƴƎ ǎŜŀǎƻƴ ǇǊŜŎƛǇƛǘŀǝƻƴ 

ǊŀƴƎŜ ŦǊƻƳ Ϥплл ǘƻ улл ƳƳȅǊπм ŀƴŘ нпм ǘƻ пул ƳƳȅǊπмΣ ǊŜǎǇŜŎǝǾŜƭȅΦ ¢ƘŜ ƻȄȅƎŜƴ ƛǎƻǘƻǇƛŎ ŎƻƳǇƻǎƛǝƻƴ ƻŦ 

ǘƘŜ ǎƻǳǊŎŜ ǿŀǘŜǊΣ ǊŜŎƻƴǎǘǊǳŎǘŜŘ ŦǊƻƳ ǇŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜǎΣ ǾŀǊƛŜǎ ōŜǘǿŜŜƴ πнΦм ŀƴŘ ҌмΦф҉Φ 

tŀƭŜƻǾŜƎŜǘŀǝƻƴ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎ ōŀǎŜŘ ƻƴ ŎŀǊōƻƴ ƛǎƻǘƻǇƛŎ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǘƘŜ ǎƻƛƭ ƻǊƎŀƴƛŎ ƳŀǧŜǊ ŀƴŘ 

ǇƘȅǘƻƭƛǘƘ ŀǎǎŜƳōƭŀƎŜǎ ƛƴŘƛŎŀǘŜ ŀ ƎǊŀǎǎƭŀƴŘπŘƻƳƛƴŀǘŜŘ ŜŎƻǎȅǎǘŜƳ ǿƛǘƘ ŀōǳƴŘŀƴǘ /о ǾŜƎŜǘŀǝƻƴ ŀƴŘ 

ƳƻŘŜǊŀǘŜ ǇǊŜǎŜƴŎŜ ƻŦ /п ƎǊŀǎǎŜǎ όǳǇ ǘƻ Ϥмт҈ύΦ hǳǊ ƳǳƭǝǇǊƻȄȅ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎ ƛŘŜƴǝŦȅ ŀ ǎƻǳǘƘŜŀǎǘς

ƴƻǊǘƘǿŜǎǘ ƎǊŀŘƛŜƴǘΣ ǿƛǘƘ ǘƘŜ ŘǊƛŜǊ ǎƻǳǘƘŜŀǎǘŜǊƴ ƭƻŎŀƭƛǝŜǎ ǊŜŎŜƛǾƛƴƎ ŀ ƘƛƎƘŜǊ ƎǊƻǿƛƴƎ ǎŜŀǎƻƴ ǇǊŜŎƛǇƛǘŀǝƻƴ 

ŀƴŘ ŜȄƘƛōƛǝƴƎ ƘƛƎƘŜǊ /п ƎǊŀǎǎ ŀōǳƴŘŀƴŎŜǎ ǘƘŀƴ ǘƘŜ ǿŜǧŜǊΣ ƭŜǎǎ ǎŜŀǎƻƴŀƭ ƴƻǊǘƘǿŜǎǘŜǊƴ ƭƻŎŀƭƛǝŜǎΦ ¢Ƙƛǎ 

ǎǘǳŘȅ ǇǊƻǾƛŘŜǎ ŀ ƘƛƎƘπǊŜǎƻƭǳǝƻƴ ǘŜǊǊŜǎǘǊƛŀƭ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜŎƻǊŘ ǘƘŀǘ ƛǎ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǊŜƎƛƻƴŀƭ 

ŎƭƛƳŀǘŜ ǇŀǧŜǊƴǎ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ {ƻǳǘƘ !ƳŜǊƛŎŀƴ Ƴƻƴǎƻƻƴ ǎȅǎǘŜƳ ƛƴ ǘƘŜ bŜƻƎŜƴŜΦ 
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4.1 Introduction  

LƴŎƻǊǇƻǊŀǝƴƎ ǎǇŀǝŀƭ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ƛƴ ǇŀƭŜƻπǊŜŎƻǊŘǎ ƛǎ ƛƴŘƛǎǇŜƴǎŀōƭŜ ŦƻǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ 

ŎƻƳǇƭŜȄƛǘȅ ƻŦ ƭŀƴŘǎŎŀǇŜ ŜǾƻƭǳǝƻƴ ŀƴŘ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŎƘŀƴƎŜ ǘƘǊƻǳƎƘ ǝƳŜ ŀƴŘ ŀŎǊƻǎǎ ǎǇŀŎŜΣ ǇŀǊǝŎǳƭŀǊƭȅ 

ƛƴ ǘŜŎǘƻƴƛŎŀƭƭȅ ŀŎǝǾŜ ǊŜƎƛƻƴǎΦ CƻǊŜƭŀƴŘ ōŀǎƛƴǎΣ ǿƛǘƘ ǘƘƛŎƪ ǎŜŘƛƳŜƴǘŀǊȅ ǎǳŎŎŜǎǎƛƻƴǎ ŀƴŘ ǿŜƭƭπǇǊŜǎŜǊǾŜŘ 

ǇŀƭŜƻǎƻƭǎΣ ƻũŜǊ ǾŀƭǳŀōƭŜ ŀǊŎƘƛǾŜǎ ŦƻǊ ǊŜŎƻƴǎǘǊǳŎǝƴƎ ǘŜǊǊŜǎǘǊƛŀƭ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ŎƻƴŘƛǝƻƴǎ ǳǎƛƴƎ ŀ 

ǿƛŘŜ ǊŀƴƎŜ ƻŦ ƎŜƻŎƘŜƳƛŎŀƭ ŀƴŘ ǎŜŘƛƳŜƴǘƻƭƻƎƛŎŀƭ ǇǊƻȄƛŜǎΦ IƻǿŜǾŜǊΣ ǘƘŜ ƭƛƳƛǘŜŘ ƛƴŎƻǊǇƻǊŀǝƻƴ ƻŦ ǎǇŀǝŀƭ 

ǾŀǊƛŀōƛƭƛǘȅ ƛƴ ǘƘŜǎŜ ǊŜŎƻǊŘǎ Ŏŀƴ ƻōǎŎǳǊŜ ǊŜƎƛƻƴŀƭ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǎƛƎƴŀƭǎΦ ²ƘƛƭŜ ǇŀƭŜƻπƻŎŜŀƴƻƎǊŀǇƘƛŎ ǎǘǳŘƛŜǎ 

ǘŜƴŘ ǘƻ ƛƴǘŜƎǊŀǘŜ ƳǳƭǝǇƭŜ ŎƻǊŜǎ ǘƻ ǊŜǎƻƭǾŜ ōŀǎƛƴπǿƛŘŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƎǊŀŘƛŜƴǘǎ όŜΦƎΦΣ IŜǊōŜǊǘ Ŝǘ ŀƭΦΣ нлмсΤ 

½ŀŎƘƻǎ Ŝǘ ŀƭΦΣ нллмύΣ ǘŜǊǊŜǎǘǊƛŀƭ ǊŜŎƻǊŘǎ ƘŀǾŜ ȅŜǘ ǘƻ ŀŎƘƛŜǾŜ ǎƛƳƛƭŀǊ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ ŘǳŜ ǘƻ ǘƘŜ 

ŘƛǎŎƻƴǝƴǳƻǳǎ ŜȄǇƻǎǳǊŜ ŀƴŘ ǘƘŜ ŦǊŜǉǳŜƴǘ ǊŜǿƻǊƪƛƴƎ ƻǊ ŜǊƻǎƛƻƴ ƻŦ ǘƘŜ ŘŜǇƻǎƛǘǎΦ 

{Ǉŀǝŀƭ ƘŜǘŜǊƻƎŜƴŜƛǘȅ Ŏŀƴ ōŜ ŘǊƛǾŜƴ ōȅ ǎŜǾŜǊŀƭ ŦŀŎǘƻǊǎΣ ǎǳŎƘ ŀǎ ōŀǎƛƴ ƎŜƻƳŜǘǊȅΣ ŜƭŜǾŀǝƻƴΣ 

ǎŜŘƛƳŜƴǘŀǝƻƴ ǊŀǘŜΣ ŀƴŘ ƭƻŎŀƭ ŎƭƛƳŀǝŎ ŎƻƴŘƛǝƻƴǎΣ ǿƘƛŎƘ Ŏŀƴ ǊŜǎǳƭǘ ƛƴ ŀ ŘƛǎǝƴŎǘ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǎƛƎƴŀƭǎ 

ŀŎǊƻǎǎ ǎƘƻǊǘ ŘƛǎǘŀƴŎŜǎΣ ŜǾŜƴ ǿƛǘƘƛƴ ŀ ǎƛƴƎƭŜ ŦƻǊƳŀǝƻƴ ό/ƻǧƻƴ Ŝǘ ŀƭΦΣ нлмнύΦ wŜŎŜƴǘ ǎǘǳŘƛŜǎ ƻŦ ǇŀƭŜƻǎƻƭǎ 

ό.ŀǎƛƭƛŎƛ Ŝǘ ŀƭΦΣ нлнпΤ 5ȊƻƳōŀƪ Ŝǘ ŀƭΦΣ нлнмΤ IȅƭŀƴŘ ŀƴŘ {ƘŜƭŘƻƴΣ нлмрύΣ ŀŜƻƭƛŀƴ ƭƻŜǎǎ ό½ƘŀƴƎ Ŝǘ ŀƭΦΣ нлнмύΣ 

ǎǇŜƭŜƻǘƘŜƳǎ ό.ŀǊǘƻƭƻƳŞ Ŝǘ ŀƭΦΣ нлнпΤ ²ƻƭŦ Ŝǘ ŀƭΦΣ нлноύΣ ŀƴŘ ƭŀƪŜ ǎŜŘƛƳŜƴǘǎ όaƛƭƭǎ Ŝǘ ŀƭΦΣ нлмпΤ ²ƛŜƴƘǳŜǎ 

Ŝǘ ŀƭΦΣ нлноύ ǎƘƻǿ ǘƘŀǘ ŎƭƛƳŀǘŜ ǎƛƎƴŀƭǎ Ŏŀƴ ǾŀǊȅ ǎƛƎƴƛŬŎŀƴǘƭȅ ƻǾŜǊ Ƨǳǎǘ ŀ ŦŜǿ ƪƛƭƻƳŜǘŜǊǎΣ ƘƛƎƘƭƛƎƘǝƴƎ ǘƘŜ 

ƛƳǇƻǊǘŀƴŎŜ ƻŦ ŀŎŎƻǳƴǝƴƎ ŦƻǊ ǎǇŀǝŀƭ ǾŀǊƛŀǝƻƴǎ ƛƴ ǘŜǊǊŜǎǘǊƛŀƭ ǇŀƭŜƻŎƭƛƳŀǘŜ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎΦ {ǳ Ŝǘ ŀƭΦ όнлнпύ 

ƘƛƎƘƭƛƎƘǘ ǘƘŀǘ ŀŎŎƻǳƴǝƴƎ ŦƻǊ ǎǇŀǝŀƭ ǾŀǊƛŀǝƻƴ ƛǎ ǇŀǊǝŎǳƭŀǊƭȅ ŜǎǎŜƴǝŀƭ ŦƻǊ ŀŎŎǳǊŀǘŜ ǇŀƭŜƻŜŎƻƭƻƎƛŎŀƭ ƛƴǎƛƎƘǘǎΦ 

¢ƘŜǊŜŦƻǊŜΣ ǘƻ ōŜǧŜǊ ǳƴŘŜǊǎǘŀƴŘ Ǉŀǎǘ ŎƭƛƳŀǝŎ ŀƴŘ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŜǾƻƭǳǝƻƴΣ ƛǘ ƛǎ ƛƳǇŜǊŀǝǾŜ ǘƻ ƛƴǘŜƎǊŀǘŜ 

ǎǇŀǝŀƭ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ƛƴǘƻ ǘŜǊǊŜǎǘǊƛŀƭ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎΣ ŀƭƭƻǿƛƴƎ ŦƻǊ ŀ ƳƻǊŜ ƴǳŀƴŎŜŘ ŘƛǎǝƴŎǝƻƴ ōŜǘǿŜŜƴ 

ƭƻŎŀƭƛȊŜŘ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǎƛƎƴŀƭǎ ŀƴŘ ǊŜƎƛƻƴŀƭ ŎƭƛƳŀǘŜ ǇŀǧŜǊƴǎΦШ¢ƘŜ ƴŜŜŘ ǘƻ ŘƛǎǝƴƎǳƛǎƘ ƭƻŎŀƭ ŦǊƻƳ ǊŜƎƛƻƴŀƭ 

ǎƛƎƴŀƭǎ ƛǎ ŜǎǇŜŎƛŀƭƭȅ ǊŜƭŜǾŀƴǘ ƛƴ {ƻǳǘƘ !ƳŜǊƛŎŀΣ ǿƘŜǊŜ aƛƻŎŜƴŜ ǘŜǊǊŜǎǘǊƛŀƭ ŀǊŎƘƛǾŜǎ ǎǇŀƴ ŘƛǾŜǊǎŜ ŎƭƛƳŀǝŎ 

ȊƻƴŜǎ ȅŜǘ ǊŜƳŀƛƴ ǎǇŀǊǎŜƭȅ ƛƴǘŜƎǊŀǘŜŘ ǎǇŀǝŀƭƭȅΦ 
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¢ƘŜ aƛƻŎŜƴŜ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜŎƻǊŘǎ ƛƴ {ƻǳǘƘ !ƳŜǊƛŎŀ ŀǊŜ ŎƻƳǇƭŜȄΣ ŘǳŜ ǘƻ ǘƘŜ 

ǎǇŀǝƻǘŜƳǇƻǊŀƭ ǾŀǊƛŀǝƻƴ ƻŦ ǘƘŜ !ƴŘŜŀƴ ƻǊƻƎŜƴȅ ŀƴŘ ǘƘŜ ŜǾƻƭǳǝƻƴ ƻŦ ǘƘŜ {ƻǳǘƘ !ƳŜǊƛŎŀƴ aƻƴǎƻƻƴ 

{ȅǎǘŜƳ ό{!a{ύΦ IȅŘǊƻŎƭƛƳŀǝŎ ŎƻƴŘƛǝƻƴǎ ŘǳǊƛƴƎ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜ ǿŜǊŜ ŦǳǊǘƘŜǊ ǎƘŀǇŜŘ ōȅ ǘƘŜ ŦƻǊƳŀǝƻƴ 

ƻŦ ƻǊƻƎǊŀǇƘƛŎ ōŀǊǊƛŜǊǎ ŀƴŘ ǘƘŜ ƛƴǘŜƴǎƛŬŎŀǝƻƴ ƻŦ ǘƘŜ {!a{Σ ǿƘƛŎƘ ŎǊŜŀǘŜŘ ǿŜǧŜǊ ŎƻƴŘƛǝƻƴǎ ƻƴ ǘƘŜ ŜŀǎǘŜǊƴ 

ƅŀƴƪ ŀƴŘ ŀǊƛŘƛŬŎŀǝƻƴ ƻƴ ǘƘŜ ǿŜǎǘŜǊƴ ƅŀƴƪ ƻŦ ǘƘŜ !ƴŘŜǎό5ǳƴŀƛ Ŝǘ ŀƭΦΣ нллрΤ WƻǊŘŀƴ Ŝǘ ŀƭΦΣ нлмпΤ tƻǳƭǎŜƴ Ŝǘ 

ŀƭΦΣ нлмлΤ tƛƴƎŜƭ Ŝǘ ŀƭΦΣ нлмсύΦ ¢ƘŜǎŜ ǎƘƛƊǎ ƭƛƪŜƭȅ ŀũŜŎǘŜŘ ǾŜƎŜǘŀǝƻƴ ŘȅƴŀƳƛŎǎ ŀŎǊƻǎǎ ǘƘŜ ǊŜƎƛƻƴ ό{ǘǊǀƳōŜǊƎΣ 

нлммύΣ ŀƭǘƘƻǳƎƘ ǇŀƭŜƻŜŎƻƭƻƎƛŎŀƭ ǊŜŎƻǊŘǎ ǇǊƻǾƛŘŜ ƛƴŎƻƴǎƛǎǘŜƴǘ ƛƴǘŜǊǇǊŜǘŀǝƻƴǎΦ LǎƻǘƻǇƛŎ Řŀǘŀ ŦǊƻƳ 

ǇŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜǎ ŀƴŘ ǊƻŘŜƴǘ ǘƻƻǘƘ ŜƴŀƳŜƭ ŦǊƻƳ bƻǊǘƘǿŜǎǘ !ǊƎŜƴǝƴŀ ǎǳƎƎŜǎǘ ŀ ǎƛƎƴƛŬŎŀƴǘ ǇǊŜǎŜƴŎŜ 

ƻŦ /ј ƎǊŀǎǎŜǎ ƛƴ ǘƘŜ /ŜƴǘǊŀƭ !ƴŘŜŀƴ ŦƻǊŜƭŀƴŘ ŘǳǊƛƴƎ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜ όIȅƴŜƪ Ŝǘ ŀƭΦΣ нлмнΤ [ŀǘƻǊǊŜ Ŝǘ ŀƭΦΣ 

мффтύΣ ǿƘƛƭŜ ǇŀƭŜƻǎƻƭ ǊŜŎƻǊŘǎ ƛƴŘƛŎŀǘŜ ǘƘŜ ŀōǳƴŘŀƴŎŜ ƻŦ /ї ǾŜƎŜǘŀǝƻƴ ό!ȊƳƛ Ŝǘ ŀƭΦΣ нлнрΤ /ƻǧƻƴ Ŝǘ ŀƭΦΣ 

нлмпύΦ ! ŘƛǾŜǊǎŜ ǘŜŎǘƻƴƛŎ ǎŜǩƴƎ ŀƴŘ ƛƴŎƻƴǎƛǎǘŜƴǘ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜŎƻǊŘǎ ŜƳǇƘŀǎƛȊŜ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ 

ƻŦ ŎƻƴǎƛŘŜǊƛƴƎ ǎǇŀǝŀƭ ƘŜǘŜǊƻƎŜƴŜƛǘȅΣ ȅŜǘ ŜȄƛǎǝƴƎ ǿƻǊƪǎ Ƴƻǎǘƭȅ ŦƻŎǳǎ ƻƴ ǎƛǘŜπǎŎŀƭŜ ŀƴŀƭȅǎƛǎΦ 

! ŎƻƳǇƭŜȄ ǘǊŜƴŘ ƛƴ [ŀǘŜ aƛƻŎŜƴŜ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘǎ Ƙŀǎ ŜƳŜǊƎŜŘ ŦǊƻƳ ǊŜŎŜƴǘ ǎǘǳŘƛŜǎ ƛƴ ǘƘŜ 

ŎŜƴǘǊŀƭ ŀƴŘ ǎƻǳǘƘπŎŜƴǘǊŀƭ !ƴŘŜǎΦ !ȊƳƛ Ŝǘ ŀƭΦ όнлнрύ ǎƘƻǿ ǘƘŀǘ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜ ŀǊƛŘƛŬŎŀǝƻƴ ƛŘŜƴǝŬŜŘ ƛƴ 

ǘƘŜ !ƴƎŀǎǘŀŎƻ .ŀǎƛƴ ǊŜǎǳƭǘŜŘ ŦǊƻƳ ƘȅŘǊƻŎƭƛƳŀǝŎ ǊŜƻǊƎŀƴƛȊŀǝƻƴ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ŜǾƻƭǾƛƴƎ {!a{Φ ¢ƘŜƛǊ ǿƻǊƪ 

ŀƭǎƻ ŘƻŎǳƳŜƴǘǎ ŀ ƳƛƴƻǊ ǊƛǎŜ ƛƴ /ј ƎǊŀǎǎŜǎ ǘƘŀǘ ŎƻƛƴŎƛŘŜǎ ǿƛǘƘ ǘƘŜ ƛƴŎǊŜŀǎŜŘ ŀǊƛŘƛǘȅ ŀƴŘ ŜƴƘŀƴŎŜŘ 

ǎŜŀǎƻƴŀƭƛǘȅΦ .ȅ ŎƻƴǘǊŀǎǘΣ ǘƘŜ ŎƻŜǾŀƭ /ŀŎƘŜǳǘŀ .ŀǎƛƴ ŜȄǇŜǊƛŜƴŎŜŘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ŎƻƴǾŜŎǝǾŜ ǇǊŜŎƛǇƛǘŀǝƻƴ 

ǳƴŘŜǊ ŀƴ ƛƴǘŜƴǎƛŦȅƛƴƎ {!a{ ŀƴŘ ǿŀǎ ŎƻƳǇƻǎŜŘ ƻŦ ǇǊŜŘƻƳƛƴŀƴǘƭȅ /ї ǾŜƎŜǘŀǝƻƴ ό{ŜŜ /ƘŀǇǘŜǊ оύΦ ¢ƻƎŜǘƘŜǊ 

