
 

 

 

 

 

ABSTRACT 

Late Tertiary Paleoclimate and Stratigraphy of the Gray Fossil Site (eastern TN) and Pipe 
Creek Sinkhole (northcentral IN) 

 
Aaron J. Shunk, Ph.D. 

 
Committee Chairman: Steven G. Driese, Ph.D. 

 
 

The Late Tertiary represents warm Earth conditions immediately prior to the 

development of extensive northern hemisphere glaciation, and this period in Earth history 

may therefore provide the best available analogy for the projected outcome of continued 

global warming.  There are few interior continental sites of Late Tertiary age from the 

eastern half of North America and subsequently very little is known about the conditions 

characterizing climate.  The Early Pliocene (~5 Ma) Pipe Creek Sinkhole (PCS) includes 

the sediment fill of a complex karst environment that developed in north-central Indiana, 

USA.  The PCS stratigraphy has multiple facies including: 1) Terra rossa with δ13 C 

values averaging -20 ±0.7‰ PDB, which are interpreted to represent sediment deposited 

in a closed cave system under high summer temperatures with well-drained soils.  2) An 

in-situ paleosol at the top of the terra rossa, which formed after the cave opened to the 

land surface.  3) Dark-colored, organic-rich pond sediments cap the other facies, and 

include the abundant vertebrate fossils that are broadly consistent with those inhabiting 



 

an open ecosystem such as a savannah or parkland.  However, pollen analysis from the 

pond sediments includes dominantly pine pollen and no grass pollen.   

The Gray Fossil Site (GFS) includes an exceptional latest Miocene to earliest 

Pliocene (4.5 to 7 Ma) sinkhole lake deposit that contains incredibly well-preserved 

sediment, fauna, and flora.  The uppermost ~2.8 m of lacustrine stratigraphy is 

characterized by autochthonous rhythmites that regularly alternate between coarse-

grained and organic-rich (A) laminae and fine-grained, silty-clay (B) laminae, and are 

interpreted to represent annual varves deposited in a monsoonal precipitation pattern. 

Equivalent periodicities at 23.0/ 24-years and 5.1/ 4.4-years were discovered from the 

spectral analysis of thickness measurements of annual growth bands in fossil wood and 

the lacustrine rhythmites, which confirms an annual association for the rhythmites.  The 

dominant 23/ 24-year climate cycle is interpreted to represent the Hale-cycle, which is 

thought to have modulated precipitation.  The strong expression of the Hale-cycle 

suggests the importance of considering the Earth-Sun climatic relationship for 

understanding climate change and global warming.  
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“If it isn’t published, then it didn’t happen” 
~Lonnie Thompson 

 
“If I have seen further it is by standing on the shoulders of giants.” 

~Isaac Newton 
 

“It is clear today that the Sun is a variable star.  However, we are still far from fully 
understanding what and how causes this variability.  The large increase in solar activity 

during the last 100 years dramatically emphasizes the existence of our lack of 
understanding of fundamental solar processes.  … we do not yet fully understand the 

formation of present climate, not to talk about the situation during quite different solar 
activity, say, only 100 years ago.” 

 
~K. Mursula in Solar Physics 224 p. 3-4
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CHAPTER ONE 
 

Introduction 
 

 
Global climate change is an important issue for the future of humanity because if 

global climate changes abruptly, then the ecological response will affect all of us.  The 

Late Tertiary represents the last time Earth maintained warm earth conditions with 

greater temperatures than today, which makes it an important test ground for anticipating 

the potential outcome of global warming. Unfortunately, little was known about late 

Tertiary paleoclimate from the eastern half of the continental United States because until 

1997 there were no appropriate sites available for paleoclimate reconstruction.  The lack 

of understanding about this region is significant because this region includes high 

biodiversity that possibly represents a refugium for plants and animals from climate 

change in the Appalachian Mountains.  Furthermore, a major portion of the US croplands 

exists in the region.  Thus, it seems critical, when considering the potential outcomes of 

modern global warming in relation to extinction and changes to society, to understand the 

late Tertiary paleoclimate of this region.  The discovery of the Pipe Creek Sinkhole 

(PCS) in 1997 and the Gray Fossil Site (GFS) in 2001 each represent rare opportunities to 

research paleoclimate in this region. 
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The Pipe Creek Sinkhole 

The PCS is located in north-central Indiana, and this deposit was discovered when 

limestone quarrying operations blasted open the site by removing a large portion of a 

vertical wall-face with dynamite.  The blasting exposed a large deposit of highly variable 

sediments that included disarticulated, but well-preserved vertebrate fossils.  Initially, the 

quarry workers did not consider the vertebrate fossils or sediments exceptional became 

Pleistocene fossils are relatively common in this region.  However, when Dr. Jim Farlow 

(IUPU, Ft. Wayne Indiana) identified the fossils as Late Tertiary the remaining portions 

of the site were preserved for additional research.  It is rumoured that the preservation of 

the site was partially because the owners of the quarry were facing accusations of price-

fixing and stiff penalties and considered salvaging the site an opportunity to improve 

public image.  Whatever the case, this important site was preserved for additional 

research, but unfortunately, I was unable to get to the site for first-hand evaluation until 

2003, when much of the sediment had been destroyed.  However, prior to removal dark-

colored pond sediments were sampled at a 10 cm sampling interval by Dr. Rick 

Fluegeman (BSU, Muncie Indiana) and abundant photographs were taken from the site, 

and much of the cave sediment remains in situ today.  There were portions of the site that 

were not sampled prior to removal.  In particular, much information about the transition 

from a mostly closed, non-fossiliferous cave to an open pond with abundant fossils was 

lost except as documented in photographs.  It is my feeling that the site opened during a 

collapse and then transitioned from drier conditions to wetter conditions, but the 

transitional decimetre-scale rhythmites were not sampled and were completely removed, 

and it this portion of the site’s climate record was unfortunately lost forever. 
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In Chapter Two, aspects of PCS paleoclimate were reconstructed using multiple 

lines of evidence including: micromorphology, organic geochemistry, pollen and kerogen 

analyses.  Based on these data, it is clear that there are two different climate phases 

recorded within the PCS stratigraphy.  The cave deposits are Terra Rossa sediment with 

stable C isotope values that are consistent with a mixed C3/C4 ecosystem.  This 

interpretation is also consistent with the paleoclimate derived from the vertebrate fossil 

assemblage (Farlow et al., 2001) was interpreted as open-savannah or parkland, and 

collectively these records indicate drier conditions with elevated temperatures compared 

to modern.  Thus, north-central IN in the late Tertiary was likely similar to a 

Mediterranean-type climate.  The second paleoclimate record is derived from the pond 

sediments and is characterized by exclusively C3 terrestrial contributions, which is 

strongly supported by the pollen assemblage that is characterized by an early succession 

pine forest and a complete absence of grass pollen.  Thus, it was interpreted that the PCS 

stratigraphy was consistent with a climate shift.  However, as in all karst depositional 

environments, the stratigraphy and geomorphic evolution are extremely complex and it is 

plausible that the stratigraphic changes relating to the opening of the basin and the 

development of a pond with an associated riparian community, and that this wet climate 

phase may represent a very localized environment associated with the pond itself.   

I have a concern that was not discussed in the PCS publication (Shunk et al., 

2009b) as it was the consensus decision of the collaborating researchers not to include the 

idea.  However, I do not feel that this concern affects the integrity of the PCS because a 

group of paleontologists satisfied my concern, but I express the point here as an official 

documentation of the situation.  The pond sediments are above an apparent erosional 
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unconformity.  The PCS pond stratigraphy was age-constrained as Late Neogene based 

on the presence of Tertiary fossils within the sediments.  In my opinion there is a small 

chance that the pond sediments are much younger than the cave sediments, and that the 

vertebrate mammal fossils were reworked into the pond from the cave.  This idea is 

supported by multiple observations including: there is abundant evidence for reworking 

of ‘mud balls’ within the PCS, which suggests reworking was inherent in the site, and 2) 

fossils are commonly reworked in similar karst environments (e.g. see Moriarty et al. 

2000), and 3) a biologist at the Northeastern GSA meeting reconstructed the climate 

based on amphibians and reptiles inhabiting the pond (with the exception of one 

disarticulated tortoise fossil) as suggesting much cooler conditions (like Michigan) during 

the time interval the pond sediment was deposited.  The biologist was unaware of the 

implications of what he was saying during his presentation, but it was significant to me 

because it was consistent with Pleistocene conditions that could have produced the pine-

dominanted pollen assemblage.  However, when I discussed this with some of my co-

authors in attendance at the meeting and the other palaeontologists attending the meeting, 

the consensus was that the taphonomic evidence from the fossil assemblage did not 

support this interpretation and that it was ‘too speculative’ to consider it in the manuscript 

as it would greatly complicate the story.  Their taphonomic evidence was based on the 

high abundance and diversity of small-bodied late Tertiary rodents in the pond that were 

not weathered.  I agreed that it was difficult to envision the diverse Tertiary rodent 

assemblage and large-bodied mammals reworking into a pond.  However, it should be 

noted that as far as I know the animals actually living in the pond (fish, amphibians, 

aquatic reptiles (turtles and snakes)) are all extant critters, whereas the PCS terrestrial 
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mammal fossils are from the Tertiary and many of them are extinct.  It should be noted 

that I am not a palaeontologist and in a collaborating research project compromises must 

be made.  Thus, I agreed after an open-table conversation that included several 

palaeontologists to go with the expert’s opinions (including prominent paleontologists in 

the field such as Larry Martin).  Also, the biologist’s research has not been published, and 

therefore it is not clear if his methodology or understanding of the paleoclimate based on 

the fossil assemblage was accurate.     

 
The Gray Fossil Site 

The Gray Fossil Site is an exceptional site located in northeastern Tennessee.  The 

site appears to include multiple sinkhole lake fills that formed between two stratigraphic 

units along a dipping fold limb in the Valley and Ridge province.  Research in this 

dissertation focused exclusively on the latest Miocene to earliest Pliocene (4.5 to 7 Ma) 

site that filled with a 40 m record of sediment.  However, the stratigraphy and 

geochemistry from an adjacent core (Shunk, unpublished) does not correlate with the 

latest Miocene to earliest Pliocene deposits, and includes a pollen assemblage that 

strongly suggests an Eocene/ Oligocene age for the sediments (Mike Zavada, personal 

communication).  Thus, it appears the GFS includes both Paleogene and Neogene 

deposits that each formed in distinct sinkhole lake environments, and ~40 Ma separates 

the infilling of sediment into these deposits (Fig. 1.1).  The development of multiple 

sinkholes of different age is not surprising considering that sinkhole formation is not 

random in the Knox Dolostone and occurs in association with faults, fold limbs, or 

stratigraphic breaks (Redwine, 1999).  The two GFS depocenters are both oriented along  
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Figure 1.1.  A conceptual model showing (from top to bottom) the development of 
multiple sinkhole basins of different ages in close proximity to each other at the Gray 
Fossil Site.  GFS stratigraphy is consistent with a deep solution pipe developing along a 
fold limb and infilling with lacustrine sediment during the Paleogene.  Then during the 
Neogene a second basin developed and filled with latest Miocene to earliest Pliocene 
sediment and fossils. 
 

a fold limb and stratigraphic break.  Thus, future research about the GFS provides an 

opportunity to evaluate paleoclimate from the Paleogene.   

The GFS latest Miocene to earliest Pliocene deposits are the focus of this 

dissertation and includes three facies (Shunk et al., 2006): 1) the lower graded facies is 

characterized by buff-colored sediment deposited as individual graded beds; 2) the 

rhythmite facies includes dark-colored sediment that is interpreted to represent annual 

varves (Chapter 3) and includes the diverse faunal and floral assemblage; and 3) the 

subaerial facies, which includes sediment that has been pedogenically modified or was 
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deposited in a subaerial environment.  This stratigraphic succession was interpreted as 

representing either a climate change from drier conditions to wetter conditions, or a 

change in the complex karst depositional environment (Shunk et al., 2006).  Chapters 

three and four of this dissertation reconstruct the paleoclimate from the GFS rhythmite 

facies and the lacustrine rhythmites are interpreted to represent annual varves deposited 

under a monsoon climate that supported a canopied forest.  The rhythmites include the 

diverse faunal and floral assemblages discovered from the within site and included well-

preserved fossil wood.  Spectral analysis of thickness measurements of annual tree rings 

and the interpreted varves include similar periodicities within the ENSO (4.4/ 5.1-yrs) 

and Hale-solar cycle (23/ 24-yrs) frequency bands, and the discovery of the same 

periodicities in annual tree-rings and lacustrine rhythmites indicate the GFS rhythmites 

are annual varves.  A third periodicity of ~12-years is present within varves and likely 

relates to the Schwabe-solar cycle.  Collectively, the records suggest precipitation was 

modulated by these climatic parameters during the late Tertiary, which has significant 

implications for understanding the fundamental factors for climate.  

The Hale-cycle is a fundamental solar cycle relating to the reversal of the Sun’s 

magnetic dipole.  As reviewed in chapter four, it is clear the Hale-cycle modulates 

climate, yet the Sun-Earth climate relationship is poorly understood.  The Sun is a 

variable star and there has been a large-scale increase in solar activity during the last 100 

years (Musula et al., 2004), which could have played a major role in global warming.   

This suggests that we do not yet fully understand the formation of the modern climate, 

and considering the potential long-term variations in solar activity.      
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CHAPTER TWO 

Late Neogene Paleoclimate and Paleoenvironment Reconstructions from Pipe Creek 
Sinkhole, Indiana, USA  

 
 

Abstract 
 

The Late Neogene represents warm Earth conditions immediately prior to the 

development of extensive northern hemisphere glaciation, and this period in Earth history 

may therefore provide the best available analog for the projected outcome of continued 

global warming.  There are few interior continental sites of Late Neogene age from the 

eastern half of North America and subsequently very little is known about the conditions 

characterizing climate.  The Early Pliocene (~5 Ma) Pipe Creek Sinkhole (PCS) includes 

the sediment fill of a complex karst environment that developed in north-central Indiana, 

USA (Lat. 40° 27’ 25.4”, Long. 85° 47’ 37.2”).  The site includes more than 3 m of high-

chroma, red-colored silty-clay sediment interpreted to be terra rossa.  The terra rossa δ13 

C values average -20 ±0.7‰ PDB and are interpreted to represent sediment deposited in 

a closed cave system under high summer temperatures and with well-drained soils.  An 

in-situ paleosol at the top of the terra rossa represents a transition from a closed cave to 

an open environment that eventually flooded, thereby becoming a small pond.  δ13 C 

values from lacustrine sediments with organic matter derived dominantly from algae 

average -20.6 ‰ and suggest the pond was stagnant and enriched with bicarbonate from 

the underlying limestones or via aquifers.  Pond sediments include abundant vertebrate 

fossils, which are broadly consistent with those inhabiting an open ecosystem such as a 

savannah or parkland.  However, the PCS pollen includes low taxonomic diversity that is 
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dominated by pine with some hickory and flowering plants, but no grass pollen.  We 

propose two hypotheses to explain the PCS stratigraphic record: 1) The pollen 

assemblage may represent a local pine dominated ecosystem associated with the pond 

paleoenvironment, such as a riparian community, and that the greater landscape was drier 

and open; 2) Alternatively, the climate may have became wetter raising the elevation of 

the groundwater table and initiating the formation of the pond.  Then in response to the 

wetter conditions an early succession forest ecosystem developed.   

 
 Introduction 

 
The Pipe Creek Sinkhole (PCS) is located in Grant County, Indiana (Fig. 2.1) and 

contains a  paleoclimate record that is especially significant because it is Late Miocene or 

Early Pliocene (5.1 Ma).  Understanding paleoclimatic records from this period may 

provide critical information for predicting the outcome of global warming.  The late 

Neogene was a time of major changes to the Earth’s climate, fauna, and flora.  Neogene 

climate records derived from leaf physiognomy measurements from western North 

America using the CLAMP model indicate that there was a mid-Miocene thermal 

optimum, and that after this thermal optimum (at about 13 Ma) temperatures generally 

declined (except during two instances during the late Miocene where cold-month mean 

temperatures increased and one late Pliocene (3 Ma) warming event) until widespread 

glaciation developed in the Northern Hemisphere (Wolfe, 1994).  A similar cooling trend 

can be observed from European leaf-floras using the CLAMP model, but it should be 

noted that CLAMP temperature estimates tend to be considerably colder than other  
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Figure 2.1.  Map showing the location of the Pipe Creek Sinkhole (PCS) in Grant County 
(dark grey), Indiana (light grey).  The PCS provides a rare opportunity to study the 
paleoclimate from the Early Pliocene in a region that lacks extensive late Neogene 
records.  Striped zones represent the Great Lakes, USA, and dashed lines are lines of 
latitude and longitude, respectively. 
 

proxies for European data (Uhl et al., 2007).  It has been suggested that there was a global 

expansion of C4 grasslands between 8 and 5 Ma, which was accompanied by the most 

significant Cenozoic faunal turnover (Cerling et al., 1998, Cerling et al., 1997).  Cerling 

et al. (1997) attributed the expansion of C4 plants to some combination of an increase in 

aridity and/ or the decrease of atmospheric CO2 below a threshold that starved C3 plants.  

