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Matthew Stephen Smart 

QUANTIFYING THE BIOGEOCHEMICAL IMPACT OF LAND PLANT 

EXPANSION IN THE MID DEVONIAN AND IMPLICATIONS IN MARINE 

ANOXIC EVENTS 

The evolution of land plant root systems occurred stepwise throughout the 

Devonian, with the first evidence of complex root systems appearing in the mid-Givetian. 

This biological innovation provided an enhanced pathway for the transfer of terrestrial 

phosphorus (P) to the marine system via weathering and erosion. This enhancement is 

consistent with paleosol records and has led to hypotheses about the causes of marine 

eutrophication and mass extinctions during the Devonian. To gain insight into the 

transport of P between terrestrial and marine domains, presented here are geochemical 

records from a survey of Middle and Late Devonian lacustrine and near lacustrine 

sequences that span some of these key marine extinction intervals. Root innovation is 

hypothesized to have enhanced P delivery and results from multiple Devonian sequences 

from Euramerica show evidence of a net loss of P from terrestrial sources coincident with 

the appearance of early progymnosperms. Evidence from multiple Middle to Late 

Devonian sites (from Greenland and northern Scotland/Orkney), reveal a near-identical 

net loss of P. Nitrogen and Carbon isotopes from a subset of these lakes confirm elevated 

input of terrestrial plant material concurrent with P perturbations. Terrestrial P input 

appears to be episodic in nature, suggesting land plant expansion was driven by an 

external catalyst in the study region.  
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All sites analyzed are temporally proximal to significant marine extinctions, 

including precise correlation with the Kačák extinction event and the two pulses 

associated with the Frasnian-Famennian (F/F) mass extinction. The episodic expansion of 

terrestrial plants appears to be tied to variations in regional and global climate, and in the 

case of the F/F extinction, also to atmospheric changes associated with large scale 

volcanism. Using P data presented here as an input into an Earth system model of the 

coupled C-N-P-O2-S biogeochemical cycles shows that globally scaled riverine 

phosphorus export during the Frasnian-Famennian mass extinction generates widespread 

marine anoxia consistent with the geologic record. While timing precludes land plants as 

an initiating mechanism in the F/F extinction, these results suggest they are implicated in 

every marine extinction event in the Mid to Late Devonian. 
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CHAPTER 1. INTRODUCTION 

 

1.1. Motivation and Objectives 

The Devonian Period marks what is perhaps one of the most critical segments of 

Earth’s past. It was wrought with tremendous biological and ecological change and 

bounded by dramatic fluctuations in atmospheric composition and multiple marine 

extinctions. It was during this phase in geologic history that plants developed extensive 

root systems, diversified and expanded into continental interiors, and modern processes 

of soil formation were initiated. Prior to the Devonian, continental interiors were 

relatively bereft of vegetation, save near bodies of water (Algeo et al., 1995). The first 

vascular land plants only evolved during the Ordovician and it wasn’t until the Devonian 

that Earth’s landscape was colonized by the first trees (Algeo et al., 1995; Murphy, 

2005). Atmospheric composition also differed greatly, having CO2 concentrations orders 

of magnitude greater than modern values (Royer et al., 2007; Franks et al., 2014; Lenton 

et al., 2016). Indeed, the early Devonian was an Earth one would not readily recognize, 

but the dynamic changes which occurred to plant life over the roughly 60-million-year 

span would have significant implications to all life on the planet. The expansion and 

radiation of land plants during the Devonian brought about one of the most significant 

changes to the terrestrial biosphere in geologic history. This expansion is thought to have 

resulted in a tremendous increase in soil development and weathering, initiating 

contemporary soil formation processes and thus resulting in significant changes to 

terrestrial and ocean nutrient and carbon cycling (Racki, 2005; Berry and Wang, 2006; 

Wicander et al., 2011; Stein et al., 2012; Giesen and Berry, 2013; Hao and Xue, 2013; 
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Carmichael et al., 2014; Berry and Marshall, 2015; Morris et al., 2015; Becker et al., 

2016; Lenton et al., 2016). It has been hypothesized that this rapid radiation of land plants 

drove an unprecedented nutrient flux into Devonian oceans causing eutrophication and 

the subsequent development of vast anoxic zones characteristic of the period (Algeo et 

al., 1995; Algeo and Scheckler, 1998). To support this hypothesis and link nutrient-driven 

eutrophication pulses from land plant expansion to ocean anoxia, attempts have been 

made in the past utilizing nutrient signals from marine records, however due to profound 

changes in the marine phosphorus cycle caused by ocean stratification and these large 

anoxia zones during this period, this approach is problematic (Racki, 2005; Becker et al., 

2016). Subsequently, there are still many questions surrounding the role of enhanced 

phosphorus input to ancient oceans. It is widely agreed that for these vast ocean anoxic 

zones to form, there had to have been an external eutrophication pulse of some sort 

(Meyer and Kump, 2008). Thus, to definitively prove the intimate connection between 

the evolution and expansion of land plants and nutrient loading to ancient oceans, another 

approach is needed.  

  Lacustrine sequences have long been used to study nutrient dynamics and can 

record vital information about weathering, nutrient flux and a host of other important 

parameters. Although depositional environments vary greatly, lake environments are 

generally low energy in nature and thus can provide a high-resolution sediment record 

with fine-scale laminations that can be narrowed down to specific decadal, and even 

sometimes annual and seasonal, variations. This project will capitalize on the archive-

bearing potential in ancient lacustrine sequences to develop land-based measures of 

phosphorus weathering and mobilization in the Devonian. The aim is to assess the global 
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role of plant and soil evolution and at last provide the final evidence linking the 

extraordinary events in the Devonian, the expansion of land plants and the external 

eutrophication pulse needed to drive the formation of vast ocean anoxic zones. Utilizing 

these lacustrine and other near-lacustrine sequences, this project aims to test the 

hypotheses that (1) the expansion, radiation and diversification of land plants in the 

Devonian is directly linked to terrestrial phosphorus loss which drove extensive 

environmental change; (2) this phosphorus loss effected measurable changes on 

lacustrine nitrogen and carbon dynamics; and (3) this phosphorus pulse was not a 

singular event, but rather dynamic and variable, potentially explaining the multiple 

eutrophication pulses and subsequent biotic crises in Mid to Late Devonian.  

 

1.2. Background 

 

1.2.1. A CO2-Filled World 

Land plants, both vascular and non-vascular, appeared first during the Paleozoic 

era. The atmospheric composition of the Earth varied drastically during the Paleozoic, 

and at the dawn of the Devonian the atmospheric composition was quite unlike that of the 

contemporary world. CO2 concentration reconstructions from deep time periods largely 

rely on carbon isotope ratios (13C/12C) derived from pedogenic carbonates (Cronin, 

2010), although these proxies are generally only reliable back through the Devonian 

(Royer et al., 2004). Due to limitations inherent in using proxies, current records of early 

Paleozoic climate are very coarse in nature, nevertheless, Royer et al., (2004) estimated 

global CO2 concentrations as high as 7000 ppm during the early Cambrian and around 
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2500 ppm leading into the Devonian, in contrast to pre-industrial levels of 270 ppm (see 

also Franks et al., 2014). Oxygen concentrations were also quite different than modern-

day and were likely much lower at the dawn of the Devonian and only approaching 

modern levels closer to the Mid to Late Devonian (Lenton et al., 2016). As one can infer 

from the large concentration of greenhouse gases, the climate of the early Paleozoic was 

particularly warm; though this may not be a true measure of global climate as there is a 

hypothesized decoupling of CO2 and climate during the late Ordovician glaciation 

(Veizer et al., 2000). The high CO2 concentration is possibly a result of widespread 

rifting and volcanism (Martin, 2013), but regardless of the initial cause, CO2 levels began 

to rapidly draw down by the end of the Devonian as an unprecedented diversification and 

radiation of land plants literally changed the face of Earth’s continents. 

 

1.2.2. The Invasion of Vascular Land Plants  

Beginning with the Cambrian explosion, the Paleozoic is marked by a vast 

increase in the complexity of earth’s biosphere, particularly in the marine realm. This 

diversification included plankton, benthos and nekton as well as a general increase in 

complexity of food webs and the eventual appearance of large predators (Martin, 2013). 

Most relevant to the topic of nutrient dynamics of the period, was the evolution of semi-

aquatic and terrestrial tracheophytes, or vascular plants, first appearing in the middle 

Ordovician (Murphy, 2005). What little terrestrial vegetation existed prior to this was 

confined to low-lying plants inhabiting the water-land interface (Algeo et al., 1995; 

Murphy, 2005). By the middle to late Devonian, land plants began to diversify and spread 

into continental interiors and uplands, populating a once mostly empty landscape with 
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vegetation (Algeo et al., 1995; Algeo and Scheckler, 1998; Piombino, 2016). The 

diversification and expansion of plants led to the first appearance of trees (arborescence) 

and the widespread propensity of plants to produce seeds (Algeo et al., 1995). The 

earliest of these trees appeared in the Eifelian and looked very little like contemporary 

trees (Giesen and Berry, 2013). The most notable, due to its size and significant root 

structure, of these early trees was Archaeopteris, a large progymnosperm which grew up 

to 30m in height (Algeo et al., 1995). Although not a seed-bearing plant, Archaeopteris 

was the dominant large plant until well into the Late Devonian when it was displaced by 

the more advanced seed-bearing plants which proliferated towards the end of the 

Famennian (Algeo et al., 1995). Occurring simultaneously with the expansion of land 

plants was the development of extensive root systems. The earliest evidence of roots 

associated with vascular land plants appeared in late Pragian, or Early Devonian, but 

were primitive in comparison to modern root systems (Algeo et al., 2001; Algeo and 

Scheckler, 1998). More substantial root systems did not appear until the Mid to Late 

Devonian and were generally associated with species such as Archaeopteris (Algeo et al., 

2001; Algeo and Scheckler, 1998). Whereas prior to the Devonian there existed primarily 

shallow root structures and thus, only minimal soil development (Algeo et al., 2001; 

Algeo and Scheckler, 1998), these species were likely long-lived and thus established 

significant soil profiles and would have had a measurable impact on local biogeochemical 

cycling and resultant nutrient loads into the oceans. Indeed, many studies have shown 

that roots dramatically alter soil formation, and thus the soil biogeochemistry (e.g., 

Filippelli and Souch, 1999; Filippelli, 2008). The development of extensive root systems, 

stress-resistant seeds and an overall increase in size subsequently contributed to the 
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expansion of land plants into continental interiors and uplands (Algeo and Scheckler, 

2010). The vast increase in land plants played a critical role in the drawdown of 

atmospheric CO2 through photosynthesis and has also been linked to increased rates of 

silicate rock weathering by increasing soil residence times (Algeo et al., 1995; Algeo and 

Scheckler, 1998; Berry and Marshall, 2015; Murphy, 2005). Furthermore, this expansion 

likely led to vastly increased nutrient export to the oceans of the Period, potentially 

driving algal blooms and subsequently anoxia (Algeo et al., 1995; Algeo and Scheckler, 

1998; Algeo and Scheckler, 2010; Falkowski et al., 2011).  

 

1.2.3. Devonian Biotic Crises 

Although the Devonian is characterized as a rather profound period for biological 

evolution and diversity, it is also known for numerous extinction events (Fig. 1.1). The 

first of which, the Choteč Event, occurred in the early Eifelian and the first extinction 

event with associated widespread marine anoxia that would later become a Devonian 

hallmark (House, 2002; Vodráqková et al., 2012; Becker et al., 2020). At the 

Eifelian/Givetian boundary was the Kačák event, a smaller extinction affecting mostly 

marine invertebrates, but also characterized by black shale formations characteristic of 

marine anoxia (House, 1985; House, 2002; Marshall et al., 2016; Becker et al., 2020). 