ǘƘŜǎŜ ǊŜŎƻǊŘǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ōƻǘƘ ōŀǎƛƴǎ ǿŜǊŜ ǎƘŀǇŜŘ ōȅ ǘƘŜ ŎƻƳōƛƴŜŘ ŜũŜŎǘǎ ƻŦ ƳƻƴǎƻƻƴπŎƻƴǘǊƻƭƭŜŘ 

ƘȅŘǊƻŎƭƛƳŀǘŜ ŀƴŘ ŜƭŜǾŀǝƻƴΣ ōǳǘ ƛƴ ŘƛũŜǊŜƴǘ ǿŀȅǎΣ ŀƴŘ ǘƘŀǘ ŜƭŜǾŀǝƻƴ ŎƻƴǎƛǎǘŜƴǘƭȅ ƭƛƳƛǘŜŘ /ј ŜȄǇŀƴǎƛƻƴ 

ŘŜǎǇƛǘŜ ǇǊŜŎƛǇƛǘŀǝƻƴ ǘǊŜƴŘǎΦ 

CŀǊǘƘŜǊ ǎƻǳǘƘŜŀǎǘΣ ŎƻŜǾŀƭ ƭƻŜǎǎ ŘŜǇƻǎƛǘǎ ƻƴ ǘƘŜ tŀƳǇŀǎ ǊŜŎƻǊŘ ǇŜǊǎƛǎǘŜƴǘƭȅ ŘǊƛŜǊ ŎƻƴŘƛǝƻƴǎ 

ǘƘǊƻǳƎƘ [ŀǘŜ aƛƻŎŜƴŜςtƭƛƻŎŜƴŜ ό/ŀǊŘƻƴŀǧƻ Ŝǘ ŀƭΦΣ нлмрΤ /ŀǊŘƻƴŀǧƻ ŀƴŘ aŜƭŎƘƻǊΣ нлмуΤ {ǘǳōōƛƴǎ Ŝǘ ŀƭΦΣ 

нлноύΦ ¢ƘŜǎŜ ŎƻƴǘǊŀǎǝƴƎ ǊŜŎƻǊŘǎ ƴƻǘ ƻƴƭȅ ƛƭƭǳǎǘǊŀǘŜ ōǊƻŀŘ ǊŜƎƛƻƴŀƭ ǇŀǧŜǊƴǎ ōǳǘ ŀƭǎƻ Ǉƻƛƴǘ ǘƻ ŀ ǇŜǊǎƛǎǘŜƴǘ 
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ƎŀǇ ƛƴ {ƻǳǘƘ !ƳŜǊƛŎŀƴ ǘŜǊǊŜǎǘǊƛŀƭ ŎƭƛƳŀǘŜ ǊŜŎƻǊŘǎΣ ŜǎǇŜŎƛŀƭƭȅ ƛƴ ǊŜǎƻƭǾƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ŀǘ 

ōŀǎƛƴ ǎŎŀƭŜǎΦ ¢ƘŜ bŜƻƎŜƴŜ ŘŜǇƻǎƛǘǎ ό/ŜǊǊƻ !Ȋǳƭ CƻǊƳŀǝƻƴ ŀƴŘ ŜǉǳƛǾŀƭŜƴǘǎύ ƻŦ ǘƘŜ ǎƻǳǘƘŜŀǎǘŜǊƴ tŀƳǇŀǎ 

ƛƴ ŎŜƴǘǊŀƭ !ǊƎŜƴǝƴŀ ǇǊƻǾƛŘŜ ŀ ǾŀƭǳŀōƭŜ ƻǇǇƻǊǘǳƴƛǘȅ ǘƻ ŀŘŘǊŜǎǎ ǘƘŜ ƭŀŎƪ ƻŦ ǎǇŀǝŀƭ ƛƴǘŜƎǊŀǝƻƴ ƻǊ ŎƻƳǇŀǊƛǎƻƴ 

ƛƴ aƛƻŎŜƴŜ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎΦ {ǇƻǊŀŘƛŎŀƭƭȅ ŜȄǇƻǎŜŘ ŀŎǊƻǎǎ ǘƘŜ [ŀ tŀƳǇŀ /ŜƴǘǊŀƭ .ƭƻŎƪ 

όt/.ύΣ ǘƘŜǎŜ ŎƻŜǾŀƭ [ŀǘŜ aƛƻŎŜƴŜ ŘŜǇƻǎƛǘǎ ŀǊŜ ŎƻƳǇƻǎŜŘ ǇǊƛƳŀǊƛƭȅ ƻŦ ƭƻŜǎǎ ŀƴŘ ƭƻŜǎǎπƭƛƪŜ ǎŜŘƛƳŜƴǘǎ 

ƛƴǘŜǊōŜŘŘŜŘ ǿƛǘƘ ǿŜƭƭπŘŜǾŜƭƻǇŜŘ ǇŀƭŜƻǎƻƭ ƘƻǊƛȊƻƴǎ ό/ŀǊŘƻƴŀǧƻ ŀƴŘ aŜƭŎƘƻǊΣ нлмуΤ CƻƭƎǳŜǊŀ Ŝǘ ŀƭΦΣ нлмрύΦ  

¢Ƙƛǎ ǎǘǳŘȅ ŦƻŎǳǎŜǎ ƻƴ ǎǇŀǝŀƭ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ǿƛǘƘƛƴ ǘƘŜǎŜ ŘŜǇƻǎƛǘǎ ǘƻ ŜǾŀƭǳŀǘŜ ǊŜƎƛƻƴŀƭƭȅ ŘƛǎǝƴŎǘ 

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǾŀǊƛŀǝƻƴǎ ǎƘŀǇŜŘ ōȅ ƭƻŎŀƭƛȊŜŘ ǘŜŎǘƻƴƛŎ ŀƴŘ ŎƭƛƳŀǝŎ ƛƴƅǳŜƴŎŜǎΦШaǳƭǝǇƭŜ ŜȄǇƻǎǳǊŜǎ ŀŎǊƻǎǎ 

[ŀ tŀƳǇŀ ŀƴŘ .ǳŜƴƻǎ !ƛǊŜǎ ǇǊƻǾƛƴŎŜǎ ƛƴ ŎŜƴǘǊŀƭ !ǊƎŜƴǝƴŀ ŀǊŜ ŜȄǇƭƻǊŜŘ όCƛƎǳǊŜ пΦм!ύ ǳǎƛƴƎ ŀ ƳǳƭǝǇǊƻȄȅ 

ŀǇǇǊƻŀŎƘ ǘƘŀǘ ƛƴǘŜƎǊŀǘŜǎ ǇŀƭŜƻǎƻƭπōŀǎŜŘ ǇǊƻȄƛŜǎΣ ƛƴŎƭǳŘƛƴƎ ōǳƭƪ ƎŜƻŎƘŜƳƛǎǘǊȅΣ ǎǘŀōƭŜ ƛǎƻǘƻǇŜ 

ƎŜƻŎƘŜƳƛǎǘǊȅΣ ŀƴŘ Ǉƭŀƴǘ ƳƛŎǊƻŦƻǎǎƛƭ όǇƘȅǘƻƭƛǘƘύ ŀƴŀƭȅǎƛǎΦШ²ƛǘƘƛƴ ǘƘƛǎ ŦǊŀƳŜǿƻǊƪΣ ǘƘŜ ǎǘǳŘȅ ŜǾŀƭǳŀǘŜǎ ǘƘŜ 

ǾŀǊƛŀōƛƭƛǘȅΣ ŀǇǇƭƛŎŀōƛƭƛǘȅΣ ŀƴŘ ǊƻōǳǎǘƴŜǎǎ ƻŦ ŎƭƛƳŀǘŜ ŀƴŘ ǾŜƎŜǘŀǝƻƴ ǇǊƻȄƛŜǎ ŀŎǊƻǎǎ ƳǳƭǝǇƭŜ ǎƛǘŜǎΣ ǿƛǘƘ ǘƘŜ 

Ǝƻŀƭ ƻŦ ōŜǧŜǊ ŎƻƴǎǘǊŀƛƴƛƴƎ ǎǳǇǊŀπōŀǎƛƴŀƭ ƻǊ άƳŜǎƻǎŎŀƭŜέ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŘȅƴŀƳƛŎǎ ŘǳǊƛƴƎ ǘƘŜ [ŀǘŜ 

aƛƻŎŜƴŜΦ 

4.2. Geological background 

¢ƘŜ {ƛŜǊǊŀǎ tŀƳǇŜŀƴŀǎΣ ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ŜȄǘǊŀπ!ƴŘŜŀƴ ŦƻǊŜƭŀƴŘ ƻŦ ŎŜƴǘǊŀƭ !ǊƎŜƴǝƴŀΣ ƳŀǊƪ ǘƘŜ 

ŜŀǎǘŜǊƴ ŜȄǘŜƴǘ ƻŦ !ƴŘŜŀƴ hǊƻƎŜƴȅΦ {ƻǳǘƘ ŀƴŘ Ŝŀǎǘ ƻŦ ǘƘƛǎ ǊŀƴƎŜΣ ǘƘŜ ǎƻǳǘƘŜŀǎǘŜǊƴ tŀƳǇŀ .ŀǎƛƴ όопςоуϲ{ύ 

ŜƴŎƻƳǇŀǎǎŜǎ ƳǳŎƘ ƻŦ [ŀ tŀƳǇŀ ŀƴŘ ǎƻǳǘƘŜǊƴ .ǳŜƴƻǎ !ƛǊŜǎ ǇǊƻǾƛƴŎŜǎ ŀƴŘ ǊŜŎƻǊŘǎ ŀ Ƴŀƛƴ ǇƘŀǎŜ ƻŦ 

ǎŜŘƛƳŜƴǘŀǝƻƴ ŘǳǊƛƴƎ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜΣ ǿƛǘƘ ƭƻŜǎǎ ŀƴŘ ǇŀƭŜƻǎƻƭπǊƛŎƘ ǎŜǉǳŜƴŎŜǎ ǊŜŀŎƘƛƴƎ ǳǇ ǘƻ нллςолл 

Ƴ ƛƴ ǘƘƛŎƪƴŜǎǎ όCƻƭƎǳŜǊŀ ŀƴŘ ½łǊŀǘŜΣ нллфΤ CƻƭƎǳŜǊŀ Ŝǘ ŀƭΦΣ нлмрύΦ {ŜǾŜǊŀƭ ƳƻǊǇƘƻǎǘǊǳŎǘǳǊŀƭ ǳƴƛǘǎ ŎƻƳǇǊƛǎŜ 

ǘƘŜ ōŀǎƛƴΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ [ŀ tŀƳǇŀ /ŜƴǘǊŀƭ .ƭƻŎƪΣ ǇŀǊǘǎ ƻŦ ǘƘŜ /ƘŀŘƛƭŜǳǾǵ .ƭƻŎƪΣ ǘƘŜ /ƘƛŎŀƭπ/ƻ tƭŀƛƴΣ ǘƘŜ 

ǎƻǳǘƘŜŀǎǘŜǊƴ ŜŘƎŜ ƻŦ ǘƘŜ {ŀƴ wŀŦŀŜƭ .ƭƻŎƪΣ ŀƴŘ ǘƘŜ .ƻƴŀŜǊƛŀƴ IƛƎƘ όCƛƎǳǊŜ пΦм!ύΦ !ŘŘƛǝƻƴŀƭƭȅΣ ǎŜǾŜǊŀƭ 

ǎǳōǎǳǊŦŀŎŜ ǘŜŎǘƻƴƛŎ ōŀǎƛƴǎΣ ǎǳŎƘ ŀǎ !ƭǾŜŀǊς!ƭƎŀǊǊƻōƻ ŘŜƭ #ƎǳƛƭŀΣ {ŀƭŀŘƻΣ ŀƴŘ aŀŎŀŎƘƝƴΣ ŀǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ 

ǘƘƛǎ ǊŜƎƛƻƴΦ ¢ƘŜ [ŀ tŀƳǇŀ /ŜƴǘǊŀƭ .ƭƻŎƪ όt/.Τ CƛƎǳǊŜ пΦм!ύ ƛǎ ŀ ǇƻǎƛǝǾŜ ƳƻǊǇƘƻǎǘǊǳŎǘǳǊŜ ǿƛǘƘ ŀƴ Ŝŀǎǘπ
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ŘƛǇǇƛƴƎ Ǉƭŀƛƴ ǿƛǘƘ ŜƭŜǾŀǝƻƴǎ ǊŀƴƎƛƴƎ ŦǊƻƳ ϤпллƳ ƛƴ ǘƘŜ ǿŜǎǘ ǘƻ Ϥмулςнлл Ƴ ƛƴ ǘƘŜ ŜŀǎǘΦ t/. ƛǎ 

ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ƛƴǘŜǊƴŀƭƭȅ ǾŀǊƛŀōƭŜ ǎǘǊǳŎǘǳǊŀƭ ŘŜǇǊŜǎǎƛƻƴǎ ŀƴŘ ƛǎ ōƻǳƴŘŜŘ ōȅ ǊŜǾŜǊǎŜ Ŧŀǳƭǘ ǎȅǎǘŜƳǎΣ 

ƛƴŎƭǳŘƛƴƎ ǘƘŜ ±ŀƭƭŜ 5ŀȊŀ ŀƴŘ ¦ǊƛōǳǊǳ ŦŀǳƭǘǎΣ ǿƘƛŎƘ ŜȄƘƛōƛǘ ŜǾƛŘŜƴŎŜ ƻŦ bŜƻƎŜƴŜ ǊŜŀŎǝǾŀǝƻƴ ŀƊŜǊ ϤсΦу aŀ 

όCƛƎǳǊŜ пΦм.Τ CƻƭƎǳŜǊŀ ϧ ½łǊŀǘŜΣ нлммύΦ 

 

CƛƎǳǊŜ пΦмΥ ό!ύ DŜƻƭƻƎƛŎŀƭ ƳŀǇ ƻŦ ǘƘŜ ǎǘǳŘȅ ŀǊŜŀΣ ǿƘŜǊŜ ǊŜŘ ƭƛƴŜ όhςh ύ ƳŀǊƪǎ ǘƘŜ ǘǊŀƴǎŜŎǘ ŀƭƻƴƎ ǿƘƛŎƘ ǘƘŜ 
ǎǘǳŘƛŜŘ ƭƻŎŀƭƛǝŜǎ ŀǊŜ ŘƛǎǘǊƛōǳǘŜŘΦ LƴǎŜǘ ǎƘƻǿǎ ǘƘŜ ƭƻŎŀǝƻƴ ƻŦ ǘƘŜ ǎǘǳŘȅ ŀǊŜŀ ǿƛǘƘƛƴ {ƻǳǘƘ !ƳŜǊƛŎŀ όǊŜŘ 
ǎǉǳŀǊŜύΦ ό.ύ {ŎƘŜƳŀǝŎ ǘŜŎǘƻƴƛŎ ƳƻŘŜƭ ƻŦ ǘƘŜ ǎƻǳǘƘŜŀǎǘŜǊƴ tŀƳǇŀ .ŀǎƛƴΣ ƛƭƭǳǎǘǊŀǝƴƎ ǘƘŜ ǘǊŀƴǎƛǝƻƴ ŦǊƻƳ 
ǘƘŜ {ŀƴ wŀŦŀŜƭ .ƭƻŎƪ όƴƻǊǘƘǿŜǎǘΣ ƴŜŀǊ {ŀƴ wŀŦŀŜƭύ ǘƻ ǘƘŜ aŀŎŀŎƘƝƴ .ŀǎƛƴ όǎƻǳǘƘŜŀǎǘΣ ƴŜŀǊ /ŀǊƘǳŜύ 
όƳƻŘƛŬŜŘ ŀƊŜǊ CƻƭƎǳŜǊŀ Ŝǘ ŀƭΦΣ нлмрύΦ 
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¢ƘŜ ǳǇƭƛƊ ƘƛǎǘƻǊȅ ƻŦ ǘƘƛǎ ǊŜƎƛƻƴ ƛǎ ŎƭƻǎŜƭȅ ǝŜŘ ǘƻ ǘƘŜ ƻƴǎŜǘ ƻŦ ƅŀǘπǎƭŀō ǎǳōŘǳŎǝƻƴ ōŜǘǿŜŜƴ ϤопΦрϲ 

ŀƴŘ отϲ{Σ ǿƘƛŎƘ ƭŜŘ ǘƻ ŎǊǳǎǘŀƭ ǎƘƻǊǘŜƴƛƴƎΣ ōŀǎƛƴ ǇŀǊǝǝƻƴƛƴƎΣ ŀƴŘ ǳǇƭƛƊ ƻŦ ōŀǎŜƳŜƴǘ ōƭƻŎƪǎ ƛƴŎƭǳŘƛƴƎ ǘƘŜ 

{ŀƴ wŀŦŀŜƭ ŀƴŘ /ƘŀŘƛƭŜǳǾǵςtŀƳǇŀ /ŜƴǘǊŀƭ ōƭƻŎƪǎ όwŀƳƻǎ ϧ CƻƭƎǳŜǊŀΣ нллрΤ нлмпύΦ ¢ǿƻ Ƴŀƛƴ ǇƘŀǎŜǎ ƻŦ 

ŘŜŦƻǊƳŀǝƻƴ ŀǊŜ ǊŜŎƻƎƴƛȊŜŘ όwŀƳƻǎ ϧ CƻƭƎǳŜǊŀΣ нлмпύΦ ¢ƘŜ ƳƛŘŘƭŜπ[ŀǘŜ aƛƻŎŜƴŜ όϤмпςмл aŀύ ǳǇƭƛƊ ƛǎ 

ƭƛƴƪŜŘ ǘƻ ǎƭŀō ƅŀǧŜƴƛƴƎΣ ǿƘŜǊŜŀǎ ǘƘŜ ǎŜŎƻƴŘ ǇƘŀǎŜΣ ōŜǘǿŜŜƴ Ϥрςо aŀΣ ŎƻƛƴŎƛŘŜǎ ǿƛǘƘ ƳŀȄƛƳǳƳ 

ǎǳōŘǳŎǝƻƴ ǎƘŀƭƭƻǿƛƴƎΦ ¢Ƙƛǎ ǘŜŎǘƻƴƛŎ ǊŜƻǊƎŀƴƛȊŀǝƻƴ ŎƻƴǘǊƻƭƭŜŘ ōƻǘƘ ǎŜŘƛƳŜƴǘŀǝƻƴ ŀƴŘ ŀŎŎƻƳƳƻŘŀǝƻƴ 

ǎǇŀŎŜ ƛƴ ǘƘŜ ǎƻǳǘƘŜŀǎǘŜǊƴ tŀƳǇŀ .ŀǎƛƴ όwŀƳƻǎ ϧ CƻƭƎǳŜǊŀΣ нлмпύΦ t/. ǇǊŜǎŜƴǘǎ ŀ ŘƛǎŎƻƴǝƴǳƻǳǎ 

ǎǘǊŀǝƎǊŀǇƘƛŎ ǊŜŎƻǊŘΣ ǿƘŜǊŜ bŜƻƎŜƴŜ ǎǘǊŀǘŀ ǳƴŎƻƴŦƻǊƳŀōƭȅ ƻǾŜǊƭƛŜ ŀ tǊŜŎŀƳōǊƛŀƴς[ƻǿŜǊ tŀƭŜƻȊƻƛŎ 

ƛƎƴŜƻǳǎπƳŜǘŀƳƻǊǇƘƛŎ ōŀǎŜƳŜƴǘ ƛƴǘŜǊǇǊŜǘŜŘ ŀǎ ǘƘŜ ǎƻǳǘƘŜǊƴ ŜȄǘŜƴǎƛƻƴ ƻŦ ǘƘŜ {ƛŜǊǊŀǎ tŀƳǇŜŀƴŀǎ 

όCƻƭƎǳŜǊŀ Ŝǘ ŀƭΦΣ нлмрύΦ bŜƻƎŜƴŜ ŎƻƴǝƴŜƴǘŀƭ ŘŜǇƻǎƛǝƻƴ ƛƴ ŎŜƴǘǊŀƭ !ǊƎŜƴǝƴŀ ōŜƎŀƴ ŀǎ !ƴŘŜŀƴ ŘŜŦƻǊƳŀǝƻƴ 

ŀƴŘ ǾƻƭŎŀƴƛǎƳ ǎƘƛƊŜŘ ŜŀǎǘǿŀǊŘ ŀǊƻǳƴŘ му aŀ ǿƛǘƘ ǘƘŜ ŜǾƻƭǳǝƻƴ ƻŦ ǘƘŜ aŀƭŀǊƎǸŜ ŦƻƭŘπŀƴŘπǘƘǊǳǎǘ ōŜƭǘΦ 

CǳǊǘƘŜǊ ŜŀǎǘΣ ŀŎǊƻǎǎ t/. ŀƴŘ ǎƻǳǘƘŜǊƴ .ǳŜƴƻǎ !ƛǊŜǎ tǊƻǾƛƴŎŜΣ ǘƘŜ ǎȅƴƻǊƻƎŜƴƛŎ ŘŜǇƻǎƛǘǎ ŀŎŎǳƳǳƭŀǘŜŘ 