However, Fox and Koch (2003) used paleosol isotopes to reconstruct C4 expansion on the 

Great Plains and determined that C4 biomass was present by 23 Ma and increased 

substantially between 6.4 and 4.0 Ma, reaching modern levels by 2.5 Ma.  Their results 
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suggest that the contrasts in paleosol records from different continents point to regional 

rather than global controls on the evolution of C4 grasslands.  Likewise, the earliest 

Pliocene (about 4.5 Ma) Palmetto Fauna indicates that Florida ecosystem maintained 

savanna woodland habitat during the earliest Pliocene and was slightly out of step with 

the expansion of grasslands that occurred throughout the rest of low latitudes in North 

America, but by the late Pliocene (~3 Ma) the terrestrial fauna of Florida came to 

resemble that of Nebraska, Texas, or Arizona (Hulbert, 2001).  

Late Neogene continental deposits suitable for paleoclimate interpretations are 

rare from the eastern half of North America.  The recent discovery of the latest Miocene 

to earliest Pliocene (4.5-7 Ma) Gray Fossil Site (GFS) in northeastern Tennessee (82.5° 

W and 36.5° N) has contributed valuable understanding about the paleoclimate and 

paleoenvironment in this region during the late Neogene.  Shunk et al. (2006) indicated 

that the GFS includes multiple depositional facies that may record an abrupt climate shift 

from relatively dry conditions to wetter conditions.  The uppermost (wetter) lacustrine 

rhythmite facies is characterized by low-chroma sediment with high % OC values 

(averaging 8% OC), and the δ13C values (averaging -29‰) and C/N (>30) of total 

sediment organic carbon indicate a vascular land plant origin for the organic matter; thus, 

the negative δ13C values are consistent with a dense, canopied forest ecosystem (Shunk et 

al., 2006).  The diverse flora and fauna currently known from the site are dominantly 

associated with the upper rhythmite facies and are also consistent with the existence of a 

dense oak-hickory forest ecosystem during this phase of sedimentation (Wallace and 

Wang, 2004).  δ13C isotopic analysis of GFS fossil ungulate tooth enamel indicates 

moderately dense forest conditions, and values from a gomphothere tusk provide the only 
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evidence for the presence of C4 grasses within the individuals home range (DeSantis and 

Wallace, 2008).  Therefore, the paleoclimate during the deposition of the rhythmite facies 

appears to be wet and supporting a dense forest, but there seems to be C4 vegetation 

nearby.  Analysis of lacustrine rhythmites interpreted to represent annually generated 

varves defined by distinct couplets that regularly alternate between coarse-grained and 

fine-grained laminae suggest the moist conditions present at the GFS may relate to a 

monsoon-like paleoclimate (Shunk, et al., 2009a).  However, there is not evidence for 

seasonality present within δ18O isotopes from serial sampling of GFS fossil teeth 

(DeSantis and Wallace, 2008).  

Collectively, the available records from the United States indicate that Late 

Neogene paleoclimate was dynamic, and it is plausible that the climate of the eastern half 

of the United States (U.S.) varies significantly from the abundant, well-studied records 

from the west.  Thus, the PCS in north-central IN provides an important opportunity to 

understand the paleoclimatic conditions characterizing the mid-latitude of the eastern half 

of the U.S. 

 
Site Description 

 
The Pipe Creek Sinkhole (PCS) includes the sediment fill of a complex karst 

environment located in north-central Indiana, USA (Fig. 2.1; Lat. 40° 27’ 25.4”, Long. 

85° 47’ 37.2”).  The PCS developed in dipping limestone flank beds of Silurian reef 

deposits and contains >5 m of Tertiary sediment overlain by Pleistocene glacial till.  The 

PCS site lies within a 75 m by 50 m (by 11 m deep) sinkhole that probably originated as 

small cave, the roof of which eventually collapsed, thereby allowing the site to fill with 
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fluvial sediments.  During a portion of the depositional history a small pond developed 

and accumulated sediment containing a diverse fauna and flora (Farlow et al., 2001).    

The PCS contains a well-preserved sedimentary record comprising multiple 

depositional facies that include (from oldest to youngest): 1) >3 m of high-chroma, red-

colored sediment (Munsell color 2.5YR 3/6 to 10R 3/6) that is dominantly clay, but 

intercalated with carbonate roof-fall and other bedrock materials varying in size from silt 

to boulders (Fig. 2.2a); and 2) a gleyed, dark brown (7.5YR 4/4 to 10YR 3/6) or black- 

colored (Munsell color 10YR 7/8 to 2.5Y 6/8) facies that includes abundant 

allochthonous sand, as well as diverse faunal and floral assemblages (Fig. 2.2b).  

Hereafter, the underlying red-colored sediment facies and the overlying dark-colored 

sediment facies are referred to as the red facies and dark facies, respectively.  A light 

yellow-brown to brown-red paleosol that formed from pedogenic modification of the red 

facies is present in portions of the site.  Farlow et al. (2001) analyzed the fauna and flora 

from the PCS dark facies sediment and discovered that plants are represented by a diverse 

assemblage of extant terrestrial and wetland forms, whereas the vertebrate assemblage 

includes a combination of extant and extinct frogs, turtles, fish, birds, snakes, and small 

and large mammals, which collectively indicate a Late Hemphilian age for the deposit.   

Analysis of rodent fossils from the PCS, in association with the other biota, collectively 

suggests an early Pliocene age of slightly more than 5 Ma for the site (Martin et al., 

2002).  The fossil bones are rarely articulated or associated, but are generally well-

preserved, usually with little surficial or internal weathering.  Features of the PCS bones, 

along with the abundant aquatic plant fossils, suggest that the pond sediments remained 

saturated during early diagenesis and did not experience fluctuations in water content; 
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this further indicates that the dark facies depositional environment was dominantly a 

permanent pond rather than an ephemeral one (Farlow and Argast, 2006).  Karst has 

abundant secondary porosity, and the formation of a permanent pond is inconsistent with 

perching water within the PCS paleoenvironment.   

 
 

 
Figure 2.2.  Field photographs from the PCS. A) A >1 m thick exposure of silty-clay red 
facies.  B) The 1.9 m thick succession of dark facies; note the white pins that represent 
locations for sampling at a 10 cm sampling interval.  C) Example of soft sediment 
deformation whereby dark facies material (inside stippled lines) was injected into the red 
facies.  D) Example of sediment mixing of PCS red facies and dark facies material.  E) 
Interlayering of yellow and red sediment present at the uppermost portion of the red 
facies associated with the paleosol and apparent opening of the PCS to the land surface.  
F) Example of intact stratigraphy showing the underlying red facies, the rooted, yellow-
colored paleosol, and the dark facies sediment.   
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Methods 
 
 
Field Lithostratigraphy  
 

Field lithostratigraphic analysis, sampling, and mapping were conducted as 

sediment was excavated from the site in various stages.  Much of the Tertiary sediment 

fill of the deposit was disrupted in 1998 when quarrying operations removed the thick 

layer of glacial till exposing the underlying Late Neogene sediment.  Fortunately, 

relatively intact stratigraphic sections were preserved near very large (4 m diameter) 

boulders of the local limestone bedrock.  In 2003-2005, continued excavations exposed 

large amounts of sediment, which was photographed and sampled for geochemical and 

petrographic analysis.  Large boulders were removed from the site interior with heavy 

machinery, thereby exposing additional fresh strata that were available for further 

analysis.  Detailed site maps and stratigraphy with surveyed elevations are currently in 

preparation for publication elsewhere.   

 
Micromorphology, Geochemistry, and Palynology  
 

Ten representative samples for thin-section analysis were collected from different 

stratigraphic levels within the PCS.  Samples were dried and then surface-impregnated 

with resin prior to commercial thin-section preparation.  Thirty total bulk sediment 

samples (with visible fossil wood removed) were collected for δ13 C and δ15 N,  % C, and 

% N analyses from the PCS sediment.  Nineteen samples were collected from the thickest 

remaining section of the dark facies at a 10 cm sampling interval (Fig. 2.2b), and four 

samples were collected from pedogenically modified portions of the laterally equivalent 

paleosol at variable locations within the site (samples were not collected as a depth 
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profile because the soil was very poorly developed and lacked soil horizons).  Three 

samples were collected at a 1 m sampling interval from the top (-0.1 m), middle (-1.6 m), 

and bottom (-3.1 m) of the thickest exposed section of the red facies.  In addition, more 

than ten >1 cm pieces of well-preserved fossil wood were collected and combined to 

form a composite sample that represents an “average” isotopic value for fossil tree wood.   

Powdered bulk samples for geochemical analysis were treated with 10% HCl for 

2 hours to remove the carbonate fraction.  The bulk sediment and wood samples were 

sent for commercial analysis at the University of Arizona and measured on a Finnigan 

Delta- plus XL, continuous-flow gas-ratio mass spectrometer coupled to a Costech 

elemental analyzer.  Samples were combusted in the elemental analyzer, and 

standardization is based on acetanilide for elemental concentration, NBS-22 and USGS-

24 standards for δ13 C, and the IAEA-N-1 and IAEA-N-2 standards for δ15 N.  Precision 

is better than 0.09 for δ13 C and 0.2 for δ15 N, based on repeated internal standards.   

Nineteen samples were collected from the PCS dark facies for pollen and kerogen 

analysis and processed in the pollen lab of the Biology Department at East Tennessee 

State University.  Samples for pollen identification were processed using a modified 

version of Barss and Williams (1973).  Samples processed for kerogen used 10-15 grams 

of each sample which were disaggregated by crushing in a porcelain mortar.  To remove 

the carbonates, concentrated (35 %) HCl was added to the crushed sample and left for 

about 24 hours to ensure a complete removal of carbonates.  Samples were then washed 

several times with distilled water to neutralize their pH.  To remove the silicates, about 

100-150 ml of concentrated (45 %) HF was added and left for about five days to dissolve 

all the silicates and were occasionally stirred.  After removing the carbonates and silicates 
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the kerogen residues were separated from the inorganic materials by sieving through a 

125 μm brass sieve and collecting the residue in a 10 μm nylon sieve.  No further 

oxidation or staining were applied to the residues.  A few drops of polyvinyl alcohol were 

added to the residue for dispersion on glass slides and Canada Balsam was used as a 

permanent mounting medium.  Each slide was examined using transmitted light 

microscopy at X 200, X 500 and X 1000 magnification using a Zeiss Axiophot.   

 
Results and Discussion 

 

Field Stratigraphical and Micromorphological Analysis 
 

The PCS deposits are unlithified and lithostratigraphic relationships are extremely 

complex because multiple sediment sources and sediment reworking are inherent to 

primary deposition of clastic sediment in karst environments.  The lithostratigraphy is 

further complicated by post-depositional sediment slumping, reworking, and soft 

sediment deformation associated with post-depositional alteration that occurred during 

additional Pliocene sedimentation as well as during Pleistocene glaciation.  For example, 

a portion of the dark facies sediment is injected into underlying red facies sediment due 

to soft sediment deformation (Fig. 2.2c).  There is clear evidence of sediment mixing and 

reworking within some regions of the site (Fig. 2.2d).  In portions of the site, strata are 

interlayered at cm to m scaled layers of various sediment types (Fig. 2.2e).  At the top of 

the Tertiary sediment section, there is intercalation of different sediment facies with the 

glacial cover mass.  However, in other areas the sediment sections are intact, with correct 

vertical stratigraphic relationships preserved for characterization in the field (Fig. 2.2f).  

No speleothems are present within the PCS sediments, but the site does include calcite  



18 

crystals with complex growth patterns on some of the large boulders.  Abundant, angular 

carbonate material, ranging in size from sand to boulders, is present throughout the 

deposits, but in general, sediment without the carbonate-derived particles is non-

calcareous and does not react with acid.  

The red facies sediment matrix is comprised dominantly of clastic material (clay) 

(Fig. 2.3a, b) intercalated with coarser-grained (sand and pebble to boulder size) 

carbonate.  Portions of the uppermost red facies have been pedogenically modified into 

an immature paleosol (as discussed in subsequent text), and this paleosol and the 

unaltered lower-portions of the red facies will be considered independently, hereafter.  

The lower portion of the red facies (Fig. 2.2a) does not contain vertebrates, plant fossils, 

or root trace fossils and includes very little silt- and sand-sized clastic material.  

Micromorphologic analyses of the red facies sediment matrix reveals that the texture 

commonly has a vuggy-cracked microstructure with abundant yellow clay coatings along 

planar voids.  Cracked microstructure portions of the matrix are defined by shrink 

fractures with Fe-Mn and FeOOH quasi-coatings (Fig. 2.3a).  Along with the fine-grained 

matrix there are abundant reworked (rounded) sand-size litho-relics of the same 

composition as the matrix (Fig. 2.3b), and the sediment includes abundant angular 

carbonate clasts.   

The uppermost portion of the red facies is yellow (Munsell color 10YR 7/8 to 

2.5Y 6/8) to brown (7.5YR 4/4 to 10YR 3/6)- colored sediment that includes bifurcating 

and tapered root trace fossils, illuviated clay, and abundant Fe-Mn nodules, which 

collectively indicate that the site includes a paleosol (Fig 2.3f-h).  Roots regularly cross-

cut and overprint the red facies fractures, which indicate the rooting occurred after the  
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Figure 2.3.  Examples of PCS micromorphology.  Micrographs C and F-H are in cross-
polarized light.  A) Red facies sediment showing the fine-grained, red-colored matrix 
with a vuggy-cracked microstructure with Fe-oxide hypocoatings.  Note the infilling of a 
large void with yellow sediment.  B) Red facies with reworked litho-relicts.  Note the 
partial yellowing of previously deposited red facies sediment that is associated with 
pedogenic alteration of the red sediment color.  C) Dark facies sediment showing the 
abundant exogenic sand grains that are not present in the underlying red facies.  Note the 
presence of sepic-plasmic clay fabric and in situ FeMn nodules that indicate the sediment 
underwent wet-dry conditions.  D) Dark facies sediment  reworked litho-relicts.  Note the 
angular litho-relicts comprised of the same material indicating that these clasts are 
reworked from a nearby source.  E) An example of well-preserved PCS fossil wood.  F) 
A portion of the PCS paleosol showing illuviated clay and abundant FeMn staining and 
nodules.  G) Paleosol showing a bifurcating and tapered root trace fossil backfilled with 
illuviated clay.  H) Illuviated clay with geopetal pendant structure that backfills a 
macropore. 
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fractures and their associated quasi-coatings developed.  Birefringent clay is common 

with geopetal orientations that formed in multiple generations (Fig. 2.3h).  However, 

aside from the color change, presence of illuviated clay and isolated rooting, the paleosol 

includes no other advanced pedogenic features such as distinct soil horizons or ped 

structure.  The paleosol is typically yellow, and below the paleosol yellow illuviated clay 

coatings commonly line macropores in portions of the underlying red facies.  Some of the 

yellow clay appears to represent the alteration of the red facies sediment, as evidenced by 

some of the sediment partially altered from red to yellow (Fig. 2.3b) and abundant 

illuviated yellow clay beneath the paleosol.  In other casess, the yellow sediment appears 

to represent primary deposition as evidenced by micro-laminated (mm-scale) sediment 

that alternates between yellow clay and Fe-Mn stained laminae, and in decimeter-scale 

interlayering between yellow and red sediment types (Fig. 2.2e).  The abundance of 

yellow pore-filling sediment decreases with depth in the profile, but yellow infilling 

exists in all red facies sediment observed (to a depth of 3 m).    

A substantial amount of the dark facies was removed by quarry operations prior to 

our analysis.  Remaining in situ sediment had a maximum thickness of 1.9 m (Fig. 2.2b), 

but typically occurred in thinner (< 0.5 m) sheets blanketing most of the site.  The dark 

facies lies stratigraphically above the red facies and its capping paleosol (Fig. 2.2f).  The 

dark facies includes all known Tertiary plant and animal fossils discovered from the site.  

The dark facies is similar to the red facies because it includes abundant reworked fine 

sand up to cobble- size litho-relics (Fig. 2.3c), but the dark facies also includes abundant 

medium-sand-sized quartz grains and quartzite pebbles, which are not present within the 

underlying red facies (Fig. 2.2b, 2.3d).  The dark facies is bedded in places and includes 
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abundant fauna and flora.  Fossil wood is generally well-preserved, in some cases 

retaining visible vascular structure (Fig. 2.3e), but is commonly impregnated with Fe-Mn 

giving it a black-color.  Micromorphologic analysis reveals that the black facies is rich in 

Fe-Mn nodules (Fig. 2.3c).  Sepic-plasmic clay fabric and isolated Fe-Mn nodules are 

also abundant within the dark facies (Fig. 2.3c).  

 
Geochemical Analysis  
 

The δ13 C values of organic C in bulk sediment samples analyzed from PCS 

deposits averaged -22.0‰ PDB (± 2.3, n =25) (Fig. 2.4).  The %N is essentially invariant 

throughout the PCS stratigraphy averaging 0.05 (± 0.01, n=25).  The dark facies sediment 

averaged 0.9% (± 0.6, n = 19) organic carbon (OC), with δ13 C values averaging -21.9‰ 

(± 0.6), δ15 N values averaging 4.5‰ (± 1.0), and C/N ratios averaging 17.5 (± 6.4) (Fig. 