The Taghanic Event (also known as the Taghanic Crisis, among other names), occurred 

in three distinct phases, but was characterized by only local anoxic events rather than 

widespread and global anoxia found in other Devonian events (House, 1985; House, 

2002; Aboussalam and Becker, 2011; Marshall et al., 2011; Becker et al., 2020). Finally, 

in the Late Devonian occurred two of the most biologically catastrophic events in Earth’s 
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history, both significantly impacting the marine realm. The first of which was the 

Kellwasser Event (alternatively called the Late Devonian extinction or Frasnian-

Famennian extinction). It is considered one of Earth’s “Big Five” mass extinctions and 

was characterized by a decrease of up to 40% of marine species families and 60% of 

genera and occurred at the Frasnian-Famennian boundary, about 374 Ma (Sallan and 

Coates, 2010; Becker et al., 2016; Percival et al., 2018; Da Silva et al, 2020). The second, 

Figure 1.1. Distribution of significant extinction events in the Devonian characterized by 
either local or widespread ocean anoxia (House, 1985; House, 2002; Becker et al., 2016; 
Becker et al., 2020). Timescale utilized is from Becker et al., 2020. 
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and the smaller of the two, the Hangenberg event occurred about 15 million years later at 

the Devonian-Carboniferous boundary (House, 1985; House, 2002; Sallen and Coates, 

2010; Becker et al., 2016; Becker et al., 2020). The Hangenberg event has been studied 

far less than the Kellwasser event, but it is estimated that this extinction event resulted in 

the loss of 50% of vertebrate species diversity in both the marine and non-marine realms 

(Sallen and Coates, 2010; Becker et al., 2016). While some of these above events had 

terrestrial extinction components, they were all primarily marine catastrophes. However, 

a common theme tying every one of these Devonian extinctions is the characteristic 

deposition of black shales indicative of ocean anoxia.  

 

1.3. Research Questions, Hypotheses and Significance 

Many questions remain regarding terrestrial phosphorus dynamics in the 

Devonian. Not least of these is the timing of terrestrial land plant proliferation as well as 

the magnitude and timing of associated nutrient release. Specifically, questions remain 

regarding how long weathering changes occurred during terrestrialization, quantification 

of phosphorus flux from land to ocean and the global extent of this flux. In addition to 

questions regarding the phosphorus dynamics during this critical period, there has yet to 

be sufficient work done on the coupling of phosphorus with nitrogen and carbon 

dynamics during soil development. Finally, there have not been sufficient studies 

exploring the overall mass balance of nutrient weathering and subsequent export to the 

oceans. 

This project aims to address these shortcomings and perhaps finally answer many 

of these long-standing questions. Whereas previous work has centered around studying 
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marine sediments to infer information on terrestrial nutrient flux, lacustrine sequences 

may be able to provide a far more unambiguous record of these events. Thus, it is 

hypothesized that a temporal record of soil phosphorus transformations can be resolved 

utilizing such lacustrine sequences from the Mid to Late Devonian and can provide; 

evidence either supporting or refuting the following hypotheses: 

 

a. Colonization of continental interiors and subsequent root development was 

directly tied to terrestrial phosphorus loss, resulting in ecosystem instability and 

potentially driving biotic crises associated with the Late and End Devonian. 

 

b. Land plant-driven transformations in the terrestrial phosphorus cycle also 

impacted nitrogen and carbon dynamics within lacustrine systems. 

 

c. Unlike current theories which favor a simplistic roots-off, roots-on approach, the 

net mobilization and subsequent export of phosphorus from terrestrial landscapes was 

variable in light of ecosystem dynamics, thus explaining the multiple eutrophication 

pulses seen in late/end Devonian   

 

1.4. Research Locations and Geologic Background 

The Devonian is temporally located in the Mid Paleozoic Era and spans a period 

between approximately 419 million years ago (Ma) and 355 Ma. It is bounded by periods 

of significant climatological, geological, biological and ecological changes. During the 

early stages of the Paleozoic, the planet was dominated by the supercontinent Gondwana 
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(Martin, 2013). Through the Cambrian and Ordovician, rifting began to tear apart 

Gondwana, with the resulting land masses drifting apart but primarily remaining in the 

southern hemisphere (Martin, 2013). This rifting also resulted in the creation of multiple 

ocean basins interconnecting the remnants of Gondwana (Martin, 2013). Seafloor 

spreading centers associated with rifting began to displace large volumes of water, 

gradually pushing it onto the local continents and creating large epicontinental seas in the 

continental interiors (Martin, 2013). These events resulted in a marine environment in the 

Devonian dramatically different than that of today. The vast epicontinental seas were 

characterized by widespread bottom anoxia and large rates of organic carbon burial 

(Algeo and Scheckler, 2010). This anoxia and subsequent carbon burial resulted in the 

formation of Devonian black shales, formations common in the mid to late Devonian 

(Tuite and Macko, 2013). 

It is within this general geologic backdrop that the areas of study reside, the 

Orcadian Basin and the Devonian Basin in East Greenland (Fig. 1.2). Throughout much 

of the Devonian, the Orcadian Basin was the site of a large lake occupying what is now 

modern-day Scotland and the Moray Firth (a large inlet in the North Sea in northeastern 

Scotland) and extending as far north as the Shetland Islands (Fig. 1.2). Most of the 

deposits in this region belong to the Caithness Flagstone lithostratigraphic group laid 

down during the Eifelian and contain mostly mudstone-limestones, siltstones and 

sandstones (Donovan et al., 1974). The Caithness Flagstone Group is itself part of a 

larger outcrop known as Old Red Sandstone, which is comprised of lower, middle and 

upper subgroups. Sediments from the Caithness Flagstone Group make up the Middle 

Old Red Sandstone (MORS). Although mainly lacustrine in origin, the MORS also 
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contains fluvial sandstones and conglomerates near the margins of the Orcadian Basin 

and hosts several fossil fish beds which have been used to help constrain the age of the 

Figure 1.2. Location of study area in the Devonian Basin in East Greenland and the Orcadian 
Basin in Northern Scotland/Orkney and the Moray Firth. Selected study sites are marked with 
arrows and will be discussed in later sections. 
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sequences (Andrews and Hartley, 2015; Johnstone and Mykura, 1989; Trewin and 

Thirlwall, 2002). Although there are numerous Devonian lacustrine sequences throughout 

the globe, the Orcadian Basin is perhaps one of the most thoroughly studied considering 

its proximity to rich hydrocarbon resources in the North Sea (Stephenson et al., 2006). 

The Devonian Basin in East Greenland is similar in many respects and formed under 

similar conditions as the Orcadian Basin (McClay et al., 1986; Marshall and Stephenson, 

1997; Trewin and Thirlwall, 2002). Both basins contain numerous lakes which formed in 

extensional basins resulting from the collapse of overthickened crust associated with the 

Caledonian orogen (McClay et al., 1986). Their paleolatitude was approximately between 

20ºS and 30ºS and in an arid to semi-arid region (Andrews and Hartley, 2015; Tarling, 

1985). Perhaps most significantly, although both areas saw many phases of transgression 

and regression throughout their existence as lacustrine basins (most likely due to climatic 

forcings), in general the depositional environment is characterized as low energy, ripe 

with fine-grained facies providing the potential for high resolution data collection and 

analyses (Andrews and Hartley, 2015).  

 

1.5. General Methodology 

This study utilizes a multi-tiered approach to analyze both terrestrial and 

lacustrine nutrient dynamics (P/N/C). To present the strongest possible data to support 

the study, lacustrine sequences from multiple sites within each of the study basins are 

utilized. These study sites cover a span of approximately 15 Myr beginning in the 

Eifelian and continuing into the Famennian. At each location, the terrestrial weathering 

history of P in relation to other weathering proxies was determined. The role that 
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dissolved P input to lacustrine systems had on C and N cycling in the mid-late Devonian 

as well as the quantification of P mobilization from land and export to marine systems 

was also studied.  More specifically, the research is broken into four main objectives: 

 

a. Characterization of P weathering dynamics based on temporal records of P in 

lacustrine sediments (Ch. 2). This was accomplished through sequential extraction 

analysis of P geochemical fractions in lacustrine sediments, total digestion analysis of P 

normalized to refractory components (such as P/Ti, P/Al), and total digestion analysis of 

P normalized to labile and active soil components (such as P/Ca, P/Fe). 

 

b. Multi-proxy analyses to address redox cycling within Devonian lacustrine systems, 

chemical weathering extent, physical weathering extent and climate variations (Ch. 2). 

This was accomplished primarily through x-ray fluorescence analysis and involved the 

comparison of numerous elemental ratios utilized for chemical weathering, physical 

weathering and climate. 

 

c. Determination of P weathering changes over time. P loss due to weathering was 

estimated for each outcrop sampled and the timing compared between outcrops. P loss 

values were then used as variable inputs in an Earth system model of the coupled C-N-P-

O2-S biogeochemical cycles in order to evaluate whether recorded changes to P fluxes 

would be adequate to sustain Devonian marine biogeochemical perturbations and 

extinction dynamics (Ch. 3). 
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d. Quantification of N and C cycle dynamics during soil formation (Ch 4). This included 

N and C isotopic analyses of organic matter in lacustrine sequences to provide insight 

into nutrient dynamics in paleo-lacustrine systems and serve as a further tracer of 

terrestrial organic matter input into such systems. 

 

1.6. Summary of Findings 

      Evidence from multiple Middle to Late Devonian sites from Greenland and 

northern Scotland/Orkney reveal an episodic and near identical net loss of P over the 

entire 15 Myr study period. Additionally, while all study sites are temporally proximal to 

one or more Devonian extinction events, net loss of P was noted in precise correlation 

with the Kačák extinction event, and the two pulses associated with the 

Frasnian/Famennian mass extinction. Unexpectedly, weathering, climate and redox proxy 

data coupled with nutrient input variability for all sites reveal similar geochemical 

responses as seen in extant lacustrine systems. It is likely that orbitally forced climatic 

cyclicity was the catalyst for all significant terrestrial nutrient pulses, suggesting 

expansion of terrestrial plants may be tied to variations in regional and global climate. 

These conclusions are further reinforced based on results of C and N elemental and 

isotopic analyses for a series of late Eifelian lakes in the Orcadian Basin which confirm 

elevated input of terrestrial land plant derived organic matter concurrent with the largest 

episodes of P weathering. Using these episodes of P weathering as variable inputs in an 

Earth system model of the coupled C-N-P-O2-S biogeochemical cycles, globally scaled 

riverine P export during the Kellwasser Event generates widespread marine anoxia and 

produces C isotope, temperature, O2, and CO2 perturbations generally consistent with the 
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geologic record. These results implicate land plant evolution and expansion in at least 

two of the marine extinction events in the Devonian, but leave open the possibility that 

they were directly involved in all of them.  
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CHAPTER 2. ENHANCED TERRESTRIAL NUTRIENT RELEASE DURING 

THE DEVONIAN EMERGENCE AND EXPANSION OF FORESTS: 

EVIDENCE FROM LACUSTRINE PHOSPHORUS AND GEOCHEMICAL 

RECORDS 

 

2.1. Introduction 

The Devonian was a watershed moment in Earth history, with substantial changes 

in biologic, ecologic, and atmospheric conditions. The expansion and radiation of land 

plants occurred on an unprecedented scale during this period (Algeo et al., 1995; Stein et 

al., 2012; Giesen and Berry, 2013; Berry and Marshall, 2015; Morris et al., 2015; Lenton 

et al., 2016; Stein et al., 2020; Davies et al., 2021). Coincident with this emergent 

terrestrial biosphere, the Devonian hosted numerous marine extinction events (Fig. 2.1), 

including the Late Devonian mass extinction, one of the “big five” with the loss of ~40% 

of marine families and 60% of genera (McGhee, 1996). Additionally, the Devonian saw a 

pronounced decrease in atmospheric CO2 to near contemporary levels (Lenton et al., 

2016). Despite these key biological innovations and planetary transitions, much is still 

unknown about the specific feedbacks within the Devonian ecosphere, particularly with 

respect to the export of plant-mobilized nutrients, such as phosphorus (P), from the 

terrestrial to the marine realm. Whereas it is generally accepted that the colonization of 

land plants and the evolution of roots would have had a marked impact on nutrient 

weathering, the magnitude, timing, and duration of these impacts have yet to be defined. 