ŘǳǊƛƴƎ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜ ǘƻ 9ŀǊƭȅ tƭƛƻŎŜƴŜΦ /ƻƴǘŜƳǇƻǊŀƴŜƻǳǎƭȅΣ ǘƘŜ tŀǊŀƴŀŜƴǎŜ {Ŝŀ ǘǊŀƴǎƎǊŜǎǎƛƻƴ ƛƴ ǘƘŜ 

ŜȄǘǊŀπ!ƴŘŜŀƴ ǊŜƎƛƻƴ ŎƻƛƴŎƛŘŜǎ ǿƛǘƘ ǘƘŜ ǿƛƴŘπōƭƻǿƴ ƭƻŜǎǎ ŘŜǇƻǎƛǝƻƴ ƻŦ ǘƘŜ /ŜǊǊƻ !Ȋǳƭ CƻǊƳŀǝƻƴ όCƻƭƎǳŜǊŀ 

Ŝǘ ŀƭΦ нлмрύΦ ¢ƘŜ ŎƻƴǝƴǳŜŘ !ƴŘŜŀƴ ǳǇƭƛƊ ǊŜǎǳƭǘŜŘ ƛƴ ǎǳōǎƛŘŜƴŎŜ ƛƴ ǘƘŜ Řƛǎǘŀƭ ŦƻǊŜƭŀƴŘΣ ƅƻƻŘƛƴƎ ǘƘŜ 

ǘƻǇƻƎǊŀǇƘƛŎŀƭƭȅ ƭƻǿŜǊ ŀǊŜŀǎΣ ǿƘƛƭŜ ǘƻǇƻƎǊŀǇƘƛŎŀƭƭȅ ƘƛƎƘŜǊ ŀǊŜŀǎΣ ǎǳŎƘ ŀǎ ǘƘŜ t/.Σ ǿŜǊŜ ŬƭƭŜŘ ǿƛǘƘ /ŜǊǊƻ 

!Ȋǳƭ ŀƴŘ ŜǉǳƛǾŀƭŜƴǘ ǎȅƴƻǊƻƎŜƴƛŎ ŘŜǇƻǎƛǘǎ όCƛƎǳǊŜ пΦм.Τ CƻƭƎǳŜǊŀ Ŝǘ ŀƭΦ нлмрύΦ 

¢ƘŜ [ŀǘŜ aƛƻŎŜƴŜ ŘŜǇƻǎƛǘǎ ƛƴ ǘƘƛǎ ǊŜƎƛƻƴ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ǘƘŜ /ŜǊǊƻ !Ȋǳƭ CƻǊƳŀǝƻƴΣ ǿƘƛŎƘ 

ŜȄǘŜƴŘǎ ŦǊƻƳ ƴƻǊǘƘŜǊƴ [ŀ tŀƳǇŀ ŀƴŘ ǎƻǳǘƘŜǊƴ {ŀƴ [ǳƛǎ ǇǊƻǾƛƴŎŜǎ ǘƻ ǘƘŜ /ƻƭƻǊŀŘƻ wƛǾŜǊ ŀƴŘ ŦǊƻƳ ǘƘŜ 

ǿŜǎǘŜǊƴ ƳŀǊƎƛƴ ƻŦ ǘƘŜ [ŀ tŀƳǇŀ /ŜƴǘǊŀƭ .ƭƻŎƪ ǘƻ ǘƘŜ .ƻƴŀŜǊƛŀƴ IƛƎƘΣ ǊŜŀŎƘƛƴƎ ǘƘŜ !ǘƭŀƴǝŎ Ŏƻŀǎǘ όCƛƎǳǊŜ 

пΦм!Τ CƻƭƎǳŜǊŀ Ŝǘ ŀƭΦΣ нлмрύΦ ¢ƘŜ /ŜǊǊƻ !Ȋǳƭ CƻǊƳŀǝƻƴ ƛǎ ŎƻƳǇƻǎŜŘ ǇǊƛƳŀǊƛƭȅ ƻŦ ƭƻŜǎǎ ŀƴŘ ƭƻŜǎǎπƭƛƪŜ ōǊƻǿƴ 

ǘƻ ǎŀƴŘȅ ǎƛƭǘǎΣ ǿƛǘƘ ŦǊŜǉǳŜƴǘ ǇŀƭŜƻǎƻƭ ƘƻǊƛȊƻƴǎ ŎƻƴǘŀƛƴƛƴƎ ŎŀǊōƻƴŀǘŜ ƴƻŘǳƭŜǎ ŀƴŘ ǊƘƛȊƻŎƻƴŎǊŜǝƻƴǎ 

όCƻƭƎǳŜǊŀ ϧ ½łǊŀǘŜΣ нллфύ ŀƴŘ Ƙŀǎ ŀ ǘƘƛŎƪƴŜǎǎ ǘƘŀǘ ǾŀǊƛŜǎ ŦǊƻƳ Ϥрл ƳŜǘŜǊǎ ƛƴ ǳǇƭƛƊŜŘ ŀǊŜŀǎ ǘƻ Ϥмрл ƳŜǘŜǊǎ 

ƛƴ ǎǘǊǳŎǘǳǊŀƭ ŘŜǇǊŜǎǎƛƻƴǎ όCƻƭƎǳŜǊŀ Ŝǘ ŀƭΦΣ нлмрύΦ Lǘ ƛǎ ŎŀǇǇŜŘ ōȅ ŀ ŎŀƭŎǊŜǘŜ ƘƻǊƛȊƻƴ ǊŜƎƛƻƴŀƭƭȅ ƪƴƻǿƴ ŀǎ ǘƘŜ 
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/ŀƭŎǊŜǘŀ tǊƛƴŎƛǇŀƭΣ ŀ ƭŀǘŜǊŀƭƭȅ Ŏƻƴǝƴǳƻǳǎ ƳŀǊƪŜǊ ōŜŘ ǘƘŀǘ ǎŜǇŀǊŀǘŜǎ ǘƘŜ aƛƻŎŜƴŜ ǎǳŎŎŜǎǎƛƻƴ ŦǊƻƳ ȅƻǳƴƎŜǊ 

ǎŜŘƛƳŜƴǘǎ ό[ƻǊŜƴȊΣ нллмύΣ ŀƴŘ ƛǎ ƻǾŜǊƭŀƛƴ ōȅ tƭŜƛǎǘƻŎŜƴŜ ǘƻ IƻƭƻŎŜƴŜ ŀŜƻƭƛŀƴ ŘŜǇƻǎƛǘǎΣ ǊŜƅŜŎǝƴƎ 

ǇǊƻƭƻƴƎŜŘ ǎǳǊŦŀŎŜ ŜȄǇƻǎǳǊŜ ŀƴŘ ǇŜŘƻƎŜƴƛŎ ŘŜǾŜƭƻǇƳŜƴǘ όCƻƭƎǳŜǊŀ Ŝǘ ŀƭΦΣ нлмрύΦ  ! ƭƻŎŀƭƛȊŜŘ ŘŜǾŜƭƻǇƳŜƴǘ 

ƻŦ ŀƴ ŜǇƘŜƳŜǊŀƭ ƅǳǾƛŀƭ ŀƴŘ ƭŀŎǳǎǘǊƛƴŜ ǎȅǎǘŜƳ ƛǎ ƛŘŜƴǝŬŜŘ ŀǘ ǘƘŜ ƭƻǿŜǊ ƛƴǘŜǊǾŀƭ ƻǾŜǊƭŀƛƴ ōȅ ŀƴ ŀŜƻƭƛŀƴ 

ŘŜǇƻǎƛǘΣ ƛƴŘƛŎŀǝƴƎ ŀ ǇǊƻƎǊŜǎǎƛǾŜ ŀǊƛŘƛŬŎŀǝƻƴ ό±ƛǎŎƻƴǝ Ŝǘ ŀƭΦΣ нлмлΤ aƻƴǘŀƭǾƻ Ŝǘ ŀƭΦΣ нлмфύΦ /ŀǊŘƻƴŀǧƻ Ŝǘ 

ŀƭΦ όнлмсύ ǎǳƎƎŜǎǘ ŀ ǎŜƳƛπŀǊƛŘΣ ǎŜŀǎƻƴŀƭ ŎƭƛƳŀǘŜ ǿƛǘƘ ŀƴ ƻǇŜƴ ƭŀƴŘǎŎŀǇŜ ŀƴŘ ŀ ŘƻƳƛƴŀƴŎŜ ƻŦ /о ǾŜƎŜǘŀǝƻƴΦ 

.ŀǎŜŘ ƻƴ ǘƘŜ ƛŘŜƴǝŬŎŀǝƻƴ ƻŦ ƳŀƳƳŀƭ ōǳǊǊƻǿǎ ƛƴ ǘƘŜ /ŜǊǊƻ !Ȋǳƭ CƻǊƳŀǝƻƴΣ /ŀǊŘƻƴŀǧƻ ŀƴŘ aŜƭŎƘƻǊ 

όнлмуύ ǎǳƎƎŜǎǘ ŀ ŎƻƭŘ ŀƴŘ ǎŜŀǎƻƴŀƭƭȅ ŘǊȅ ŎƭƛƳŀǘŜΦ 

 ¢ƘŜ [ŀǘŜ aƛƻŎŜƴŜ ŘŜǇƻǎƛǝƻƴŀƭ ŀƎŜ ŦƻǊ ǘƘŜ /ŜǊǊƻ !Ȋǳƭ CƻǊƳŀǝƻƴ ƛǎ ǎǳƎƎŜǎǘŜŘ ōŀǎŜŘ ƻƴ Ŧƻǎǎƛƭ 

ŜǾƛŘŜƴŎŜ όaƻƴǘŀƭǾƻ ϧ /ŀǎŀŘƝƻΣ мфууΤ tŀǎŎǳŀƭΣ мфсрύΦ ¢ƘŜ Ŧŀǳƴŀƭ ŀǎǎŜƳōƭŀƎŜ ŦǊƻƳ ǘƘŜ ƭƻǿŜǊ ƭŜǾŜƭǎ ƻŦ ǘƘŜ 

ŦƻǊƳŀǝƻƴ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ǘƘŜ /ƘŀǎƛŎƻŀƴ {ǘŀƎŜ όмлςф aŀΤ ±ŜǊȊƛ Ŝǘ ŀƭΦΣ нллуύΣ ǿƘƛƭŜ Ŧƻǎǎƛƭǎ ŦǊƻƳ ǘƘŜ ǳǇǇŜǊ 

ƭŜǾŜƭǎ ŀǊŜ ŎƘŀǊŀŎǘŜǊƛǎǝŎ ƻŦ ǘƘŜ IǳŀȅǉǳŜǊƛŀƴ {ǘŀƎŜ όфςсΦу aŀΤ Dƻƛƴ Ŝǘ ŀƭΦΣ нлллύΦ !ŘŘƛǝƻƴŀƭ ŎƘǊƻƴƻƭƻƎƛŎŀƭ 

ŎƻƴǘǊƻƭ ŎƻƳŜǎ ŦǊƻƳ ǊŀŘƛƻƳŜǘǊƛŎ ŘŀǝƴƎ ƻŦ ƛƳǇŀŎǝǘŜǎ ŀƴŘ ƳŀƎƴŜǘƻǎǘǊŀǝƎǊŀǇƘȅ ό{ŎƘǳƭǘȊ Ŝǘ ŀƭΦΣ нллпΤ ½ŀǊŀǘŜ 

Ŝǘ ŀƭΦΣ нллтΤύΦШ IƻǿŜǾŜǊΣ ŘǳŜ ǘƻ ǘƘŜ ƭƛƳƛǘŜŘ ŀƴŘ ŘƛǎŎƻƴǝƴǳƻǳǎ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ŜȄƛǎǝƴƎ ŎƘǊƻƴƻǎǘǊŀǝƎǊŀǇƘƛŎ 

ŦǊŀƳŜǿƻǊƪΣ ƴƻ ǎƛǘŜπǎǇŜŎƛŬŎ ŀƎŜ ƳƻŘŜƭ ƛǎ ŀǾŀƛƭŀōƭŜ ŦƻǊ ŜŀŎƘ ǎŀƳǇƭƛƴƎ ƭƻŎŀƭƛǘȅΦ !ǎ ŀ ǊŜǎǳƭǘΣ ǘƘŜ ŘŜǇƻǎƛǘǎ Ŏŀƴ 

ƻƴƭȅ ōŜ ōǊƻŀŘƭȅ ŀǎǎƛƎƴŜŘ ǘƻ ǘƘŜ [ŀǘŜ aƛƻŎŜƴŜς9ŀǊƭȅ tƭƛƻŎŜƴŜ ƛƴǘŜǊǾŀƭΦ IŜƴŎŜΣ ǘƘƛǎ ǎǘǳŘȅ ŦƻŎǳǎŜǎ ƻƴ ǎǇŀǝŀƭ 

ǇŀǧŜǊƴǎ ƛƴ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ǾŀǊƛŀōƛƭƛǘȅ ǊŀǘƘŜǊ ǘƘŀƴ ŀǧŜƳǇǝƴƎ ǘƻ ǊŜǎƻƭǾŜ ǘŜƳǇƻǊŀƭ ŜǾƻƭǳǝƻƴΦ 

.ŀǎŜŘ ƻƴ ƭƛǘƘƻƭƻƎȅΣ ŎƘǊƻƴƻǎǘǊŀǝƎǊŀǇƘȅΣ ǎǇŀǝŀƭ ŘƛǎǘǊƛōǳǝƻƴΣ ŀƴŘ Ŧƻǎǎƛƭ ŀǎǎŜƳōƭŀƎŜǎΣ CƻƭƎǳŜǊŀ ŀƴŘ 

½łǊŀǘŜ όнллфύ ǇǊƻǇƻǎŜŘ ŀ ŎƻǊǊŜƭŀǝƻƴ ōŜǘǿŜŜƴ ǘƘŜ /ŜǊǊƻ !Ȋǳƭ CƻǊƳŀǝƻƴ ŀƴŘ ǎŜǾŜǊŀƭ ŎƻŜǾŀƭ ǳƴƛǘǎΣ ƛƴŎƭǳŘƛƴƎ 

!ǊǊƻȅƻ /ƘŀǎƛŎƽΣ 9ǇŜŎǳŞƴΣ [ŀ bƻǊƳŀΣ {ŀƭŘǳƴƎŀǊŀȅΣ LǊŜƴŜΣ ŀƴŘ aƻƴǘŜ IŜǊƳƻǎƻ ŦƻǊƳŀǝƻƴǎΣ ŀƴŘ ǘƘƛǎ 

ŎƻǊǊŜƭŀǝƻƴ ǎŎƘŜƳŜ Ƙŀǎ ōŜŜƴ ǎǳǇǇƻǊǘŜŘ ōȅ ƳƻǊŜ ǊŜŎŜƴǘ ǎǘǳŘƛŜǎШό/ŀǊŘƻƴŀǧƻ ϧ aŜƭŎƘƻǊΣ нлмуΤ aƻƴǘŀƭǾƻ 

Ŝǘ ŀƭΦΣ нллфΤ {ŎƘƳƛŘǘ Ŝǘ ŀƭΦΣ нлннύΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘƛǎ ǎǘǳŘȅ ŀŘƻǇǘǎ ǘƘŜ ǘŜǊƳ /ŜǊǊƻ !Ȋǳƭ CƻǊƳŀǝƻƴ ǘƻ 

ŎƻƭƭŜŎǝǾŜƭȅ ǊŜŦŜǊ ǘƻ ǘƘŜ ŎƻŜǾŀƭ [ŀǘŜ aƛƻŎŜƴŜ ŘŜǇƻǎƛǘǎ ŜȄǇƭƻǊŜŘ ƛƴ ǘƘƛǎ ǊŜƎƛƻƴ όCƛƎǳǊŜ пΦм!ύΦ  
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4.3 Methods 

4.3.1 Study area and localities  

¢Ƙƛǎ ǎǘǳŘȅ ŦƻŎǳǎŜǎ ƻƴ ǘŜƴ ƻǳǘŎǊƻǇǎ ƻŦ ǘƘŜ /ŜǊǊƻ !Ȋǳƭ CƻǊƳŀǝƻƴ ŘƛǎǘǊƛōǳǘŜŘ ŀƭƻƴƎ ŀ Ϥфлл ƪƳ b²ς

{9 ǘǊŀƴǎŜŎǘ ŀŎǊƻǎǎ [ŀ tŀƳǇŀ ŀƴŘ ǎƻǳǘƘŜǊƴ .ǳŜƴƻǎ !ƛǊŜǎ tǊƻǾƛƴŎŜǎΣ !ǊƎŜƴǝƴŀ όосΦоςоуΦтϲ {Τ CƛƎǳǊŜ пΦм!ύΦ 

±ŀǊƛŀōƭȅ ǘƘƛŎƪ όмςмн Ƴύ /ŜǊǊƻ !Ȋǳƭ ŀƴŘκƻǊ ŜǉǳƛǾŀƭŜƴǘ ŘŜǇƻǎƛǘǎ ǿŜǊŜ ƛŘŜƴǝŬŜŘ ŀǘ ŜŀŎƘ ǎƛǘŜΣ ǘȅǇƛŎŀƭƭȅ 

ŎƻƴǘŀƛƴƛƴƎ ƻƴŜ ƻǊ ƳƻǊŜ ǇŀƭŜƻǎƻƭ ƘƻǊƛȊƻƴǎΦ ¢ƘŜ ǎǘǳŘƛŜŘ ƭƻŎŀƭƛǝŜǎΣ ŦǊƻƳ Ŝŀǎǘ ǘƻ ǿŜǎǘΣ ƛƴŎƭǳŘŜ [ŀǎ hōǎŎǳǊŀǎ 

ό[hύΣ 5ƛǉǳŜ tŀǎƻ tƛŜŘǊŀǎ ό5tύΣ /ŀƴǘŜǊŀ {ŜƳƛƴŀǊƛƻ ό/{ύΣ .ŀǊǊŀƴŎŀǎ ŘŜ {ŀǊƳƛŜƴǘƻ ό.{ύΣ {ŀƭƛƴŀǎ /ƘƛŎŀǎ 

.ŀǊǊŀƴŎŀǎ ό{/.ύΣ 9ǇŜŎǳŞƴ {ƛǘŜ м ό9tмύΣ 9ǇŜŎǳŞƴ {ƛǘŜ н ό9tнύΣ /ƘƛƭƭƘǳŞ ό/IύΣ 9ǎǘŀƴŎƛŀ wŜ ό9wύΣ ŀƴŘ ¢ŜƭŞƴ 

ό¢9мύΦ ¢ŀōƭŜ пΦм ǇǊƻǾƛŘŜǎ ǘƘŜ ƎŜƻƎǊŀǇƘƛŎ ŎƻƻǊŘƛƴŀǘŜǎ ŦƻǊ ŜŀŎƘ ǎƛǘŜ ŀƭƻƴƎ ǿƛǘƘ ǇǊŜǾƛƻǳǎƭȅ ǎǳƎƎŜǎǘŜŘ ŀƎŜǎ 

ŀƴŘ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǊŜŦŜǊŜƴŎŜǎΦ 

4.3.2 Paleosol classification and sample collection 

bŜƻƎŜƴŜ ƻǳǘŎǊƻǇǎ ǿŜǊŜ ŜȄŀƳƛƴŜŘ ƛƴ ŘŜǘŀƛƭ ŀǘ ŜŀŎƘ ƭƻŎŀƭƛǘȅ ǘƘǊƻǳƎƘ ƳŜŀǎǳǊŜŘ ǎŜŎǝƻƴ ŘŜǎŎǊƛǇǝƻƴǎ 

ŀƴŘ ŘƻŎǳƳŜƴǘŀǝƻƴ ƻŦ ƭƛǘƘƻƭƻƎƛŎ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎΦ tŀƭŜƻǎƻƭǎ ǿŜǊŜ ƛŘŜƴǝŬŜŘ ōŀǎŜŘ ƻƴ ƪŜȅ ŘƛŀƎƴƻǎǝŎ 

ŦŜŀǘǳǊŜǎΣ ƛƴŎƭǳŘƛƴƎ ƘƻǊƛȊƻƴŀǝƻƴΣ ŎƻƭƻǊΣ ƎƭŜƛƛƴƎΣ Ǌƻƻǘ ǘǊŀŎŜǎΣ ōǳǊǊƻǿǎΣ ǊƘƛȊƻŎƻƴŎǊŜǝƻƴǎΣ ǇŜŘƻƎŜƴƛŎ 

ŎŀǊōƻƴŀǘŜ ƴƻŘǳƭŜǎΣ ŀƴŘ ƻǘƘŜǊ ǇǊŜǎŜǊǾŜŘ ǇŜŘƻƎŜƴƛŎ ǎǘǊǳŎǘǳǊŜǎΦ tŀƭŜƻǎƻƭǎ ǿŜǊŜ ŎƭŀǎǎƛŬŜŘ ǳǎƛƴƎ ǘƘŜ 