2.4).  The red facies sediment averaged 0.1% OC with δ13 C values averaging -20‰ 

(±0.7, n = 3) and 0.03 %N with δ15 N values averaging 6‰ (± 0.4).  The paleosol 

samples averaged 0.1% OC with δ13 C values averaging -23.7‰ (± 1.1, n = 3), and 0.1% 

N with δ15 N values averaging 4.5‰ (± 1.0).  The composite wood sample contained 

47% OC with a δ13 C value of -25.2 ‰, and 0.7% N with δ15 N value of 5.2‰ (Fig. 2.5).  

There is a relationship whereby within the interval from 1.5 to 1.7 m depth in the dark 

facies the C/N values decrease to a minimum, δ15 N values reach their maximum values, 

and % OC is at a minimum value averaging 0.25 (Figs. 2.4, 2.5).  The dark facies sample 

at 1.3 m depth has a δ13 C value of -15.9‰, which represents an outlier within the facies 

as the remaining 18 samples average -22.3‰ (± 1.6).   
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Figure 2.4.  Geochemical, kerogen, and pollen distributions within PCS sediments.  The 
dashed vertical line represents the average δ13 C value of PCS fossil wood.  Paleosol 
samples are collected from multiple, laterally equivalent areas within the PCS; samples a-
c are yellow/ red- colored samples and sample d is a brown/ red colored sample.  The 
sample at -1.3 m was processed an analyzed twice yielding δ13 C values of -14.7 and -
15.9 ‰, respectively.  The meaning of these values is unclear because sediment from -1.3 
m does not include grass pollen. 
 
 
    

 
Figure 2.5.  Composite figure of organic matter source identification (Meyers 1994, 
Brenner, 1999) and variations in isotopic composition of TOC considering both growing 
conditions and the differences between C3 and C4 photosynthetic pathways (Cerling et 
al. 1998).  Note that the samples from 1.5 to 1.7 m depths plot as derived from algae 
utilizing bicarbonate for photosynthesis. 
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Pollen and Kerogen Analysis 
 

PCS pollen and kerogen are generally well-preserved, and palynomorph 

distribution is dominated by pollen grains of the family Pinaceae (58% of the total count) 

(Fig. 2.6a).  Freshwater algae and zooclast (derived from freshwater zooplankton) 

comprise the second highest percentage at about 27%.  Pollen of the Juglandaceae is the 

only other significantly represented woody taxon and comprises about 10% of the flora.  

There is a notable absence of the common forest and understory tree pollen, and the other 

recorded taxa (about 5%) include pollen grains of Asteraceae, Polygalaceae and 

Chenopodiaceae.  

Samples from depths of 0.9, 0.7 and 0.4 m are generally poor in organic matter.  

Palynomorphs and amorphous organic matter (AOM) are rare.  Opaques and phytoclasts 

are the dominant kerogen components (Tyson, 1995).  Samples from depths of -0.1, -0.2, 

-0.3, -0.5, -1, -1.1, -1.2 and -1.3 m are rich in organic matter.  Palynomorphs and AOM 

are very rare, whereas opaques and phytoclasts are dominant in these samples.  Samples 

from the -1.4, -1.5, -1.6 and -1.7 m depths are very poor in kerogen content.  

Palynomorphs and AOM are rare, whereas opaques and phytoclasts are dominant.  

Chomotriletes (fresh water algae) are abundant in samples from -1.6 and -1.7 m depths.  

Chomotriletes are also recorded from the other samples, but are not as abundant as in 

these two samples.  The sample from the -1.9 m depth has especially high organic 

content.  Palynomorphs are common in this sample, whereas AOM are still rare; opaques 

and phytoclasts are dominant.  Pollen of the Pinaceae were investigated using Pearson’s 

(1984) color chart to determine the Thermal Alteration Index (TAI), and the pale yellow  
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Figure 2.6.  Histogram of percent distribution of PCS pollen and algal cells. Note the 
abundant pine pollen (Pinaceae) but low amounts of deciduous tree pollen (Juglandaceae) 
and absence of grass pollen. B- Pinaceae; C,D- Freshwater algae ?; E- Juglandaceae; F,G- 
Asteraceae; H- Polygalaceae; I, J- Chenopodiaceae; K,L- Phytoclast and Opaque 
samples. 
 

to yellow are the dominant exine pointing to a TAI of 1 to 1+, which indicates that the 

pollen are clearly thermally immature.  There is an abundance of equidimensional 

opaques that are associated with dark brown phytoclasts of total kerogen, which indicates 

some degree of oxidation in this environment.  Overall there is a very high abundance of 

the small-sized kerogen particles over the large ones (Fig. 2.6k-l). 
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Interpretation and Discussion 
 

PCS  Paleoenvironment: Red Facies  
 

Figure 2.7 depicts a summary conceptual model of the geomorphic and 

stratigraphic development of the PCS.  The red facies sediment includes no rooting and 

reduced amounts of yellow clay, and there are no vertebrate fossils present within this 

sediment.  The red facies includes abundant angular to sub-rounded limestone clasts that 

include marine fossils (abundant crinoid stem fossils) and are interpreted to be derived 

from the local bedrock (Fig. 2.2a), as well as rounded, coarse sand-sized litho-relics that 

are comprised of the same terra rossa material, which indicate that the red facies includes 

reworked material (Fig. 2.3b).  The reworked sediment source must have been relatively 

near the PCS deposit because unlithified clay litho-relicts are easily destroyed when 

transported great distances.  The presence of sand-sized litho-relicts, as well as the 

coarse-sand-sized carbonate particles within the red facies, indicates that there was 

sufficient energy present to entrain and transport any available coarse clastic material into 

the deocenter during the time when the red facies was deposited.  Thus, the absence of 

coarse-grained exogenic sediment (such as the abundant quartz clasts present within the 

dark facies), in combination with the lack of vertebrate fossils or root trace fossils in the 

red facies, suggests that this sediment was deposited in a closed karst (cave) environment.  

The lack of bedding in the red facies and persistence of the high-chroma color suggest 

that the sediment was deposited in a subaerial environment above the water table.  Thus, 

it appears the PCS red facies represents deposition within a mostly closed, subaerial 

depositional environment that received inputs of reworked, fine-grained terra rossa  
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Figure 2.7.  A conceptual model of the geomorphic and stratigraphic development of the 
PCS.  A) PCS sedimentation likely initiated in closed (cave) subaerial depositional 
environment that accumulated >3 m of clayey terra rossa sediment.  B) The presence of a 
debris cone similar to those described in the Naracoorte cave system (Moriarty et al.  
2000) provides a plausible working model to explain the interlayering of different 
sediment types (Fig 2.2E), the presence of abundant reworked litho-relicts (Fig. 2.3B,E), 
and the high abundance of unassociated and disarticulated but well-preserved large-
vertebrate fossils.  C) The PCS has evidence for pedogenesis and deep scouring of 
portions of the red facies sediment, which likely occurred when the environment opened 
to the land surface, thus allowing sediment and water from the surface to enter into the 
site.  D) At some point after the initiation of pedogenesis, the PCS flooded and a stagnant 
pond developed accumulating at least 1.9 m of dark facies sediment that is rich in fossils 
and pollen.  E) Prior to discovery the PCS was buried beneath a thick blanket of 
Pleistocene glacial till.  Historically the PCS region was characterized by broad leaf 
forest (E), but it appears that during the Late Neogene the greater landscape was 
characterized by more open conditions, but with abundant pine trees associated with the 
pond itself.  The formation of terra rossa suggest that temperatures were elevated and 
soils were freely drained during the late Neogene. 
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sediment that was transferred deeply into the closed karst system, and that the 

environment was largely closed to the landscape above, which restricted coarse sediment 

inputs.  The large boulders (up to 4 m diameter) are likely remnants of roof and wall fall 

associated with the breakdown of the karst bedrock. 

Micromorphological analysis of the PCS red facies indicates that the non-

carbonate sediment consists of almost exclusively clay-size material (Fig. 2.3a).  The red 

facies fabric is dominantly comprised of a cracked microstructure with abundant vugs 

that are often lined with Fe-oxide stained clay coatings (Fig. 2.3a), which is remarkably 

similar to the micromorphology of other described examples of terra rossa (Durn, 2003).   

The cracked microstructure with abundant Fe-Oxide quasi-coatings suggest that the red 

facies underwent shrink-swell and redoximorphic processes associated with wet/dry 

cycles.  The conspicuous bright red color (between 5YR and 10R) of terra rossa is likely 

a result of the preferential formation of hematite over goethite (i.e. rubification), which 

occurs under relatively low water activity, high temperature, good aeration (a result of 

underlying permeable limestone), and/ or high turnover rate for organic matter (Durn, 

2003).  Thick accumulations of terra rossa commonly fill karst depressions worldwide, 

including the region where the PCS occurs (Olson et al., 1980). 

 
Red Facies Paleoclimate 
  

The PCS red facies is dominantly comprised of detrital grains that appear to 

represent terra rossa sediment carried into a closed karst (cave) system by water or air 

currents from the land surface (Fig. 2.7).  Cave sediments generally reflect and record 

large-scale trends in climate and other geologic or geomorphic variables (Springer, 

2005).  The Naracoorte cave deposits seem to provide a reasonable analogy for many of 
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the observed features within the PCS.  Moriarty et al. (2000) indicated that the Mid-

Pleistocene cave fills in the Naracoorte Cave system represent an open, subaerial 

environment of deposition in which exogenic sediment entered the cave system by both 

air-fall and water transport from the land surface.  This complex depositional setting 

created debris cones with sedimentary fans at their bases that developed beneath the 

doline entry points.  Interestingly, in this system climate controlled the type of 

sedimentation deposited, whereby during wet climate phases carbonate and associated 

speleothems were common and during drier conditions (with a net water deficit) clastic 

sediment was transported and deposited during episodic storm events, and clastic and 

chemical depositional events rarely coincided.  Thus, the absence of well-developed 

speleothems or any carbonate cement supports an interpretation that the PCS red facies 

was deposited in relatively dry climatic conditions with a net water deficit.  Also, terra 

rossa sediments are common in Mediterranean climates characterized by cool, wet 

winters alternating with warm, dry summers that create xeric soils (Foster et al., 2004).   

The origin of terra rossa in Indiana and in general has long been under debate.  

The view that it represents the residue product from solution of limestone has been 

rejected by Olson et al. (1980) because insufficient quantities of insoluble residue in the 

limestone rock require dissolution of thickness greater than the limestone available, and 

therefore, terra rossa is considered a complex soil with multiple sources of parent 

material.  However, recent field and petrographic evidence presented by Merino and 

Banerjee (2008) provided evidence that terra rossa forms by the replacement of limestone 

by authigenic clay at a moving metasomatic front with additions of major chemical 

elements from dissolved eolian dust.  Durn (2003) pointed out that regardless of the 
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source of terra rossa, its formation is dependant on the process of rubification in a 

specific pedoenvironment associated with hard limestone weathering in a Mediterranean 

climate.      

The δ13 C values from cave sediment TOC from Fogelpole Cave and Illinois 

Caverns in southwestern Illinois demonstrate that paleoclimatic interpretations from cave 

sediments are typically in good agreement with other proxy records for reconstructing the 

distribution of C3 and C4 vegetation on the landscape (Panno et al., 2004).  The debate 

about an autochthonous or allochthonous source for terra rossa is significant for 

understanding PCS red facies δ13 C values.  If the red facies is a complex soil from the 

landscape, then the organic material in these sediments likely represents the vegetation on 

the landscape, and red facies δ13C values average -20.0‰, which suggest a mixture of C3 

and C4 plant contributions.  However, if the red facies represents an in-situ residuum 

from carbonate dissolution, then its organic material would not represent vegetation 

growing on the landscape.  Unfortunately, after an extensive literature review, we were 

unable to find other reported δ13 C values from terra rossa for comparison.  Thus, 

paleoclimatic interpretations from the red facies δ13 C values should be made with 

caution because: 1) it is possible that the δ13 C values may reflect something besides 

vegetation in the watershed; and 2) the terra rossa sediment TOC is very low (averaging 

0.1%) and could be modified prior to deposition by microbial processes that can alter the 

geochemistry of organic matter.  δ15 N values from the red facies average 6, but 

humification typically increases 15N and the N system is generally poorly understood in 

soils (Kramer et al., 2003) so the data provides little insight about the source of organic 

material.  However, if the red facies δ13 C values are representative of the distribution of 
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C3 and C4 vegetation on the landscape, then a mixed C3 and C4 ecosystem is in good 

agreement with the Mediterranean-like climates required to form terra rossa, the habitat 

reconstructions from the vertebrate fossils, and the relatively dry conditions necessary for 

the deposition of clastic cave sediment without carbonate cement or speleothems. 

 
PCS Paleosol and Interlayered Section Paleoenvironment and Paleoclimate  

The pedogenic alteration of the red facies to an immature paleosol represents a 

major change in the PCS depositional environments.  Because vascular plants require 

sunlight, the presence of root traces indicates that the cavern had opened prior to 

pedogenic modification of the red facies.  The PCS paleosol lacks advanced soil features 

like distinct soil horizons or a well-developed ped structure, which suggests the paleosol 

is relatively immature and likely represents a paleoEntisol or paleoInceptisol, and it is 

possible that the soil is incomplete as there appears to be erosion and reworking of the red 

facies (as discussed in subsequent text).  Root traces cross-cut Fe-oxide lined voids and 

cracks in the red facies, which indicates that the redoximorphic conditions were present 

prior to the development of the paleosol.   

The distinctly yellow color of the uppermost red facies and paleosol appears to 

result from the combination of primary deposition of yellow laminated sediment and/ or 

the in situ modification of previously deposited red facies sediment.  The process of 

yellowing a ferralitic soil likely indicates the transformation of hematite and Al-poor 

goethite to Al-rich goethite, associated with sediment wetting (Fritsch et al., 2005).  In 

portions of the site, the top of the red facies is inter-layered between red and yellow 

sediment types (Fig. 2.2e), which indicates the conditions responsible for deposition of 

each sediment type alternated through time as sediment was deposited.  If yellow 



31 

sediment represents wetter conditions compared to the red sediment, then the interlaying 

between sediment types suggests that the PCS paleoenvironement alternated between wet 

and dry conditions.  Interestingly, alternating wet- and dry-climate phases controlled the 

type of sedimentation within the Naracoorte cave deposits and the sedimentation style 

was inter-layered in a manner similar to that in the PCS (Moriarty et al., 2000).   

However, it is unclear if the alternation between wet and dry paleoenvironmental 

conditions relates to an increase of moisture due to the opening to the land surface or to 

oscillations in paleoclimate. 

The paleosol δ13C values average -23.7‰, which are more negative than those of 

the underlying red facies parent material.  Because humification during pedogenesis 

typically increases 13C due to a loss of lighter 12C via microbial respiration (Kramer et al., 

2003), the soil δ13C values likely reflect additional contributions of organic material 

derived from C3 plants to the sediment during pedogenesis (e.g., from the addition of root 

remains) rather than humification. 

 
Dark facies Paleoenvironment  

The dark facies includes abundant sand-sized and coarser clastic sediment as well 

as fossil wood and bone derived from the land surface.  The dark facies sediment onlaps 

the paleosol (Fig. 2.2f), which indicates that the dark facies was deposited after the site 

opened to the surface.  Thus, at some point following the opening of the PCS 

environment to the land surface, the PCS flooded and it appears that a ponded 

environment developed.  The development of a pond on top of red facies sediment that 

was deposited above the water-table may relate to the opening of the karst environment to 

the surface, which may have provided additional water to the environment producing a 
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perched pond.  Alternatively, the development of the pond may relate to the development 

of wetter climatic conditions and a rise in the elevation of the water-table.  A similar 

increase of the water-table and an associated filling of karst environments with water 

have been documented in Florida and Georgia due to a climate shift to wetter conditions 

that occurred at ~8,500 14C yr BP (Filley et al., 2001).  Taphonomic features of the PCS 

vertebrate fossils, in combination with the presence of abundant aquatic flora and fauna, 

suggest that the pond environment persisted for an extended interval rather than being 

repeatedly ephemeral (Farlow and Argast, 2006).  The local carbonate has abundant 

secondary porosity and extensive karstification near the PCS, which suggests the 

presence of standing water for extended times relates to a rise in the elevation of the 

water-table during the pond phase of the PCS deositional history rather than a perched 

pond.  However, minor amounts of sepic-plasmic (bright clay) fabrics and in situ Fe-Mn 

nodules within the dark facies (Fig. 2.3d) indicate that the dark facies sediments 

experienced wet and dry periods, but the timing for the establishment of freely drained 

conditions is unclear.  

The deepest dark facies strata were deposited into a sub-depocenter cut into the 

underlying red facies sediment and located between two large boulders that created a 

deepened channel (Fig. 2.7c.d).  It is possible the opening of the site to the surface 

introduced higher energy storm-water flows that scoured into, and eroded away, portions 

of the previously deposited red facies sediment.  The dark facies includes abundant litho-

relics, which indicate the sediment has been reworked, and the angular shape of the 

grains indicates these sediments are derived from a very nearby source (Fig. 2.3d). 

Illuviated clay within some of the reworked litho-relics suggests that the sediment was 
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transported from a subaerially exposed environment such as a soil (i.e., they are pedo-

relics), which indicates that portions of the pond sediments were exposed at intermittent 

periods during the history of the pond.       