Such insights are critical to putting together all the pieces of the Devonian puzzle, 

particularly as terrestrial events such as the expansion and radiation of land plants have 
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been implicated in the marine extinctions which occurred throughout the Period (Algeo et 

al., 1995; Algeo and Scheckler, 1998).  

 

2.1.1. Importance of Phosphorus in Biogeochemical Cycling 

Phosphorus is a critical biologically limiting nutrient on land (Walker and Syers, 

1976; Vitousek et al., 1997; Filippelli and Souch, 1999; Vitousek et al., 2010) and in 

aquatic systems (Krom et al., 1991; Correll, 1999; Blomqvist et al., 2004; Planavsky et 

Figure 2.1. (A) Sample sites from the Orcadian Basin in East Greenland, northern Scotland and Orkney. 
Sample locations indicated with arrows in the insets. (B) Timeline detailing crucial events in plant 
development and diversity as well as key biologic crises and extinction events. Sample site coverage 
depicted by color code. (Becker et al., 2016; Berry and Marshall, 2015; Giesen and Berry, 2013; House, 
2002; Aboussalam and Becker, 2011; Stein et al., 2007; Meyer-Berthaud et al., 2010; Stein et al., 2020; 
Percival et al., 2018; Marshall et al., 2007; Kaiser et al., 2016). 
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al., 2010). Unlike other essential nutrients such as nitrogen and carbon, phosphorous has 

no natural stable gaseous form. Phosphorus can be transported long distances through the 

suspension of dust particles in the atmosphere, however this delivery method constitutes 

a minute fraction of the total P flux (Chadwick et al., 1999; Filippelli, 2008). Submarine 

groundwater discharge can potentially deliver large amounts of P, but this varies greatly 

depending on the sorption capacity of aquifers as well as their redox conditions and 

remains an extremely difficult quantity to constrain, even in modern systems (Slomp and 

Van Cappellen, 2004; Santos et al., 2021). P is generally removed from groundwater 

through sorption to iron oxides or coprecipitation with Al, Ca and Fe (Slomp and Van 

Cappellen, 2004), however recent studies suggest nutrient flux from submarine 

groundwater discharge is generally around 10% of riverine flux (Santos et al., 2021). The 

most significant source of P to the oceans and other bodies of water is through the 

weathering of continental materials and ultimate delivery by way of rivers (Holland, 

1978; Filippelli and Delaney, 1994; Filippelli, 2002).  

Early in landscape development, P in the mineral phase is the primary source for 

biologic uptake (Filippelli, 2002; Filippelli, 2008). Because plants cannot directly access 

mineral-bound P, they liberate P through the acidification of root pore spaces via 

degradation of organic matter (Filippelli, 2002; Filippelli et al., 2010) and the release of 

organic exudates from roots (Jurinak et al., 1986; Filippelli, 2002; Filippelli et al., 2010). 

Phosphorus is lost in large amounts from the mineral phase during initial landscape 

development, particularly in young volcanic landscapes (see McPeek et al., 2007). This 

refractory form of P is used quickly, and over time sources of P shift to more labile and 

occluded forms (Filippelli, 2002; Filippelli, 2008; Filippelli et al., 2010). In well-
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developed soils, a significant amount of P is locked up in soil organic matter. In addition 

to shifting forms of P over time, total P within a system also decreases, with mineral-

bound P being depleted and only organic and occluded fractions remaining (Fig. 2.2; 

Filippelli and Souch, 1999; Filippelli, 2002; Filippelli, 2008). It is thus expected that a 

landscape with little to no vegetation would transition through these phases stepwise, 

beginning with predominantly mineral sources of P and shifting to more occluded 

sources. Likewise, it would be expected that the overall release of P in a landscape would 

peak very quickly upon plant colonization and stabilize over time, as has been noted 

(Filippelli and Souch, 1999; McPeek et al., 2007; Filippelli et al., 2010). 

Figure 2.2. Depiction of phosphorus (P) transition with landscape evolution. As soil development 
proceeds, P transitions from the mineral phase to organic and occluded forms. Note the loss of P from 
the system with time. After Filippelli (2008). 
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2.1.2. The Land Plant Revolution 

Although first appearing in the Middle Ordovician (Wellman et al., 2003; but see 

also Strother & Foster, 2021), it was not until the Mid-Devonian that land plants 

(embryophytes) became widespread and occupied continental interiors. Prior to the Mid-

Devonian, land plants were confined to areas immediately adjacent to bodies of water (or 

in wetland environments), had limited root systems and had yet to develop the necessary 

biological innovations that would lead to arborescence - the development of the first trees 

(Algeo et al., 1995; Algeo and Scheckler, 1998; Algeo et al., 2001; Stein et al., 2007; 

Algeo and Scheckler, 2010). Continental interiors would have been bereft of significant 

vegetation and well-developed (and weathered) soil profiles. From a P weathering 

perspective, most continental interiors would likely have been very “young,” meaning a 

significant amount of P was likely available in mineral form. By the Mid- to Late 

Devonian, land plants began to diversify and spread into continental interiors and 

uplands, populating the once barren landscape with vegetation (Algeo and Scheckler, 

1998; Algeo et al., 2001; Piombino, 2016). The diversification and expansion of plants 

lead to the first appearance of trees and by the Tournaisian, the widespread propensity of 

plants to produce seeds (Algeo et al., 1995; Algeo and Scheckler, 1998; Algeo et al., 

2001). The earliest of these trees appeared in the Eifelian and Givetian (Giesen and 

Berry, 2013), the most notable of which was Archaeopteris, a large progymnosperm that 

grew up to 30m in height (Algeo et al., 1995). Archaeopteris first appeared in the earliest 

Givetian, achieving hegemony by the Frasnian (Meyer-Berthaud et al., 1999; Meyer-

Berthaud et al., 2010; Stein et al., 2020). While not seed-bearing, Archaeopteris is the 
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first known plant to display characteristics common in modern seed plants, possessing 

leaves and generating root systems that were simultaneously deep, laterally extensive and 

complex (Algeo et al., 2001; Stein et al., 2020). Although possibly only occupying niche 

biomes on inception (Stein et al., 2020), such root systems would likely have had 

enormous impacts on geochemical cycling in those regions.  

The development of significant and complex roots systems in the Devonian is 

perhaps one of the single most critical events in the evolution of life in the Paleozoic and 

would have cascading impacts on Earth’s biosphere. The earliest evidence of roots 

associated with vascular land plants appeared in the Early Devonian (late Pragian) and 

were shallow and simplistic in comparison to modern analogues (Algeo et al., 2001). 

Even by the Mid-Devonian, except for archaeopteridaleans, most major plant groups 

(aneurophytaleans, cladoxylopsids and lycopsids) had relatively simple root structures 

with minimal root penetration that would have had limited soil formation capabilities 

(Stein et al. 2012; Stein et al., 2020). More substantial root systems did not appear until 

the Mid- to Late Devonian and were notably associated with Archaeopteris (Algeo et al., 

2001; Kenrick and Strullu-Derrien, 2014; Stein et al., 2020). Significant root 

development led to the creation of modern soil weathering processes, nutrient cycling and 

extensive soil development (Algeo and Scheckler, 1998; Kenrick and Strullu-Derrien, 

2014; Morris et al., 2015). Unlike its contemporaries such as Wattieza (a cladoxylopsid 

whose life cycle terminated shortly after reproducing), Archaeopteris were likely long-

lived (based on ring counts, Stein et al., 2007) and thus established significant soil 

profiles (Algeo and Scheckler, 1998) with a measurable impact on local biogeochemical 

cycling and nutrient loads into the oceans. Indeed, many studies have shown that roots 
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dramatically alter soil formation, and thus the soil biogeochemistry (e.g., Filippelli and 

Souch, 1999; Filippelli, 2008). The development of extensive root systems, stress-

resistant seeds and an overall increase in size subsequently contributed to the expansion 

of land plants into continental interiors and uplands (Algeo and Scheckler, 1998; Algeo 

and Scheckler, 2010). The vast increase in land plants has been implicated in the 

drawdown of atmospheric CO2 through photosynthesis, and elevated rates of silicate rock 

weathering through increased soil residence times (Algeo et al., 1995; Algeo and 

Scheckler, 1998; Falkowski et al., 2004; Quirk et al., 2015; Kenrick and Strullu-Derrien, 

2014; Berry and Marshall, 2015; Morris et al., 2015; Lenton et al. 2016). Furthermore, 

this expansion likely had a marked impact on the weathering and export of P-bearing 

minerals to the oceans. Some have suggested that this export happened so quickly and on 

such a global scale that it drove immense algal blooms in the shallow Devonian seas, 

resulting in the creation of vast anoxic zones that ultimately drove the multiple biotic 

crises (Algeo et al., 1995; Algeo and Scheckler, 1998, Algeo et al., 2001; Algeo and 

Scheckler, 2010; Falkowski et al., 2011). 

 

2.1.3. Sustainability of a Terrestrial Phosphorus Flush? 

Perturbations in the P cycle have been implicated as drivers of some of the 

Devonian marine crises, but without direct evidence. Nearly all of the extinction events in 

the Devonian were characterized by widespread anoxia, with the exception of the 

Taghanic Crisis which had differing regional impacts and varying levels of 

hypoxia/anoxia (successive linked fluctuations in climate and sea level are noted as 

potential causal factors, though a collapse in terrestrial vegetation occurred towards the 



   

30 

end of the event; Marshall et al., 2011) (House, 1985; House, 2002; Racki, 2005; 

Aboussalam and Becker, 2011; Marshall et al., 2011; McGhee et al., 2013; Becker et al., 

2016 and references therein). For these vast ocean anoxic zones to form, it is reasonable 

to assume an external eutrophication pulse (Meyer and Kump, 2008).  

Although P is readily mobilized in young landscapes, its short residence time in 

the modern ocean (20-50 kyr; Ruttenberg, 2003) makes it unclear whether a terrestrial 

nutrient pulse (or pulses) on a global or basin-wide scale is sufficient to drive significant 

changes in the marine system. Attempts have been made to provide such evidence 

utilizing nutrient signals from marine records, however this approach is problematic due 

to profound changes in the marine P cycle caused by ocean stratification and expansive 

anoxic zones in shallow seas characteristic of this period (Racki, 2005; Becker et al., 

2016). Consequently, many questions remain about the mechanisms of enhanced P input 

to ancient oceans.  

Here we present a novel approach to constraining the timing and source of 

nutrient pulses in the Devonian associated with terrestrialization. Through the analysis of 

Devonian lacustrine sequences, versus marine sediments or paleosols as has been 

attempted previously, we can gain proximal insights at higher temporal resolution of 

landscape changes and nutrient dynamics during the interval within the Devonian when 

plant evolution and expansion was well underway. Lacustrine sequences have long been 

used to study nutrient dynamics and can record vital information about weathering, 

nutrient flux and a host of other important parameters. Although depositional 

environments vary greatly, lake environments are generally low energy in nature and thus 

can provide a high-resolution sediment record with fine-scale laminations that can be 
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narrowed down to specific decadal, and even sometimes annual and seasonal variations. 

Constraining land plant-associated nutrient export will provide crucial evidence to link 

the timing and pace of land plant expansion with the marine biotic crises in the Devonian. 

 

2.2. Materials and Methods 

 

2.2.1. Site Selection 

The target for this study was lacustrine and near-lacustrine sequences proximal to 

critical events and time transects within the Mid to Late Devonian (Eifelian, Givetian and 

Frasnian). Where possible, outcrops spanning a biotic crisis with associated marine 

anoxia were chosen. These include the Choteč and the Kačák Events in the Eifelian, the 

Taghanic Crisis in the Givetian and the Kellwasser Event in the Frasnian. All samples are 

archived at the University of Southampton, UK. Five distinct sites from the 

paleocontinent of Euramerica were chosen including three from the Orcadian Basin 

(Scotland and Orkney) and two from the Devonian Basin in East Greenland. Study sites 

include Geanies in Easter Ross, Scotland; Hoxa Head on South Ronaldsay, Orkney; 

Hegglie Ber on Sanday, Orkney; Ella Ø (island) and Heintzbjerg in East Greenland (Fig. 