ǘŀȄƻƴƻƳƛŎ ŦǊŀƳŜǿƻǊƪ ƻŦ ǘƘŜ ¦Φ{Φ 5ŜǇŀǊǘƳŜƴǘ ƻŦ !ƎǊƛŎǳƭǘǳǊŜ ό{ƻƛƭ {ǳǊǾŜȅ {ǘŀũΣ нлмпύ ŀƴŘ ŜǎǘŀōƭƛǎƘŜŘ 

ǇŀƭŜƻǎƻƭ ŎƭŀǎǎƛŬŎŀǝƻƴ ǎŎƘŜƳŜǎ όaŀŎƪ Ŝǘ ŀƭΦΣ мффоΤ wŜǘŀƭƭŀŎƪΣ нллуύΦ 9ŀŎƘ ǇŀƭŜƻǎƻƭ ǇǊƻŬƭŜ ǿŀǎ 

ǎȅǎǘŜƳŀǝŎŀƭƭȅ ǘǊŜƴŎƘŜŘ ŦƻǊ ǎŀƳǇƭƛƴƎΣ ǿƛǘƘ ŀǘ ƭŜŀǎǘ ол ŎƳ ƻŦ ǎǳǊŦŀŎŜ ƳŀǘŜǊƛŀƭ ǊŜƳƻǾŜŘ ōŜŦƻǊŜ ǎŀƳǇƭƛƴƎ ǘƻ 

ƳƛƴƛƳƛȊŜ ǘƘŜ ŜũŜŎǘǎ ƻŦ ƳƻŘŜǊƴ ǿŜŀǘƘŜǊƛƴƎ ŀƴŘ ǎǳǊŦŀŎŜ ŀƭǘŜǊŀǝƻƴΦ 

 {ŀƳǇƭŜǎ ŦǊƻƳ ǘƘŜ ! ƘƻǊƛȊƻƴ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŦƻǊ ǇƘȅǘƻƭƛǘƘ ŀƴŀƭȅǎƛǎ ŀƴŘ ǎǘŀōƭŜ ŎŀǊōƻƴ ƛǎƻǘƻǇŜ 

ŀƴŀƭȅǎƛǎ ƻŦ ǎƻƛƭ ƻǊƎŀƴƛŎ ƳŀǧŜǊ όʵцш/ƻǊƎύΦ . ƘƻǊƛȊƻƴ ǎŀƳǇƭŜǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŦƻǊ ōǳƭƪ ƎŜƻŎƘŜƳƛŎŀƭ ŀƴŀƭȅǎƛǎΣ 

ŀƴŘ ǇŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜ ƴƻŘǳƭŜǎΣ ǊƘƛȊƻŎƻƴŎǊŜǝƻƴǎΣ ŀƴŘ ŎŀƭŎǊŜǘŜ ŎŀǇǎ ǿŜǊŜ ǎŀƳǇƭŜŘ ŦƻǊ ǎǘŀōƭŜ ƛǎƻǘƻǇŜ 

ŀƴŀƭȅǎŜǎ όʵцш/ŎŀǊōΣ ɻцэhŎŀǊōύ ŀƴŘ ŎŀǊōƻƴŀǘŜ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ όɲјћύ ǇŀƭŜƻǘƘŜǊƳƻƳŜǘǊȅΦ 
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¢ŀōƭŜ пΦмΦ /ŜǊǊƻ !Ȋǳƭ CƻǊƳŀǝƻƴ ƭƻŎŀƭƛǝŜǎ ŦǊƻƳ [ŀ tŀƳǇŀ ŀƴŘ ǎƻǳǘƘŜǊƴ .ǳŜƴƻǎ !ƛǊŜǎ tǊƻǾƛƴŎŜΣ !ǊƎŜƴǝƴŀΦ 

[ƻŎŀƭƛǝŜǎ  [ŀǝǘǳŘŜ [ƻƴƎƛǘǳŘŜ ¢ƘƛŎƪƴŜǎǎ 

όƳύ 

{![a! !ƎŜ wŜŦŜǊŜƴŎŜ 

[ŀǎ 

hōǎŎǳǊŀǎ 

ό[hύ 

оуΦтптϲ{ смΦтнмϲ² Ϥмм aƻƴǘŜƘƻǊƳƻǎŀƴ  [ŀǘŜ aƛƻŎŜƴŜ 

ς 9ŀǊƭȅ 

tƭƛƻŎŜƴŜ όсΦуπ 

п aŀύ 

5ŜǎŎƘŀƳǇǎΣ 

нллр 

5ƛǉǳŜ 

tŀǎƻ 

tƛŜŘǊŀǎ 

ό5tύ 

оуΦпноϲ{  смΦтсуϲ² Ϥр IǳŀȅǉǳŜǊƛŀƴπ

aƻƴǘŜƘƻǊƳƻǎŀƴ 

[ŀǘŜ aƛƻŎŜƴŜ 

ς 9ŀǊƭȅ 

tƭƛƻŎŜƴŜ όфπ п 

aŀύ 

5ŜǎŎƘŀƳǇǎΣ 

нллрΤ 

vǳŀǧǊƻŎƘƛƻ Ŝǘ 

ŀƭΦΣ нллу 

/ŀƴǘŜǊŀ 

{ŜƳƛƴŀǊƛƻ 

ό/{ύ 

оуΦтппϲ{  снΦмтоϲ² мн IǳŀȅǉǳŜǊƛŀƴ [ŀǘŜ aƛƻŎŜƴŜ 

όфπсΦу aŀύ 

5ŜǎŎƘŀƳǇǎΣ 

нллр  

όDǊǸƴōŜƛƴ 

ƭƻŎŀƭƛǘȅύ 

.ŀǊǊŀƴŎŀǎ 

ŘŜ 

{ŀǊƳƛŜƴǘƻ 

ό.{ύ 

оуΦтлнϲ{ снΦнптϲ² Ϥт IǳŀȅǉǳŜǊƛŀƴ [ŀǘŜ aƛƻŎŜƴŜ 

όфπсΦу aŀύ 

5ŜǎŎƘŀƳǇǎΣ 

нллр 

{ŀƭƛƴŀǎ 

/ƘƛŎŀǎ 

.ŀǊǊŀƴŎŀǎ 

ό{/.ύ 

оуΦулпϲ{  снΦфсоϲ² мн IǳŀȅǉǳŜǊƛŀƴ 

όƛƴŦŜǊǊŜŘκŀǎǎǳƳŜŘύ 

[ŀǘŜ aƛƻŎŜƴŜ 

όфπсΦу aŀύ 

¢Ƙƛǎ ǎǘǳŘȅ 

9ǇŜŎǳŞƴ 

{ƛǘŜ м 

ό9tмύ 

отΦлттϲ{  снΦусоϲ² Ϥп IǳŀȅǉǳŜǊƛŀƴ 

όƛƴŦŜǊǊŜŘκŀǎǎǳƳŜŘύ 

[ŀǘŜ aƛƻŎŜƴŜ 

όфπсΦу aŀύ 

aƻƴǘŀƭǾƻ Ŝǘ 

ŀƭΦΣ нлнл 

9ǇŜŎǳŞƴ 

{ƛǘŜ н 

ό9tнύ 

отΦнлнϲ{  снΦусрϲ² Ϥс IǳŀȅǉǳŜǊƛŀƴ 

όƛƴŦŜǊǊŜŘκŀǎǎǳƳŜŘύ 

[ŀǘŜ aƛƻŎŜƴŜ 

όфπсΦу aŀύ 

aƻƴǘŀƭǾƻ Ŝǘ 

ŀƭΦΣ нлнл 

/ƘƛƭƭƘǳŞ 

ό/Iύ 

отΦомпϲ{ спΦнпоϲ² Ϥм ŜŀǊƭȅ IǳŀȅǉǳŜǊƛŀƴ [ŀǘŜ aƛƻŎŜƴŜ 

όфπсΦу aŀύ 

aƻƴǘŀƭǾƻ Ŝǘ 

ŀƭΦΣ нлно 

9ǎǘŀƴŎƛŀ 

wŜ ό9wύ 

осΦмнмϲ{  спΦффрϲ² Ϥм ŜŀǊƭȅ IǳŀȅǉǳŜǊƛŀƴ [ŀǘŜ aƛƻŎŜƴŜ 

όфπсΦу aŀύ 

aƻƴǘŀƭǾƻ Ŝǘ 

ŀƭΦΣ нлно 

¢ŜƭŞƴ ό¢9ύ осΦнрпϲ{  срΦрммϲ² Ϥр ŜŀǊƭȅ IǳŀȅǉǳŜǊƛŀƴ [ŀǘŜ aƛƻŎŜƴŜ 

όфπсΦу aŀύ 

aƻƴǘŀƭǾƻ Ŝǘ 

ŀƭΦΣ нлно 
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4.3.3 Geochemical analysis 

DŜƻŎƘŜƳƛŎŀƭ ŀƴŀƭȅǎƛǎ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ƻƴ ōǳƭƪ ǇŀƭŜƻǎƻƭ ǎŀƳǇƭŜǎ όƴҐмфΤ . ƘƻǊƛȊƻƴǎύ ǘƻ ŘŜǘŜǊƳƛƴŜ 

ǿƘƻƭŜπǊƻŎƪ ƳŀƧƻǊ ŜƭŜƳŜƴǘ ŎƻƳǇƻǎƛǝƻƴ ǳǎƛƴƎ ·πǊŀȅ ƅǳƻǊŜǎŎŜƴŎŜ ό·wCύΦ {ŀƳǇƭŜǎ ǿŜǊŜ ŎƭŜŀƴŜŘΣ ǇǳƭǾŜǊƛȊŜŘ 

ǘƻ ғнрл Ƴ˃Σ ƘƻƳƻƎŜƴƛȊŜŘΣ ŀƴŘ ǎŜƴǘ ǘƻ ![{ /ƘŜƳŜȄ όwŜƴƻΣ b±ύ ŦƻǊ ōŜŀŘ Ŧǳǎƛƻƴ ŀƴŘ ·wC ŀƴŀƭȅǎƛǎ ƻŦ мо 

ƳŀƧƻǊ ŜƭŜƳŜƴǘǎΦ !ƴŀƭȅǝŎŀƭ ǳƴŎŜǊǘŀƛƴǘȅ ǊŀƴƎŜŘ ŦǊƻƳ лΦллм҈ ǘƻ лΦм҈Σ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŜƭŜƳŜƴǘ ό!ǇǇŜƴŘƛȄ 

/ύ ŀƴŘ ŘǳǇƭƛŎŀǘŜ ŀƴŀƭȅǎŜǎ ȅƛŜƭŘŜŘ ŀ ƳŜŀƴ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴ ƻŦ ғлΦр҈Φ 9ƭŜƳŜƴǘŀƭ Řŀǘŀ ǿŜǊŜ ŎƻǊǊŜŎǘŜŘ ŦƻǊ 

ƭƻǎǎ ƻƴ ƛƎƴƛǝƻƴ ό[hLύ ōŜŦƻǊŜ ŦǳǊǘƘŜǊ ŀƴŀƭȅǎƛǎΦ 

aŀƧƻǊ ŜƭŜƳŜƴǘ ŎƻƳǇƻǎƛǝƻƴǎ ǿŜǊŜ ǳǎŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ǎŜǾŜǊŀƭ ŎƘŜƳƛŎŀƭ ǿŜŀǘƘŜǊƛƴƎ ƛƴŘƛŎŜǎΣ 

ƛƴŎƭǳŘƛƴƎ ǘƘŜ ¢ƛκ!ƭ Ǌŀǝƻ όaŀȅƴŀǊŘΣ мффнύΣ ǘƘŜ /ƘŜƳƛŎŀƭ LƴŘŜȄ ƻŦ !ƭǘŜǊŀǝƻƴ Ƴƛƴǳǎ ǇƻǘŀǎǎƛǳƳ ό/L!πYύΣ 

{ŀƭƛƴƛȊŀǝƻƴ LƴŘŜȄ ό{!LύΣ ŀƴŘ ǘƘŜ tŀƭŜƻǎƻƭ ²ŜŀǘƘŜǊƛƴƎ LƴŘŜȄ όt²Lύ ό¢ŀōƭŜ пΦнύΦ ¢ƘŜǎŜ ƛƴŘƛŎŜǎ ǊŜƅŜŎǘ ǘƘŜ 

ƛƴǘŜƴǎƛǘȅ ƻŦ ǿŜŀǘƘŜǊƛƴƎ ǇǊƻŎŜǎǎŜǎ ŀƴŘ ǿŜǊŜ ǳǎŜŘ ǘƻ ŜǎǝƳŀǘŜ ƳŜŀƴ ŀƴƴǳŀƭ ǇǊŜŎƛǇƛǘŀǝƻƴ όa!tύ ŀƴŘ ƳŜŀƴ 

ŀƴƴǳŀƭ ǘŜƳǇŜǊŀǘǳǊŜ όa!¢ύ ŦƻƭƭƻǿƛƴƎ ŜǎǘŀōƭƛǎƘŜŘ ŎƭƛƳƻŦǳƴŎǝƻƴǎ ό¢ŀōƭŜ пΦнΤ DŀƭƭŀƎƘŜǊ ϧ {ƘŜƭŘƻƴΣ нлмоΤ 

{ƘŜƭŘƻƴ Ŝǘ ŀƭΦΣ нллнύΦ IƻǿŜǾŜǊΣ ǇŀƭŜƻǎƻƭ ǿŜŀǘƘŜǊƛƴƎ ƛƴŘƛŎŜǎ ǿƘƛŎƘ ƛƴŎƭǳŘŜ /ŀh ǾŀƭǳŜǎ Ŏŀƴ ōŜ ŎƻƳǇƭƛŎŀǘŜŘΦ 

DŜƴŜǊŀƭƭȅΣ ǘƘŜ /ŀ ŦǊŀŎǝƻƴ ƛǎ ŀǎǎǳƳŜŘ ǘƻ ōŜ ƘƻǎǘŜŘ ǇǊƛƳŀǊƛƭȅ ƛƴ ǇƭŀƎƛƻŎƭŀǎŜ ŦŜƭŘǎǇŀǊǎΣ ǿƘƛŎƘ ǊŜƭŜŀǎŜ /ŀ 

ŘǳǊƛƴƎ ƘȅŘǊƻƭȅǎƛǎ ŀƴŘ ŎƻƴǘǊƛōǳǘŜ ǘƻ ǎŜŎƻƴŘŀǊȅ Ŏƭŀȅ ŦƻǊƳŀǝƻƴΦ Lƴ ŎŀǎŜǎ ǿƘŜǊŜ ǎƻƛƭǎ ƻǊ ǇŀƭŜƻǎƻƭǎ ŜƛǘƘŜǊ ŦƻǊƳ 

ǳƴŘŜǊ ŀǊƛŘ ŎƻƴŘƛǝƻƴǎ ŀƴŘ ǇǊƻŘǳŎŜ ǇŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜǎΣ ƻǊ ŦƻǊƳ ƻƴ ŎŀǊōƻƴŀǘŜπǇŀǊŜƴǘŜŘ ǎŜŘƛƳŜƴǘǎΣ 

ǘƘŜǎŜ ǾŀƭǳŜǎ Ŏŀƴ ōŜ ŀǊǝŬŎƛŀƭƭȅ ƛƴƅŀǘŜŘ ŀƴŘ ŎŀǳǎŜ ǳƴŘŜǊǇǊŜŘƛŎǝƻƴǎ ƛƴ ŎƭƛƳƻŦǳƴŎǝƻƴ ǎǇŀŎŜ όŜΦƎΦΣ aƛŎƘŜƭ Ŝǘ 

ŀƭΦΣ нлннύΦ !ǎ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ǘƘŜ ǇŀƭŜƻǎƻƭǎ ŘŜǎŎǊƛōŜŘ ƘŜǊŜ Ŏƻƴǘŀƛƴ ŜƭŜǾŀǘŜŘ /ŀh ŎƻƴǘŜƴǘǎ όҔмл ǿǘ҈ ŀƊŜǊ 

[hL ŎƻǊǊŜŎǝƻƴύΣ ǿŜ ŀǇǇƭƛŜŘ ŀ ŎƻǊǊŜŎǝƻƴ ǘƻ ǘƘŜ ƳŜŀǎǳǊŜŘ /ŀh ǾŀƭǳŜǎ ŦƻƭƭƻǿƛƴƎ CŜŘƻ Ŝǘ ŀƭΦ όмффрύ ŀƴŘ 

aŎ[Ŝƴƴŀƴ όмффоύΦ ¢ƻ ŎƻǊǊŜŎǘ ŦƻǊ ǘƘŜǎŜ ƴƻƴǎƛƭƛŎŀǘŜ ŎƻƴǘǊƛōǳǝƻƴǎ ŀƴŘ ŀǾƻƛŘ ŀǊǝŬŎƛŀƭƭȅ ƭƻǿŜǊƛƴƎ /L! ƻǊ /L!π

Y ǾŀƭǳŜǎΣ ǿŜ ŎƻǊǊŜŎǘŜŘ /ŀh ǳǎƛƴƎ 9ǉǳŀǝƻƴ мΥ 

ὅὥὕᴂ ὅὥὕ ὖ ὕ     .(4.1) 
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¢ƻ ŀŎŎƻǳƴǘ ƻƴƭȅ ŦƻǊ /ŀ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǎƛƭƛŎŀǘŜǎΣ ǿŜ ŎƻƳǇŀǊŜŘ /ŀh  ǿƛǘƘ bŀіhΣ ǳǎƛƴƎ bŀіh ŀǎ ǘƘŜ 

maximum allowable value for silicate-derived Ca (McLennan, 1993). Accordingly, the final corrected CaO 

ǿŀǎ ǎŜǘ Ŝǉǳŀƭ ǘƻ bŀіh ǿƘŜƴ /ŀh  Ҕ bŀіhΣ ŀƴŘ Ŝǉǳŀƭ ǘƻ /ŀh ǿƘŜƴ /ŀh  ғ bŀіhΦ ¢ƻ ŜƴǎǳǊŜ ŎƻƴǎƛǎǘŜƴŎȅΣ ŀƭƭ 

indices reported in this study (Table 4.2), as well as the climofunction-derived paleoclimate 

reconstructions, were calculated using the corrected CaO* values. 

Table 4.2. Paleosol indices and paleoclimate proxy definitions. 

wŀǝƻ CƻǊƳǳƭŀ tǊƻŎŜǎǎ /ƭƛƳƻŦǳƴŎǝƻƴ 

/L!πY ρππὃὰ ὃὰ

ὅὥ ὔὥ  

όaŀȅƴŀǊŘΣ мффнύ 

!ŎŎǳƳǳƭŀǝƻƴ ƻŦ /ƭŀȅ aƛƴŜǊŀƭ ὓὃὖ

ςςρȢρςὩȢ  

ό{ƘŜƭŘƻƴ Ŝǘ ŀƭΦΣ нллнύ 

ὛȢὉ  ςωω άάώὶ 
ό[ǳƪŜƴǎ Ŝǘ ŀƭΦ нлмфύ 

t²L ρππ τȢς ὔὥ

ρȢφφὓὫ υȢυτ

ὑ ςȢπυὅὥ 

όtŀǊƪŜǊΣ мфтлύ 

IȅŘǊƻƭȅǎƛǎ ƻŦ ŀƭƪŀƭƛƴŜ ŜŀǊǘƘ 

ŜƭŜƳŜƴǘ 

ὓὃὝ ςȢχτÌÎὖὡὍ

ςρȢσω  

ὛȢὉ  ςȢρᴈ όDŀƭƭŀƎƘŜǊ 

ϧ {ƘŜƭŘƻƴΣ нлмоύ 

{!L ὑ ὔὥ

ὃὰ
 

!ŎŎǳƳǳƭŀǝƻƴ ƻŦ ŀƭƪŀƭƛ 

ŜƭŜƳŜƴǘǎ ŦǊƻƳ ǊŜǘŀƛƴŜŘ 

ǎƻƭǳōƭŜ ǎŀƭǘǎ 

ὓὃὝ ρψȢυ ὛὃὍρχȢσ 

ὛȢὉ  τȢτᴈ    ό{ƘŜƭŘƻƴ 

Ŝǘ ŀƭΦΣ нллнύ 

tǊƻǾŜƴŀƴŎŜ ὝὭ

ὃὰ
 

wŜƳƻǾŀƭ ƻŦ ¢ƛ ōȅ ǇƘȅǎƛŎŀƭ 

ǿŜŀǘƘŜǊƛƴƎΣ ǿƘƛƭŜ !ƭ ƛǎ 

ǊŜƳƻǾŜŘ ōȅ /ƘŜƳƛŎŀƭ 

ǿŜŀǘƘŜǊƛƴƎΣ !ŎƛŘƛŬŎŀǝƻƴ 

 

 

In addition to these standard climofunctions, this study applied the Soil Geochemistry 

Paleoclimate Model (SGPM; Jackson, 2025), which uses a multivariate principal components analysis (PCA) 

prediction calibrated against a large modern soil database. SGPM provides quantitative estimates of MAT, 

mean annual range in temperature (MART), MAP, and growing season precipitation (GSP), along with 
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associated predictive errors. GSP is defined as the total precipitation during months when the mean 

temperature exceeds 10°C. SGPM excludes relatively unweathered soils from temperature estimates 

while incorporating all soil types, including calcic soils, in precipitation reconstructions. As many of the 

paleosols here are Calcic Alfisols, for which the CIA-K climofunction is not recommended (Sheldon et al., 

2002), SGPM provides a more appropriate approach for reconstructing precipitation, and provides 

additional outputs (MART, GSP) which are unavailable from commonly used soil-geochemistry-based 

climofunctions . 