C/N ratios, δ13 C, and δ15 N values from sediment total organic carbon (TOC) 

provide a powerful tool for understanding a lacustrine environment and for reconstructing 

paleoclimate.  Meyers (1994) showed that in appropriate lacustrine environments 

elemental C/N ratios and stable C isotope values appear to retain paleoenvironmental 

information for multi-Myr periods.  This is useful because elemental C/N ratios from 

TOC preserved in pond sediment can be used to distinguish algae (endogenetic) and land 

plant sources (dominantly exogenetic) of organic material, because land plants include 

abundant support tissue that results in land plant C/N ratios > 20, whereas algae C/N 

values range between 4 and 10.  Carbon isotopic ratios are useful to distinguish between 

plants using the C3 (Calvin-Benson) and C4 (Hatch-Slack) pathways because C3 plants 

have δ13 C values averaging -27‰ (PDB) and C4 plant values average -14‰ (PDB).  

Freshwater algae use the C3 photosynthetic pathway and typically utilize dissolved CO2 

in the aquifer, which is usually in isotopic equilibrium with atmospheric CO2.  Therefore, 

under normal circumstances algal δ13 C values are the same as land plant values, whereas 

the source of inorganic C for marine algae is dissolved bicarbonate, which creates organic 

matter with δ13 C values between -22 and -20‰ (Meyers, 1994).  However, Brenner et al. 

(1999) indicated that the δ13 C geochemical system can be complex in some lacustrine 

settings such as a small, shallow, and potentially stagnant karst environment, as 

suggested here for the PCS.  There are multiple factors that influence the δ13 C of 

autochthonous sedimented organic matter including: (1) the rate of atmospheric CO2 
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exchange, (2) carbonate weathering, (3) the source of C used for primary production, and 

(4) in-lake rates of photosynthesis (Brenner et al., 1999).  For example, many algae and 

aquatic vascular plants are capable of utilizing CO2 from bicarbonate ions when free CO2 

is in very low supply and HCO3- is abundant, which generally occurs in stagnant 

environments or during periods of rapid primary production.  Also, during periods of 

high primary productivity, algae discriminate against 13C and preferentially utilize 12C, 

which can deplete the light isotope (12C) in the photic zone and produce algae with 

increased δ13 C values.  Furthermore, some rooted submersed aquatic vegetation have 

higher δ13 C values than other C3 plants (-12.8 to 15.9‰) because C assimilation is more 

difficult in water without access to atmospheric CO2 (Brenner et al. 2006).  Under such 

conditions, it is possible for δ13 C values of lacustrine algae to resemble typical marine 

algae values of -22 to -20‰.  Thus, if the PCS pond was stagnant, maintained high rates 

of primary productivity, or included abundant submersed aquatic vegetation, then organic 

matter from autochthonous sources may have included greater δ13 C values that can 

resemble a C4 plant influence.   

The δ15 N values appear to maintain their primary values in well-preserved 

lacustrine sediments, and N-isotopes offer a rough estimate for the source of organic 

material into a lacustrine depocenter because δ15 N values of algae average 8‰, whereas 

land plants average 1‰ (Meyers and Ishiwatari, 1993).  However, it has been shown that 

some individual autochthonous vegetation types (such as rooted and submersed aquatic 

vegetation) do not display distinct δ15 N values, which makes N-isotopes less useful for 

distinguishing sources of organic material in environments that potentially include these 

plants (Brenner et al. 2006).   
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The presence of abundant charophyte cysts and fossil wood within the PCS 

deposits are clear indicators that the PCS received organic matter from both 

autochthonous and allochthonous sources.  C/N values of dark facies sediment (from 

which visible fossil wood was removed) average 17.5 and generally indicate the sediment 

TOC includes a mixture of algal and vascular land plant contributions (Fig. 2.5), which is 

consistent with the δ15N values that average 4.5 (Fig. 2.4).  However, samples between 

1.5 and 1.7m depth that maintain C/N values averaging 6.1, δ15 N values that average 

6.4‰, and therefore, have C/N ratios and δ15 N values that are consistent with organic 

matter derived dominantly from algae (Fig. 2.5).  Furthermore, this zone includes 

abundant Chomotriletes (fresh water algae) grains and very low total kerogen.  Thus, 

collectively these proxy data strongly suggest that this depth interval received dominantly 

algal contributions to the sediment TOC record.  Interestingly, the δ13 C values from 

these depths average -20.6‰, and in Figure 2.5 these samples plot as marine algae, which 

strongly suggest that PCS autochthonous algae maintained increased δ13 C values.  The 

low % TOC (averaging 0.25%) from the 1.5 to 1.7 m depth interval suggests that 

productivity was not great during the deposition of these sediments.  Thus, the 

geochemical data and presence of abundant algal cell counts from these depths are 

consistent with the presence of algae (and possible other macrophytes) that utilized 

bicarbonate for photosynthesis (Fig. 2.5), and this interval provides strong evidence that 

the PCS pond sediment includes considerable contributions of organic material derived 

from algae with high δ13 C values that arose from their use of HCO3
- for photosynthesis.  

A similar modern environment is described for Mud Lake (located in Florida, USA), 

which shifted from a dominant organic matter source of grasses and surrounding 
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emergent vegetation that utilized atmospheric CO2 to submerged and floating 

macrophytes as well as phytoplankton using dissolved CO2 or bicoarbonate for 

photosynthesis (Filley et al., 2001).   

The remainder of the PCS dark facies has higher C/N ratios, lower δ15 N values, 

and abundant kerogen relative to the 1.5 to 1.7 m depth interval, which indicates that 

TOC likely represents a mixture of vascular land plant and algal contributions.  The δ13 C 

values from the remainder of the deposits average -22‰, and are consistent with 

dominantly algae mixed with small amounts of organic material derived from C3 vascular 

plants characterized by relatively high δ13 C values (averaging -25.2‰) and C/N ratios 

(averaging 67.6).  Additionally, the apparent shift from sediments with organic mater 

derived dominantly from algae between depths of 1.5 to 1.7 m to a mixed source of algae 

and vascular wood organic material up-section suggests that the dark facies stratigraphy 

is not mixed or time averaged and therefore represents a time series.  This observation is 

further supported by the presence of cm-scale laminations within the same portion of the 

dark facies.  However, two samples at 1.3 m have δ13 C values averaging -15.3‰ (±0.9) 

and C/N ratios averaging 24 (±5), which are consistent with organic material derived 

from C4 vegetation.  This interval should be considered further in future research, as it 

occurs after the ‘1.5 to 1.7 m’ interval, which appears to be a discrete event within the 

PCS pond stratigraphic succession that lacks terrestrial organic material inputs suggesting 

changes in the PCS paleoenvironment during this interval.  The 1.3 m sample was less 

clay rich compared to other samples and appears to represent a different type of sediment 

than the other dark facies samples.  It is plausible that this interval represented a brief 

time interval of increased C4 vegetation abundance.     
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PCS Dark Facies Paleoclimate 

The PCS dark facies includes a well-preserved vertebrate fauna and a flora that 

includes abundant fossil wood and pollen, which provide multiple proxies for 

paleoclimate reconstruction.  Farlow et al. (2001) indicated that the vertebrate fossil 

assemblage and floral assemblage includes a mixture of aquatic and terrestrial forms that 

likely represent a mixture of the local inhabitants of the PCS pond as well as plants and 

animals derived from an open savannah-like ecosystem with trees nearby.  The composite 

sample of fossil wood indicates that the vascular C3 wood had an average δ13C value of   -

25.2‰.  Cerling et al. (1997) indicated that terrestrial C3 land plants can have a 

considerable range of δ13 C values because in water-stressed ecosystems plants are 

enriched in 13C and can maintain δ13 C values as high as -22‰, whereas in forest 

ecosystems with closed canopies plants can have values as low as -35‰ due to the 

recycling and depletion of 13C in the air beneath the tree canopy.  Also, potential 

differences in the carbon isotopic composition of the atmosphere influence terrestrial 

plant δ13 C values as variations in the isotopic composition of atmospheric CO2 mirror 

changes in global C-cycling (Arens et al., 2000), but there is little variation between late 

Neogene and modern values based on marine records (Veizer et al., 1999).  Thus, a value 

of -25.2‰ for C3 plant fossil wood suggests that the trees likely grew under slightly 

water-stressed conditions (Fig. 2.5).  

Pollen counts from the PCS dark facies indicates that pollen from the family 

Pinaceae (Pine) (58%) represent the major palynomorph element followed by algal 

remains and zooclasts (27%).  The only other dominate woody species is Juglandaceae 

(Hickory) (10%).  Pollen from an array of associated forest trees and understory plants 
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are absent from the PCS and would be expected if this represented a closed canopy forest.  

The occurrence of pollen of the Asteraceae (Daisy), and Chenopodiaceae (Goosefoot) 

(5%) (Fig. 2.6) suggest a disturbed habitat.  The occurrence of the Polygalaceae 

(Milkwort) is often associated with wetland habitats and reinforces the occurrence of 

permanent standing water.  This occurrence, coupled with the abundance of algal remains 

and zooclasts, further supports the presence of a small, stagnant pond that formed in 

collapsed karst environment with limited clastic input.  The pollen assemblage is low in 

taxonomic diversity, and probably represents input from a very local environment.  The 

presence of a pine-hickory woodland or savanna (compared to a stratified forest) suggests 

that disturbance was important part of the local ecosystem (Platt, 1999 and references 

therein).  Thermal Alteration Index (TAI) of the pollen of the Pinaceae indicate that the 

organic matter is thermally immature.  The occurrence of charred phytoclast and 

amorphous organic material are probably a result of oxidation by fire.  This coupled with 

the abundance of large herbivores may have maintained this habitat as a Pine-Hickory 

woodland / savanna with an understory of Asteraceae and Chenopodiaceae, both 

indicative of disturbed habitats.       

The mean δ13C values for the pond sediments average -22‰ (PDB), with C/N 

values averaging 17.5, and under normal circumstances these values would suggest that 

the organic matter is composed of a mixture of algae and terrestrially derived vascular 

land plants and includes a significant contribution of C4 grasses (Fig. 2.5).  However as 

discussed previously, it appears that the organic material in PCS has less negative δ13 C 

values possibly derived from the algae or freshwater zooplankton that utilized abundant 

bicarbonate as a carbon source.  Thus, the δ13 C values from the dark facies do not 
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provide evidence for C4 grasses, which is consistent with the absence of grass pollen 

throughout the stratigraphy.  However, one sample at 1.3 m depth does appear to 

represent an outlier with isotopic evidence for the presence of C4 grasses, and additional 

research on this interval should be considered in future research. 

 
Conclusions 

 
The simplest hypothesis for a conceptual model of the geomorphic and 

stratigraphic development of the PCS is presented in Figure 2.7.  It is consistent with the 

following basic information: 1) there is an abrupt facies shift from the non-fossiliferous, 

finer-grained, high-chroma red facies sediment to the fossiliferous, gleyed dark facies 

sediment that includes abundant sand; 2) there was development of a paleosol from 

underlying red facies sediment prior to, or concurrent with, the deposition of dark facies 

sediment; and 3) eventually a pond developed and sediment derived from the land surface 

was subsequently deposited in a partially open, sub-aqueous environment.  The pond 

includes the abundant Early Pliocene (~5 Ma) vertebrate fossil assemblage, which 

suggests the paleoclimatic and paleoenvironmental record derived from the dark facies 

sediment and organic matter represent the Early Pliocene conditions in north-central IN, 

and the underlying paleosol and terra rossa (red facies) records are slightly younger.  The 

pond was likely stagnant with algae utilizing bicarbonate for photosysnthesis, which is 

consistent with a small body of water situated in a karst depression in such a way that 

mixing of atmospheric CO2 and water was restricted (e.g., as depicted in Fig. 2.7D).  

Within the PCS there are abundant reworked litho-relics and interlayered sediment layers, 

which are consistent with sediment that was reworked from a nearby source such as a 

debris cone.    
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The PCS includes a >3 m succession of terra rossa with δ13 C values that average 

-20 ±0.7‰ PDB, and PCS clastic cave deposits lack carbonate cement, which also 

suggest the environment was dry with a net water deficit.  Terra rossa typically forms in 

well-drained soils with high summer temperatures (Mediterranean-like) that produce 

xeric soils (Durn, 2003). PCS vertebrate fossils are consistent with a mixture of local 

pond inhabitants and animals from an open savannah-like ecosystem, but with trees 

nearby (Farlow et al., 2001).   The mean δ13C value of PCS tree fossil wood is -25.2‰ 

PDB, which suggests that trees did not grow in a closed canopy.  Charcoal within the 

dark facies suggests that fire was a disturbance factor in this ecosystem.  Pollen records 

from the PCS are dominated by pollen from pine (primarily an early succession plant in 

the deciduous forest) with contributions from hickory and plants that are indicative of 

disturbed habitats (Asteraceae and Chenopodiaceae).  The pollen record includes low 

taxonomic diversity and may represent a woodland/savanna habit proximal to the PCS 

pond itself.   

An alternative hypothesis to explain the PCS stratigraphy is that the climate 

became wetter, which initiated the development of the pond itself due to a rise in the 

elevation of the water-table.  The presence of interlayering between sediment types that 

suggest alternating wet and dry paleoenvironmental conditions is consistent with 

alternating wet and dry climate conditions prior to the facies shift, and considering the 

high permeability of the local carbonate bedrock, the development of a long-lasting pond 

(Farlow and Argast, 2006) suggests a rise in the elevation of the water-table.  A rise in 

the water-table is consistent with the transition to wetter condition from some 

combination of an increase in precipitation or a decrease in temperature or evaporation.  
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If the climate went from relatively dry (red facies) to wetter conditions (dark facies), then 

this transition may have promoted the development of an early succession pine-

dominated forest.   
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CHAPTER THREE 
 

Late Tertiary Paleoclimate Interpretations from Lacustrine Varves at the Gray Fossil Site, 
Northeastern, TN, USA  

 
 

Abstract 
 

The Gray Fossil Site (GFS) includes a small (<2 ha) paleosinkhole lake fill with 

an exceptionally well-preserved record of sedimentation and fossils from the latest 

Miocene to earliest Pliocene.  The uppermost lacustrine stratigraphy is characterized by 

rhythmites that regularly alternate between coarse-grained and organic-rich (A) laminae 

and fine-grained, silty clay (B) laminae.  Both the A and B components are almost 

exclusively comprised of exogenic sediment (including organic matter).  Periodicities of 

24 and 4.4 are recorded within a continuous 96 interpreted year sequence of rhythmite 

sediment.  In a small lake with a poorly oxygenated bottom, the presence of laterally 

continuous laminated sediment that includes well-known periodicities in rhythmite 

thickness is interpreted as representing annually generated varves that correspond to 

seasonal variations in sedimentation.  The distinctly larger fraction of medium sand-size 

quartz grains present within the A laminae, as well as the abrupt transitions between A 

and B components suggest that the rhythmites represent deposition during alternating 

high-energy and lower-energy seasons, which is consistent with a monsoonal 

precipitation pattern.  The seasonal climate may relate to changes in the ocean circulation 

pattern prior to 4.6 Ma that resulted in an increased temperature and atmospheric pressure 

gradient between the east coast of North America and the Atlantic Ocean.  The 

periodicity at 24 interpreted years is consistent with the well-know Hale solar cycle.   
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The 4.4 interpreted-year periodicity occurs within the ENSO frequency band, and if this 

documentation of ENSO-like interannual climate change is correct, then it suggest that 

ENSO operated at times during the warm Earth conditions characterizing the late 

Tertiary.   

 
Introduction 

 
The Late Tertiary is a critical period in Earth history, representing warm Earth 

conditions immediately prior to the development of extensive northern hemisphere 

glaciation.  It thus may provide the best available analog for predicting the climate 

changes associated with continued global warming.  Unfortunately, there are few interior 

continental records from this time for the eastern half of the United States and 

subsequently very little is known about the conditions characterizing climate of this 

region.  The recently discovered Gray Fossil Site (GFS) in northeastern, Tennessee (82.5° 

W and 36.5° N) (Fig. 3.1a) is of interest to both paleontologists and paleolimnologists 

because it contains a well-preserved vertebrate fauna and terrestrial flora from the latest 

Miocene to earliest Pliocene (4.5-7 Ma) (Wallace and Wang, 2004), as well as an 

exceptional stratigraphic record of lacustrine sedimentation (Shunk et al., 2006).  The 

GFS age has been determined by the occurrences of Tapirus, cf. T. polkensis, Teleoceras 

sp., a small Megalonyx sp. or Plimetanastes sp., and cf. Catagonus sp. that collectively 

indicate that the mammals can be assigned to the Hemphillian Land Mammal Age and 

are Late Miocene-Early Pliocene (>4.5 Ma) (Parmalee et al., 2002).  The discovery of 

Plionarctos sp., a short-faced bear, suggests the site is Late Hemphillian, with a 

maximum age of 7 Ma (Wallace and Wang, 2004).  Recent research suggests that during 

the late Miocene to early Pliocene terrestrial paleoclimates resembled the present day  
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Figure 3.1.  (A) Map showing the location of the GFS (black dot) and wet conditions in 
northeastern Tennessee associated with the La Niña phase of modern ENSO.  (B) Map 
showing the dry conditions in northeastern Tennessee associated with the El Niño phase 
of the modern ENSO phenomenon.  Climatic precipitation and ENSO data are modified 
and available http://www.noaa.gov. 
 

average climatic conditions associated with El Niño teleconnections occurring during 

major El Niño events (Molnar and Cane, 2007).  The NOAA Climate Prediction Center 

indicates that the GFS region (defined here as eastern Kentucky and eastern Tennessee) 

experiences significant changes in temperature and precipitation during El Niño periods 

compared to normal conditions.  Over the 102 yr span from 1895 to 1995, this region has 

averaged a 25% decrease in precipitation and a 1.6°F increase in temperature during El 

Niño events.  The difference is even greater during major El Niño events; for example, in 

1982-1983 the region experienced a 4.5°F increase in temperature and a 44% decline in 

precipitation (data available online at http://www.cpc.ncep.noaa.gov).  Thus, the GFS age 

and location (Fig. 3.1) in a region sensitive to ENSO provides a rare opportunity to 

increase understanding about the role of ENSO in modulating late Tertiary climate.   