1). All sites contain continuous lacustrine sequences, except for the Heintzbjerg samples, 

which are primarily fluvial. In most cases, samples were taken at various points 

throughout a given lake cycle. For the Geanies set, samples were selected from deep lake 

facies (the rest of the lake cycle was not sampled, however the sequence is an 

uninterrupted succession of lake cycles). 
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2.2.2. Geologic Setting 

 

2.2.2.1. Orcadian Basin 

Throughout much of the Devonian, the Orcadian Basin was the site of a series of 

lacustrine systems formed in extensional half graben basins with distinct depocenters 

(McClay et al., 1986; Marshall and Hewett, 2003). The depth and areal extent of these 

lakes varied based on climatic conditions but were generally shallow playa lakes with 

periods of deep permanent lakes (Marshall et al., 2007). During intervals of enhanced 

precipitation, these lakes occasionally merged to form extensive lacustrine systems, such 

as that which formed the distinctive Achanarras fish bed referred to as a mega-lake 

(Marshall et al., 2007). The Orcadian Lake (also referred to as the Achanarras Lake) is a 

particularly long-lived example, which at one time occupied much of the eastern 

Highlands of Scotland and the Moray Firth and extended as far north as the Shetland 

Islands and east to the margins of Norway (Trewin and Thirwall, 2002; Marshall et al., 

2007). At its largest extent during the Eifelian and early Givetian, the Orcadian Lake 

would have been ~27,000 km2 in size, or roughly the size of Belgium (Andrews and 

Hartley, 2015). The northern Scotland and Orkney samples (Geanies, Hoxa Head and 

Hegglie Ber) were all collected from Orcadian Basin lacustrine laminates and are mostly 

mudstone-limestones, siltstones and sandstones (Donovan et al., 1974) with fluvial 

sandstones and conglomerates near the margins of the Orcadian Basin along with 

significant features such as the Achanarras fish bed (Andrews and Hartley, 2015; 

Johnstone and Mykura, 1989; Trewin and Thirwall, 2002).  
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The paleolatitude was between approximately 20°S and 30°S, in an arid to semi-

arid zone (Torsvik and Cocks, 2004). Although the area experienced many phases of 

transgression and regression (most likely due to climatic forcing), in general the 

depositional environment is characterized as low energy, with fine-grained facies 

providing the potential for high resolution data collection and analyses (Andrews and 

Hartley, 2015). The Geanies samples represent a series of cyclic lacustrine deposits near 

Tain, Scotland in Easter Ross, of which 12 distinct lake cycles were sampled. The oldest 

samples in the Geanies sequence lie in the Balintore Formation (the first nine lake 

cycles), continue into Jessie Port (a fish bed equivalent to the distinctive Achanarras fish 

beds in Caithness correlative with the onset of the Kačák Event and spanning two lake 

cycles), and terminate in the latest Eifelian in the Geanies Formation (the final lake cycle 

of the sequence) (Marshall et al., 2007; Marshall et al., 2011) (Fig. 2.3). The Hoxa Head 

samples represent a similar cyclic lacustrine sequence with 21 lake cycles collected from 

an outcrop on northwestern South Ronaldsay, Orkney. They are sourced from the Rousay 

Flagstone Formation (the uppermost section of the Upper Stromness Flagstone 

Formation; Fig. 2.3) and are early Givetian (Speed, 1999; Trewin and Thirlwall, 2002) 

occurring above the Kačák Event (Fig. 2.1). The Hegglie Ber sequence originates from 

southwestern Sanday, Orkney (Fig. 2.1). This continuous but thin sequence also contains 

cyclic lacustrine deposits with at least three distinct lake cycles. It was collected from the 

Eday Flagstone Formation (Fig. 2.3) and is mid-Givetian in age (Marshall, 1996; 

Marshall et al. 2011). 
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2.2.2.2. Devonian Basin of East Greenland 

The lacustrine sequences in Ella Ø formed under similar conditions as lakes that 

were comparable in size in the Orcadian Basin (McClay et al., 1986; Marshall and 

Stephenson, 1997; Trewin and Thirlwall, 2002). Devonian deposits comprise the entire 

southeast corner of the ~145 km2 island and represent the fringes of lakes preserved 

amongst the topography on an unconformity surface (Marshall and Stephenson, 1997 and 

Figure 2.3. Middle Devonian stratigraphy from Orkney, Caithness, Easter Ross and East Greenland. Note 
the Choteč Event location is listed for temporal reference only as evidence for this extinction event has 
yet to be found in the Orcadian Basin (House, 2002). Sections highlighted in gray indicate sample 
coverage in this study. The location of the Eifelian/Givetian boundary in East Greenland is estimated 
based on current literature. After Marshall et al. (2011) with East Greenland stratigraphy from Blom et 
al. (2007). 
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references contained therein). Samples are from the Solstrand Formation and collected 

from a primarily eastward-draining braid-plain systems with a lacustrine bed present at 

three separate localities (Marshall and Stephenson, 1997; Larsen et al., 2008). The sample 

set presented here represents a single, but complete lake cycle (Marshall and Stephenson, 

1997) of Givetian age, occurring between the end of the Kačák Event and the beginning 

of the Taghanic Crisis (Fig. 2.1). During monsoon periods, it is possible that the outflow 

from this lake linked to that from the Orcadian Lake and may be correlative with the 3rd 

lake cycle within the Eday Group (Marshall and Hemsley, 2003).  

The Heintzbjerg samples represent a continuous 1100 m sequence on nearby 

Ymer Ø from the Sofia Sund, Midnatspas, Zoologdalen and Andersson Land Formations 

consisting of fluvial deposits and abandoned channel lakes. They range in age from the 

Frasnian to early Famennian and encompass a portion of the Lower Kellwasser Event 

(LKW) as well as the entirety of the Upper Kellwasser Event (UKW) (Larsen et al., 

2008) (Fig. 2.1). This Devonian basin stage is marked by a shift in drainage direction to 

the south and is comprised of mostly fluvial systems with rare aeolian intercalations 

(Larsen et al., 2008). 

 

2.2.3. Age Constraints 

Age constraints for these samples were obtained via precise palynological 

calibrations and in some cases in combination with fossil fish assemblages (see Marshall 

and Stephenson, 1997; Marshall and Hemsley, 2003). Precision dating of the Kellwasser 

Events by Percival et al. (2018) enabled the employment of age control points for the 

Heintzbjerg samples, specifically bounding the end of the LKW, the beginning of the 
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UKW, and the Frasnian/Famennian boundary and thus establishing a 525,000-year span 

between the oldest and youngest of these events. This allowed the determination of both 

sedimentation rates and P accumulation rates for the Heintzbjerg sequence using bulk 

density data (with an average value of 2.33 g/cm3) estimated from published U.S. 

Geological Survey data (Manager, 1963) for similar Devonian sequences. For the 

remaining sample sets, relative age control points were estimated by counting lake cycles 

present in the sequence, with one lake cycle defined as beginning at the base of one 

organic matter rich layer and ending before the appearance of the next organic matter rich 

layer. Lake cycles in the Orcadian Basin and the east Greenland Devonian Basin recur 

with Milankovitch cyclicity, specifically with the eccentricity parameter approximately 

every 100,000 years (Astin, 1990; Kelly, 1992; Olsen et al., 1994; Marshall 1996; 

Andrews and Trewin, 2010; Andrews et al., 2016). This allowed calculation of individual 

sedimentation rates and P accumulation rates for each lake cycle in each sample set. 

 

2.2.4. Sample Preparation and Analysis 

Samples were collected from whole rocks at the archives of the University of 

Southampton. Between 5-10 g of sample was removed with care taken to avoid collecting 

weathered surfaces, washed with Milli-Q water, dried and then powdered by hand using a 

porcelain mortar and pestle. 

 

2.2.4.1. Aluminum, Calcium, Iron, Phosphorus and Titanium 

Approximately 100 mg of each homogenized sample was acidified with 6N HCl 

and then digested in a microwave system for 30 minutes using a variation of EPA method 
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3052. Samples were then spun in a centrifuge at 10,000 RPM for 10 minutes and the 

supernatant extracted. In preparation for inductively coupled plasma-optical emission 

spectrometry (ICP-OES) analysis, samples were diluted in accordance with expected 

concentrations of the analyte. In general, a dilution ratio of 1:10 was used for P and Ti, 

and 1:50 for Al, Ca and Fe. ICP-OES analysis was performed on a Perkin Elmer Optima 

7000DV using three replicates per sample, with analytical precision within 5%. 

Total digestion was chosen over a sequential extraction for three reasons. The first was 

the uncertainty about the diagenetic impacts on the various P fractions in nearly 400-

million-year-old rocks. Second, while some of the smaller lakes analyzed may have had 

intervals where they were likely oligotrophic and oxic (based on the presence of 

fossilized fish scales; Marshall and Stephenson, 1997), lakes within the Orcadian Basin 

had a varied redox history with evidence of intervals of anoxia (Trewin and Thirlwall, 

2002; Andrews and Hartley, 2015). This is important as redox cycling in anoxic 

environments could provide misleading P geochemical results (as addressed in detail 

below). Third, total element ratios enable the comparison of total P to detrital elements 

such as Al, Ca and Ti as well as redox cycling via total Fe. Comparing total P to detrital 

inputs provides an estimate of P enrichment (either from authigenic accumulation of P or 

from elevated levels of P within the detrital signal as would be expected during soil 

development in a young landscape) while eliminating the bias introduced by sediment 

focusing, turbidity currents, in situ carbonate and aluminum hydroxide production, etc. 

Titanium serves as a reliable proxy for terrigenous input, with elevated P/Ti values 

suggesting an increase in P content of the detrital fraction. Elevated P/Ti on its own 

however, is not definitive due to complex geochemical cycling within the water column 
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as well as potential organic acid facilitated Ti mobility in immature sediment (see Pe-

Piper et al., 2011). The P signal must be decoupled from authigenic P, thus comparing P 

to Al, Ca and Fe is necessary. Ca is used as an indicator of in situ carbonate production 

and Al an indicator of both terrigenous input and potential photochemical production of 

Al hydroxides. Using a suite of elements provides a more accurate portrayal of detrital 

inputs as Al is prone to some alteration during settling primarily due to biogenic 

scavenging, but this is most common in deep marine settings (Murray and Leinen, 1996; 

Pattan and Shane, 1999). Comparing total P to total Fe is useful in addressing concerns 

stemming from the redox condition during deposition. Under oxic conditions, 

orthophosphates within the water column are adsorbed onto Fe-oxyhydroxides which 

become stored within the sediment and may go on to form authigenic phosphate minerals 

(Filippelli, 2002). Under anoxic conditions, P bound to Fe-oxyhydroxides readily 

dissolves, releasing P into the water column to actively participate in the continued 

biologic cycling of P (Filippelli, 2002). The fate of both P and Fe are intertwined; thus, 

the P/Fe ratio is useful in separating the P signal from reductive dissolution of the Fe-

oxyhydroxides. An elevated P/Fe ratio indicates an increase in terrestrial delivery of P, 

independent of redox cycling. While useful, as with any geochemical proxy, P/Fe on its 

own cannot be used to accurately determine redox conditions (this is addressed in 

2.2.4.3). To complement the analyses and assist with interpretations, correlations between 

P and various other analytes were performed and statistical significance calculated using 

GraphPad Prism (only significant results are presented in section 4, but all statistical 

analyses are included in Appendix A). Additionally, as both Al and Ti are prone to some 

alteration, correlations between Al and Ti were calculated for each site. Although no 
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geochemical proxy can be universally reliable, significant correlation between Al and Ti 

serves as an indicator of their utility as terrestrial input proxies in this study (Appendix 

A). 