4.3.4 Stable isotope analyses  

LǎƻǘƻǇƛŎ ŀƴŀƭȅǎƛǎ ƻŦ ǎŀƳǇƭŜǎ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ǘƘŜ ǎǘǳŘȅ ŀǊŜŀ ƛƴŎƭǳŘŜǎ ǎǘŀōƭŜ ŎŀǊōƻƴ ƛǎƻǘƻǇŜ ŀƴŀƭȅǎƛǎ 

ƻŦ ǎƻƛƭ ƻǊƎŀƴƛŎ ƳŀǧŜǊ όʵцш/ƻǊƎύΣ ŀƴŘ ǎǘŀōƭŜ ŎŀǊōƻƴ ŀƴŘ ƻȄȅƎŜƴ ƛǎƻǘƻǇƛŎ ŀƴŀƭȅǎŜǎ όʵцш/ŎŀǊō ŀƴŘ ʵцэhŎŀǊōύ ŀƴŘ 

ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ όɲјћύ ǇŀƭŜƻǘƘŜǊƳƻƳŜǘǊȅ ƻŦ ǇŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜ ƴƻŘǳƭŜǎΦ  

4.3.4.1 Stable isotope analysis of organic matter (ŭĭįCorg) 

! ǘƻǘŀƭ ƻŦ нр ǎŀƳǇƭŜǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ǘƘŜ ŀōƻǾŜπƳŜƴǝƻƴŜŘ ƭƻŎŀƭƛǝŜǎΦ ¢ƘŜǎŜ ǎŀƳǇƭŜǎ ǿŜǊŜ 

ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ! ƘƻǊƛȊƻƴǎ ŀƴŘ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ŦƻǊ ʵцш/ƻǊƎ ŀǘ ǘƘŜ {ǘŀōƭŜ LǎƻǘƻǇŜ [ŀō ŀǘ /ŀƭƛŦƻǊƴƛŀ {ǘŀǘŜ 

¦ƴƛǾŜǊǎƛǘȅΣ bƻǊǘƘǊƛŘƎŜΦ ¢ƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ōǊƻƪŜƴ ƛƴǘƻ ǎƳŀƭƭŜǊ ǇƛŜŎŜǎ όғм ŎƳύ ŀƴŘ ǳƭǘǊŀǎƻƴƛŎŀǘŜŘ ƛƴ 

ƳŜǘƘŀƴƻƭ ǘƻ ǊŜƳƻǾŜ ƭŀōƛƭŜ ƳƻŘŜǊƴ ƻǊƎŀƴƛŎ ƳŀǧŜǊΣ ŦƻƭƭƻǿŜŘ ōȅ ŀ ǊŜŀŎǝƻƴ ǿƛǘƘ с҈ I/ƭ ǘƻ ŜƭƛƳƛƴŀǘŜ 

ŎŀǊōƻƴŀǘŜǎΦ ¢ƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ǘƘŜƴ ǊƛƴǎŜŘ ǿƛǘƘ ŘŜƛƻƴƛȊŜŘ ǿŀǘŜǊ ǳƴǝƭ ŀ ƴŜǳǘǊŀƭ ǇI ǿŀǎ ŀŎƘƛŜǾŜŘ ŀƴŘ ŘǊƛŜŘ 

ƻǾŜǊƴƛƎƘǘ ƛƴ ŀƴ ƻǾŜƴ ŀǘ улϲ/Φ hƴŎŜ ŘǊȅΣ ǘƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ƘƻƳƻƎŜƴƛȊŜŘΣ ǿŜƛƎƘŜŘΣ ŀƴŘ ǇƭŀŎŜŘ ƛƴǘƻ ǝƴ 

ŎŀǇǎǳƭŜǎΣ ǿƘƛŎƘ ǿŜǊŜ ƭƻŀŘŜŘ ƛƴǘƻ ǘƘŜ ŀǳǘƻǎŀƳǇƭŜǊ ƻŦ ŀ /ƻǎǘŜŎƘ 9ƭŜƳŜƴǘŀƭ !ƴŀƭȅȊŜǊ ŎƻƴƴŜŎǘŜŘ ǘƻ ŀ 5Ŝƭǘŀ 

± !ŘǾŀƴǘŀƎŜ ƛǎƻǘƻǇŜ Ǌŀǝƻ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘŜǊΦ ʵцш/ƻǊƎ ǾŀƭǳŜǎ ŀǊŜ ǊŜǇƻǊǘŜŘ ƛƴ ǇŜǊ Ƴƛƭ ό҉ύ ǊŜƭŀǝǾŜ ǘƻ ǘƘŜ 

±ƛŜƴƴŀ tŜŜ 5ŜŜ .ŜƭŜƳƴƛǘŜ ό±t5.ύΦ 9ŀŎƘ ŀƴŀƭȅǎƛǎ ƛƴŎƭǳŘŜŘ ǎŜǘ ŀƳƻǳƴǘǎ ƻŦ ¦{D{ ƛǎƻǘƻǇŜ ǎǘŀƴŘŀǊŘǎ 

ό¦{D{смΥ ʵцш/ Ґ πорΦлр ҕ лΦлп҉Σ ¦{D{снΥ ʵцш/ Ґ πмпΦтф ҕ лΦлп҉Σ ¦{D{соΥ ʵцш/ Ґ πмΦмт ҕ лΦлп҉ύ ŀǎ ǿŜƭƭ 

ŀǎ ŀ ƭƻǿπŎŀǊōƻƴ ǎƻƛƭ ǎǘŀƴŘŀǊŘ ό[ƻǿ hǊƎŀƴƛŎ /ƻƴǘŜƴǘ {ƻƛƭ {ǘŀƴŘŀǊŘ h!{ /ŀǘ bƻΦ .нмро ς /ŜǊǝŬŎŀǘŜ bƻΦ 

онптлп ŦǊƻƳ 9ƭŜƳŜƴǘŀƭ aƛŎǊƻŀƴŀƭȅǎƛǎΥ ʵцш/ Ґ ннΦуу҉ ҕ лΦлп҉ύΣ ƳŜŀǎǳǊŜŘ ŀǘ ǘƘŜ ōŜƎƛƴƴƛƴƎΣ ƳƛŘŘƭŜΣ ŀƴŘ 
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ŜƴŘ ƻŦ ŜŀŎƘ ǊǳƴΦ !ƴŀƭȅǝŎŀƭ ǳƴŎŜǊǘŀƛƴǘȅ ŦƻǊ ʵцш/ƻǊƎ ǾŀƭǳŜǎ ǿŀǎ ƳŀƛƴǘŀƛƴŜŘ ŀǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ лΦм҉Σ ŀƴŘ ǘƘŜ 

ŀǾŜǊŀƎŜ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊ ŦƻǊ ǊŜǇƭƛŎŀǘŜ ŀƴŀƭȅǎŜǎ ǿŀǎ лΦлт҉Φ 

²Ŝ ǳǎŜŘ ǘƘŜ ƛǎƻǘƻǇƛŎ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǎƻƛƭ ƻǊƎŀƴƛŎ ŎŀǊōƻƴ όʵцш/ƻǊƎύ ǘƻ ŜǎǝƳŀǘŜ ǘƘŜ ǊŜƭŀǝǾŜ 

ŀōǳƴŘŀƴŎŜ ƻŦ /ї ǾŜǊǎǳǎ /ј ǾŜƎŜǘŀǝƻƴΣ ōŀǎŜŘ ƻƴ ǘƘŜ ǿŜƭƭπŜǎǘŀōƭƛǎƘŜŘ ŘƛǎǝƴŎǝƻƴ ōŜǘǿŜŜƴ ǘƘŜƛǊ ƛǎƻǘƻǇƛŎ 

ǎƛƎƴŀǘǳǊŜǎΣ ǿƘŜǊŜ /ј Ǉƭŀƴǘǎ ŀǊŜ ŜƴǊƛŎƘŜŘ ƛƴ цш/ ŎƻƳǇŀǊŜŘ ǘƻ /ї ǇƭŀƴǘǎΦ Lƴ ƳƻŘŜǊƴ ŜŎƻǎȅǎǘŜƳǎΣ ʵцш/ƻǊƎ ǾŀƭǳŜǎ 

ŦƻǊ /ї Ǉƭŀƴǘǎ ǎǇŀƴ ŀ ōǊƻŀŘ ǊŀƴƎŜ όςот҉ ǘƻ ςно҉ύ ŘǳŜ ǘƻ ŘƛũŜǊŜƴŎŜǎ ƛƴ ƘǳƳƛŘƛǘȅ ŀƴŘ Ǉƭŀƴǘ ǘŀȄƻƴƻƳȅ 

ό5ƛŜŦŜƴŘƻǊŦ Ŝǘ ŀƭΦΣ нлмлΤ {ƘŜƭŘƻƴ Ŝǘ ŀƭΦΣ нлнлύΦ IƻǿŜǾŜǊΣ ǘƘŜǎŜ ǾŀƭǳŜǎ Ƴŀȅ ǾŀǊȅ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ 

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ŎƭƛƳŀǘŜ ŀƴŘ ǘŜƳǇƻǊŀƭ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ƛǎƻǘƻǇƛŎ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǘƘŜ 

ŀǘƳƻǎǇƘŜǊƛŎ /hн όɻ цш/ŀǘƳύΦ !ǎ ʵцш/ŀǘƳ Ƙŀǎ ǾŀǊƛŜŘ ƻǾŜǊ ƎŜƻƭƻƎƛŎŀƭ ǝƳŜΣ ōƻǘƘ ŎƭƛƳŀǘŜ ŀƴŘ ŀǘƳƻǎǇƘŜǊƛŎ 

ŎƻƳǇƻǎƛǝƻƴ ǎƘƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘ ǿƘŜƴ ǳǎƛƴƎ ʵцш/ƻǊƎ ǘƻ ǊŜŎƻƴǎǘǊǳŎǘ ǇŀƭŜƻǾŜƎŜǘŀǝƻƴ ŎƻƴŘƛǝƻƴǎΦ ¢ƻ 

ŜǎǝƳŀǘŜ /ї ŀƴŘ /ј ǾŜƎŜǘŀǝƻƴ ŎƻƳǇƻǎƛǝƻƴΣ ǿŜ ŀǇǇƭƛŜŘ ŀ ǘǿƻπŎƻƳǇƻƴŜƴǘ ƳƛȄƛƴƎ ƳƻŘŜƭ ǿƛǘƘ ŀǘƳƻǎǇƘŜǊƛŎ 

ŎƻǊǊŜŎǝƻƴǎ ŦƻƭƭƻǿƛƴƎ /ƻǧƻƴ Ŝǘ ŀƭΦ όнлмнΣ нлмпύΦ CƻƭƭƻǿƛƴƎ !ȊƳƛ Ŝǘ ŀƭΦ όнлнрύΣ ǿŜ ǳǎŜŘ ǘǿƻ /їς/ј 

ŜƴŘƳŜƳōŜǊ ǇŀƛǊǎ ǘƻ ŎƻƴǎǘǊŀƛƴ ōƻǘƘ ƳŀȄƛƳǳƳ ŀƴŘ ƳƛƴƛƳǳƳ ŜǎǝƳŀǘŜǎ ƻŦ /ј ǾŜƎŜǘŀǝƻƴ ŀōǳƴŘŀƴŎŜΦ CƻǊ 

ǘƘŜ ƳŀȄƛƳǳƳ /ј ŜǎǝƳŀǘŜΣ ǘƘŜ /ї ŜƴŘƳŜƳōŜǊ ǾŀƭǳŜ ǿŀǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ ƳƻŘŜǊƴ ʵцш/ƻǊƎ ŘŀǘŀǎŜǘ ŎƻƳǇƛƭŜŘ 

ōȅ 5ƛŜŦŜƴŘƻǊŦ Ŝǘ ŀƭΦ όнлмлύΣ ǿƘƛŎƘ ǊŜƭŀǘŜǎ /ї Ǉƭŀƴǘ ƛǎƻǘƻǇƛŎ ǾŀƭǳŜǎ ǘƻ ƳŜŀƴ ŀƴƴǳŀƭ ǇǊŜŎƛǇƛǘŀǝƻƴ όa!tύΦ hǳǊ 

ǇŀƭŜƻŎƭƛƳŀǘŜ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎ ǎǳƎƎŜǎǘ a!t ǊŀƴƎŜŘ ŦǊƻƳ Ϥмлл ǘƻ тлл ƳƳκȅŜŀǊ ŀŎǊƻǎǎ ǘƘŜ ǎǘǳŘȅ ǎƛǘŜǎ ό{ŜŜ 

{ŜŎǝƻƴ пΦпΦн ōŜƭƻǿύΦ ²ƛǘƘƛƴ ǘƘƛǎ ǊŀƴƎŜΣ /ї Ǉƭŀƴǘǎ ŜȄƘƛōƛǘ ŀ ƳŜŀƴ ʵцш/ƻǊƎ ǾŀƭǳŜ ƻŦ ςнсΦм҉Φ !ǇǇƭȅƛƴƎ ŀ 

ŎƻǊǊŜŎǝƻƴ ŦƻǊ ŀǘƳƻǎǇƘŜǊƛŎ ʵцш/Σ ǳǎƛƴƎ ŀ ƳƻŘŜǊƴ ǾŀƭǳŜ ƻŦ πу҉ ŀƴŘ ŀ ǊŜŎƻƴǎǘǊǳŎǘŜŘ [ŀǘŜ aƛƻŎŜƴŜ ǾŀƭǳŜ ƻŦ 

πсΦп҉ ό¢ƛǇǇƭŜ Ŝǘ ŀƭΦΣ нлмлύΣ ȅƛŜƭŘǎ ŀ ŎƻǊǊŜŎǘŜŘ /ї ŜƴŘƳŜƳōŜǊ ƻŦ πнпΦр҉Φ /ј Ǉƭŀƴǘǎ ǎƘƻǿ ƳƛƴƛƳŀƭ ǾŀǊƛŀǝƻƴ 

ƛƴ ʵцш/ƻǊƎ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ǇǊŜŎƛǇƛǘŀǝƻƴ ŀƴŘ ŀǊŜ ƎŜƴŜǊŀƭƭȅ ŜƴǊƛŎƘŜŘ ōȅ Ϥмп҉ ǊŜƭŀǝǾŜ ǘƻ /ї ǇƭŀƴǘǎΦ !ƊŜǊ 

ŀǇǇƭȅƛƴƎ ŀ ƳƛƴƻǊ ŎƻǊǊŜŎǝƻƴ όҍлΦо҉ύ ŦƻƭƭƻǿƛƴƎ .ǳŎƘƳŀƴƴ Ŝǘ ŀƭΦ όмффсύ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘŜ ƛƴƅǳŜƴŎŜ ƻŦ 

ǇǊŜŎƛǇƛǘŀǝƻƴ ŀƴŘ ƻǇŜƴπŎŀƴƻǇȅ ŎƻƴŘƛǝƻƴǎ ƻƴ ǘƘŜ ƛǎƻǘƻǇƛŎ ŎƻƳǇƻǎƛǝƻƴ ƻŦ /ј ǎǇŜŎƛŜǎΣ ǿŜ ǳǎŜŘ ŀ /ј 

ŜƴŘƳŜƳōŜǊ ǾŀƭǳŜ ƻŦ ҍмлΦу҉Φ CƻǊ ǘƘŜ ƳƛƴƛƳǳƳ /п ŜǎǝƳŀǘŜΣ ǿŜ ŀǇǇƭƛŜŘ ŀ ǎŜŎƻƴŘ ǎŜǘ ƻŦ ŜƴŘƳŜƳōŜǊ 

ǾŀƭǳŜǎΦ tǊƛƻǊ ǎǘǳŘƛŜǎ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ǘƘŜ Ƴƻǎǘ ŜƴǊƛŎƘŜŘ ʵцш/ƻǊƎ ǾŀƭǳŜǎ ŀǧǊƛōǳǘŀōƭŜ ǘƻ ǇǳǊŜ /ї ǾŜƎŜǘŀǝƻƴ Ŧŀƭƭ 
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ōŜǘǿŜŜƴ πннΦо҉ ŀƴŘ πнп҉ ό/ƻǧƻƴ Ŝǘ ŀƭΦΣ нлмнΣ нлмпΤ tŀǎǎŜȅ Ŝǘ ŀƭΦΣ нллфύΦ ¢ƘŜǊŜŦƻǊŜΣ ǿŜ ǎŜƭŜŎǘŜŘ πннΦо҉ 

ŀǎ ǘƘŜ Ƴƻǎǘ ŎƻƴǎŜǊǾŀǝǾŜ /ї ŜƴŘƳŜƳōŜǊ ŀƴŘ πмлΦо҉ ŀǎ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ /ј ŜƴŘƳŜƳōŜǊ ǘƻ ȅƛŜƭŘ ǘƘŜ 

ƳƛƴƛƳǳƳ ŜǎǝƳŀǘŜ ƻŦ /ј ǾŜƎŜǘŀǝƻƴΦ 

4.3.4.2 Isotope analyses of pedogenic carbonate nodules (ŭĭįCcarb , ŭĭ Ocarb and ȹ ) 

LǎƻǘƻǇƛŎ ŀƴŀƭȅǎŜǎ ƻŦ ǇŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜ ƴƻŘǳƭŜǎ όʵцш/ŎŀǊōΣ ɻцэhŎŀǊōΣ ŀƴŘ ɲјћΤ ƴҐнмύ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ 

ŀǘ ǘƘŜ tŀƭŜƻш [ŀōƻǊŀǘƻǊȅ ŀǘ bƻǊǘƘ /ŀǊƻƭƛƴŀ {ǘŀǘŜ ¦ƴƛǾŜǊǎƛǘȅΦ tŜŘƻƎŜƴƛŎ ƴƻŘǳƭŜǎ ǿŜǊŜ ǎŀƳǇƭŜŘ ŦǊƻƳ .ƪ 

ƘƻǊƛȊƻƴǎ ŀǘ ŘŜǇǘƘǎ ƎǊŜŀǘŜǊ ǘƘŀƴ ол ŎƳ ōŜƭƻǿ ǘƘŜ ǇŀƭŜƻǎƻƭ ǎǳǊŦŀŎŜ ǘƻ ƳƛƴƛƳƛȊŜ ǘƘŜ ŜũŜŎǘǎ ƻŦ ŀǘƳƻǎǇƘŜǊƛŎ 

/hі Řƛũǳǎƛƻƴ όYƻŎƘΣ мффуύΦ bƻŘǳƭŜǎ ǎƳŀƭƭŜǊ ǘƘŀƴ м ŎƳ ǿŜǊŜ ŎƭŜŀƴŜŘ ƛƴ ŘŜƛƻƴƛȊŜŘ ǿŀǘŜǊ ǳǎƛƴƎ ŀ олπƳƛƴǳǘŜ 

ǳƭǘǊŀǎƻƴƛŎ ōŀǘƘΣ ǘƘŜƴ ŘǊƛŜŘ ƻǾŜǊƴƛƎƘǘ ŀƴŘ ŎǊǳǎƘŜŘ ǘƻ ŀ ŬƴŜ ǇƻǿŘŜǊ ǿƛǘƘ ŀ ƳƻǊǘŀǊ ŀƴŘ ǇŜǎǘƭŜΦ [ŀǊƎŜǊ 

ƴƻŘǳƭŜǎ όҔм ŎƳύ ǿŜǊŜ Ŏǳǘ ǘƻ ŜȄǇƻǎŜ ŀ ŎƭŜŀƴ ǎǳǊŦŀŎŜ ŀƴŘ ǇƻǿŘŜǊŜŘ ǳǎƛƴƎ ŀ 5ǊŜƳŜƭ ǘƻƻƭ ŀǘ ҖмрΣллл wta 

ό{ǘŀǳŘƛƎŜƭ ϧ {ǿŀǊǘΣ нлмсύΦ !ƭƭ ǇƻǿŘŜǊŜŘ ǎŀƳǇƭŜǎ ǿŜǊŜ ǎƻŀƪŜŘ ƛƴ о҈ ƘȅŘǊƻƎŜƴ ǇŜǊƻȄƛŘŜ όIіhіύ ƻǾŜǊƴƛƎƘǘ 

ǘƻ ǊŜƳƻǾŜ ƻǊƎŀƴƛŎǎΣ ǘƘƻǊƻǳƎƘƭȅ ǊƛƴǎŜŘ ǿƛǘƘ ŘŜƛƻƴƛȊŜŘ ǿŀǘŜǊΣ ŀƴŘ ŘǊƛŜŘ ōŜŦƻǊŜ ŀƴŀƭȅǎƛǎΦ 