Previous research using geochemical and petrographic analysis of GFS sediment 

cores and field exposures by Shunk et al. (2006) indicated that the Gray Fossil Site 
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represents the sediment fill of a relatively deep (~30 m), but small diameter (< 2 ha area) 

sinkhole lake (Fig. 3.2).  The preservation of the original depositional fabric, the lack of 

bioturbation throughout the lacustrine interval, and the occurrence of framboidal pyrite 

throughout the upper 20m of lacustrine stratigraphy collectively suggest a lake 

environment with poorly-oxygenated bottom waters, which is plausible considering the 

great depth of the lake relative to small surface-water area.  The lowermost facies is 

characterized by high-chroma colors, low % OC values (averaging < 1%), less negative  

 
Figure 3.2.   Stratigraphic column of the GFS rhythmite succession.  The rhythmites 
occur between 504.8 to 502 m elevation.  The data for time series analysis were collected 
near 504 m elevation in the most regular sequence of rhythmites.  Notice the location of 
the three chert and dolostone coarse-grained layers. 
 

δ13C values (averaging -25‰ PDB), and a depositional fabric of long successions of 

individual, cm-scale graded beds that are interpreted to represent storm deposits into the 

lake.  These underlying sediments grade upward into an overlying rhythmite succession 

that is characterized by low-chroma sediment with high % OC values (averaging 8% 
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OC), more negative δ13C values (averaging -29‰), and a depositional fabric 

characterized by rhythmites (the subject of this paper).  The transition between facies is 

conformable and is therefore consistent with the expansion of a wetter climate phase into 

the GFS watershed, but the shift could also relate to changes in the lacustrine 

environment and/or watershed through time.  The C/N (>30) and δ13C values derived 

from total sediment organic carbon indicate a vascular land plant origin for the organic 

matter present within the GFS rhythmic succession and δ13C values are consistent with a 

dense, canopied forest ecosystem.  The diverse flora and fauna currently known from the 

site are dominantly associated with the upper rhythmite facies and are also consistent 

with the existence of a dense oak-hickory forest ecosystem during this phase of 

sedimentation (Wallace and Wang, 2004).  Thus, the paleoclimate during the deposition 

of the rhythmite facies appears to have been wetter and supported a dense forest like in 

the modern, which is not consistent with the expected continuous strong El Niño-like 

conditions characterized by drier conditions and higher temperatures.  However, the 

underlying lacustrine facies and possibly the overlying paleosol succession (Shunk et al., 

2006) suggest that the GFS rhythmites were ephemeral and paleoclimate was generally 

much drier throughout most of the depositional history at the GFS.       

The purpose of this research is to investigate the paleoclimatic record of the GFS 

rhythmite succession.  Rhythmites are defined as “sequences of finely laminated, regular 

alternations of two or more contrasting sediment types” (Talbot and Allen, 1996).  They 

are particularly useful for reconstructing high-resolution records of terrestrial climate 

because their individual laminae can provide useful information about the variable 

processes responsible for generating each component defining the rhythmite.  In most 
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non-glacial lake environments (like the GFS), the seasonal sediment pulse is responsible 

for generating a rhythmic sedimentation pattern because the seasonal climatic pulse 

dominates the production, movement, and deposition of sediment in the lacustrine system 

(Anderson and Dean, 1988).  However, it is conceivable that rhythmites could represent a 

sediment cycle produced by factors other than the annual seasonal cycle.  For example, 

Upper Pleistocene marine sediments along the north and central coast of California 

contain alternations of contrasting bioturbated and varved sediment types that can be 

related to the conditions that accompany ENSO circulation rather than annual 

sedimentation cycles (Anderson et al., 1990), or the annual cycle can be represented by 

more than two dominant components making an annual triplet of laminations (Anderson 

et al., 1993, Kirkland, 2003).  Also, lacustrine varve patterns and character can vary 

between adjacent lakes (Gälman et al., 2006) and even within the same basin (Ripepe et 

al., 1991).  Thus, it is important to carefully evaluate a rhythmite sequence before 

accepting that it represents a sediment cycle produced during the course of one year.  

However, if the GFS rhythmites do represent annual sedimentation, then they provide a 

valuable record of the Late Tertiary paleoclimate from this region.  Another attractive 

feature of a lacustrine rhythmite sequence is its potential as a geochronometer.  In ancient 

environments that lack the materials necessary for the application of absolute dating 

methods, annually generated rhythmites offer the only opportunity to estimate 

sedimentation rates.  In addition, annual rhythmites from lacustrine environments 

commonly record periodicities marking the solar (sunspot and Hale) cycles (Kemp, 1996) 

as well as other climatic cycles such as the ENSO phenomenon (Rittenour et al., 2000, 

Munoz and Sanchez-Valverde 2002, Ripepe et al. 1991).  Thus, time-series analysis of 
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suitable rhythmite sequences can be valuable for searching for deterministic signals 

relating to greater than annual climatic cycles.                         

The GFS rhythmites offer a unique opportunity to study a high-resolution 

terrestrial record of late Tertiary climate from this region, which is a critical component 

of understanding natural climatic systems and providing proxy data for testing model-

based reconstructions of past climates.  In this paper we use a combination of field-

stratigraphic measurements, time-series analysis, and microscopic analyses of 

undisturbed sediment fabric in order to evaluate the temporal record of climatic and 

environmental conditions preserved within the GFS laminated succession. 

 
Methods 

 
 

Field Stratigraphic Data and Sampling 

The GFS rhythmites have been exposed in multiple locations within the GFS.  

The primary rhythmite exposure includes two overlapping outcrops created by heavy 

machinery prior to the discovery of the site.  Strata from this section were described by 

preparing excavated and cleaned surfaces perpendicular to rhythmite bedding.  A series 

of overlapping sample boxes (Fig. 3.3b) (miniature “soil monoliths”) that are 55 cm long, 

10 cm wide, and 10 cm deep were collected perpendicular to the rhythmites so as to span 

the entire exposed rhythmite stratigraphic section.  Data for time-series analysis were 

collected by manually placing a very thin needle into the center of adjacent dark laminae.    
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Figure 3.3.  Images of the GFS rhythmites.  (a) Outcrop photograph showing the abrupt 
transition from lacustrine rhythmites to a paleosol in the GFS.  (b) Monolith box used to 
preserve the unlithified, clastic GFS rhythmites.  (c) Grayscale scan of a thin-section 
from the GFS rhythmites taken from the sequence used for time-series and microscopic 
analysis.  Note the 7 marked coarse-grained (A) laminae from the rhythmites that were 
used to measure the maximum grain size distributions (Table one).  (d) Photomicrograph 
in plane-polarized light showing the distinct size difference and abrupt boundaries 
between the rhythmite (A) and (B) components.  (e) Photomicrograph in cross-polarized 
light showing the fine-grained (B) laminae. 
 

The distance between adjacent needles was measured and recorded in millimeters, with 

one additional interpolated decimal point.  A total of three data sets were collected, but 

two were not continuous due to the presence of disrupted intervals.  The longest 

continuous data set consisted of 96 data points and was used for time-series (spectral) 

analysis.  In order to assure sampling objectivity, all needles were placed in the dark 

laminae, after which all measurements were made, and the data were recorded in a 

spreadsheet.  These data were interrupted by one coarse-grained chert layer, but because 

this layer did not scour underlying sediment, its thickness was simply subtracted from the  
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time series.  Additional sediment samples were collected from the central portion of the 

site (from hand samples collected after the sediment was disturbed by heavy machinery) 

as well as from the western most portion of the site that was temporarily exposed during 

the construction of a museum.  Various representative oriented samples (n=8) were 

collected for thin-section analysis, and the samples were completely dried and then 

coated with resin prior to commercial thin-section preparation.     

 
Time-Series Analysis 

Data for time-series analysis were recorded as a continuous succession of laminae 

thickness.  Due to the short length of the GFS varve data set, a conservative, multi-

method approach was applied for spectral analysis.  Varve thickness measurements (that 

were not padded or smoothed) of the 96 varve sequence were evaluated using a discrete 

or fast- Fourier Transform (FFT), as well as Burg’s method of maximum entropy 

(MaxEnt) using MatLab to construct periodograms by plotting frequency against the 

spectral density function (Figs. 3.4c, d).  The FFT periodogram was then filtered by 

removing peaks with periodic values greater than 1/4th the length of the entire dataset and 

confidence intervals of 0.90 and 0.99 for the spectral peaks were determined by 

establishing the tolerance limits for normal distributions from the standard deviation of 

the spectral values (Walpole and Myers, 1978).  The Burg MAXENT periodogram is not 

filtered, but one drawback of the MAXENT method is that it is not possible to use 

standard statistics to evaluate the significance of peaks.  To better understand the 

periodicity within the GFS rhythmites a 25 rhythmite-long sample derived from a thin-

section (Fig. 3.3a) that was prepared from the central portion of the site (before it was 

destroyed by heavy machinery) (Fig. 3.2a) was evaluated using the same methods for 
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time-series analysis as above except the entire periodogram is presented and statistics are 

not used to evaluate the significance of spectral peaks (Fig. 3.4b,e,f).       

 
Results 

 
In the field the >3 m succession of GFS rhythmites are generally dark colored 

(Munsell color 2.5/1/N to 2.5 Y/3/3), and deposited in couplets that alternate between 

dark-black colored (A) laminae and dark-gray colored (B) laminae (Figs. 3.2, 3.3).  The 

rhythmite sediment succession is interbedded with coarser-grained deposits that include 

irregular lamination intervals and very-coarse sand to gravel sized chert and dolostone 

layers that can scour underlying sediments (Fig. 3.2b).  These episodic zones of 

disturbance greatly reduce the length of the continuous succession of rhythmites and 

become more common deeper in the stratigraphic profile.      

Microscopic analysis of unaltered depositional fabric reveals that the GFS 

rhythmites are almost exclusively composed of clastic sediment (Fig. 3.3d, e).  The 

clastic sediment consists of silt to sand-sized grains of dolostone and quartz, and some of 

the sand-sized monocrystalline quartz grains include provenance-specific features such as 

beta outlines, resorption rims and embayments reflective of a volcanic source.  Another 

feature is the presence of abundant clasts of organic debris that vary in size from highly 

macerated silt-size to >2 mm disk-shaped grains.  There is no evidence of aquatic 

bioturbation within the rhythmic sediment, but there are paleo-root traces and illuviated 

clay infillings within the upper-most sediments related to pedogenesis during subsequent 

subaerial exposure.                              

 The depositional fabric of the GFS rhythmites is characterized by the regular 

alternation between coarse-grained (A) laminae and silty-clay (B) laminae (Fig. 3.3d, e).   
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The dark-color of the (A) laminae relates to the large amounts of coarse-sand-size, disk-

shaped clasts of organic matter that are present compared to the highly-macerated organic 

component within the (B) laminae.  After the (A) and (B) laminae were physically 

separated and evaluated geochemically, it was determined that the (A) laminae averaged 

16.4% TOC, whereas the (B) laminae averaged 6.5% TOC, and that there were nominal 

differences between the stable C isotope or C/N values of the (A) and (B) laminae, which 

collectively average -29.2‰ (PDB) and 35, respectively (Shunk et al., 2006).  These 

values indicate the organic C within each laminae type was derived from C-3 vascular 

land plants (Meyers, 1994).  The maximum quartz grain-size is distinctly different within 

each rhythmite component (Table 1).  The (A) laminae are consistently coarser-grained 

and in the succession used for time-series analysis the (A) laminae contain medium sand-

size grains averaging 0.39 mm in diameter, whereas the (B) laminae typically have a 

maximum grain size of fine sand that averages 0.14 mm in diameter.  

There are variations in depositional fabric of the GFS rhythmites depending on 

their location within the basin.  The finest-grained and most regular sequence was 

collected from the central-most portion of the site, which was destroyed during early road 

construction operations.  Although these rhythmites contain considerably less medium-

sand, the general principle that the dark-colored (A) laminae are coarser-grained with 

increased amounts of organic clasts compared to the (B) laminae remains consistent.  The 

average thickness of this interval is 0.30 cm per rhythmite (Fig. 3.3a).  The continuous 96 

rhythmites sampled for time-series analysis are in a 59.1 cm thick stratigraphic section; 

therefore, the average thickness per rhythmite within this interval is 0.62 cm.  Near the 

base of the rhythmite stratigraphic section, the average rhythmite thickness is 0.74 cm, 
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and this figure was calculated from a continuous and regular sequence of 20 rhythmites. 

Below this interval the rhythmites are less ordered and it is increasingly difficult to 

differentiate between the (A) and (B) laminae.  The lacustrine sediments at the western 

edge of the site are much coarser-grained and include pebble-sized clasts and abundant 

coarse sand clasts.  Within the GFS rhythmites the maximum grain-size increases with 

increasing thickness of the total rhythmite (Fig. 3.3a, c).    

Time-series analysis using the FFT in MatLab produced a periodogram with a 

major peak in spectral density for rhythmite thickness at a period of 24 rhythmites, and 

smaller peaks at 4.4 and 12 rhythmites (Fig. 3.4c).  The ordinate at a period of 24 greatly 

exceeds the 0.99 confidence interval, and the secondary peaks at 12 and 4.4 rhythmites 

are at the 0.90 confidence interval.  The periodogram using Burg’s MAXENT method 

was very similar to the FFT method in that it included peaks at 24 and 4.4 rhythmites, but 

it excludes the 12 rhythmite periodicity.  Interestingly, similar peaks in the spectral 

density function at 12 year, 5.9 and 3.4 rhythmites are present within the spectral analysis 

of the 24 rhythmite long time series derived from a thin-section (Fig. 3.4b, e, f).  There is 

even power at 24 rhythmites creating a very poorly-resolved expression in the FFT 

analysis of the thin-section (Fig. 3.4e).  Independently, this record has too few data points 

to include multiple cycles of the signals, but in collaboration with the analysis of the 

longer record from the coarser-grained, thicker rhythmites, it provides additional 

information about inter-annual climate phenomenon. Unfortunately, this thin-section was 

collected from the central portion of the basin, which was destroyed by early excavations 

during construction of the road.  However, a small block of this material is archived at 

Baylor University for additional research.   
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Figure 3.4.  Results of time-series analysis of GFS rhythmites. (a, b) Plots of raw, 
unsmoothed rhythmite thickness for the Gray Fossil Site time series from monolith boxes 
(Fig. 3.3b).  The average thickness of the rhythmites is 0.61 cm in this sequence.  (c-f) 
Power spectra for a 96 rhythmite sequence shows thickness cycles with periods of about 
4.4, 12, and 24.  The peak at 24 interpreted years exeeds the 99% confidence interval.   
The peaks at periods of 4.4 and 12 interpreted years are at the 90% confidence interval.   
The 24 and 12 interpreted year peaks likely represent the Hale and sunspot solar cycles, 
respectively.  The 4.4 interpreted year peak is attributed to a paleo-climatic phenomenon 
that much like modern ENSO affected the amount of precipitation delivered into this 
region. 
 
 

Interpretation and Discussion 
 
 

Gray Fossil Site Rhythmites 
 

Gray Fossil Site (GFS) rhythmites are comprised of almost exclusively exogenic 

sediment (including organic material) that was derived from the watershed and deposited 

into the lacustrine paleoenvironment.  Forces that move clastic particles at rest must be 



55 

greater than the resistance to movement provided by friction, adhesion, and cohesion, and 

sediments tend to move laterally and episodically to lower elevations by water or air 

currents, as well as in gravity flows or mass-wasting events (Anderson, 1996).   

The chert and dolostone layers within the GFS stratigraphy are very coarse-

grained and occur episodically, and thus likely represent deposition from a sediment 

gravity-flow or mass-wasting process.  The rhythmite depositional fabric is not normally 

size-graded, and during physical settling experiments, where aliquots of suspended 

sediment collected from the GFS rhythmic sediments were allowed to settle 1 m in a 

vertical settling column, it has been shown that the GFS rhythmites will easily form 

graded beds when deposited by an abrupt process (Shunk et al., 2009a).  Thus, these 

sediments likely represent a gradual and continuous depositional process, such as the 

deposition from streams carrying sediment into the lacustrine basin throughout the year.  