 

2.2.4.2. Total Organic Carbon 

Total C and total inorganic C (TIC) was measured using an ELTRA CS-580 

Carbon/Sulfur Analyzer with attached TIC module. The amount of total organic carbon 

(TOC, also referred to as Corg) was calculated as the difference between total C and TIC. 

The Corg values were used in combination with Ptot determinations to determine the 

Corg:Ptot ratio, one of multiple paleoredox proxies used. Analytical precision was within 

5% based on replicate analyses of standard reference materials. 

 

2.2.4.3. Aluminum, Copper, Chromium, Lead, Molybdenum, Nickel, 

Rubidium, Silicon, Strontium, Titanium, Uranium and Zirconium 

Powdered samples were analyzed for Al, Cu, Cr, Mo, Ni, Pb, Rb, Si, Sr, Ti, U and 

Zr using an Olympus X-ray fluorescence (XRF) instrument. These elemental abundances 

were used to calculate ratios of Rb/Sr, Sr/Cu, Si/Al, Ti/Al and Zr/Al and metal 

enrichment factors (EF) for CuEF, CrEF, MoEF, NiEF, PbEF and UEF. 

In lake sediments, the Rb/Sr ratio has been used as both a chemical weathering indicator 

as well as a proxy for mass accumulation rate from terrestrial input (see Xu et al., 2010). 

Elevated values of Rb relative to Sr is indicative of material that has been weathered with 

respect to its source rocks and is interpreted here as elevated terrestrial input. Si/Al ratios 

are similarly used as a weathering proxy, but unlike Rb/Sr are generally indicative of 
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physical weathering intensity. As quartz is resistant to chemical weathering and is coarser 

than clay minerals, higher values of Si/Al will reflect a greater degree of physical 

weathering (Calvert and Pedersen, 2007). Similarly, Ti/Al and Zr/Al ratios have been 

used as proxies for grain size, specifically silt to clay ratio as both are transported in the 

silt/fine sand portion (see Calvert and Pederson, 2007; Wei and Algeo, 2020). Sr/Cu 

ratios have been used in both paleolacustrine and paleomarine settings as paleoclimate 

indicators (e.g., Moradi et al., 2016; Tang et al., 2019; Li et al., 2020; Pan et al., 2020). 

Strontium is readily released from source rocks via chemical weathering and under hot 

and arid conditions, will tend to concentrate in lake waters (Liang et al., 2014). Copper 

will precipitate as Cu2S in organic rich environments and is generally found in larger 

quantities in biologically productive aquatic environments associated with warm and 

humid environments (Liang et al., 2014). Thus, low ratios of Sr/Cu are suggestive of 

warm and humid conditions (values between 1-10 are generally indicative of these 

conditions, although some authors have suggested values of 1-5) and higher Sr/Cu values 

indicate hot and arid conditions (generally for Sr/Cu values >10, again some authors 

argue that values of >5 should be used) (Liang et al., 2014; Cao et al., 2015; Jinhua et al., 

2018; Li et al., 2020). Sr/Cu tends to vary inversely with Rb/Sr such that a high Sr/Cu 

ratio accompanied by a low Rb/Sr ratio indicates hot and arid conditions with low 

weathering, and vice versa (Cao et al., 2015; Shen et al., 2020).  

Given that geochemical proxies can be highly variable between and within 

formations (Algeo and Liu, 2020), a suite of seven proxies were selected in combination 

with P/Fe to provide a robust approach to characterizing paleoredox. Multiple proxies 

allow for comparison among lakes in the various sequences from distinct geographic 
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regions and potentially different elemental inventories. Many of these proxies were 

designed for marine environments and their utility for paleolacustrine environments is 

unclear. Also, because TOC for the different sample sites varied (and sometimes 

significantly within a given sequence), it was necessary to have proxies effective in both 

anoxic (organic-rich) and oxic-suboxic (organic-poor) environments as both could be 

encountered in the Devonian sequences.  

Most samples (but not all) were expected to be relatively organic-poor, thus PbEF 

was chosen as these values generally display a negative covariation with TOC (see Algeo 

and Liu, 2020). Corg:Ptot, CuEF, CrEF, MoEF, NiEF and UEF were chosen due to their varying 

effectiveness under oxic and anoxic conditions (i.e., Cr and U are mobilized by oxic 

weathering and sequestered into sediments in anoxic environments, Mo enrichments are 

highest under euxinic conditions, etc.). We chose Corg:Ptot (total P, versus reactive P) for 

ease of comparison with other paleomarine and paleolacustrine studies. This serves as a 

proxy for Corganic:Preactive and is generally effective in areas where the detrital P fraction is 

minor (Algeo and Ingall, 2007), though we acknowledge that the detrital fraction may be 

significantly larger in some of our sequences. The remainder of the proxies used (CuEF, 

CrEF, MoEF, NiEF, PbEF and UEF) represent enrichment factors for the various elements. 

Similar to Liu and Algeo (2020), the detrital fraction of each element was estimated. The 

enrichment factor (relative to the detrital fraction) was calculated using the following 

formula:  

XEF = XTotal – Al (X/Al)Detrital   (1) 

Where X is the element and (X/Al)Detrital are the average concentrations of the element 

and Al of upper continental crust as reported by McLennan (2001). Average upper 
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continental crust values used are 8.04 wt. % for Al, 25 ppm for Cu, 83 ppm for Cr, 1.5 

ppm for Mo, 44 ppm for Ni, 17 ppm for Pb and 2.8 ppm for U (McLennan, 2001). All 

seven paleoredox proxies were employed for each separate sequence and reported here. 

For the purposes of determining the effectiveness of each proxy at each locality, 

correlations among each of the seven proxies to each other and TOC were calculated and 

only those whose correlations were statistically significant were considered viable for 

redox determinations. 

 

2.3. Results 

Results are presented here by section from oldest to youngest. Each section 

contains a figure comparing the P input relative to metal ions (P/Al, P/Ca, P/Fe and P/Ti; 

henceforth abbreviated as P/Me), P accumulation rate, the weathering proxy Rb/Sr, the 

paleoclimate proxy Sr/Cu, elemental enrichment factors, Corg and Corg:Ptot. 

 

2.3.1. Geanies 

Results for the Eifelian samples at the Geanies locality are shown in Fig. 2.4. At 

the base of the section, P/Ti is elevated in lakes 9 and 10 and gradually decreases to less 

than 1 within lakes 12-15 (Fig. 2.4a). A gradual increase in P/Ti begins again during lake 

15, reaching values around 2 by the end of lake 16. P/Fe generally tracks P/Ti for lakes 9 

and 10 but remains at background values like the other P/Me ratios. Significant 

perturbations are observed in P/Al in lakes 14, 17 and 20, aligning with maxima in Rb/Sr 

(Fig. 2.4c). Phosphorus accumulation rate is relatively low at the base of the sequence 

and increases to greater than 300 µmol P cm-2 kyr-1 for lakes 11-14, peaks during lake 15 
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and peaks again at the end of lake 16 into lake 17. Lakes 10, 12, 16 and 19 have the 

highest concentrations of Corg (> 3 wt. %; Fig. 2.4e). The Rb/Sr values remain relatively 

low for most of the sequence, but notably increase at the end of lake 14, decrease to 

minimum values during lake 16 and return to relatively higher values in lakes 17, 18 and 

20. The Sr/Cu values are generally antithetic to the Rb/Sr values, with significant maxima 

during lakes 9, 14, 16 and 19 (Fig. 2.4c). Paleoredox proxies exhibit high enrichment 

factors in lakes 9, 10, 12, 16 and 19 (Fig. 2.4d). Notably, CuEF does not trend like the 

other EFs in lakes 9 and 10 but is in relative agreement with the other enrichment factors 

in the remainder of the sequence. Additionally, CrEF does not appear to show elevated 

values during lakes 12 and 19. Peaks in Corg:Ptot are observed during lakes 10, 16 and 19. 
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Figure 2.4. Geochemical data from the Geanies locality, Easter Ross, Scotland. The figure is divided by 
lake cycle, with each lake cycle representing only the deep lake facies. Lakes 9-17 are from the Balintore 
Formation., lakes 18-19 from Jessie Port (Easter Ross Achanarras equivalent and coincident with the 
onset of the Kačák Event, also highlighted in blue) and lake 20 is from the Geanies Formation. All are of 
Eifelian in age. The y-axis represents depth (m) with breaks between each lake cycle which were not 
sampled. Within each lake cycle, samples were taken every 10 cm, therefore inflated scales are shown for 
clarity between laminations. A: Phosphorus to metal ion ratios. B: Phosphorus accumulation rate (µmol P 
cm-2 kyr-1). C: Paleoclimate proxy strontium/copper and paleoweathering proxy rubidium/strontium 
ratios. D: Paleoredox proxies comprising enrichment factors for chromium, copper, molybdenum, nickel, 
lead and uranium. E: Organic carbon (wt. %) and paleoredox proxy total organic carbon\total phosphorus 
ratio (molar ratio). 
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2.3.2. Hoxa Head 

Results from the Givetian sequence at Hoxa Head, South Ronaldsay, Orkney are 

shown in Fig. 2.5. P/Me ratios show some variation, but magnitudes are low, except for 

P/Ti which varies between 0.4 and 1.8 (Fig. 2.5a) throughout the record. P accumulation 

rates range from 13 to near 100 µmol P cm-2 kyr-1 (Fig. 2.5b). Maxima in P/Ca align with 

Rb/Sr maxima at 16, 53, 65, 96, 102 m and between 120-140 m. Concurrent maxima are 

observed in all P/Me ratios at 14, 63, 132 and 145 m. Corg ranges between 0-7 wt. %, with 

values above 5 wt. % recorded in five samples (Fig. 2.5e). The maxima and minima in 

Corg coincide with those in Sr/Cu (which are opposite in magnitude to variations in Rb/Sr; 

(Fig. 2.5c)—trends which continue throughout the sequence. Trace element enrichments 

are observed at 14, 60, 68, 116, 130, 146 and 176 m (Fig. 5d). Corg:Ptot is in general 

agreement with maxima observed in EF’s, with highest values at 14, 22, 36, 60, 68, 85, 

112-134 and 146 m (Fig 2.5e). 
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Figure 2.5. Geochemical data from Hoxa Head, South Ronaldsay, Orkney plotted vs depth (m). Samples 
are from the Rousay Flagstone Formation (top of the Upper Stromness Flagstone Formation) and are of 
early Givetian in age. The y-axis also shows formation, age and stratigraphy. Fossilized fish remains 
found during collection are also noted on the y-axis. A: Phosphorus to metal ion ratios. B: Phosphorus 
accumulation rate (µmol P cm-2 kyr-1). C: Paleoclimate proxy strontium/copper and paleoweathering 
proxy rubidium/strontium ratios. D: Paleoredox proxies comprising enrichment factors for chromium, 
copper, molybdenum, nickel, lead and uranium. E: Organic carbon (wt. %) and paleoredox proxy total 
organic carbon\total phosphorus ratio (molar ratio). 
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2.3.3. Ella Ø 

Results from the Givetian sequence at Ella Ø, Greenland are shown in Fig. 2.6. 