!ǇǇǊƻȄƛƳŀǘŜƭȅ тлл ҡƎ ƻŦ ǇƻǿŘŜǊŜŘ ǎŀƳǇƭŜ ŀƴŘ пллςрлл ҡƎ ƻŦ ŎŀǊōƻƴŀǘŜ ǊŜŦŜǊŜƴŎŜ ǎǘŀƴŘŀǊŘǎ 

ό/сп ŀƴŘ L!9!π/нύ ǿŜǊŜ ǿŜƛƎƘŜŘ ƛƴǘƻ ƛƴŘƛǾƛŘǳŀƭ ǾƛŀƭǎΦ {ŀƳǇƭŜǎ ǿŜǊŜ ǊŜŀŎǘŜŘ ǿƛǘƘ ƻǊǘƘƻǇƘƻǎǇƘƻǊƛŎ ŀŎƛŘ 

όˊҐ мΦфтƎκƳ[ύ ŀǘ тл ϲ/ ǳǎƛƴƎ ǘƘŜ bǳ/ŀǊō ŀǳǘƻƳŀǘŜŘ ŎŀǊōƻƴŀǘŜ ǇǊŜǇŀǊŀǝƻƴ ŘŜǾƛŎŜΦ ¢ƘŜ /hі ǊŜƭŜŀǎŜŘ 

ŘǳǊƛƴƎ ŘƛƎŜǎǝƻƴ ǿŀǎ ǇǳǊƛŬŜŘ ŎǊȅƻƎŜƴƛŎŀƭƭȅ ǘƘǊƻǳƎƘ ŀ ǎŜǊƛŜǎ ƻŦ ŎƻƭŘ ǘǊŀǇǎ ŀƴŘ ŀ tƻǊŀǇŀƪ v ǘǊŀǇ ƳŀƛƴǘŀƛƴŜŘ 

ŀǘ πну ϲ/Φ /ƭǳƳǇŜŘ ƛǎƻǘƻǇŜ ŀƴŀƭȅǎŜǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƻƴ ŀ bǳ LƴǎǘǊǳƳŜƴǘǎ tŜǊǎǇŜŎǝǾŜ L{ ƛǎƻǘƻǇŜ Ǌŀǝƻ Ƴŀǎǎ 

ǎǇŜŎǘǊƻƳŜǘŜǊ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ ŘǳŀƭπƛƴƭŜǘ ǎȅǎǘŜƳΣ ŜƴŀōƭƛƴƎ ǎƛƳǳƭǘŀƴŜƻǳǎ ŘŜǘŜŎǝƻƴ ƻŦ /hі ƛǎƻǘƻǇƻƭƻƎǳŜǎ 

ŀǘ ƳκȊ ппςпфΦ 

/ŀǊōƻƴ ŀƴŘ ƻȄȅƎŜƴ ƛǎƻǘƻǇŜ ǾŀƭǳŜǎ όʵцш/ŎŀǊō ŀƴŘ ʵцэhŎŀǊōύ ǿŜǊŜ ǊŜǇƻǊǘŜŘ ǊŜƭŀǝǾŜ ǘƻ ǘƘŜ ±ƛŜƴƴŀ tŜŜ 

5ŜŜ .ŜƭŜƳƴƛǘŜ ό±t5.ύΣ ǿƘƛƭŜ ŎƭǳƳǇŜŘ ƛǎƻǘƻǇŜ ǾŀƭǳŜǎ όɲјћύ ǿŜǊŜ ǊŜǇƻǊǘŜŘ ǊŜƭŀǝǾŜ ǘƻ ǘƘŜ LƴǘŜǊ/ŀǊōπ/ŀǊōƻƴ 

5ƛƻȄƛŘŜ 9ǉǳƛƭƛōǊƛǳƳ {ŎŀƭŜ όLπ/59{ύ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ǇǊƻǘƻŎƻƭǎ ƻŦ .ŜǊƴŀǎŎƻƴƛ Ŝǘ ŀƭΦ όнлнмύΦ 9ŀŎƘ ǎŀƳǇƭŜ ǿŀǎ 

ŀƴŀƭȅȊŜŘ ƛƴ ǘǊƛǇƭƛŎŀǘŜ ǘƻ ǉǳƛƴǘǳǇƭƛŎŀǘŜ ǘƻ ŜƴǎǳǊŜ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ŀƴŘ ǊŜŘǳŎŜ ŀƴŀƭȅǝŎŀƭ ǳƴŎŜǊǘŀƛƴǘȅΦ 
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LƴǎǘǊǳƳŜƴǘ ǇŜǊŦƻǊƳŀƴŎŜ ǿŀǎ ƳƻƴƛǘƻǊŜŘ ǳǎƛƴƎ ŀƴ ƛƴπƘƻǳǎŜ ŎŀǊōƻƴŀǘŜ ǎǘŀƴŘŀǊŘ ό/спύΦ 5ŀǘŀ ǊŜŘǳŎǝƻƴ ǿŀǎ 

ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ŀ ǇƻƻƭŜŘ ǎǘŀƴŘŀǊŘƛȊŀǝƻƴ ŀǇǇǊƻŀŎƘ όŜΦƎΦΣ 5ŀšǊƻƴΣ нлнмύΣ ŀƴŘ ǇŀƭŜƻǘŜƳǇŜǊŀǘǳǊŜǎ ǿŜǊŜ 

ŘŜǊƛǾŜŘ ŦǊƻƳ ɲјћ ǾŀƭǳŜǎ ǳǎƛƴƎ ǘƘŜ ŎŀƭƛōǊŀǝƻƴ ƻŦ !ƴŘŜǊǎƻƴ Ŝǘ ŀƭΦ όнлнмύΣ ŀǇǇƭȅƛƴƎ ǘƘŜ цьh ŎƻǊǊŜŎǝƻƴ 

ǇŀǊŀƳŜǘŜǊǎ ŦǊƻƳ .ǊŀƴŘ Ŝǘ ŀƭΦ όнлмлύ ŀƴŘ ǘƘŜ тлϲ/ ŀŎƛŘ ŦǊŀŎǝƻƴŀǝƻƴ ŦŀŎǘƻǊ ƻŦ tŜǘŜǊǎŜƴ Ŝǘ ŀƭΦ όнлмфύΦ hȄȅƎŜƴ 

ƛǎƻǘƻǇŜ ǾŀƭǳŜǎ όʵцэhŎŀǊōύ ǿŜǊŜ ƴƻǊƳŀƭƛȊŜŘ ǘƻ ǘƘŜ ±ƛŜƴƴŀ {ǘŀƴŘŀǊŘ aŜŀƴ hŎŜŀƴ ²ŀǘŜǊ ό±{ah²ύ ǎŎŀƭŜ 

ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŜǘƘƻŘǎ ƻŦ /ƻǇƭŜƴ Ŝǘ ŀƭΦ όмфуоΣ мфууύΣ ŀƴŘ ǘƘŜǎŜ ǾŀƭǳŜǎΣ ƛƴ ŎƻƴƧǳƴŎǝƻƴ ǿƛǘƘ ɲјћπōŀǎŜŘ 

ǘŜƳǇŜǊŀǘǳǊŜǎΣ ǿŜǊŜ ǳǎŜŘ ǘƻ ŜǎǝƳŀǘŜ ǘƘŜ ʵцэh ƻŦ ƳŜǘŜƻǊƛŎ ǎƻǳǊŎŜ ǿŀǘŜǊ όʵцэhǎǿύ ŦƻƭƭƻǿƛƴƎ YƛƳ ŀƴŘ hΩbŜƛƭ 

όмффтύΦ 

¢Ƙƛǎ ǎǘǳŘȅ ǳǎŜǎ ɲјћ ǾŀƭǳŜǎ ǘƻ ƛƴŦŜǊ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ŎƻƴŘƛǝƻƴǎΣ ŀǎ ǇŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜǎ ƘŀǾŜ 

ƭƻƴƎ ōŜŜƴ ŎƻƴǎƛŘŜǊŜŘ ŀ ǇŀƭŜƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ŀǊŎƘƛǾŜ ŦƻǊ ŀǘƳƻǎǇƘŜǊƛŎ ŎƛǊŎǳƭŀǝƻƴΣ ǇǊŜŎƛǇƛǘŀǝƻƴ ǇŀǧŜǊƴǎΣ 

ǎƘƛƊǎ ƛƴ ǾŜƎŜǘŀǝƻƴΣ ǇŀƭŜƻŀƭǝƳŜǘǊȅΣ ŀƴŘ ŦƻǊƳŀǝƻƴ ǘŜƳǇŜǊŀǘǳǊŜǎ όŜΦƎΦΣ !ƳǳƴŘǎƻƴ Ŝǘ ŀƭΦΣ мффсΤ /ŜǊƭƛƴƎ Ŝǘ 

ŀƭΦΣ нлммΤ 9ƛƭŜǊΣ нллтΤ DŀǊȊƛƻƴŜ Ŝǘ ŀƭΦΣ нлллΤ vǳŀŘŜ Ŝǘ ŀƭΦΣ нллтύΦ  ɲјћπŘŜǊƛǾŜŘ ǘŜƳǇŜǊŀǘǳǊŜǎ ǿŜǊŜ ǇǊŜǾƛƻǳǎƭȅ 

ƛƴǘŜǊǇǊŜǘŜŘ ŀǎ ƳŜŀƴ ŀƴƴǳŀƭ ǘŜƳǇŜǊŀǘǳǊŜǎΦ IƻǿŜǾŜǊΣ ǊŜŎŜƴǘ ǎǘǳŘƛŜǎ ƘŀǾŜ ƛŘŜƴǝŬŜŘ ŀ ǎǘǊƻƴƎ ǎŜŀǎƻƴŀƭ ōƛŀǎΣ 

ǿƛǘƘ ŎŀǊōƻƴŀǘŜ ŦƻǊƳŀǝƻƴ ǘȅǇƛŎŀƭƭȅ ƻŎŎǳǊǊƛƴƎ ŘǳǊƛƴƎ ǘƘŜ ǿŀǊƳŜǎǘ ƳƻƴǘƘǎ ŘǳŜ ǘƻ ƅǳŎǘǳŀǝƻƴǎ ƛƴ ǎƻƛƭ 

ƳƻƛǎǘǳǊŜΣ ǘŜƳǇŜǊŀǘǳǊŜΣ ŀƴŘ Ǉ/hі ό.ǊŜŜŎƪŜǊ Ŝǘ ŀƭΦΣ нллфΤ tŀǎǎŜȅ Ŝǘ ŀƭΦΣ нлмлΤ tŜǘŜǊǎ Ŝǘ ŀƭΦΣ нлмоύΦ ¢ƘŜǊŜŦƻǊŜΣ 

ƛƴ ǘƘƛǎ ǎǘǳŘȅΣ ɲјћ ǾŀƭǳŜǎ ŀǊŜ ƛƴǘŜǊǇǊŜǘŜŘ ŀǎ ǿŀǊƳ ƳƻƴǘƘ ƳŜŀƴ ǘŜƳǇŜǊŀǘǳǊŜǎ ό²aa¢ύΦ CƻƭƭƻǿƛƴƎ .ǳǊƎŜƴŜǊ 

Ŝǘ ŀƭΦ όнлмфύΣ ²aa¢ ŜǎǝƳŀǘŜǎ ǿŜǊŜ ŀƭǎƻ ǳǎŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ a!w¢ ŀǎ ǘǿƛŎŜ ǘƘŜ ŘƛũŜǊŜƴŎŜ ōŜǘǿŜŜƴ ɲјћπ

ŘŜǊƛǾŜŘ ²aa¢ ŀƴŘ a!¢ όōŀǎŜŘ ƻƴ ǇŀƭŜƻǎƻƭ ƎŜƻŎƘŜƳƛŎŀƭ ŎƻƳǇƻǎƛǝƻƴύΦ ¢ƘŜ ǊŜǎǳƭǝƴƎ a!w¢ ǾŀƭǳŜǎ ǿŜǊŜ 

ǘƘŜƴ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘƻǎŜ ƛƴŘŜǇŜƴŘŜƴǘƭȅ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ {DtaΦ Lƴ ŀŘŘƛǝƻƴΣ ʵцш/ŎŀǊō ǾŀƭǳŜǎ ŀǊŜ ǳǎŜŘ ǘƻ 

ƛƴŦŜǊ ǇŀƭŜƻǾŜƎŜǘŀǝƻƴ ŎƻƳǇƻǎƛǝƻƴΣ ŀǎ ǘƘŜȅ ǊŜƅŜŎǘ ǘƘŜ ƛǎƻǘƻǇƛŎ ǎƛƎƴŀǘǳǊŜ ƻŦ ǎƻƛƭ /hі ŘŜǊƛǾŜŘ ŦǊƻƳ Ǌƻƻǘ 

ǊŜǎǇƛǊŀǝƻƴ ŀƴŘ ƳƛŎǊƻōƛŀƭ ŘŜŎƻƳǇƻǎƛǝƻƴΣ ōƻǘƘ ƛƴƅǳŜƴŎŜŘ ōȅ ǘƘŜ ǊŜƭŀǝǾŜ ŀōǳƴŘŀƴŎŜ ƻŦ /ї ŀƴŘ /ј Ǉƭŀƴǘǎ 

όCƻȄ ŀƴŘ YƻŎƘΣ нллпύΦ !ǎ ʵцш/ŎŀǊō ƛǎ ŜƴǊƛŎƘŜŘ ōȅ ϤмрΦм ҕ мΦм҉ ǊŜƭŀǝǾŜ ǘƻ ʵцш/ƻǊƎ ŘǳŜ ǘƻ /hі Řƛũǳǎƛƻƴ ŀƴŘ 

ǘŜƳǇŜǊŀǘǳǊŜπŘŜǇŜƴŘŜƴǘ ŎŀƭŎƛǘŜ ŦǊŀŎǝƻƴŀǝƻƴ ό/ŜǊƭƛƴƎ ϧ vǳŀŘŜΣ мффоΤ YƻŎƘΣ мффуύΣ ǘƘƛǎ ǎǘǳŘȅ ŀǇǇƭƛŜǎ ǘƘƛǎ 

ƻũǎŜǘ ǘƻ ŜǎǝƳŀǘŜ ǘƘŜ ʵцш/ƻǊƎπŜǉǳƛǾŀƭŜƴǘ ŀƴŘ ŜǾŀƭǳŀǘŜ ǘƘŜ ǾŜƎŜǘŀǝƻƴ ŘȅƴŀƳƛŎǎΦ 
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4.3.5 Phytolith assemblages 

tƘȅǘƻƭƛǘƘ ŀƴŀƭȅǎƛǎ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ŀǘ ǘƘŜ tŀƭŜƻш [ŀōΣ bƻǊǘƘ /ŀǊƻƭƛƴŀ {ǘŀǘŜ ¦ƴƛǾŜǊǎƛǘȅΣ ǳǎƛƴƎ ŀ 

ƳƻŘƛŬŜŘ ǇǊƻŎŜŘǳǊŜ ƻŦ {ǘǊǀƳōŜǊƎ Ŝǘ ŀƭΦ όнллоύΦ bƛƴŜ !πƘƻǊƛȊƻƴ ǎŀƳǇƭŜǎ ǿŜǊŜ ǎŜƭŜŎǘŜŘ ŦǊƻƳ ǘƘŜ ǎǘǳŘȅ ŀǊŜŀΣ 

ŀƴŘ мςо Ǝ ƻŦ ŜŀŎƘ ǿŀǎ ŎǊǳǎƘŜŘΣ ǘǊŜŀǘŜŘ ǿƛǘƘ I/ƭΣ ŀƴŘ ǎƛŜǾŜŘ ǘƻ ǊŜƳƻǾŜ ǇŀǊǝŎƭŜǎ Ҕнрл ҡƳΦ {ŀƳǇƭŜǎ ǿŜǊŜ 

ǘƘŜƴ ƻȄƛŘƛȊŜŘ ǿƛǘƘ {ŎƘǳƭǘȊΩǎ ǎƻƭǳǝƻƴ ǘƻ ŜƭƛƳƛƴŀǘŜ ƻǊƎŀƴƛŎ ƳŀǘŜǊƛŀƭΣ ŦƻƭƭƻǿŜŘ ōȅ ŘŜƅƻŎŎǳƭŀǝƻƴ ŀƴŘ Ŏƭŀȅ 

ǊŜƳƻǾŀƭ ǘƘǊƻǳƎƘ ро ҡƳ ƳŜǎƘ ǎƛŜǾƛƴƎ ŀƴŘ ǊŜǇŜŀǘŜŘ ǊƛƴǎƛƴƎ ǿƛǘƘ ŘŜƛƻƴƛȊŜŘ ǿŀǘŜǊΦ tƘȅǘƻƭƛǘƘǎ ǿŜǊŜ ƛǎƻƭŀǘŜŘ 

ǳǎƛƴƎ ȊƛƴŎ ōǊƻƳƛŘŜ ό½ƴ.Ǌіύ ƘŜŀǾȅ ƭƛǉǳƛŘ ƅƻǘŀǝƻƴ όǎǇŜŎƛŬŎ ƎǊŀǾƛǘȅ Ґ нΦо ƎκŎƳшύΣ ƳƻǳƴǘŜŘ ƛƴ /ŀǊƎƛƭƭŜ 

aŜƭǘƳƻǳƴǘ όǊŜŦǊŀŎǝǾŜ ƛƴŘŜȄ Ґ мΦрофύΣ ŀƴŘ ŜȄŀƳƛƴŜŘ ǳƴŘŜǊ ŀ bƛƪƻƴ 9ŎƭƛǇǎŜ bπ9 ŎƻƳǇƻǳƴŘκǇŜǘǊƻƎǊŀǇƘƛŎ 

ƳƛŎǊƻǎŎƻǇŜ ŀǘ нллςмлллҎ ƳŀƎƴƛŬŎŀǝƻƴΦ CƻǊ ŜŀŎƘ ǎƭƛŘŜΣ ŀ ƳƛƴƛƳǳƳ ƻŦ олл ǇƘȅǘƻƭƛǘƘǎ ǿŜǊŜ ŎƻǳƴǘŜŘ ǘƻ 

ŜƴǎǳǊŜ Ǌƻōǳǎǘ ǉǳŀƴǝǘŀǝǾŜ ŀƴŀƭȅǎƛǎΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ǇǊƻǘƻŎƻƭ ƻŦ {ǘǊǀƳōŜǊƎ Ŝǘ ŀƭΦ όнллоύΦ 

tƘȅǘƻƭƛǘƘ ƳƻǊǇƘƻǘȅǇŜǎ ǿŜǊŜ ƛŘŜƴǝŬŜŘ ǳǎƛƴƎ ōƻǘƘ Ŧƻǎǎƛƭ ŀƴŘ ƳƻŘŜǊƴ ǊŜŦŜǊŜƴŎŜ ƳŀǘŜǊƛŀƭǎΣ 

ƛƴŎƭǳŘƛƴƎ {ǘǊǀƳōŜǊƎ όнллоΣ нллпύΣ ǘƘŜ tƘȅǘ/ƻǊŜ 5. ό!ƭōŜǊǘ Ŝǘ ŀƭΦΣ нлмсύΣ ŀƴŘ 9ΦDΦ IȅƭŀƴŘΩǎ ǊŜŦŜǊŜƴŎŜ 

ŎƻƭƭŜŎǝƻƴ ŀǘ bƻǊǘƘ /ŀǊƻƭƛƴŀ {ǘŀǘŜ ¦ƴƛǾŜǊǎƛǘȅΦ LŘŜƴǝŬŎŀǝƻƴ ŦƻƭƭƻǿŜŘ ǘƘŜ ƴƻƳŜƴŎƭŀǘǳǊŜ ŀƴŘ ŎƭŀǎǎƛŬŎŀǝƻƴ 

ƎǳƛŘŜƭƛƴŜǎ ƻŦ ǘƘŜ LƴǘŜǊƴŀǝƻƴŀƭ /ƻŘŜ ŦƻǊ tƘȅǘƻƭƛǘƘ bƻƳŜƴŎƭŀǘǳǊŜΣ ǾŜǊǎƛƻƴǎ L/tbмΦл όaŀŘŜƭƭŀ Ŝǘ ŀƭΦΣ нллрύ 

ŀƴŘ L/tbнΦл όbŜǳƳŀƴƴ Ŝǘ ŀƭΦΣ нлмфύΦ aƻǊǇƘƻǘȅǇŜǎ ǿŜǊŜ ōǊƻŀŘƭȅ ƎǊƻǳǇŜŘ ƛƴǘƻ ǘǿƻ ŦǳƴŎǝƻƴŀƭ ƎǊƻǳǇǎΥ 

ŦƻǊŜǎǘ ƛƴŘƛŎŀǘƻǊǎ όCLύ ŀƴŘ ƎǊŀǎǎ ƛƴŘƛŎŀǘƻǊǎ όDLύΦ CL ǘȅǇŜǎ ƛƴŎƭǳŘŜ CƻǊŜǎǘ όCLύΣ 5ƛŎƻǘȅƭŜŘƻƴ ό5L/h¢ύΣ /ƻƴƛŦŜǊ 