The grain size of GFS lacustrine sediment is coarser at the western edge of the basin, and 

gets increasingly finer-grained toward the center of the deposit, which indicates that the 

GFS included a sediment source at the western edge of the basin and that the center of the 

basin represents a more distal paleoenvironment.  The presence of quartz sand grains with 

beta outlines, resorption rims and embayments, which were derived from volcanic source 

rocks, was interpreted as evidence that these clasts have been transported > 50 km from 

the nearest volcanic source in the Blue Ridge Province of the Appalachian Mountains  

(Shunk et al., 2006).  This suggests that in spite of the small size of the sinkhole the GFS 

drainage basin was relatively large and that the lake received sediment from great 

distances from the east, which may partially explain the exceptionally high sedimentation 

rates discussed in subsequent text below. 
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The GFS rhythmites are characterized by alternating dark-colored, coarse-grained 

laminae with lighter colored, silty-clay laminae.  There are variations in the rhythmite 

character depending on the location within the site, but this general pattern is consistent 

in all observed rhythmite successions.  Quantitative analysis of the quartz grain-size data 

reveal that the (A) laminae contain a maximum grain-size of medium sand (avg. 0.39 

mm), whereas the (B) laminae include a maximum grain-size of fine sand (avg. 0.14 mm) 

(Table 1).  A Hjülström diagram (Fig. 3.5a) was used to estimate the mean flow velocity 

necessary for entrainment and transportation of these sizes of clastic particles, and in a 

small lake with sediments that regularly include sand-size clasts, like the GFS, it is likely 

that the sediments were derived from a paleoenvironment near the inlet to the lake, or the 

sand fraction would have settled out at the water-land boundary.  Thus, the coarser 

maximum grain-size within (A) laminae indicates that the minimum flow velocity was 

~2.7 cm/sec, whereas the (B) laminae suggest a lower ~1 cm/sec flow velocity.  These 

estimates indicate that the strength of fluid transporting sediment into the basin varied 

considerably between the deposition of the low-energy (B) and higher-energy (A) 

laminae.  The observation that the boundaries between the (A) and (B) laminae are 

consistently abrupt indicates that the shift between energy regimes occurred rapidly.          

 
Gray Fossil Site Rhythmites as Varves 
 

In a small lake with a poorly oxygenated bottom like that inferred for the GFS, it 

is likely the rhythmites represent annual varves generated in response to seasonal 

variations in the depositional process (Anderson et al., 1985), but it is not safe to assume  
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Figure 3.5.  (a) Hjülström diagram showing the relationship between grain size and flow 
velocity of the mean maximum grain size of clastic quartz particles from 7 (A) and (B) 
laminae from the GFS rhythmites.  (b) Mean monthly precipitation averages from the last 
30 years for Gainesville, Florida (29° 39’47” N Lat, 83° 20’5” W Long), USA and 
Knoxville, Tennessee (36° 5’ 12” N Lat, 83° 58’ 10” W Long), USA showing the 
distinctly different precipitation patterns between the two locations.  Note the summer 
monsoon precipitation pattern that is present in Florida but not in Tennessee.  (c) 
Conceptual model of wind pattern during the drier winter season when the continent is 
cooler than the coastal water and the Jet Stream is a westerly air current.  (d) Conceptual 
model showing the monsoon wind pattern that may have developed during the summer 
when the continent was warmer than the coastal ocean surface temperature and moisture-
bearing winds traveled inland creating a high-energy wet season.  Paleo-shorelines are 
reconstructed based on a Late Miocene climate model (Steppuhn et al., 2006). 
 

a priori that rhythmites represent annual layers without careful consideration and 

evaluation (Anderson, 1996).  Anderson (1996) proposed that laminated sediments can be 

considered annual if one or more of the following criteria are met: 1) an established 

chronology; 2) known seasonal associations of major or minor components; and 3) 

evidence for lateral continuity.  It is also sometimes possible to conclude rhythmites are 

annual through the cautious use of analogs.  Unfortunately, there is currently no 
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established method capable of generating absolute dates necessary to construct a high-

resolution chronology from the GFS sediments.  However, the rhythmites are laterally 

continuous as exposed over greater than a 20 m2 area and in all other exposures of 

sediment derived from deep lake paleoenvironments, which supports the interpretation 

that they represent annual layers.  The lack of sediment grading indicates that GFS 

rhythmites were deposited gradually throughout a substantial amount of time rather than 

as an episodic event or flush of sediment into the basin.  Thus, the distinct and regular 

alternation between coarse- and fine-grained laminae is consistent with a strong seasonal 

association for the allochthonous rhythmite components (discussed in subsequent text).  It 

is difficult to envision a process capable of creating such a regular alternation between 

coarse- and fine-grained clastic sediment that is not normally size-graded other than very 

strong seasonal forcing.  Additionally, the GFS rhythmite sequence has periodicity that is 

statistically significant from random-noise, and it is unlikely that any process could 

include periodicity other than annual varves.  Furthermore, the 24 rhythmite periodicity 

within the GFS also provides an analogy to other similar to periodicities reported in more 

well-studied and therefore established varved sequences in environments including: 1) 

the ~22-yr period reported within early Holocene-age Elk Lake varves in Minnesota, 

USA (Anderson, 1993); 2) the 22-yr period from late Pleistocene Glacial Lake Hitchcock 

varves (Rittenour, 2000); 3) the 22-yr cycle in Holocene sediments from Loch Ness 

(Cooper et al., 2000); 4) the 24 to 26-yr peak in Carboniferous glacimarine rhythmites 

from western Argentina (Milana and Lopez, 1998); and 5) 24.18-yr periodicity 

discovered in varves from Lake Magadi, Kenya (Damnati and Taieb, 1995).  Thus, the 

deterministic nature and regular pattern of the GFS rhythmites, the occurrence of 
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analogous periodicities in more established varve sequences, the apparent seasonal 

association of couplet components, and the lateral continuity of the laminae are 

collectively used to infer that these sediments represent annually generated rhythmites, or 

varves. 

 
Depositional Process for Gray Fossil Site Varves 
 

The observation that the boundaries between the GFS rhythmite (A) and (B) 

laminae are consistently abrupt indicates that the shift between energy regimes occurred 

rapidly, and in general for the clastic component to represent the annual cycle seasonal 

forcing must be very strong (Anderson and Dean, 1988).  Thus, the depositional pattern 

of alternating coarse-grained (A) laminae and silty-clay (B) laminae characterizing these 

clastic rhythmites appears consistent with interpretations for a very strong and distinct 

high-energy season with abrupt transitions, such as a climate pattern that is characterized 

by a distinct wet-season that greatly increases the discharge of streams and subsequently 

increases the clastic grain-size carried into the lake.  The coarse (A) laminae within the 

GFS includes more than two times the amount of organic matter derived from vascular 

land plants compared to the finer-grained (B) laminae.  The additional organic material 

within the coarser (A) laminae possibly relates to the entrainment of large pieces of 

organic material that were stored in deep stream pools and within the watershed during 

high-flow regimes; this process of entraining coarse organic matter is observed in modern 

streams in central Texas during major storm events.  Although the GFS was not a glacial 

lake, there are considerable similarities between the depositional fabric, and more 

specifically the grain-size distribution between the GFS rhythmites and clastic varves 

from proglacial lakes formed during the recession of ice sheets.  These environments 
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form thick clastic varves that alternate between coarser grained laminae deposited during 

the high-energy summer melt-season and finer-grained winter laminae (Ashley 1973, 

Rittenour et al., 2000).  The late Pleistocene (17.5 to 13.5 ka) Glacial Lake Hitchcock 

(northeast US) varves are similar to the GFS rhythmites in that they are not size-graded 

and consist of two distinct layers with a sharp contact, which is consistent with a 

depositional mechanism in which a stream carries sediment into the basin and stream 

discharge varies seasonally.  Also, in both the GFS and the proglacial Lake Hitchcock 

there is a relationship whereby the maximum grain size increases proportionally to the 

thickness of the coarse lamina and the total rhythmite thickness (Fig. 3.3a, c), which was 

attributed to the location within the paleoenvironment such that coarse sediments and 

thick varves were deposited relatively near the sediment source in environments 

characterized by high sedimentation rates and the finer-grained sediments were deposited 

in still water away from river mouths (Ashley, 1973).  However, this glacial analogy has 

obvious limitations because the GFS rhythmites were deposited in a warm environment 

without any glacial influence, and therefore another explanation for the distinct and 

rhythmic alternation of fluid transporting sediment into the GFS basin is required.       

The modern climate of the eastern Tennessee region is characterized by a 

precipitation pattern with little seasonal variation (Fig.  3.5b), which suggests that the 

current climate is considerably different than the late Miocene to early Pliocene climate 

reconstructions inferred from the GFS rhythmites.  There were major climatic changes 

that occurred during the 4.5 to 7 Ma time window during which the GFS rhythmites were 

deposited.  At 4.6 Ma a critical step in the gradual closure of the Isthmus of Panama 

occurred, and the Atlantic Ocean circulation pattern changed significantly with the 
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development of North Atlantic Deep Waters (NADW) and the intensification of the Gulf 

Stream (Haug and Tiedemann, 1998).  Currently, the Gulf Stream transports warm, 

equatorially-derived water north along the east coast of North America, but the Hamburg 

ocean general circulation model indicates that with an open central American isthmus and 

collapsed NADW production there was a loss of heat flow north along the east coast of 

North America thereby producing cooler ocean surface temperatures (Maier-Reimer et 

al., 1990), which could have greatly affected the terrestrial climate of eastern North 

America by increasing the temperature gradient between the ocean and continent.   

Furthermore, foraminferal assemblages of the latest Miocene to earliest Pliocene Sunken 

Meadow Member and evidence for primary phosphogenesis in Virgina and North 

Carolina suggests that there was cool water and upwelling occurring at some point during 

the late Tertiary (Snyder et al., 2001, Ward and Strickland, 1988, Riggs and Belknap, 

1988).  The presence of crocodilians within the GFS rhythmic sediments indicates that 

the terrestrial climate was warmer than at present.  Thus, the temperature and associated 

atmospheric pressure gradient between the Atlantic Ocean and east coast of North 

America was likely greater during this time interval.  It seems reasonable that a monsoon 

climate, which was capable of affecting the precipitation pattern at the GFS in 

northeastern Tennessee, could have developed during the late Miocene to early Pliocene 

in response to the increased temperature and pressure gradient between the continent and 

ocean.  The climate may have been characterized by relatively dry conditions during the 

cooler winter season when the temperature on the continent was less than the ocean 

temperature and a shallow high-pressure area existed on land (Fig. 3.5c); a summer wet 

season may have been created when a high-temperature, low pressure area developed 
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over the continental interior and moisture-bearing winds traveled inland from the 

relatively cooler Atlantic ocean (Fig. 3.5d).  Furthermore, modern monsoon climate 

patterns observed in the Phewa Tal reservoir (middle mountain region of Nepal) have 

been shown to produce clastic varves defined by variations in grain size due to the 

strongly seasonal variations in sediment and water inputs associated with the monsoon 

climate (Ross and Gilbert, 1999).  It is also interesting that in the Phewa Tal reservoir, a 

similar pattern of thicker, coarser-grained varves were observed near the sediment source 

(the main inflowing stream) and thinner, finer-grained varves are deposited in more distal 

portions of the lake, which is similar to the both the GFS and Glacial Lake Hitchcock.    

  The interpretation that the climate at the GFS was characterized by a paleo-

monsoon precipitation pattern during the deposition of the rhythmites seems plausible 

because currently, during the summer months as terrestrial temperatures rise, a small 

region of northern Florida develops a monsoon precipitation pattern (Fig. 3.5b).  Also, a 

paleo-monsoon at the GFS fits well with previous geochemical and sedimentological 

data, which indicate that the sites stratigraphy includes a distinct facies shift that is 

consistent with the transition from relatively dry conditions to a wetter climate that 

supported abundant flora (Shunk et al., 2006).  However, it is uncertain what initiated the 

development of the apparent wet climate phase in the GFS watershed, but factors such as: 

1) an increase in terrestrial temperature, 2) a rise in sea-level, 3) changes in ocean 

circulation patterns, or possibly 4) a shift in the state of the ENSO phenomenon, all seem 

capable of increasing the amount of precipitation delivered to this region. 
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Time-Series Analysis 

In a short data set, care is required for interpreting the meaning of periodicity 

recorded within lacustrine sediments.  However, it is possible to detect periodicity in 

short records, but longer data sets have an advantage because the signal-to-noise ratio 

(SNR) increases with the length of a data set, and as the number of data points (N) 

increases the tonal signal strength increases proportionally to N, whereas the strength of 

the noise increase is the square root of N (Lyons, 2004).  Thus, the length of N becomes 

important if the SNR is low, but in the case of the GFS rhythmites the periodic signals 

appear to be strong relative to noise and detectable in short data sets.  There are more 

than 20 complete cycles of the highest frequency (at a period of 4.4 rhythmites) peak in 

spectral density within the GFS time-series.  Furthermore, there is a clear peak that 

greatly exceeds the 99% confidence interval at a period of 24 rhythmites and another 

substantial peak at 12 rhythmites within the FFT periodogram (Fig. 3.4b), and the peaks 

at 24 and 4.4 are clearly expressed in the MaxEnt periodogram (Fig. 3.4c).  It is not clear 

if the exclusion of the peak at 12 rhythmites in the MaxEnt periodogram indicates that 

this peak is a harmonic of the dominant periodicity at 24 or possibly it represents another 

climatic process forcing sediment into the basin that was not detected by the MaxEnt 

method.  An additional thin-section (Fig. 3.3a) was evaluated using the same methods for 

time series analysis as the data above (Fig. 3.4), and a strong peak in the spectral density 

function was present at 12 rhythmites.  Interestingly, other peaks at 5.9 and 3.4 

(averaging 4.65) rhythmites and a poorly resolved expression at 24 rhythmites (in the 

FFT) are also present.  Although this data set is too short to stand independently because 

the dominant period exceeds ¼ the length of the data set, the discovery of the similar 
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periodicity in sediment from a different location within the same basin strengthens the 

argument that the GFS rhythmites recorded climatic phenomena at 24, 12 and at ~4.4 

rhythmites. 

The almost exclusively exogenic source of GFS sedimentation and the small size 

of the lake basin together allow for the interpretation that periodic cycles in interpreted 

annual rhythmite thickness relate to the operation of greater than annual (intra-annual) 

climatic parameters that force precipitation and/ or wind to transport sediment into the 

basin at a given frequency.  The peak in the GFS periodogram at 24 rhythmites is 

common from other lacustrine records (Anderson et al., 1993, Rittenour et al., 2000, 

Milana and Lopez, 1998, Cooper et al., 2000, Damnati and Taieb, 1995).  In each of the 

preceding examples the 22 to 24-yr periodicity is attributed to the Hale solar cycle, and 

we, too attribute this periodicity to this solar cycle.  At present, the El Niño/ Southern 

Oscillation (ENSO) phenomenon occurs irregularly about every 4 years (2-7 years is 

usually taken as defining the ENSO band) as a coupled instability of the ocean-

atmosphere system in the tropical Pacific (Cane, 2005).  The climatic impacts of ENSO 

teleconnections are global, and are known to greatly affect terrestrial precipitation and 

temperatures in many regions including the southeastern United States (Fig. 3.1).  Time-

series analyses of lacustrine varves have proven to be valuable indicators of ENSO-like 

climate change throughout many intervals of geologic time.  For example, the 2-7 yr 

ENSO period has been reported from spectral analysis of late Pleistocene (17.5 to 13.5 k 

year) proglacial lake varves in Glacial Lake Hitchcock, New England (Rittenour et al., 

2000), as well as from Pliocene (~2.8 Ma) lacustrine varves from La Rioja, Spain 

(Munoz and Sanchez-Valverde, 2002).  These records are similar to the modern 
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instrumental records of ENSO, and are therefore attributed to analogous conditions that 

generate ENSO today.  The 4.4-rhythmite periodicity within the GFS is also within the 

ENSO-band and seems associated with interannual climate change defined by cyclic 

changes to precipitation or wind that correspond with the thickness of annually generated 

clastic rhythmites.  These results are analogous to how ENSO affects the climate in the 

same region today (Fig. 3.1), whereby El Niño events create relatively dry conditions 

characterized by a decrease in the amount of regional precipitation.  It is easy to envision 

the occurrence of El Niño events accompanied by low river flow and reduced clastic 

sediment loads that produce thin annual deposits relative to the thicker annual deposits 

produced during La Niña events.  This process has been documented in the Yangtze 

River (China), where modern ENSO changes and flood/drought variations in river flow 

have been shown to be statistically correlated at a period of ~5 year (Tong et al., 2005), 

as well as in precipitation amounts and rates from western US precipitation data that 

indicate strong spectral peaks in the ENSO (3-7 year) band (Rajagopalan and Lall, 1998).   