P/Ti values are relatively high at the bottom of the sequence and at 0.85 m and 1.1 m 

(Fig. 2.6a). Phosphorus accumulation rates (Fig. 2.6b) and the remaining P/Me ratios 

have similar patterns as P/Ti. The exception being P/Al at 0.7 m and 1 m which appears 

to trend out of phase with the other P/Me ratios in those samples. Notably, fossilized 

plant remains were discovered at various points in this sequence, including in proximity 

to the two latter P perturbations .85 and 1.05 m. Corg varies from below 1 wt. % to around 

2 wt. %, with a pattern that is roughly similar that of Corg:Ptot, the exception being 

between 0.85-1.0 m (Fig. 2.6e). Sr/Cu values are low at the bottom of the sequence and 

trend towards higher values at the top of the sequence, which is opposite to the patterns 

Figure 2.6. Geochemical data from Ella Ø, Greenland plotted vs depth (m). Samples are from the 
Solstrand Formation and are of Givetian age. The y-axis also shows formation, age and stratigraphy. 
Fossilized plant stems found during collection are also noted on the y-axis. A: Phosphorus to metal ion 
ratios. B: Phosphorus accumulation rate (µmol P cm-2 kyr-1). C: Paleoclimate proxy strontium/copper and 
paleoweathering proxy rubidium/strontium ratios. D: Paleoredox proxies comprising enrichment factors 
for chromium, copper, molybdenum, nickel, lead and uranium. E: Organic carbon (wt. %) and paleoredox 
proxy total organic carbon\total phosphorus ratio (molar ratio). 
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observed in Rb/Sr (Fig. 2.6c). The paleoredox proxies exhibit maxima at 0.85 m and 1.35 

m for most EFs (Fig. 2.6d). MoEF records a peak at 0.85 m that is not substantially 

expressed in the other EFs (particularly not CuEF). The Corg:Ptot ratios are generally 

opposite patterns exhibited in the EFs (Fig. 2.6e). The peak in the Corg:Ptot values occurs 

at 1.6 m, notably prior to the P/Ti peak and is not in agreement with other paleoredox 

proxies. 

 

2.3.4. Hegglie Ber 

Results from the Givetian sequence at Hegglie Ber, Sanday, Orkney are shown in 

Fig. 2.7. One sample at 10 m has relatively high P/Me ratios (Fig. 2.7a), P accumulation 

rates (Fig. 2.7b) and Corg concentrations (Fig. 2.7e). Notably, the P/Ti peak value is the 

largest measured in all the Devonian sequences presented here. The Rb/Sr ratio and Sr/Cu 

are again broadly opposite one another (Fig. 2.7c). With the exception of CrEF, 

paleoredox EFs exhibit maxima at 10 m (Fig. 2.7d). The general trend for Corg:Ptot aligns 

with the EFs with a maximum value of 700 at 10 m (Fig 2.7e). 
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2.3.5. Heintzbjerg 

Results from the Frasnian/Famennian sequence at Heintzbjerg, Greenland are 

shown in Fig. 2.8. At the base of the record during the LKW (lower blue shaded region), 

pronounced increases in P/Fe, P/Ca, P/Al (Fig. 2.8a) and Rb/Sr (Fig. 2.8c) ratios are 

observed at 15 and 51 m. P/Ti values are elevated when compared to values between the 

end of the LKW and beginning of the UKW (Fig. 2.8a). Sr/Cu drops rapidly from 

maxima near 15 at the bottom of the sequence to less than 5 by the end of the LKW and 

then fluctuates between 2 and up to 8 for the remainder of the LKW and the intermission 

between the LKW and UKW, (Fig. 2.8c). Although generally low (<0.65 wt. %), Corg 

(Fig. 2.8e) maxima within the LKW coincides with those in the P/Me ratios. All P/Me 

Figure 2.7. Geochemical data from Hegglie Ber, Sanday, Orkney plotted vs depth (m). Samples are from 
Eday Flagstone Formation and are of Givetian in age. The y-axis also shows formation, age and 
stratigraphy. Fossilized fish remains found during collection are also noted on the y-axis. A: Phosphorus 
to metal ion ratios. B: Phosphorus accumulation rate (µmol P cm-2 kyr-1). C: Paleoclimate proxy 
strontium/copper and paleoweathering proxy rubidium/strontium ratios. D: Paleoredox proxies 
comprising enrichment factors for chromium, copper, molybdenum, nickel, lead and uranium. E: Organic 
carbon (wt. %) and paleoredox proxy total organic carbon\total phosphorus ratio (molar ratio). 
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ratios decrease to background levels between the end of the LKW and the beginning of 

the UKW. The Rb/Sr ratio (Fig. 2.8c) is elevated prior to the beginning of the UKW, 

notably leading increases in P accumulation (Fig. 2.8b) and Corg. The most significant 

P/Ti perturbation occurs during the latter half of the UKW beginning around 600 m and 

is reflected across all P/Me ratios and P accumulation, after which all values (with the 

exception of a pronounced increase in P/Ca at the F/F boundary) return to background 

levels in the transition from the latest Frasnian into the Famennian. Of note, P 

accumulation markedly increases at the onset of the UKW and peaks near 8000 µmol P 

cm-2 kyr-1 at 680 m, which is the highest rate observed across all sequences presented 

here. Sustained values above 1500 µmol P cm-2 kyr-1 are observed for the entire portion 

of the UKW in which P accumulation rates were calculated (P accumulation rates were 

not calculated for the LKW, the latest Frasnian and the Famennian due to the lack of age 

control points for those portions of the sequence). Corg remains low and variable for the 

rest of the sequence after peaking near 1wt. % at the beginning of the UKW. Rb/Sr values 

fluctuate throughout most of the UKW, the largest values within the UKW aligning with 

the beginning of positive trend in P/Me and P accumulation just below 600 m before 

dropping in the latest Frasnian and rising sharply in the Famennian around 1000 m. Sr/Cu 

similarly fluctuates during the UKW, with minima also coincident with maxima in both 

P/Me and P accumulation and maxima of 12.6 at the bottom of the Zoologdalen Fm. The 

paleoredox proxies show significant maxima in EFs (Fig. 2.8d) during the LKW (10 

meters) and again during the UKW (720 m). Prominent enrichments are observed in PbEF 

at 240 m and 620 m. The peak at 240 m corresponds with modest increases in the other 

EFs whereas the peak at 620 m does not correlate with other EFs. The Corg:Ptot data (Fig. 



   

51 

2.8e) is highly variable, but peaks are present during the LKW, the beginning of the 

UKW at 350 m and the end of the UKW beginning at 700 m and extending past 800 m 

into the Famennian. 

 

  

Figure 2.8. Geochemical data from Heintzbjerg, Ymer Ø, Greenland. The y-axis also shows formation, 
age and simplified stratigraphy. The blue shaded regions represent the upper and lower Kellwasser 
Events. A: Phosphorus to metal ion ratios. B: Phosphorus accumulation rate (µmol P cm-2 kyr-1). C: 
Paleoclimate proxy strontium/copper and paleoweathering proxy rubidium/strontium ratios. D: 
Paleoredox proxies comprising enrichment factors for chromium, copper, molybdenum, nickel, lead and 
uranium. E: Organic carbon (wt. %) and paleoredox proxy total organic carbon\total phosphorus ratio 
(molar ratio). 
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2.4. Discussion 

 

2.4.1. Broad Observations 

Overall, the data from these sequences provide insight into geochemical cycling 

in Devonian lacustrine environments. In general, increases in P concentrations, 

particularly if there is a consistent P/Me increase, in a lacustrine stratigraphic sequence 

indicates an increase in net P input to the system (e.g., Filippelli, 2002). Sediment 

concentrations of a given element can also reflect dilution or enrichment in a mixed input 

system, such as one where terrigenous allochthonous input and autochthonous in-situ 

production both impact net sedimentation. This is typically constrained by normalizing to 

different elements—in the case of this study, normalizing to Ti (and Al) to constrain 

terrigenous input and Ca to constrain in-situ carbonate production. Uniformly, our 

records show a mostly stable background P signal with brief intervals of higher P 

concentrations, and higher P/Me ratios. Combining P/Me ratios with redox data adds 

additional detail regarding the genesis of P enrichment within the lakes. Paleoredox 

determinations remain one of the largest challenges in studies of ancient marine and 

particularly ancient lacustrine systems. Local lithological variations combined with 

changes in sedimentation rates as well as diagenetic impacts may render certain proxies 

ineffective (e.g., Algeo and Liu, 2020), however the general agreement of the majority of 

proxies employed here provides a reasonable argument that their interpretation is the 

most likely scenario. Overall, the striking agreement between the six EFs utilized and, to 

a lesser extent with Corg:Ptot, at the different sample sites is persuasive evidence that they 

are sentinels of actual redox conditions in these Devonian lacustrine systems. Combining 
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redox determinations with paleoclimate and weathering proxies was particularly effective 

for most sequences, providing additional context for interpretation of both redox 

conditions and nutrient input into the lakes. 

 

2.4.2. Climate and Weathering Interpretations 

The weathering proxy Rb/Sr and paleoclimate proxy Sr/Cu generally display an 

antithetic relationship in each of the study sites presented here. This is important in 

establishing a relational link between weathering and climate in both the Orcadian Basin 

and the Devonian Basin in East Greenland. During wetter periods (low Sr/Cu values), 

higher amounts of precipitation and runoff would result in enhanced weathering (elevated 

Rb/Sr values). The reverse would be expected during more arid periods (elevated Sr/Cu 

values) with reduced precipitation and runoff resulting in a reduction in weathering rates 

(low Rb/Sr values). While there is sample to sample variation within the data, the inverse 

relationship between Rb/Sr and Sr/Cu is maintained almost universally at each of the five 

sites.  

In the higher resolution records such as Geanies (Fig. 2.4), Hoxa Head (Fig. 2.5) 

and Heintzbjerg (Fig. 2.8), cyclic trends can be observed where wetter periods lead into 

arid periods before returning to wetter periods. These trends are consistent with what is 

known about regional climate in both the Orcadian Basin and the Devonian Basin in East 

Greenland. As discussed earlier, lake cycles within East Greenland and the Orcadian 

Basin are linked to Milankovitch cyclicity, with Milankovitch orbital parameters the 

genesis for climate variation driving the cyclicity (Astin, 1990; Kelly, 1992; Olsen, 1994; 

Marshall 1996; Andrews and Trewin, 2010; Andrews et al., 2016). Deep and semi-
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permanent lakes formed during wetter periods followed by progressive shallowing into 

playa lake environments as aridity returns (Marshall and Stephenson, 1997). This 

approximately 100 kyr cycle is most easily identifiable in the Geanies sequence (with 12 

distinct lake cycles) and particularly so in the upper half of the sequence. While the lake 

cycles at the Hoxa Head sequence are more difficult to separate, the samples presented 

here represent 21 separate lake cycles and most can be identified by the alternation of 

Sr/Cu from wetter to arid. Even among the smaller data sets such as Ella Ø (Fig. 2.6) and 

Hegglie Ber (Fig. 2.7), this cyclicity can be observed. Ella Ø represents one lake cycle 

(thus approximately 100 kyr) and a clear trend of increasing aridity can be observed with 

Sr/Cu values near 5 at the base of the record, rising to 20 in the upper portion of the 

record. Hegglie Ber represents three distinct lake cycles (~ 300 kyr) and while it is 

difficult to identify three lake cycles solely based on Sr/Cu ratios, there is a clear change 

from arid at the base of the record, to wet by 10 m, and back to arid by 25 m. Thus, the 

general agreement between Sr/Cu data reported here and known regional climate 

cyclicity combined with the expected antithetic behavior of Sr/Cu and Rb/Sr suggest that 

these data are generally reflective of climate and weathering conditions present at each 

site.  

 

2.4.3. Redox Conditions 

 The general agreement between the six distinct enrichment factors with both Corg 

and Corg:Ptot lend confidence that these proxies are effectively capturing redox conditions 

within the lakes at each of these sites. In the five records presented here, all exhibit 

distinct periods of anoxia, with the one exception being the Heintzbjerg record. In the 
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Geanies sequence, significant periods of anoxia occur during lakes 9, 10, 16 and 19 (Fig. 