ό/hbLύΣ {ŜŘƎŜ ό{95D9ύΣ tŀƭƳ όt![aύΣ ŀƴŘ .ŀƳōǳǎƻƛŘ ό.!a.ύΦ DL ǘȅǇŜǎ ƛƴŎƭǳŘŜ DǊŀǎǎ όDw!{{ύΣ tƻƻƛŘŜŀŜ 

όthhL5ύΣ /ƘƭƻǊƛŘƻƛŘŜŀŜ ό/I[hwύΣ tŀƴƛŎƻƛŘŜŀŜ όt!bLύΣ ŀƴŘ t!//!5 όŀ ŎƻƳǇƻǎƛǘŜ ƎǊƻǳǇ ŎƻƳǇǊƛǎƛƴƎ 

tŀƴƛŎƻƛŘŜŀŜΣ !ǊǳƴŘƛƴƻƛŘŜŀŜΣ /ƘƭƻǊƛŘƻƛŘŜŀŜΣ /ŜƴǘƻǘƘŜŎƻƛŘŜŀŜΣ !ǊƛǎǝŘƻƛŘŜŀŜΣ ŀƴŘ 5ŀƴǘƘƻƴƛƻƛŘŜŀŜύΦ DL 

ƳƻǊǇƘƻǘȅǇŜǎ ǿŜǊŜ ǳǎŜŘ ǘƻ ŜǎǝƳŀǘŜ ǘƘŜ ǊŜƭŀǝǾŜ ŀōǳƴŘŀƴŎŜ ƻŦ /ј ǾŜǊǎǳǎ /ї ǾŜƎŜǘŀǝƻƴΦ aŀȄƛƳǳƳ ŀƴŘ 

ƳƛƴƛƳǳƳ /ј ŜǎǝƳŀǘŜǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ōȅ ƛƴŎƭǳŘƛƴƎ ŀƴŘ ŜȄŎƭǳŘƛƴƎ t!//!5 ƳƻǊǇƘƻǘȅǇŜǎΣ ǊŜǎǇŜŎǝǾŜƭȅΣ 

ŦƻƭƭƻǿƛƴƎ {ǘǊǀƳōŜǊƎ ŀƴŘ aŎLƴŜǊƴŜȅ όнлммύΦ ! ōƻƻǘǎǘǊŀǇǇƛƴƎ ŀǇǇǊƻŀŎƘ ǿŀǎ ǳǎŜŘ ǘƻ ŎƻƳǇǳǘŜ фр҈ 

ŎƻƴŬŘŜƴŎŜ ƛƴǘŜǊǾŀƭǎ ŦƻǊ ŜǎǝƳŀǝƴƎ ǳƴŎŜǊǘŀƛƴǘȅ ƛƴ ǘƘŜ ŀōǳƴŘŀƴŎŜ ƻŦ ŜŀŎƘ Ǉƭŀƴǘ ŦǳƴŎǝƻƴŀƭ ƎǊƻǳǇ ό/ƘŜƴ Ŝǘ 

ŀƭΦΣ нлмрΤ IȅƭŀƴŘ Ŝǘ ŀƭΦΣ нлноύΦ 
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4.4 Results 

4.4.1 Stratigraphy and pedogenic features 

¢ƘŜ /ŜǊǊƻ !Ȋǳƭ ŀƴŘ ŜǉǳƛǾŀƭŜƴǘ ŦƻǊƳŀǝƻƴǎ ǎǘǳŘƛŜŘ ŀŎǊƻǎǎ ǘƘŜ t/. ό¢ŀōƭŜ пΦмύ ŜȄƘƛōƛǘ ǾŀǊƛŀōƭŜ 

ǘƘƛŎƪƴŜǎǎ ŀƴŘ ƭƛǘƘƻƭƻƎƛŎŀƭ ŎƻƳǇƻǎƛǝƻƴΣ ōǊƻŀŘƭȅ ǊŜƅŜŎǝƴƎ ŀ ǎƻǳǘƘŜŀǎǘπǘƻπƴƻǊǘƘǿŜǎǘ ǘǊŀƴǎŜŎǘ ŀŎǊƻǎǎ ǘƘŜ 

ǊŜƎƛƻƴ όCƛƎǳǊŜ пΦнύΦ {ǘǊŀǝƎǊŀǇƘƛŎ ǎŜŎǝƻƴǎ ƳŜŀǎǳǊŜŘ ŀǘ ǘƘŜǎŜ ǎƛǘŜǎ ǊŀƴƎŜ ƛƴ ǘƘƛŎƪƴŜǎǎ ŦǊƻƳ ŀǇǇǊƻȄƛƳŀǘŜƭȅ 

м Ƴ ǘƻ мн ƳΣ ǿƛǘƘ ŀ ƎŜƴŜǊŀƭ ǘƘƛƴƴƛƴƎ ǘǊŜƴŘ ŦǊƻƳ ǎƻǳǘƘŜŀǎǘ ǘƻ ƴƻǊǘƘǿŜǎǘΦ wŜƭŀǝǾŜƭȅ ǘƘƛŎƪŜǊ ǎǳŎŎŜǎǎƛƻƴǎ όҔр 

Ƴύ ŀǊŜ ŦƻǳƴŘ ƛƴ ǎƻǳǘƘŜŀǎǘŜǊƴ ƭƻŎŀƭƛǝŜǎ ό[hπ9tнΤ CƛƎǳǊŜ пΦнύΣ ǿƘŜǊŜŀǎ ŘŜǇƻǎƛǘǎ ƛƴ ǘƘŜ ƴƻǊǘƘǿŜǎǘŜǊƴ ǎƛǘŜǎ 

ό9tмπ¢9ύ ŀǊŜ ǊŜƭŀǝǾŜƭȅ ǘƘƛƴƴŜǊ όғр ƳΤ CƛƎǳǊŜ пΦнύΦ !ŎǊƻǎǎ ŀƭƭ ƭƻŎŀƭƛǝŜǎΣ ǘƘŜ ǎǘǳŘƛŜŘ bŜƻƎŜƴŜ ŘŜǇƻǎƛǘǎ ŀǊŜ 

ŘƻƳƛƴŀƴǘƭȅ ŎƻƳǇƻǎŜŘ ƻŦ ŬƴŜπƎǊŀƛƴŜŘ ǎŀƴŘǎǘƻƴŜ ŀƴŘ ǎƛƭǘǎǘƻƴŜ ǿƛǘƘ ŎŀǊōƻƴŀǘŜ ŎŜƳŜƴǘŀǝƻƴΣ ǿŜƭƭπ

ŘŜǾŜƭƻǇŜŘ ǇŜŘƻƎŜƴƛŎ ŦŜŀǘǳǊŜǎ ǎǳŎƘ ŀǎ Ǌƻƻǘ ǘǊŀŎŜǎΣ ǊƘƛȊƻŎƻƴŎǊŜǝƻƴǎΣ ŎŀǊōƻƴŀǘŜ ƴƻŘǳƭŜǎΣ ŀƴŘ ŎŀǊōƻƴŀǘŜπ

ŬƭƭŜŘ ƘƻǊƛȊƻƴǘŀƭ ŀƴŘ ǾŜǊǝŎŀƭ ōǳǊǊƻǿǎΣ ŀƴŘ ǘƘŜ ƻŎŎŀǎƛƻƴŀƭ ǇǊŜǎŜƴŎŜ ƻŦ ƳŀƳƳŀƭ ŦƻǎǎƛƭǎΦ ! ǇǊƻƳƛƴŜƴǘ ŦŜŀǘǳǊŜ 

ƻōǎŜǊǾŜŘ ŀǘ ǎƛȄ ǎƻǳǘƘŜŀǎǘŜǊƴ ǎƛǘŜǎ ό[hπ9tнύ ƛǎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀ ǿŜƭƭπŘŜǾŜƭƻǇŜŘ ŎŀƭŎǊŜǘŜ ŎŀǇ ŀǘ ǘƘŜ ǘƻǇ ƻŦ 

ǘƘŜ /ŜǊǊƻ !Ȋǳƭ ǎǳŎŎŜǎǎƛƻƴ όCƛƎǳǊŜ пΦнύΦ Lƴ ŎƻƴǘǊŀǎǘΣ ǎǳŎƘ ŎŀƭŎǊŜǘŜ ŎŀǇǎ ŀǊŜ ŀōǎŜƴǘ ƻǊ ǇƻƻǊƭȅ ŘŜǾŜƭƻǇŜŘ ƛƴ 

ǘƘŜ ǘƘƛƴƴŜǊ ƴƻǊǘƘǿŜǎǘŜǊƴ ǎŜŎǝƻƴǎ ό9tмπ¢9ύΦ  

 ! ōǊƛŜŦ ƭƛǘƘƻƭƻƎƛŎŀƭ ŘŜǎŎǊƛǇǝƻƴ ƻŦ ǘƘŜ ƭƻŎŀƭƛǝŜǎ ǎǘǳŘƛŜŘ όCƛƎǳǊŜ пΦнύ ƛǎ ǇǊƻǾƛŘŜŘ ōŜƭƻǿΥ 

[ŀǎ hōǎŎǳǊŀǎ ό[hύΥ ¢Ƙƛǎ ƭƻŎŀƭƛǘȅ ŜȄǇƻǎŜǎ Ϥмм Ƴ ƻŦ ŘŜǇƻǎƛǘǎ ŎƻƳǇƻǎŜŘ ǇǊƛƳŀǊƛƭȅ ƻŦ ǎŀƴŘȅ ǎƛƭǘ ǿƛǘƘ ŀōǳƴŘŀƴǘ 

Ǌƻƻǘ ǘǊŀŎŜǎ ŀƴŘ ǊƘƛȊƻŎƻƴŎǊŜǝƻƴǎΦ ¢ƘƛŎƪ ƛƴǘŜǊǾŀƭǎ ƻŦ ŬƴŜπƎǊŀƛƴŜŘ ǎŀƴŘǎǘƻƴŜ Ŏƻƴǘŀƛƴ ōƭƻŎƪȅ ŎŀǊōƻƴŀǘŜ 

ŀŎŎǳƳǳƭŀǝƻƴǎ ŀƴŘ ŎŀǊōƻƴŀǘŜπŬƭƭŜŘ ƘƻǊƛȊƻƴǘŀƭ ŀƴŘ ǾŜǊǝŎŀƭ ōǳǊǊƻǿǎΦ tŜŘƻƎŜƴƛŎ ŦŜŀǘǳǊŜǎΣ ƛƴŎƭǳŘƛƴƎ 

ŎŀǊōƻƴŀǘŜ ƴƻŘǳƭŜǎ ŀƴŘ Ǌƻƻǘ ǘǊŀŎŜǎΣ ŀǊŜ ǇǊŜǎŜƴǘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǎŜŎǝƻƴΦ ! Ŧƻǎǎƛƭ ƻŦ ŀƴ ǳƴƛŘŜƴǝŬŜŘ ƳŀƳƳŀƭ 

ǿŀǎ ƴƻǘŜŘ ŀǘ ǘƘƛǎ ǎƛǘŜΦ ¢ƘŜ ŘŜǇƻǎƛǘ ƛǎ ŎŀǇǇŜŘ ōȅ ŀ оΦр Ƴ ǘƘƛŎƪΣ ƛƴŘǳǊŀǘŜŘ ŎŀƭŎǊŜǘŜ ƘƻǊƛȊƻƴ όŎŀƭŎǊŜǘŜ ŎŀǇΤ 

!ǇǇŜƴŘƛȄ /ύΦ 
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5ƛǉǳŜ tŀǎƻ tƛŜŘǊŀǎ ό5tύΥ ! пΦр Ƴ ǘƘƛŎƪ ŘŜǇƻǎƛǘ ŎƻƴǎƛǎǝƴƎ ƻŦ ƳŀǎǎƛǾŜ ǎƛƭǘǎǘƻƴŜ ǿƛǘƘ Ǌƻƻǘ ǘǊŀŎŜǎ ŀƴŘ 

ǊƘƛȊƻŎƻƴŎǊŜǝƻƴǎΣ ǘƘƛŎƪΣ ŬƴŜπƎǊŀƛƴŜŘ ǎŀƴŘǎǘƻƴŜ ǿƛǘƘ ŎŀǊōƻƴŀǘŜ ǎƛƳƛƭŀǊ ǘƻ ǘƘƻǎŜ ŀǘ [ŀǎ hōǎŎǳǊŀǎΣ ŀƴŘ 

ǇŜōōƭȅ ŎƻƴƎƭƻƳŜǊŀǘŜ ƛǎ ƛŘŜƴǝŬŜŘ ŀǘ ǘƘƛǎ ƭƻŎŀƭƛǘȅΦ ¢ƘŜ ŜƴǝǊŜ ŘŜǇƻǎƛǘ ƛǎ ŎŀǇǇŜŘ ōȅ ŀ п Ƴ ǘƘƛŎƪ ŎŀƭŎǊŜǘŜ ŎŀǇΦ 

 
CƛƎǳǊŜ пΦнΥ /ƻƳǇƻǎƛǘŜ ǎǘǊŀǝƎǊŀǇƘƛŎ ŎƻƭǳƳƴǎ ƻŦ ǘƘŜ ǎǘǳŘƛŜŘ ƭƻŎŀƭƛǝŜǎ ŀǊǊŀƴƎŜŘ ŀƭƻƴƎ ǘǊŀƴǎŜŎǘ hςh  ǎƘƻǿƴ 
ƛƴ CƛƎǳǊŜ пΦм!Φ 

 

/ŀƴǘŜǊŀ {ŜƳƛƴŀǊƛƻ ό/{ύΥ ¢Ƙƛǎ ƭƻŎŀƭƛǘȅ Ŏƻƴǘŀƛƴǎ Ϥмн Ƴ ƻŦ ǊŜŘŘƛǎƘπōǊƻǿƴ ǎŀƴŘȅ ǎƛƭǘ ǿƛǘƘ Ǌƻƻǘ ǘǊŀŎŜǎ ŀƴŘ 

ǊƘƛȊƻŎƻƴŎǊŜǝƻƴǎΦ ¢ƘŜ ōŀǎŀƭ ǇƻǊǝƻƴ ƛƴŎƭǳŘŜǎ ŎŀǊōƻƴŀǘŜπŘƻƳƛƴŀǘŜŘ ŬƴŜ ǎŀƴŘ ŀƴŘ ƛǎ ƻǾŜǊƭŀƛƴ ōȅ ǎƛƭǘǎǘƻƴŜ 

ŀƴŘ ŬƴŜπƎǊŀƛƴŜŘ ǎŀƴŘǎǘƻƴŜΦ CŜŀǘǳǊŜǎ ƛƴŘƛŎŀǝǾŜ ƻŦ ƛƴŎƛǇƛŜƴǘ ŎŀƭŎǊŜǝȊŀǝƻƴ ƻǊ ƭŜŀŎƘƛƴƎ ƻŦ ŎŀǊōƻƴŀǘŜǎ ŀǊŜ 

ƻōǎŜǊǾŜŘ ƛƴ ƻƴŜ ƛƴǎǘŀƴŎŜΦ  !ƴ ǳƴƛŘŜƴǝŬŜŘ ƳŀƳƳŀƭ Ŧƻǎǎƛƭ ǿŀǎ ŀƭǎƻ ŦƻǳƴŘ ƘŜǊŜΦ 

.ŀǊǊŀƴŎŀǎ ŘŜ {ŀǊƳƛŜƴǘƻ ό.{ύΥ ! сΦр Ƴ ǘƘƛŎƪ ŘŜǇƻǎƛǘ ƻŦ ǊŜŘŘƛǎƘ ōǊƻǿƴ ŬƴŜπǎŀƴŘȅ ǎƛƭǘ ǿƛǘƘ ŀōǳƴŘŀƴǘ Ǌƻƻǘ 

ǘǊŀŎŜǎ ŀƴŘ ǊƘƛȊƻŎƻƴŎǊŜǝƻƴǎ ƛǎ ƻōǎŜǊǾŜŘ ŀǘ ǘƘƛǎ ƭƻŎŀƭƛǘȅΦ Lǘ ŀƭǎƻ Ŏƻƴǘŀƛƴǎ ōƭƻŎƪȅ ŎŀǊōƻƴŀǘŜ ǿƛǘƘ ƳƛƴƻǊ ŬƴŜ 

ǎŀƴŘǎ ƻǾŜǊƭŀƛƴ ōȅ ŀ нΦр Ƴ ǘƘƛŎƪ ŎŀƭŎǊŜǘŜ ƘƻǊƛȊƻƴ ό!ǇǇŜƴŘƛȄ /ύΦ 



   

190 

 

{ŀƭƛƴŀǎ /ƘƛŎŀǎ .ŀǊǊŀƴŎŀǎ ό{/.ύΥ ¢Ƙƛǎ ƭƻŎŀƭƛǘȅ ƛƴŎƭǳŘŜǎ ŀ мнΦр Ƴ ǘƘƛŎƪ ŘŜǇƻǎƛǘ ƻŦ ǊŜŘŘƛǎƘπōǊƻǿƴ ǎƛƭǘǎǘƻƴŜ ǘƻ 

ǎŀƴŘǎǘƻƴŜ ǿƛǘƘ ǊƘƛȊƻŎƻƴŎǊŜǝƻƴǎ ŀƴŘ ŎŀǊōƻƴŀǘŜ ƴƻŘǳƭŜǎΦ Lǘ ŀƭǎƻ Ŏƻƴǘŀƛƴǎ ŀ ŎŀǊōƻƴŀǘŜ ǊƛŎƘ ƛƴǘŜǊǾŀƭ ǿƛǘƘ 

ƳƛƴƻǊ ǎŀƴŘ ŀƴŘ Ŏƭŀȅ πǎƛƭǘ ǇƻŎƪŜǘΦ CƻƭƭƻǿƛƴƎ ŀ Ϥо Ƴ ǎǘǊŀǝƎǊŀǇƘƛŎ ƎŀǇ όCƛƎǳǊŜ пΦнύΣ ŀ ƳŀǎǎƛǾŜ ǎƛƭǘǎǘƻƴŜ ǳƴƛǘ ƛǎ 

ǇǊŜǎŜƴǘΣ ŀƴŘ ŀ мΦр Ƴ ǘƘƛŎƪ ŎŀƭŎǊŜǘŜ ƘƻǊƛȊƻƴ ŎŀǇǎ ǘƘŜ ŘŜǇƻǎƛǘΦ 

9ǇŜŎǳŞƴ н ό9tнύΥ ¢Ƙƛǎ ƭƻŎŀƭƛǘȅ Ŏƻƴǘŀƛƴǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ с Ƴ ƻŦ ŘŜǇƻǎƛǘ ŎƻƳǇƻǎŜŘ ƻŦ ƭƛƎƘǘ ōǊƻǿƴ ǎŀƴŘȅ ǎƛƭǘ 

ǿƛǘƘ ŀōǳƴŘŀƴǘ Ǌƻƻǘ ǘǊŀŎŜǎΣ ƛƴǘŜǊōŜŘŘŜŘ ŬƴŜ ǎŀƴŘǎǘƻƴŜΣ ŀƴŘ ŀ ŎŀǊōƻƴŀǘŜπǊƛŎƘ ƛƴǘŜǊǾŀƭ ŎƻƳǇǊƛǎƛƴƎ ƳƛƴƻǊ 

ŬƴŜ ǎŀƴŘǎǘƻƴŜ ŀƴŘ ǾŜǊǝŎŀƭ ǘƻ ƘƻǊƛȊƻƴǘŀƭ ōǳǊǊƻǿǎ ŬƭƭŜŘ ǿƛǘƘ ŎŀǊōƻƴŀǘŜΦ ¢ƘŜ ŘŜǇƻǎƛǘǎ ŀǊŜ ŎŀǇǇŜŘ ōȅ ŀ 

ŎŀƭŎǊŜǘŜ ƘƻǊƛȊƻƴ ƭŜǎǎ ǘƘŀƴ м Ƴ ǘƘƛŎƪΦ 

9ǇŜŎǳŞƴ м ό9tмύΥ ¢ƘŜ ŜȄǇƻǎŜŘ ǎŜŎǝƻƴ ŀǘ ǘƘƛǎ ƭƻŎŀƭƛǘȅ ƛǎ Ϥп Ƴ ǘƘƛŎƪ ŀƴŘ Ŏƻƴǎƛǎǘǎ ƻŦ ǊŜŘŘƛǎƘπōǊƻǿƴ ǎƛƭǘȅ 

ǎŀƴŘǎǘƻƴŜ ŎƻƴǘŀƛƴƛƴƎ ƘƻǊƛȊƻƴǘŀƭ ŀƴŘ ǾŜǊǝŎŀƭ ŎŀǊōƻƴŀǘŜπŬƭƭŜŘ ōǳǊǊƻǿǎΣ ŀǎ ǿŜƭƭ ŀǎ ƎƭŜȅƛƴƎΦ hŎŎŀǎƛƻƴŀƭ Ŏƭŀȅ 