There is currently an ongoing debate whether the large-scale changes in global 

ocean circulation associated with the closure of the Central American Isthmus (Haug and 

Tidelman, 1988) set the stage for the development of the ENSO climatic oscillations after 

the Early Pliocene (~3 Ma), or if the ENSO phenomenon was present during the hotter 

conditions characterizing most of the Tertiary.  This issue is important because the 

presence of ‘permanent El Niño’ conditions has been suggested to be a major factor for 

increasing global temperatures, and therefore understanding ENSO is important for 

anticipating the outcome of modern global warming (Federov et al., 2006).  The 

hypothesis that ENSO developed after ~3 Ma is supported by multiple-proxy data that 
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indicate that the east-west asymmetry of SST and thermocline depth (that creates ENSO) 

was reduced from ~5 to 2.5 Ma (Wara et al., 2005; Ravelo et al., 2006).  However, at the 

opposing end of the debate are model simulations, which indicate that during Eocene 

“hothouse” conditions, when all proposed mechanisms leading to a weakening of the 

Bjerknes feedback and a shutdown of ENSO come into play, there was little change in 

the tropical thermocline structure, atmosphere-ocean dynamics, and ENSO (Huber and 

Caballero, 2003).  The model simulations are supported by the presence of ENSO-band 

(2-7 yr) periodicities in Tertiary lacustrine deposits including: a mean periodicity of 5.4 

yr (actual reported period is 4.8-5.6 yr) recorded in varve thickness from Wyoming, USA 

in the Eocene Green River Formation (Ripepe et al., 1991); 5.5-year periodicity in 44-45 

Ma maar lake varve thickness measurements from Germany (Mingram, 1998); and here 

in the latest Miocene to earliest Pliocene GFS in northeastern Tennessee.  However, a 

similar ENSO band peak at 5.5 yr is reported from spectral analysis of a record of well-

preserved photosynthetic pigments in varved estuarine sediments dating from AD 1058 to 

AD 2004 of the Pettaquamscutt River Estuary in southern New England (Hubney et al., 

2006).  The authors suggested that the 5.5 yr cycle relates to the North Atlantic 

Oscillation (NAO) rather than to ENSO, but they pointed out that the cycle is not 

commonly cited as being associated with the NAO, which has a dominant periodicity at 

~8 yr.  The dominant NAO periodicity is also present within their spectral analysis, and 

there is good correlation between the modern NAO index and the proxy NAO record 

used in their study at ~8 yr between the dates of 1824 and 1960. 
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Estimation of GFS Sedimentation Rates 

The variable sedimentation rates in lakes make extrapolation of annual sediment 

yields suspect, but in the case of the GFS, they provide the best estimate available at this 

time.  If the calculated annual sedimentation rates mentioned previously (0.30 cm/yr, 0.62 

cm/yr, and 0.74 cm/yr) are averaged, then a value of 0.55 cm/yr ± 0.23 is obtained.  If 

one considers that the lacustrine stratigraphic section is about 35 m thick and appears 

conformable, a rough estimate for the duration of time represented by this GFS basin 

would be between ~11,000 and ~4,500 years, with an average of ~ 6,463 years.  

However, there is evidence that this basin records a climate shift, and that sediment 

underlying the rhythmites was possibly deposited under drier conditions with less 

vegetative cover (Shunk et al., 2006), which could have profoundly changed the 

sedimentation rates.   

 
Conclusions 

 
The GFS clastic rhythmites are interpreted to represent annual layers (or varves) 

that formed in response to alternating high-energy and lower energy seasons because they 

were deposited as laterally continuous layers in a poorly oxygenated lake and include 

statistically significant periodicities in rhythmite thickness that are common in other 

lacustrine environments.  Their depositional pattern is characterized by the regular 

alternation between coarse-grained and organic-rich (A) laminae and finer-grained (B) 

laminae.  The GFS (A) lamiane are consistent with the coarse sediment deposited during 

a high-energy season such as that in the wet-season of a paleo-monsoon climate.  

However, this climate phase appears to be temporary as sediments above and below the 

GFS rhythmites suggests drier, possibly water-stressed conditions (Shunk et al., 2006).  
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The 24-yr and 4.4-yr periodicities derived from a 96 rhythmite long sequence are 

interpreted to represent the Hale solar cycle and possibly an expression of ENSO-like 

climatic change, respectively.  If this documentation of ENSO-like conditions in the GFS 

rhythmites is correct, then it appears that ENSO was in operation during this interval of 

the warm earth conditions characterizing the latest Miocene to earliest Pliocene.  The 

generally wet conditions characterizing the GFS rhythmite facies, which supported a 

dense, canopied forest (Shunk et al., 2006, Wallace and Wang, 2004) are inconsistent 

with the expected drier paleoclimate from this region based on research suggesting that 

during the late Miocene to early Pliocene terrestrial paleoclimates resembled the present 

day average climatic conditions associated with major El Niño events (Molnar and Cane, 

2007).  A rough estimate derived from sedimentation rates calculated from the GFS 

varves indicate that this lacustrine basin filled with sediment on the order of between 

~4,500 and 11,000 years.  
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CHAPTER FOUR 
 

Evidence for Hale-cycle modulation of paleoclimate from annual varves and associated 
tree rings discovered at the latest Miocene to earliest Pliocene, Gray Fossil Site, 

northeastern Tennessee. 
 
 

Abstract 
 

The Gray Fossil Site (GFS) includes an exceptional latest Miocene to earliest 

Pliocene sinkhole lake deposit that contains incredibly well-preserved sediment, fauna, 

and flora.  Fossil wood was discovered in the GFS lacustrine sediments, and spectral 

analysis of annual tree-ring thickness reveals statistically significant periodicity 

(exceeding the 0.99 confidence interval) at 23.0-years.  An equivalent periodicity at 24.0-

years was previously reported from thickness measurements of the lacustrine varves from 

which the fossil wood was collected.  The 23/24-year climate cycle is interpreted to 

represent the Hale solar cycle, which is thought to have modulated aspects of 

paleoclimate at the GFS.  Although the Hale-cycle is observed in modern instrumental 

data and geologic proxy data from many different regions throughout much of Earth’s 

history, its affect in modulating climate is commonly overlooked.   

The high value of the peak at 23/24-yr in the Fast-Fourier Transform (FFT) of 

both the annual tree-ring and lacustrine varve thickness measurements suggests that 

regional precipitation was strongly forced by the Hale-cycle during the time represented 

by each record.  The strong expression of the Hale-cycle likely relates to some 

combination of climate factors characteristic of the late Tertiary paleoclimate such as: 1) 

the presence of a paleo-monsoon in the region that may have amplified the Sun-Earth 
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climate relationship; 2) the Sun may have been in a Solar Maximum phase; or 3) the 

Earth’s magnetic dipole field may have been low.  

 
Introduction 

 
In recent years it has become apparent that the Earth’s climate is partially 

modulated by solar activity (Pap and Fox, 2004 and references therein).  The sun can 

influence Earth’s climate both directly, due to long-term changes in radiative output, and 

also indirectly, via the effects of the solar wind on the Earth’s magnetosphere (Dobrica et 

al., in press).  The mechanisms proposed to explain how the Sun’s activities affect 

Earth’s climate are reviewed by Rigozo et al. (2008, and references therein) and include: 

1) the variability of the total solar irradiance causing warming/cooling; 2) the variability 

of the ultraviolet emissions and its effects on stratospheric ozone and thermal structure; 

3) the effects of cosmic rays on cloud coverage; and 4) the effect of high-energy particle 

precipitation on mesospheric and stratospheric oxone and thermal structure.  Moussas et 

al. (2005) indicated that the Sun can be considered a Van der Pol non-linear oscillator, 

and the reversal of the Sun’s magnetic field has a periodicity of ~22-years.  Hale (1908) 

first discovered and measured the Sun’s magnetic field, and therefore, the periodicity of 

the reversal of the Sun’s magnetic field is referred to as the Hale-cycle hereafter in this 

paper.  Compared to the 11-year Schwabe-cycle, which is more obvious due to the 

occurrence and disappearance of sun-spots and the 0.1% change in total solar irradiance 

that occurs during its cycle, the Hale-cycle is commonly overlooked and neglected as an 

important factor for understanding the Earth-Sun climate relationship.  For example, in 

their prominent review paper about the sun-climate interaction, Bard and Frank (2006) 
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did not discuss the Hale-cycle as an influencing factor on Earth’s climate, but included an 

extensive review of the impacts of the 11-yr Schwabe-cycle.       

As a rule, the 20-25-year periodicities commonly observed in climatic parameters 

are thought to be the result of the influence of the solar Hale-cycle, and although the 

mechanisms of solar-climatic connections are still unclear, the intense quasi-bidecadal 

climatic oscillations are interpreted with confidence as resulting from the amplification of 

the weak solar signal in the atmosphere-ocean system (Raspopov et al., 2004a).  The 

relationship between the Hale-cycle and Earth’s climate is well-documented in 

instrumental records including: 1) Echer et al. (2009), who found the Hale-cycle to be 

correlated with the global surface temperatue, 2) Dobrica et al. (2008) who correlated the 

Hale-cycle to 100 to 150 year long temperature and precipitation records from Romania, 

and referenced similar relationships in the Beijing area (Zhoa et al., 2004) and in South 

Africa (King, 1975), and 3) Velasco and Mendoza (2008), who observed that the modern 

large-scale climatic phenomena (AMO, NAO, PDO and SOI) all have coherence at ~22 

years (although the 11-yr Schwabe-cycle appears to be a slightly more dominant cycle), 

and the authors pointed to other research connecting the Hale-cycle (oscillations with 

periods of 20-25 years) with surface temperatures, droughts, variations in sea surface 

temperature, precipitation, etc.  

Furthermore, Hale-cycle band periodicity is also common in geologic proxy data. 

For example, the cycle was observed in tree ring thickness measurements from Passo 

Fundo Brazil; the entire record spanned from 1741 to 2004 AD and the Hale-cycle was 

observed during the intervals from 1764-1864 and 1904-2004 (Rigozo et al., 2007), and it 

was detected in tree-ring thickness measurements during the intervals of 1328-1550, 
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1710-1800, and 1985-present from juniper trees from the northernmost extent of Europe 

(central part of the Kola Peninsula) (Shumilow et al., 2007), as  well as in a robust high-

latitude analysis that was comprised of tree-ring thickness data from conifers collected in 

10 regions spanning from the Kola Peninsula to Chukotka (Raspopov et al., 2004b).  The 

Hale-cycle periodicity band is also commonly reported from lacustrine annual layers 

(varves) from many geologic periods including: 1) the varved sediments deposited 

between 1321-1963 AD at Loch Ness in Northern Scotland that include 20 to 22 year 

periodicity (Cooper et al., 2000), 2) the 20 to 25 year periodicity recorded during the time 

interval from 5.3 to 7.3 ka in varves spanning the last 10 ky at Elk Lake from the Itasca 

region of north-central Minnesota (Anderson et al. 1993), 3) the 24-yr periodicity 

recorded in 10 to 12 ka varves from Lake Magadi in Kenya (Damnati and Taieb 1995), 4) 

22-yr periodicity reported from the Lower Triassic (~245 Ma) Union Wash Formation in 

east-central California (Woods and Bottjer, 1998), and 5) 24-26 year periodicity present 

in Carboniferous (~305 Ma) glaciomarine varves in Western Argentina (Milana and 

Lopez, 1998).  The prevalence of the Hale-cycle within geologic proxies of many 

different ages suggests that it has been an important factor in the solar-geomagnetic affect 

on climate for much of Earth’s history.  The non-stationary nature of the Hale-cycle and 

changes in its strength on climate forcing through time and location (e.g., Anderson, 

1993; Rigozo et al., 2007; Shumilow et al., 2007) reveals the complex relationship 

between the Earth’s climatic response to the Sun.       

It is clear that the Hale-cycle can influence Earth’s climate, which highlights the 

importance of further research into the short- and long-term trends in geomagnetic 

processes on Earth’s climate.  In this research, we present spectral analysis from tree 
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rings and annual varves from the latest Miocene to earliest Pliocene (4.5 to 7 Ma) Gray 

Fossil Site, which display a prominent ~23-year periodicity that suggests the Hale-cycle 

modulated aspects of paleoclimate in this period of sedimentation during the hot-earth 

conditions characterizing the late Tertiary.    

 
The Gray Fossil Site Description 

 
Shunk et al. (2006) interpreted the Gray Fossil Site (GFS) as comprising a small 

(about 3 ha) meromictic lake fill deposited in a former sinkhole that formed within 

Cambrian/Ordovician Knox Group dolostone in the southeastern US (82.5° W and 36.5° 

N) (Fig. 4.1).  This lacustrine deposit is more than 35 m thick and includes a conformable  

facies shift from an underlying graded and low-organic content facies, to finely laminated 

lacustrine rhythmites that include ~8% organic carbon, which was derived from vascular 

plants derived from the surrounding watershed (Shunk et al., 2006) (Fig. 4.2b).  Within 

the upper rhythmite facies, diverse late Tertiary faunal and floral assemblages have been 

discovered that include well preserved fossil wood (Fig. 4.2a).  The stratigraphic range  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1.  Map showing the location of the latest Miocene to earliest Pliocene Gray 
Fossil Site (GFS) in northeastern Tennessee, USA 
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Figure 4.2.  Examples of Gray Fossil Site varves and fossil wood.  (A) Gray-scale image 
of annually laminated fossil wood.  Note the highlighted region of the image on the right, 
which includes 19 rings characterized by thick annual growth rings that did not vary and 
was therefore removed from the data set.  (B) Scanned image of GFS varves from a 
section of distal GFS varves.  (C) Photomicrograph (taken in plane-polarized light) 
showing the distinct size difference, and abrupt boundaries between the varve coarse-
grained, organic-rich (A) and silty clay (B) (illustrated in gray circles) components.  The 
(A) component is attributed to a distinct wet-season that interrupted the continuous 
deposition of silty-clay sediment fabric comprising the (B) component. 
 

of the rhinoceros Teleoceras and the short-faced bear Plionarctos, along with the other 

diverse late Tertiary faunal assemblage, constrain the age of the site to late Miocene to 

early Pliocene (between 4.5-7 Ma) (Wallace and Wang, 2004).  
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Shunk et al. (2009a) evaluated the rhythmite facies depositional sequence and 

interpreted the rhythmites as representing annual varves deposited continuously 

throughout the year (Fig. 4.2b).  The cm-scale GFS rhythmites are characterized by 

alternating coarse-grained, organic-rich A-laminae and silty-clay B-laminae (Fig. 4.2c).  

The A-laminae were interpreted to represent deposition occurring during a high-energy 

(wet) season that interrupted the continuous deposition of finer-grained sediment into the  

depocenter.  The rhythmites were almost exclusively comprised of sediments derived 

from preexisting materials from the landscape (autochthonous).  The highly-regular 

alternation between coarse and fine particle sizes characterizing the depositional fabric of 

the sediments was interpreted by Shunk et al. (2006, 2009a) as most analogous to 

sediments deposited in monsoonal climates.  For example, there are modern coarse-to-

fine grained, cm-scale autochthonous varves deposited in a monsoonal climate at the 

Phewa Tal reservoir in Nepal (Ross and Gilbert, 1999).  A continuous sequence of 96 

annual interpreted varves from the GFS included statistically significant periodicities at 

24, 12, and 4.4 rhythmites (Fig. 4.3d).  The periodicity at 24 interpreted years is 

consistent with the well-known Hale solar cycle; the 4.4 interpreted year periodicity 

occurs within the ENSO frequency band and was attributed ENSO-like modulation in the 

region, and the 12-yr cycle present is consistent with the Schwabe-cycle (Shunk et al., 

2009a). 

 
Fossil Wood Spectral Analysis 

 
An ~4 cm piece of fossil wood with mm-scale annual growth rings was 

discovered preserved within the uppermost lacustrine rhythmites.  The wood was 
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Figure 4.3.  Analysis of Gray Fossil Site fossil wood periodicity.  (A) Plots of raw, 
unsmoothed tree ring thickness for the Gray Fossil Site time series; the yellow-shaded 
area represents the interval removed from the data set because it did not appear to record 
climate variations.  (B) Periodogram produced using the fast-Fourier Transform.  A 
confidence interval of 0.99 was calculated for the all ordinates in the periodogram and the 
ordinate at ~23-yrs exceeded the 0.99 confidence interval.  A second confidence interval 
of 0.99 was calculated to evaluate the significance of the secondary peak at 5.1-yr by 
removing the dominant 23-yr peak from the data set and is displayed as the dotted 
horizontal line.  (C) Periodogram produced using Burg’s Maximum Entropy.  (D) FFT 
periodogram from the GFS lacustrine varves showing periodicities at 24, 12, and 4.4- yr.  
Figure modified from Shunk et al. (2009a).  Note the presence of a dominant 23/24-yr  
and 5.1/4.4-yr periodicity in all spectra, but only the presence of the 12-yr Schwabe-cycle 
in the varve record. 
 

photographed perpendicular to banding (Fig. 4.3a), and thickness measurements of the 

tree rings were made by taking a high-resolution gray-scale photograph displaying the 

contrast between early and late wood.  The photograph was entered into drafting 

software; the centers of successive dark bands (presumed early wood) were marked and 

the distance between bands was measured (Fig. 4.3).  All measurements were made and 

recorded into a spreadsheet prior to conducting further analysis to assure sampling 

objectivity.  The piece of wood included 65 tree-rings, and there appeared to be two 

patterns of growth preserved within the wood sample.  The first 18 rings were abnormally 



77 

thick (averaging 0.94 mm), did not vary in thickness, and appeared to represent an early 

growth phase of the tree (perhaps below a forest canopy) (Fig. 4.3a).  These 18 rings 

were removed from the data set because they did not appear to respond to climate.  

Spectral analysis of thickness measurements of the remaining 46 rings (averaging 0.62 

mm in thickness) were evaluated to determine if the fossil wood includes any stationary 

periodic signals.       