2.4d, e). At Hoxa Head, five distinct periods of anoxia can be identified which are nearly 

in line with the largest increases in Corg at 12, 62, 68, 82 and 146 m (Fig. 2.5d, e). At Ella 

Ø, the presence of amorphous organic matter, and thus anoxia, throughout the sequence 

noted by Marshall and Stephenson (1997) is supported at various intervals by the EFs, 

specifically at 0.55, 0.8, 1.05 and 1.4 m (Fig. 2.6d, e). In this case, Corg:Ptot values seem 

out of phase with the EFs complicating redox determinations, however elevated values of 

Corg near or above 2 wt. % are present in much of the sequence which suggest that this 

lake was likely anoxic/suboxic from about 0.55 m to 1.5 m. At Hegglie Ber, there is a 

clearly defined anoxic period at around 10 m, with the rest of the sequence reflecting 

likely oxic conditions (Fig. 2.7d, e). At Heintzbjerg, the organic matter content of this 

sequence was low, with Corg mostly below 1 wt. % (Fig. 2.8e). This is not surprising for a 

fluvial sequence predominantly composed of sandstone, but higher values of Corg are 

observed during both the LKW and UKW. Interestingly, elevated values of Corg:Ptot are 

observed during the LKW, at the onset of the UKW and at the end of the UKW. Aside 

from Corg:Ptot, redox proxies generally do not support the existence of anoxia in the 

channel lakes of this fluvial system, save for the bottommost portion of the sequence as 

well as at 720 m during the UKW. What is most significant across all the sites presented 

here is that there are distinct periods when each site hosted both oxic and anoxic systems. 

In some cases, such as the anoxia observed in lakes 16 and 19 at Geanies, climate 

fluctuations likely played a significant role in the development of anoxia as increased 

aridity may have led to water column stagnation, stratification and anoxia. Other cases, 
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such as lake 10 at Geanies, are more complex and will be discussed in detail in the 

following sections. 

 

2.4.4. Evidence of Enhanced Terrestrial Phosphorus Flux 

 In each sequence presented, there is evidence for varying levels of P enrichment 

throughout a given record. While the magnitude of P enrichment varies between the 

different sites, the relative agreement between P/Ti and other P/Me ratios in most cases 

suggests that P perturbations were indeed occurring. The Geanies sequence is our earliest 

evidence of elevated terrestrial P input. Enrichments in P/Ti and P/Fe in lake 9, and to a 

lesser extent lake 10, lead the sequence, both of which gradually decrease until reaching 

minima at the end of lake 14 (Fig. 2.4a). Concurrently, the P accumulation rate is lowest 

at the bottom of the sequence, building rapidly through lake 10, steadily through lake 12 

and then remaining stable through lake 14 (Fig. 2.4b). The antithetic trends observed 

between P/Ti and P accumulation rate align with expectations if a large and relatively 

rapid nutrient flux perturbed this lacustrine system. Similar trends are observed in the 

upper portion of lake 16, lower portion of lake 18 and in lake 19 (lakes 18 and 19 

concurrent with the Kačák Event) accompanying climatic shifts to wetter conditions with 

increases in P/Me ratios and accompanying increases in P accumulation. Beyond the 

Geanies sequence, these patterns are again observed at Ella Ø at 0.15, 0.85 and 1.10 m 

(Fig. 2.6); Hegglie Ber at 10 m and, to a lesser extent, at 25 m (Fig. 2.27); and at 

Heintzbjerg in the first 60 m of the LKW and between 600-700 m in the UKW (Fig. 2.8). 

The magnitudes of the P/Ti maxima at Geanies (~ 3.1), Ella Ø (~3.7), Hegglie Ber (~8.2) 

and Heintzbjerg (~1.1) are all significantly above background for each sequence and in 
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most cases sustained across multiple samples (the magnitude at Heintzbjerg is relatively 

small in comparison, but this is likely due to the fluvial nature of this sequence with the 

lithology being primarily sandstone with fine-grained material interspersed). In many of 

the above cases, anoxia or suboxia is concurrent with P/Ti maxima, introducing the 

possibility of reductive dissolution of Fe-bound P minerals driving increases in P/Ti 

values. However, in each instance there is either an accompanying increase in P/Fe or an 

increase in P accumulation rate, either of which would be indicative of an external P 

source. Additionally, strong correlations of P vs Ti, P vs Al, and Ti vs Al during nearly 

all of these elevated P/Ti intervals indicate terrestrial origin is likely (Appendix A). 

Unlike the other four sites, Hoxa Head is significantly different and shows no 

evidence of significant nor sustained P/Ti maxima. The magnitude of the P/Ti and P 

accumulation rate maxima are significantly lower than most other sites and there are no 

observable trends in the data. The lack of an observable trend in P/Me ratios (correlations 

run between P and Me returned no significant values for almost the entire sequence; 

Appendix A) combined with the low rates of P accumulation suggest there is no 

significant P flux occurring throughout the entirety of this 2.1 Myr record. While this 

record lacks a definable P flux, it is important to consider the temporal location of this 

sequence (Fig. 2.1). Located in the early Givetian, Hoxa Head is well removed from the 

Kačák Event (latest Eifelian) and the Taghanic Crisis (late Givetian). This critical point is 

considered in detail in section 2.4.6. 
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2.4.5. Model for Lake Response to Climate and Nutrient Perturbations 

 When designing this study, it was suspected that analyses of Devonian lacustrine 

and near lacustrine sequences would reveal much about both terrestrial nutrient flux and 

geochemical cycling within these systems. What was not necessarily expected was how 

similar these Devonian lakes were to extant systems regarding their internal geochemical 

response to external nutrient flux and climate perturbations. Our record of P input into 

lakes and fluvial systems ranges from the Eifelian to the early Famennian. In each case 

presented here, P input and climate perturbations (or both) are catalysts for a geochemical 

response within the lake. This is perhaps best demonstrated in the Geanies sequence 

given that it hosts pronounced climate fluctuations as suggested by the Sr/Cu data. At the 

beginning of lake 16, low Sr/Cu values are concurrent with low values of Corg and no 

indications of anoxia. A shift from low values of Sr/Cu to high values signifies a shift to 

more arid conditions. Coincident with Sr/Cu maxima are indications of anoxia and a 

rapid rise in Corg to around 4 wt. %. With the development of anoxia, P is mobilized from 

Fe-bound minerals and P accumulation rate drops (only slightly in this case) and P/Ti 

increases, reflecting an overall increase as P is liberated from the anoxic portion of the 

lake. This scenario is observed also in the middle of lake 19; at 56-60 m and 174-178 m 

at Hoxa Head; and between 1.0-1.5 m at Ella Ø. This geochemical response to arid 

conditions is similar to what would be expected in a modern lake.  

As conditions shift from arid to wet, a similar model for lake response can be 

constructed. Continuing with the example of lake 16, as aridity transitions to wetter 

conditions, more oxic conditions would prevail within the lake as runoff increases and 

water column stagnation decreases. However, as conditions become wetter, redox 
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conditions alternate between reducing and oxidized (evidenced by the brief drop in EFs 

as well as Corg:Ptot) until P input and P accumulation both rise significantly, leading to the 

continuation of anoxic conditions. This likely occurred for one of two reasons. The first is 

that wetter conditions contributed to a larger and deeper lake, briefly increasing mixing, 

but ultimately promoting development of stratification at depth and anoxia. The second 

possibility is that elevated terrestrial nutrient influx, as suggested by the P/Ti values, 

promoted eutrophication in the water column, sustaining anoxic conditions and 

increasing Corg preservation. The latter is the more likely for several reasons. First, 

elevated values of P relative to detrital input (P/Ti and P/Al) and redox cycling (P/Fe) in 

the upper portion of lake 16 are coincident with anoxia, suggesting an external P source. 

Additionally, P accumulation increases significantly in the upper portion of lake 16. 

Finally, sustained high values of Corg (around 3-5 wt. %) persist through the end of lake 

16, supporting an increase in net primary production (NPP). This model of terrestrial 

nutrient driven eutrophication during wetter periods is observed during lakes 9, 10 and at 

the beginning of lake 19 (prior to the onset of arid conditions). It is also observed at Hoxa 

Head at 12, 62 and 145 m; at Ella Ø between 0.8-1.1 m; and at Hegglie Ber between 4-11 

m. At the fluvial sequence at Heintzbjerg, a nearly identical response is observed between 

20-80 m during the LKW and again between 600-700 m during the UKW. Although 

Heintzbjerg lacks a similar redox response, the turbulence of fluvial systems tends to 

promote exchange with the atmosphere and more oxic conditions. Nevertheless, like the 

lake systems presented here, a climatically driven change to wetter conditions was 

accompanied by an increase in terrestrial P flux and a significant increase in P 

accumulation rates. 
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The geochemical responses to changing climatic conditions and terrestrial nutrient 

flux allow the construction of a basic geochemical model for Devonian freshwater 

systems in the Orcadian Basin and the Devonian Basin in East Greenland (Fig. 2.9). 

Intensely arid periods in this region are characterized generally by low rates of 

weathering, stable/background values of terrestrial nutrient input, and frequently, 

stratification-driven anoxia. During wetter periods, elevated terrestrial nutrient flux 

appears to drive eutrophication, sustaining high rates of Corg deposition and anoxia. The 

robustness of this model extends across each sequence presented here, beginning in the 

late Eifelian and extending into the early Famennian, a period spanning roughly 15 Myrs. 

This begs the question, what is causing the increase in terrestrial nutrient flux during 

some wet periods and not others? 

 

  

Figure 2.9. Model for internal geochemical lake response to Milankovitch-driven climatic fluctuations 
and terrestrial nutrient flux. 
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2.4.6. The Land Plant Connection 

A common thread connecting the most significant P/Ti perturbations in each 

sequence is their occurrence during the wettest conditions. This is most evident at lakes 9 

and 10 at Geanies (Fig. 2.4); 0.15 m and 0.85 m at Ella Ø (Fig. 2.6); 10 m at Hegglie Ber 

(Fig. 2.7); and between 600-700 m at Heintzbjerg (Fig. 2.8). At face value, this might 

suggest increased runoff resulted in increased net export. Paradoxically, some P/Ti 

maxima occur during periods of reduced weathering such as in lakes 9, 10, 16 and 19 at 

Geanies; 62 m at Hoxa Head; 1.10 m at Ella Ø; and during the first 20 m at Heintzbjerg. 

Thus, the explanation that increased terrestrial nutrient delivery is simply a result of 

increased runoff cannot fully explain the data. However, wetter conditions would produce 

a more favorable environment for plant growth, which could drive elevated nutrient 

export from the land. The significant P/Ti and P/Fe maxima observed at Geanies in lake 9 

followed by the overall decrease in P input (inferred by the gradual decrease in P/Ti) 

from lakes 9 to 15 is consistent with what would be expected as plants colonize a young 

landscape, using up the readily available mineral phosphate (Fig. 2.1; Filippelli, 2008). 

This possibility is further evidenced by the gradual increase in P accumulation through 

lake 15. Similar trends between P/Me and P accumulation rates can be observed in the 

Heintzbjerg sequence during the UKW, with notable differences at Heintzbjerg being 

lower P/Ti maxima and much greater P accumulation rates. The former was addressed in 

section 2.4.4, but the latter could be a result of several different factors which will be 

explored below.  

The most significant P/Ti perturbations at Heintzbjerg occur during the UKW, 

where P accumulation rates increase from a background value of between 100-200 µmol 



   

62 

P cm-2 kyr-1 to peak values between 4,000-8,000 µmol P cm-2 kyr-1 (Fig. 2.8b). These 

values compare strikingly well, both in magnitude and behavior, to studies of post-glacial 

Holocene lakes (e.g., Filippelli and Souch, 1999) and relatively well to P accumulation 

rates on continental margins with ranges of 80-1,200 µmol P cm-2 kyr-1 for the margin of 

Baja California and 1,100- 8,000 µmol P cm-2 kyr-1 for the St. Lawrence Seaway (see 

Filippelli, 1997 and references therein). By this stage in the Devonian, the 

progymnosperm Archaeopteris had achieved hegemony in Euramerica. During both the 

LKW and UKW, a warm and wet climate driven by high atmospheric CO2 concentrations 

(a likely result of the eruption of large igneous provinces (LIPs); Racki, 2020) would 

have resulted in a favorable environment for plant growth. The favorable environmental 

conditions would have encouraged further expansion of Archaeopteris in Euramerica, 

with its substantial root systems serving to accelerate soil development in areas that had 

previously only been colonized by much more primitive plants. The increased plant 

growth and soil formation would have served to mobilize large amounts of P from 

relatively under-weathered or un-weathered areas. The products of this mobilization 

would have been effectively transported to lakes and oceans via the enhanced runoff 

experienced due to the wetter climate. Thus, the prevalence of deeply rooting plants 

combined with climatic and tectonic drivers could explain the marked difference in P 

accumulation rates between Geanies and Heintzbjerg while simultaneously addressing 

the similarity between Late Devonian and Holocene values. 