ǇƻŎƪŜǘǎ ƻŎŎǳǊ ǿƛǘƘƛƴ ǘƘŜ ǎƛƭǘǎǘƻƴŜΦ 

/ƘƛƭƭƘǳŞ ό/IύΥ ¢Ƙƛǎ ƭƻŎŀƭƛǘȅ ƛƴŎƭǳŘŜǎ ŀ м Ƴ ǘƘƛŎƪ ŜȄǇƻǎǳǊŜ ƻŦ ǊŜŘŘƛǎƘπōǊƻǿƴ ǎƛƭǘȅ ǎŀƴŘ ǿƛǘƘ Ǌƻƻǘ ǘǊŀŎŜǎΣ 

ƎƭŜȅƛƴƎΣ ŀƴŘ ŀ ŎŀǊōƻƴŀǘŜπǊƛŎƘ ƛƴǘŜǊǾŀƭ ŎƻƳǇƻǎŜŘ ƻŦ ŬƴŜ ǎŀƴŘ ŀƴŘ ŎŀǊōƻƴŀǘŜπŬƭƭŜŘ ōǳǊǊƻǿǎΦ 

9ǎǘŀƴŎƛŀ wŜ ό9wύΥ ¢ƘŜ ŘŜǇƻǎƛǘǎ ŀǘ ǘƘƛǎ ƭƻŎŀƭƛǘȅ Ŏƻƴǘŀƛƴ Ϥ мΦр Ƴ ǘƘƛŎƪ ŬƴŜ ǎŀƴŘǎǘƻƴŜ ǿƛǘƘ ōƭƻŎƪȅ ŎŀǊōƻƴŀǘŜ 

ƛƴŬƭƭƛƴƎǎ ǿƛǘƘƛƴ ōǳǊǊƻǿǎΣ ŀƭƻƴƎ ǿƛǘƘ ǊŜŘŘƛǎƘπōǊƻǿƴ ǎƛƭǘȅ ǎŀƴŘǎǘƻƴŜΦ 

¢ŜƭŞƴ ό¢9ύΥ ¢ƘŜ ǎŜŎǝƻƴ ŀǘ ¢ŜƭŞƴ ƛǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ р Ƴ ǘƘƛŎƪ ŀƴŘ ŎƻƳǇǊƛǎŜǎ ŬƴŜ ǎŀƴŘǎǘƻƴŜ ǿƛǘƘ ƭŀǊƎŜ όлΦнς

лΦс Ƴ ŘƛŀƳŜǘŜǊύ ōƭƻŎƪȅ ŎŀǊōƻƴŀǘŜπŬƭƭŜŘ ōǳǊǊƻǿǎΣ ƛƴǘŜǊōŜŘŘŜŘ ǿƛǘƘ ƭƛƎƘǘ ōǊƻǿƴ ǎŀƴŘȅ ǎƛƭǘǎǘƻƴŜ ŎƻƴǘŀƛƴƛƴƎ 

Ǌƻƻǘ ǘǊŀŎŜǎ ŀƴŘ ǎƭƛŎƪŜƴǎƛŘŜǎΦ ¢Ƙƛǎ ǎǳŎŎŜǎǎƛƻƴ ƛǎ ƻǾŜǊƭŀƛƴ ōȅ ŀ Ϥм Ƴ ǘƘƛŎƪ ŘŀǊƪ ōǊƻǿƴ ƳŀǊƭ ǳƴƛǘΣ ŦƻƭƭƻǿŜŘ ōȅ 

ƭƛƎƘǘ ōǊƻǿƴ ǎƛƭǘǎǘƻƴŜ ǿƛǘƘ Ǌƻƻǘ ǘǊŀŎŜǎΦ 

! ǘƻǘŀƭ ƻŦ нп ǇŀƭŜƻǎƻƭ ƘƻǊƛȊƻƴǎ ǿŜǊŜ ƛŘŜƴǝŬŜŘ ŀƴŘ ǎŀƳǇƭŜŘ ŀŎǊƻǎǎ ǘƘŜ ǎǘǳŘƛŜŘ ƭƻŎŀƭƛǝŜǎ ŀƴŘ 

ŎŀǘŜƎƻǊƛȊŜŘ ƛƴǘƻ ǘǿƻ ǇŜŘƻǘȅǇŜǎΣ /!м ŀƴŘ /!нΣ ōŀǎŜŘ ƻƴ ǇƘȅǎƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ŦƻƭƭƻǿƛƴƎ aŀŎƪ Ŝǘ ŀƭΦ 

όмффоύΣ wŜǘŀƭƭŀŎƪ όнллуύΣ ŀƴŘ ǘƘŜ {ƻƛƭ {ǳǊǾŜȅ {ǘŀũ όнлмпύΦ tŜŘƻǘȅǇŜ /!м ό/ŀƭŎƛǎƻƭκ/ŀƭŎƛŎ !ƭŬǎƻƭΤ CƛƎǳǊŜ пΦоύ 
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ƛǎ ǘƘŜ Ƴƻǎǘ ŀōǳƴŘŀƴǘ ƻƴŜΣ ƻōǎŜǊǾŜŘ ƛƴ ƴŜŀǊƭȅ ŀƭƭ ƭƻŎŀƭƛǝŜǎΦ Lǘ Ŏƻƴǎƛǎǘǎ ƻŦ ŀ лΦрςоΦр Ƴ ǘƘƛŎƪ !πƘƻǊƛȊƻƴ 

ŎƻƳǇƻǎŜŘ ƻŦ ǊŜŘŘƛǎƘπōǊƻǿƴ ǎŀƴŘȅ ǎƛƭǘǎǘƻƴŜ ǿƛǘƘ Ǌƻƻǘ ǘǊŀŎŜǎΣ ǊƘƛȊƻŎƻƴŎǊŜǝƻƴǎΣ ŀƴŘ ŎŀǊōƻƴŀǘŜπŬƭƭŜŘ 

ǾŜǊǝŎŀƭ ŀƴŘ ƘƻǊƛȊƻƴǘŀƭ ōǳǊǊƻǿǎ όCƛƎǳǊŜ пΦоύΣ ǿƛǘƘ ƻŎŎŀǎƛƻƴŀƭ ƎƭŜȅƛƴƎ ŀƴŘ ǎƭƛŎƪŜƴǎƛŘŜǎΦ ¢Ƙƛǎ ƘƻǊƛȊƻƴ ƛǎ 

ǳƴŘŜǊƭŀƛƴ ōȅ ŀ лΦоςмΦр Ƴ ǘƘƛŎƪ ŎŀǊōƻƴŀǘŜπŜƴǊƛŎƘŜŘ .ƪ ƘƻǊƛȊƻƴ ŎƻƳǇƻǎŜŘ ƻŦ ǎƛƭǘȅ ǘƻ ŬƴŜ ǎŀƴŘǎǘƻƴŜ ǿƛǘƘ 

ǾŜǊȅ ƭŀǊƎŜ ǇŜŘƻƎŜƴƛŎ ŎŀǊōƻƴŀǘŜ ƴƻŘǳƭŜǎ όҔлΦр Ƴ ƛƴ ŘƛŀƳŜǘŜǊύΦ tŜŘƻǘȅǇŜ /!н όtǊƻǘƻǎƻƭκ9ƴǝǎƻƭύ ƛǎ ƻƴƭȅ 

ƛŘŜƴǝŬŜŘ ƛƴ ǘƘŜ ¢ŜƭŞƴ ƭƻŎŀƭƛǘȅ ŀƴŘ ƛǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ŀ лΦф Ƴ ǘƘƛŎƪ !πƘƻǊƛȊƻƴ ŎƻƳǇƻǎŜŘ ƻŦ ƭƛƎƘǘ ōǊƻǿƴ 

ǎŀƴŘȅ ǎƛƭǘǎǘƻƴŜ ǿƛǘƘ Ǌƻƻǘ ǘǊŀŎŜǎ όCƛƎǳǊŜ пΦоύΣ ǳƴŘŜǊƭŀƛƴ ōȅ ŀ ǿŜŀƪƭȅ ŘŜǾŜƭƻǇŜŘ лΦу Ƴ ǘƘƛŎƪ ǎƛƭǘǎǘƻƴŜ . 

ƘƻǊƛȊƻƴ ǎƘƻǿƛƴƎ ƳƛƴƛƳŀƭ ǇŜŘƻƎŜƴƛŎ ŀƭǘŜǊŀǝƻƴΦ 

 
CƛƎǳǊŜ пΦоΥ aŀƧƻǊ ǇŜŘƻǘȅǇŜǎ ƛŘŜƴǝŬŜŘ ǿƛǘƘƛƴ ǘƘŜ ǎǘǳŘȅ ŀǊŜŀΣ ƛƴŎƭǳŘƛƴƎ ƪŜȅ ŦŜŀǘǳǊŜǎΦ 
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4.4.2 Geochemistry 

.ǳƭƪ ƳŀƧƻǊ ŜƭŜƳŜƴǘ ŎƻƳǇƻǎƛǝƻƴǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ мф .πƘƻǊƛȊƻƴ ǎŀƳǇƭŜǎ ŀŎǊƻǎǎ ŜƛƎƘǘ ƻŦ ǘƘŜ 

ǘŜƴ ǎǘǳŘȅ ǎƛǘŜǎΦ DŜƻŎƘŜƳƛŎŀƭ ŀƴŀƭȅǎŜǎ ǿŜǊŜ ƴƻǘ ŎƻƴŘǳŎǘŜŘ ŀǘ /ƘƛƭƭƘǳŞ ό/Iύ ŀƴŘ 9ǎǘŀƴŎƛŀ wŜ ό9wύ ŘǳŜ ǘƻ ǘƘŜ 

ŀōǎŜƴŎŜ ƻŦ ǿŜƭƭπŘŜǾŜƭƻǇŜŘ .πƘƻǊƛȊƻƴǎΦ !ǘ ǎƛǘŜǎ ǿƛǘƘ ƳǳƭǝǇƭŜ ǇŀƭŜƻǎƻƭ ƘƻǊƛȊƻƴǎΣ ƳǳƭǝǇƭŜ .πƘƻǊƛȊƻƴ 

ǎŀƳǇƭŜǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘΦ IƻǿŜǾŜǊΣ ŘǳŜ ǘƻ ǘƘŜ ƭƛƳƛǘŜŘ ŀƎŜ ŎƻƴǘǊƻƭ ǿƛǘƘƛƴ ƛƴŘƛǾƛŘǳŀƭ ƭƻŎŀƭƛǝŜǎ ŀƴŘ ǘƘŜ ŦƻŎǳǎ 

ƻŦ ǘƘƛǎ ǎǘǳŘȅ ƻƴ ƭŀǘŜǊŀƭ ǾŀǊƛŀōƛƭƛǘȅΣ ŜǎǝƳŀǘŜǎ ōŀǎŜŘ ƻƴ ƎŜƻŎƘŜƳƛŎŀƭ ŎƻƳǇƻǎƛǝƻƴǎ ǿŜǊŜ ŀǾŜǊŀƎŜŘ ōȅ 

ǎƛǘŜǎκƭƻŎŀƭƛǝŜǎΦ IƻǊƛȊƻƴπǎǇŜŎƛŬŎ Řŀǘŀ ŀǊŜ ǇǊƻǾƛŘŜŘ ƛƴ ǘƘŜ !ǇǇŜƴŘƛȄ /Φ 

¢ƘŜ ǎƛǘŜπŀǾŜǊŀƎŜŘ /ƘŜƳƛŎŀƭ LƴŘŜȄ ƻŦ !ƭǘŜǊŀǝƻƴ Ƴƛƴǳǎ ǇƻǘŀǎǎƛǳƳ ό/L!πYΣ ¢ŀōƭŜ пΦнύ ǊŀƴƎŜǎ ŦǊƻƳ 

рпΦн ǘƻ спΦрн όŀǾŜǊŀƎŜҐрфΤ CƛƎǳǊŜ пΦп!ύΣ ǿƛǘƘ ǎƭƛƎƘǘƭȅ ƘƛƎƘŜǊ ǾŀƭǳŜǎ ƛƴ ǘƘŜ ƴƻǊǘƘǿŜǎǘŜǊƴ ǎƛǘŜǎ ŎƻƳǇŀǊŜŘ ǘƻ 

ǘƘŜ ǎƻǳǘƘŜŀǎǘŜǊƴ ƻƴŜǎΦ ¢ƘŜ tŀƭŜƻǎƻƭ ²ŜŀǘƘŜǊƛƴƎ LƴŘŜȄ όt²Lύ ǾŀǊƛŜǎ ōŜǘǿŜŜƴ ор ŀƴŘ слΦт όŀǾŜǊŀƎŜҐптΦуΤ 

CƛƎǳǊŜ пΦп.ύ ǿƛǘƘ ƴƻ ǎƛƎƴƛŬŎŀƴǘ ŘƛǊŜŎǝƻƴŀƭ ǘǊŜƴŘ ŀŎǊƻǎǎ ǘƘŜ ǘǊŀƴǎŜŎǘΦ {ŀƭƛƴƛȊŀǝƻƴ ƛƴŘŜȄ ό{![ύ ǾŀǊƛŜǎ 

ōŜǘǿŜŜƴ лΦос ŀƴŘ лΦрт ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ лΦпу όCƛƎǳǊŜ пΦп/ύ ǿƛǘƘ ƴƻ ǎƛƎƴƛŬŎŀƴǘ ǎǇŀǝŀƭ ǘǊŜƴŘΦ ¢ƘŜ ¢ƛκ!ƭ 

ǊŀǝƻΣ ŀ ǇǊƻǾŜƴŀƴŎŜ ƛƴŘƛŎŀǘƻǊΣ ǾŀǊƛŜǎ ǎƭƛƎƘǘƭȅ ōŜǘǿŜŜƴ лΦлс ŀƴŘ лΦлт όŀǾŜǊŀƎŜ Ґ лΦлспΤ CƛƎǳǊŜ пΦп5ύΣ ǿƛǘƘ ƴƻ 

ǎƛƎƴƛŬŎŀƴǘ ŘƛǊŜŎǝƻƴŀƭ ǘǊŜƴŘ ŀŎǊƻǎǎ ǘƘŜ ǘǊŀƴǎŜŎǘΦ 

aŜŀƴ ŀƴƴǳŀƭ ǘŜƳǇŜǊŀǘǳǊŜ όa!¢ύ ŜǎǝƳŀǘŜŘ ŦǊƻƳ {![ ŎƭƛƳƻŦǳƴŎǝƻƴ ǊŀƴƎŜǎ ŦǊƻƳ сΦс ǘƻ млΦрҕпΦпϲ/ 

ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ уΦпϲ/Σ ǿƘƛƭŜ t²L ōŀǎŜŘ ŜǎǝƳŀǘŜǎ ǾŀǊƛŜǎ ōŜǘǿŜŜƴ млΦм ŀƴŘ ммΦтҕнΦмϲ/ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ 

ƻŦ млΦфϲ/ όCƛƎǳǊŜ пΦр!ύΦ ¢ƘŜ {Dta ƳƻŘŜƭ ȅƛŜƭŘǎ a!¢ ƻŦ фΦо ǘƻ мнΦсҕпΦнϲ/ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ ммΦпϲ/ όCƛƎǳǊŜ 

пΦр!ύΦ !ƭƭ ǘƘŜ a!¢ ŜǎǝƳŀǘŜǎ ŀǊŜ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘƛƴ ŜǊǊƻǊ ŀƴŘ ǎƘƻǿ ƴƻ ǎƛƎƴƛŬŎŀƴǘ ǘǊŜƴŘǎ ŀŎǊƻǎǎ ǘƘŜ ǘǊŀƴǎŜŎǘΦ 

{Dta ŀƭǎƻ ǇǊŜŘƛŎǘǎ ŀ ƳŜŀƴ ŀƴƴǳŀƭ ǊŀƴƎŜ ƻŦ ǘŜƳǇŜǊŀǘǳǊŜ όa!w¢ύΣ ǿƘƛŎƘ ǾŀǊƛŜǎ ōŜǘǿŜŜƴ ннΦу ŀƴŘ 

нрΦоҕрΦмϲ/ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ ноΦуϲ/ όCƛƎǳǊŜ пΦс!ύΣ ŀƴŘ ŀƭǎƻ ŜȄƘƛōƛǘǎ ƳƛƴƛƳŀƭ ŎƘŀƴƎŜ ŀƭƻƴƎ ǘƘŜ ǘǊŀƴǎŜŎǘΦ 

aŜŀƴ ŀƴƴǳŀƭ ǇǊŜŎƛǇƛǘŀǝƻƴ όa!tύ ŜǎǝƳŀǘŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ /L!ȤY ŎƭƛƳƻŦǳƴŎǝƻƴ ǾŀǊƛŜǎ ōŜǘǿŜŜƴ спн 

ŀƴŘ тфл ҕ нфф ƳƳ ȅǊѐцΣ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ тмоΦо ƳƳȅǊѐц ό!ǇǇŜƴŘƛȄ /Τ CƛƎǳǊŜ пΦр.ύΦ {DtaȤŘŜǊƛǾŜŘ a!t 

ǊŀƴƎŜǎ ŦǊƻƳ опмΦр ǘƻ ртфҕ орс ƳƳȅǊѐц ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ пфм ƳƳȅǊѐц όCƛƎǳǊŜ пΦр.ύΦ 5ŜǎǇƛǘŜ ŀ ƳƛƴƻǊ ƻũǎŜǘ  
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CƛƎǳǊŜ пΦпΥ DŜƻŎƘŜƳƛŎŀƭ ƛƴŘƛŎŜǎ ǇƭƻǧŜŘ ŀƭƻƴƎ ǘƘŜ hςh  ǘǊŀƴǎŜŎǘΦ ό!ύ /ƘŜƳƛŎŀƭ LƴŘŜȄ ƻŦ !ƭǘŜǊŀǝƻƴ Ƴƛƴǳǎ 
tƻǘŀǎǎƛǳƳ ό/L!πYύΣ ό.ύ tŀƭŜƻǎƻƭ ²ŜŀǘƘŜǊƛƴƎ LƴŘŜȄ όt²LύΣ ό/ύ {ŀƭƛƴƛȊŀǝƻƴ LƴŘŜȄ ό{![ύΣ ŀƴŘ ό5ύ ¢ƛκ!ƭ ǊŀǝƻΦ 

 

CƛƎǳǊŜ пΦрΥ tŀƭŜƻŎƭƛƳŀǘŜ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎΦ ό!ύ tŀƭŜƻǘŜƳǇŜǊŀǘǳǊŜ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎΥ aŜŀƴ !ƴƴǳŀƭ 
¢ŜƳǇŜǊŀǘǳǊŜ όa!¢ύ ōŀǎŜŘ ƻƴ {ŀƭƛƴƛȊŀǝƻƴ ƛƴŘŜȄ ό{![Σ ŎƛǊŎƭŜǎύΣ tŀƭŜƻǎƻƭ ²ŜŀǘƘŜǊƛƴƎ LƴŘŜȄ όt²LΣ ǘǊƛŀƴƎƭŜǎύ 
ŀƴŘ {ƻƛƭ DŜƻŎƘŜƳƛǎǘǊȅ tŀƭŜƻŎƭƛƳŀǘŜ aƻŘŜƭ ό{DtaΣ ǎǉǳŀǊŜǎύΦ ό.ύ tŀƭŜƻǇǊŜŎƛǇƛǘŀǝƻƴ ǊŜŎƻƴǎǘǊǳŎǝƻƴǎΥ aŜŀƴ 
!ƴƴǳŀƭ tǊŜŎƛǇƛǘŀǝƻƴ όa!tύ ōŀǎŜŘ ƻƴ /ƘŜƳƛŎŀƭ LƴŘŜȄ ƻŦ !ƭǘŜǊŀǝƻƴ Ƴƛƴǳǎ tƻǘŀǎǎƛǳƳ ό/L!πYΣ ŎƛǊŎƭŜǎύΣ ŀƴŘ 
{ƻƛƭ DŜƻŎƘŜƳƛǎǘǊȅ tŀƭŜƻŎƭƛƳŀǘŜ aƻŘŜƭ ό{DtaΣ  ǎǉǳŀǊŜǎύΦ ό/ύ DǊƻǿƛƴƎ {Ŝŀǎƻƴ tǊŜŎƛǇƛǘŀǝƻƴ όD{tύ ōŀǎŜŘ ƻƴ 
{ƻƛƭ DŜƻŎƘŜƳƛǎǘǊȅ tŀƭŜƻŎƭƛƳŀǘŜ aƻŘŜƭ ό{DtaΣ ǎǉǳŀǊŜǎύ ώƘŜǊŜ ǎƘŀŘŜŘ ŀǊŜŀǎ ƛƴŘƛŎŀǘŜ ǘƘŜ ŜǊǊƻǊ ƳŀǊƎƛƴΣ ŀƴŘ 
ŘŀǎƘŜŘ ƭƛƴŜǎ ƛƴŘƛŎŀǘŜ ƳƻŘŜǊƴ a!¢Σ  a!t ŀƴŘ D{t όCƛŎƪ ϧ IƛƧƳŀƴǎΣ нлмтύϐΦ 
 