A conservative, multi-method approach was applied for spectral analysis.  Tree 

ring thickness measurements of the 46 year sequence were evaluated using a discrete or 

fast- Fourier Transform (FFT), as well as Burg’s method of maximum entropy (MaxEnt).   

MatLab was used to construct periodograms by plotting frequency against the spectral 

density function (Figs. 4.3c, d).  The MaxEnt method requires the use of a filter, which 

was optimized (Akaike, 1969).  The amplitude spectral values derived from the MaxEnt 

do not reflect independent estimates of amplitude at discrete frequencies as they do in the 

conventional FFT; therefore, standard statistics to determine the significance of spectral 

peaks are not applicable (Lacoss, 1971).  A confidence interval of 0.99 was determined 

for the FFT by establishing the tolerance limits for normal distributions from the standard 

deviation of the spectral values (Walpole and Myers 1978).  In order to test the 

significance of the secondary peak at 5.1 tree rings, the ordinate at 23-yrs was removed 

from the data set after determining it exceeded the 0.99 confidence interval.  A new 

confidence interval at 0.99 was calculated using the remaining ordinates and is presented 

in Figure 4.3c.  The MaxEnt periodogram includes nearly identical peaks to the FFT. 

Thus, both the peaks at 5.1 and 23-years appear to represent an interannual process that 

cyclically altered the thickness of annual tree ring growth.   
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Interpretation and Discussion 
 

The GFS fossil wood (this paper) and clastic rhythmites (Shunk et. al, 2009a) 

include remarkably similar periodicities at 24/23 and 4.4/5.1- years, respectively (Fig. 4.3 

c, e).  The GFS records are relatively short (46 and 96 years, respectively), but are 

extremely valuable because they represent a rare opportunity to evaluate the warm earth 

climate characterizing the late Tertiary.  Furthermore, the presence of analogous 

periodicities in associated varves and tree rings allows for a more precise paleoclimatic 

interpretation than if only one proxy was available.  It is possible to detect periodicity in 

short records that include only 1 cycle of a tonal signal, but longer data sets provide an 

advantage because the signal-to-noise ratio (SNR) increases with the length of a data set, 

and as the number of data points (N) increases the tonal signal strength increases 

proportionally to N, whereas the strength of the noise increase is the square root of N 

(Lyons, 2004).  Thus, the length of N becomes important if the SNR is low, but in the 

case of the GFS varves and tree-rings the signals are strong relative to noise and 

detectable in short data sets.  Furthermore, the presence of remarkably similar 

periodicities in two independent paleoclimate proxies strongly suggests that the some 

aspect(s) of climate modulated both the thickness of annual tree-rings and varves.  

However, the short records available from the GFS eliminate the ability to observe 

longer-term trends in climate such as lower-frequency solar-cycles or non-stationary 

aspects of the observed paleoclimatic factors, and therefore, it is only possible to 

characterize about a century of paleoclimate (96-year long varve chronology).  

Nonetheless, careful consideration of the factors that influence the thickness of each 
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proxy can contribute valuable information to the understanding of the GFS paleoclimate 

record.  

The presence of fossil wood with annual growth rings and annual varves in a 

small sinkhole lake deposit provides an exceptional opportunity to interpret the 

paleoclimatic factor(s) responsible for generating the 23/24-year periodicity.  Variations 

in tree ring thickness are a function of several environmental factors that affect annual 

ring growth simultaneously including: solar radiation, temperature, water precipitation 

and soil content, humidity, nutrients, tree health, etc. (Rigozo et al., 2008; Fritts, 1976), 

and therefore, tree ring thickness represents a chronological series that reflects climatic 

and environmental factors that influence growth in the past.  The small size of the GFS 

basin (~3 Ha) eliminates factors such as tidal influence and strong wave systems (each 

develop in larger water bodies) from adding statistical noise to the stratigraphic record 

through extensive reworking and suspension of sediment.  Furthermore, in a small basin 

the variation of sedimentation across the basin is reduced and debris and gravity flows 

(noise to the annual record) can be more easily identified by their normally graded 

depositional fabric and removed from a time series.  The GFS varves are not size-graded 

and likely represent a gradual and continuous depositional process, such as the deposition 

from streams carrying sediment into the lacustrine basin throughout the year (Shunk et 

al., 2009a).  The GFS clastic varves are comprised of almost exclusively autochthonous 

sediment that is derived from the surrounding landscape (Shunk et al., 2006), and the 

absence of biochemical sediments derived from the GFS lake water column 

(allochthonous sedimentation) eliminates the climatic and environmental factors (e.g., 

water quality, solar radiation, nutrient availability, and evaporation rates, etc.) that 
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contribute to the thickness of the annual layers.  Thus, the nearly exclusive autochthonous 

sediment within the GFS allows for the isolation of the mechanical factors that forced 

sediment into the basin.  Autochthonous sedimentation occurs in response to forces such 

as air and water currents, as well as gravitational debris flows that overcome resistance to 

movement by friction, adhesion and cohesion of the particles, and these events occur 

when climate forcing exceeds the shear threshold for the particles (Anderson, 1996).  In 

the GFS variations in varve thickness can be attributed variations in the annual sediment 

deposited due to some combination of wind or water transporting sediment from the 

watershed into the basin.  Although it is possible that the tree rings and varves responded 

independently to different climatic factors (e.g., temperature, sun-light, wind, or 

precipitation), the discovery of remarkably similar periodicities in both proxies suggests 

that interannual variation in the amount of precipitation was the driving force for periodic 

variations within each of the records because precipitation is the only factor that affects 

the annual thicknesses in both systems. 

The peak in the GFS periodogram at 23 and 24 years is attributed to the Hale-

cycle.  It is plausible that the geomagnetic variations associated with the Hale-cycle were 

accompanied by variations in regional precipitation that created low river flow and 

reduced sediment loads, which produced thin varves relative to the thicker varves 

produced during high precipitation intervals.  The 5.1-yr cycle is within the ENSO-band 

and may relate to the changes in annual precipitation associated with ENSO events, as the 

ENSO phenomenon modulates precipitation in this region today (see Shunk et al., 2009a 

for a detailed discussion).  The ~5-yr (4 to 6-yr) periodicity is commonly reported from 

proxy data, and has been considered a periodicity characteristic of the solar cycle (e.g., 
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Rigozo et al., 2008).  Interestingly, there is debate as to whether the ~5-yr periodicity 

represents a fundamental solar cycle rather than ENSO-like climate oscillations (Djurović 

and Pâquet, 1996, 1999) or if it is an artifact of improper methodology that misidentified 

the asymmetry of the 11-yr solar cycle as a fundamental solar periodicity (Mursula et al., 

1997).  Thus, we reserve further interpretation of the short cycle (4.4/ 5.1-yr) for future 

work and focus on the dominant periodicity in our records at 23/24-yr in this paper.    

It is difficult to directly compare the strength of the Hale-cycle from different 

proxy data of variable lengths because in each system the factors such as the SNR 

fluctuate greatly.  However, the high amplitude of the 23/24- yr Hale-cycle peak in the 

FFT of the annual tree-ring and varves records suggests that it was a major factor in 

modulating paleoclimate (likely precipitation) during the infilling of the GFS.  There are 

many potential explanations for the apparently high-strength of the Hale-cycle including: 

1) Solar variability associated with the Hale-cycle is recorded more strongly in climate 

proxies during periods of solar maximum values; for example, Rigozo et al. (2008) 

reported that the Hale-cycle and other solar variability become more apparent during the 

Modern Maximum (1714 to 1984) and Medieval Maximum (1025 to 1202), 2) Anderson 

(1993) demonstrated that the Hale-cycle is recorded stronger in Elk Lake lacustrine 

varves when the Earth’s magnetic dipole declined to its lowest value of the Holocene 

between 5.3 and 7.3 ka, and 3) Intrinsic factors associated with regional climate could 

also amplify the Hale-cycle signal.  For example, speleothem proxy data spanning the last 

331 years indicate that the Indian monsoonal rainfall strongly reflects the Hale-cycle, but 

the ~11-yr Schwabe-cycle is only weakly represented (Yadava and Ramesh, 2007).  This 

is interesting because the sedimentation pattern characterizing the GFS varves has been 
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attributed to a monsoonal precipitation pattern (Shunk et al., 2009a), and annual 

precipitation delivered from the paleo-monsoon may have varied in association with the 

Hale-cycle as it does today with the Indian monsoon.  

 
Conclusions 

 
This research documents evidence for a strong expression of 24/23 year 

periodicities in annual varves and tree rings that were collected from the latest Miocene 

to earliest Pliocene (4.5 to 7 Ma) Gray Fossil Site.  This periodicity is attributed to the 

Hale-cycle, which appears to have been a strong climatic factor during the warm Earth 

conditions characterizing the late Tertiary.  Collectively, the presence of the Hale-cycle in 

both annual varves that are comprised of autochthonous sediment and tree rings suggests 

that precipitation modulated the variations in thickness, as precipitation is the only factor 

that affects both proxies.  The strong expression (very high amplitude of the signal) of the 

Hale-cycle in both proxies may be an artifact of the short length of the data and it is not 

possible to determine if the strong influence on climate recorded at the GFS was a 

persistent feature of late Tertiary paleoclimate.  However, it is plausible that the great 

strength of the Hale-cycle relates to some combination climate factors characterizing the 

late Tertiary paleoclimate such as: 1) the presence of a paleo-monsoon in the region that 

may have amplified the Hale-cycle (e.g., Yadava and Ramesh, 2007; Shunk et al., 

2009a); 2) the Sun may have been in a Solar Maximum phase (e.g., Rigozo et al., 2008); 

or 3) the strength of the Earth’s magnetic dipole field may have been low (e.g., Anderson, 

1993).   
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CHAPTER FIVE 
 

Synthesis and Conclusions 
 
 

The Gray Fossil Site (GFS) and Pipe Creek Sinkhole (PCS) each represent karst 

depositional environments from the late Tertiary located in the eastern U.S.   As 

anticipated, paleoclimate interpretations from each deposit suggest warmer conditions 

prevailed during the late Tertiary as evidenced by the formation of terra rossa sediment in 

the PCS (Shunk et al., 2009b) and the presence of alligators in the GFS (Shunk et al., 

2006).  Interestingly, both the PCS and GFS record distinct facies shifts within their 

stratigraphic records, and at both locations this facies shift is consistent with the transition 

from drier conditions to wetter ones.  It is tempting to attribute this apparent trend to a 

regional climate shift to wetter conditions that effected both the PCS in IN and the GFS 

in TN contemporaneously.  However, although the ages of the sites do potentially 

overlap, it is unlikely the records correlate given the Earth’s dynamic climatic system that 

is characterized by frequent climate oscillations and the short duration of sedimentation 

in each deposit (on the order of 10 ka based on GFS sedimentation rates in Shunk et al., 

2009a) relative to multi- Ma age range (deposition occurred between 4.5 to 7 Ma) of the 

GFS.  Nonetheless, the observation that both sites appear to record climate change to 

wetter conditions may have significance.  

The GFS depositional environment is different than common sinkholes that form 

in limestone (e.g. sinkholes in FL or IN) because in the Knox dolostone karst morphology 

is typically characterized as deep near-vertical solution pipes compared to typical 
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limestone bowl-shaped deposits (Redwine, 1999).  Solution pipes form as conduits that 

connect the landsurface to the groundwater-table.  Thus, the formation of a deep (>40 m), 

near-vertical solution pipe suggests that the groundwater-table was deep during the 

formation of the sinkhole.  Karst is typically characterized by high permeability and it is 

difficult to envision a 40 m deep water-column perched in a karst solution pipe, thus, it is 

likely that the formation of a deep, permanent lake required a significant rise in the 

groundwater-table.  An increase in the water-table could relate to multiple factors 

including: 1) a rise in eustatic sea-level, 2) the development of a wetter climate, or 3) 

uplift of the regional landscape due to tectonics or isostatic rebound of the continent.  The 

continental position of the GFS away from the ocean in a region that has no published 

evidence for Tertiary uplift suggests that the formation of a deep solution cavity and then 

the development of a deep lake relates to a change from dry conditions to wet conditions.  

Similarly, the PCS transitioned from a cave that accumulated terra rossa sediment, which 

develops in well-drained environments to a pond (Shunk et al., 2009b).  This observation 

is also observed in multiple sinkhole lakes from Florida and Georgia, which appear to 

have contemporaneously transitioned to lacustrine environments as Holocene climate 

became wetter at ~8.3 ka (Filley et al., 2001).  Thus, it appears that there is a potential 

bias inherent to studying climate records from sinkhole lakes that preferentially preserve 

climate transitions to wetter climate conditions that would increase the groundwater-table 

and create the lake, which accumulates and fine-grained sediment.  This appears to be 

reflected in both the PCS and GFS records compared to potentially more pervasive drier 

paleoclimates characterizing the late Tertiary.  In the case of the GFS the late Tertiary 

wetting event appears to relate to the development of a monsoon-like precipitation 
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pattern, which expanded into the region increasing the available moisture and water-table 

level (Shunk et al., 2009a).  Whatever the cause of the wet climate phases responsible for 

the development of sinkhole lakes, it should be noted that it is not necessarily safe to 

extrapolate the paleoclimatic record derived from a sinkhole lake as representing the 

long-term climate.  However, this does not indicate that climate records from sinkhole 

lakes are not valuable, especially considering that they potentially preserve high-

resolution records of climate change that can serve as analogies for understanding the 

potential outcome of modern global warming. 

For example, the GFS includes a distinct facies shift that is consistent with the 

expansion of a wetter climate phase into the region (Shunk et al., 2006).  The rate of this 

potential climate shift can be estimated using sedimentation rates calculated from annual 

varves (Shunk et al., 2009a).  The transition from low-organic sediment (< 0.5 %OC) to 

organic-rich sediment occurs in ~1.5 m, if we use a sedimentation rate of 0.71 cm of 

sediment / year, which is provided by the basal annual varves, then this transition 

occurred in ~211 years. Thus, there is evidence that the climate changed rapidly during 

the infilling of the GFS depo-center, which indicates how dynamic the Earth’s natural 

climate can be.    

Sinkhole lake climate records also include valuable information that is 

fundamental to understanding the Earth’s climate system.  Spectral analysis of GFS fossil 

wood and lacustrine varves proved to provide valuable insight into some fundamental 

aspects of Earth’s climate.  Each record included periodicity within the ENSO band, 

which suggests that ENSO was in operation during the late Tertiary deposition of 

sediment.  This issue is important because the presence of ‘permanent El Niño’ 
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conditions has been suggested to be a major factor for increasing global temperatures, 

and therefore understanding ENSO is important for anticipating the outcome of modern 

global warming (Federov et al. 2006).  It has been suggested that during the latest 

Miocene to earliest Pliocene regional paleoclimate conditions resembled the average 

climatic conditions associated with El Niño teleconnections occurring during major El 

Niño events (Molnar and Cane 2007).  The GFS rhythmite facies paleoclimate appears 

wet, whereas the region gets hotter and drier during major El Niño events today (Shunk et 

al., 2009a).  Interestingly, this facies also provides evidence for El Niño-like climate 

oscillations, which suggests ENSO was in operation at some points during the late 

Tertiary.  Spectral analysis of GFS varves and tree-rings thickness measurements 

collectively suggest that the 23/ 24-yr Hale solar-cycle strongly forced precipitation 

during the time interval represented by the growth of the tree and the development of the 

annual varve succession.  The strong expression of the Hale-cycle likely relates to some 

combination of climate factors characteristic of the late Tertiary paleoclimate such as: 1) 

the presence of a paleo-monsoon in the region that may have amplified the Sun-Earth 

climate relationship; 2) the Sun may have been in a Solar Maximum phase; or 3) the 

Earth’s magnetic dipole field may have been low.  Although the Hale-cycle is a 

prominent component of the Earth’s climate, it remains controversial and is not included 

in many climate models as a fundamental factor for climate change (see review in chapter 

four).  Thus, it seems critical to understand the Earth’s climate- sun relationship.      

Future work into the GFS and PCS should seek to build on this dissertation.  The 

GFS subaerial facies includes paleosols that provide additional information about 

paleoclimate, the climate records from the lacustrine sediments are not exhausted, and 
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many valuable insights about natural climate remain.  Compound-specific isotopes are 

critical when dealing with organic matter derived from mixed sources, or in situations 

where organic matter has been degraded.  Compound specific isotopes from leaf waxes 

(long chain n-Alkanes) could contribute greatly to better understanding the paleoclimate 

records from the GFS and PCS.  Thus, specifically this analysis could help to understand 

the GFS graded facies and paleosol succession, and the PCS terra rossa and pond 

sediments.  Also, there are small (mm-scale) carbonate nodules present within the PCS 

pond sediments that were observed in thin-sections, and these nodules were likely 

reworked into the pond from paleosols that existed in the greater landscape.  These 

nodules provide another potentially important paleoclimate proxy.  As indicated in the 

introduction, there is another Paleogene depo-center preserved at the GFS.  Stratigraphic 

descriptions, thin-sections, organic geochemical, pollen, and magnetic susceptibility data 

have been collected from the Paleogene sediments, and these data represent a rare 

opportunity to understand the paleoclimate record from this interval in Earth history.  

Thus, there are still many problems to be solved and much work to be done from both the 

PCS and GFS.     
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