Despite the favorable comparison with Holocene and modern P accumulation rate 

values, the comparison breaks down somewhat when considering the landscape 

stabilization timeframe. Where the Pleistocene-Holocene transition analog stabilized over 
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a period of 5-10 kyr (Filippelli and Souch, 1999), the Late Devonian landscape at 

Heintzbjerg reflects a stabilization time frame closer to 34 kyr. The Mid-Devonian 

landscape at Geanies reflects an even greater stabilization time frame on the order of 600 

kyr. There are several reasons why this could be the case. First, the lakes studied by 

Filippelli and Souch (1999) were all small and from upland areas in headwater 

catchments. Thus, given their limited catchments, it is possible that landscape 

stabilization occurred relatively rapidly. Second, landscape colonization by plants may 

have been staggered throughout the catchments and not all areas were colonized at the 

same time. Given Milankovitch driven climatic variations in the region, it is possible that 

the arid/wet sequences which produced the well-defined lake cycles in the Orcadian 

Basin and the Devonian Basin in East Greenland, also contributed to the episodic 

expansion of land plants throughout the respective drainage basins, resulting in extended 

periods of P accumulation. Wetter periods would serve to promote growth and expansion, 

slowing during the subsequent arid periods, and repeating during the next climate cycle. 

Within each cycle, the available mineral phosphate would weather quickly, and the 

landscape would stabilize, with less and less total P in the system each cycle. This would 

result in diminished P export over a period of approximately 600 kyr as seen at Geanies. 

Additionally, the ubiquity and biodiversity of vascular land plants in the Holocene 

compared to that of the Devonian may have facilitated a much more rapid stabilization 

timeframe in the Holocene. A variation of this point can also be utilized to partially 

explain the difference in stabilization rates between Geanies and Heintzbjerg. The 

shallow and primitive root systems of Mid-Devonian land plants coupled with their 
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limited reach into continental interiors would likely have resulted in significantly slower 

weathering rates.  

The above discussion can also serve as a partial explanation for the more short-

lived P perturbations which occur in the upper half of the Geanies record (to include 

during the Kačák Event) as well as at Ella Ø and Hegglie Ber. As land plants continued to 

evolve and expand into continental interiors and weather deeper soil profiles, P would be 

mobilized from previously un-weathered or under-weathered areas. It is possible that 

Milankovitch driven arid/wet cycles may have been one of the key factors driving this 

expansion. For example, During the Kačák Event (Geanies lakes 18 and 19), 

Milankovitch-driven climate cycles resulted in an insolation maximum, driving enhanced 

warming in the southern low latitudes (up to 6° C warmer than elsewhere on Earth; 

Suttner et al. 2021). This seasonal insolation maximum would have served to reinforce 

the continental high-pressure cell, subsequently drawing in more moisture-laden air 

which would then cool and precipitate out through orographic lifting over the nearby 

Caledonian Mountains (Marshall et al., 2007). The increased rainfall, or monsoon, would 

primarily manifest in the mountains, but runoff would eventually make its way through 

the drainage basin, feeding the lakes in the Orcadian Basin. The increased runoff resulted 

in the growth and interconnection of many lakes within the Orcadian Basin, forming a 

mega-lake, with some portions of the basin sustaining lakes which persisted through the 

accompanying arid periods, likely up to three lake cycles or roughly 300 kyr (Marshall et 

al., 2007). Our data may support this interpretation as elevated P/Ti values during lake 18 

coincide with minima in Sr/Cu and elevated Rb/Sr (Fig. 2.4). Enhanced terrestrial 

nutrient export would be a likely result of seasonal monsoons. It is possible that the 
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increased rainfall in the distant mountains fueled plant growth in that region, with the 

nutrient pulse eventually making its way to the lakes at Geanies. While the magnitude of 

the P/Ti pulses seen near the Kačák Event are modest compared with others at Geanies or 

our other study sites, they would have likely been influenced by the geographic 

separation between the Caledonian Mountains and the Geanies region. A similar scenario 

can be applied to other lakes in the upper portion of the Geanies sequence (i.e., lake 16) 

and indeed to both Ella Ø and Hegglie Ber. The lakes at Ella Ø and Hegglie Ber however, 

mark a notable step forward in time to a period when both macrofossil and microfossil 

evidence of Archaeopteris existed within the region (i.e., Marshall, 1996; Marshall and 

Stephenson, 1997). At Ella Ø, fossilized stems of Archaeopteris were found at several 

locations throughout the sequence (Fig. 2.6), having likely floated from shore and sank in 

deeper water (Marshall and Stephenson, 1997). While Hegglie Ber lacks similar 

macrofossil evidence of Archaeopteris, there is abundant spore evidence for its 

widespread presence within the Eday Flags (Marshall, 1996) along with macrofossil 

evidence of cladoxylopsida, another major Mid-Devonian vascular land plant group 

(Berry and Hilton, 2006). Both Ella Ø and Hegglie Ber contain significant P/Ti 

perturbations (the two largest maxima observed in all five sequences) which occur during 

the wettest period of each record (Fig. 2.6 and Fig. 2.7, respectively). Like the upper 

lakes at Geanies, climate appears to be driving land plant expansion. At Ella Ø and 

Hegglie Ber however, more advanced vascular land plants elicit a more dramatic nutrient 

release. Together, this evidence would seem to support the hypothesis that P weathering 

was episodic in nature and linked to both climate and land plant evolution.  
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The final piece of crucial evidence supporting the hypothesis of episodic plant 

expansion is the record from Hoxa Head. Unlike the other four sequences, Hoxa Head 

contains no substantial evidence of a terrestrial P pulse (Fig. 2.5). Indeed, the variability 

and lack of significant trends or maxima in P/Ti suggest a relatively stable terrestrial P 

flux. Given its location under an arid climate between two biologic crises, the lack of 

significant P perturbations within this record is perhaps its most compelling aspect. While 

large amounts of fossilized fish were present throughout the sequence, no fossilized plant 

remains were noted. If the evolution and radiation of land plants played a role in the 

extinction events of the Devonian, then we would not necessarily expect to find 

significant nutrient pulses so far outside of any known biotic crisis. Additionally, the lack 

of macro/microfossil evidence for the presence of Archaeopteris during this period in 

Orkney (Marshall, 1996) suggests deeply rooting plants had not yet begun to colonize 

this region. There is abundant spore evidence that suggests colonization by 

aneurophytalean progymnosperms, among other vascular plants (Marshall, 1996). 

However, as discussed above, the less complex root systems possessed by early Devonian 

vascular land plants may not have been sufficient to mobilize large amounts of P from the 

landscape, or the initial nutrient export may have occurred earlier in this region leaving 

no evidence later in the record (keeping in mind this sequence occurs well after the 

Kačák Event). In effect, Hoxa Head may be reflective of a landscape that had long since 

stabilized with respect to terrestrial P export and is likely to have remained in equilibrium 

until a significant event, such as the appearance of more deeply rooting plants, perturbed 

the system. If nothing else, Hoxa Head serves as evidence that despite the occurrence of 
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numerous events in the Devonian which significantly impacted biogeochemical cycling, 

there were periods of regional equilibrium which likely lasted millions of years. 

 

2.4.7. Global Implications 

The observed peaks in P at multiple locations throughout the Mid- to Late 

Devonian indicate substantial global changes in the terrestrial P cycle. While these peaks 

may not necessarily coincide in time or in magnitude, land plant colonization was 

certainly not a single punctuated event, but likely staggered geographically, peaking at 

different times in different parts of Euramerica, and other parts of the Devonian Earth. 

Additionally, the evolution of root systems throughout the Devonian occurred gradually, 

leaving open the possibility that more deeply rooting plants could impact terrestrial 

nutrient export even in areas previously colonized by more primitive vascular land plants. 

Thus, temporal alignment of nutrient export events is not necessarily crucial. 

Additionally, these results point to the conclusion that large nutrient export episodes into 

the ocean were transitory events, lasting for brief periods at each site as colonization took 

hold and the initial pool of mineral-bound P was depleted. This is analogous to what is 

seen in post-glacial records and consistent with soil weathering trends (see Filippelli and 

Souch, 1999).  

As plants evolved and proliferated, large scale changes to terrestrial P inventories, 

weathering regimes and soil development were all but inevitable. As P is mobilized and 

used within a system (or catchment), the total amount of reactive P will decrease over 

time (Fig. 2.1; Filippelli; 2008). Thus, in a large, but also geographically constrained 

region such as the Orcadian Basin and the Devonian Basin in East Greenland, the amount 
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of P in the region would be expected to decline over the roughly 15 Myrs represented by 

these study sites. A trendline fit across all five data sets displays a shallow, but significant 

negative trend in P/Ti ratios from the Eifelian to the early Famennian (Fig. 2.10a), 

indicating the predicted decrease in P over time. Similarly, as plants proliferate and 

colonize progressively more of the landscape, a transition would occur from a 

predominantly physical weathering regime to a primarily chemical weathering regime. 

Rb/Sr is most frequently used as a chemical weathering proxy, while Si/Al is a proxy for 

physical weathering (see section 2.2.4.3). The striking antithetic relationship between 

Rb/Sr and Si/Al seen in the composite records (Figs. 2.10c, d) is confirmation that this 

transition is taking place in the region encompassing the study sites over the course of 15 

Myrs. Finally, as land plants colonize a landscape, significant changes in the ratio of silt 

to clay would be expected. More mature landscapes would be expected to have a higher 

clay content. Ti/Al and Zr/Al have been utilized as a proxy for clay content (lower values 

of both ratios being indicative of higher clay content). While linear fits to both Ti/Al and 

Zr/Al plots reveal no global trends in the data (Figs. 2.10e, f), locally weighted scatterplot 

smoothing (LOWESS) reveals significant smaller scale trends. There is a marked 

decrease in the silt/clay ratio concurrent with landscape stabilization noted in the lower 

half of the Geanies record, with fluctuations in the latter half of the record perhaps 

reflecting the noted climate instability. Through the Hoxa Head sequence, the silt/clay 

ratio remains low for most of the sequence, indicative of a more mature and stable 

landscape as suggested by interpretations of the P/Me data. While interpretations for the 

remainder of the record are mixed, Ti/Al ratios reflect increasing clay content exiting the 

LKW while Zr/Al ratios reflect increasing clay content exiting the UKW, potentially 
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indicating an increase in soil maturity during each event. Based on this evidence, it is 

clear that the colonization of land plants had a significant long-term impact on P 

inventory, weathering and soil development in this region. 

Most studies which have attempted to address the impact of land plants on the 

Devonian biosphere have done so utilizing marine records, and have been crucial to our 

understanding of events. The redox proxy Corg:Ptot utilized in this study has been 

extensively reported in Devonian marine records and is often used as a proxy for benthic 

nutrient fluxes. In a study performed by Algeo and Ingall (2007), median Corg:Ptot ratios 

were compiled from 91 Phanerozoic studies, including numerous in the Devonian. Algeo 

and Ingall (2007) identified a significant negative trend in Corg:Ptot ratios from the Mid 

Devonian to the Late Devonian where median values decreased from as high as ~1625:1 

to as low as 200:1. A similar negative trend is observed from Geanies to Heintzbjerg with 

median values dropping from 314:1 to 63:1 (Fig. 2.10b). While lacustrine and marine 

records would not necessarily be expected to agree, it is significant that a substantial 

decrease in Corg:P ratios observed in marine records is reflected across our terrestrial 

records as well. The decrease observed in marine records is likely directly related to the 

increase in atmospheric O2 concentrations and reflects a transition from Mid to Late 

Devonian of increasing ocean ventilation (Algeo and Ingall, 2007). Using this model, if 

Devonian seas were poorly ventilated, then it is likely that lakes shared a  
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Figure 2.10. Combined data from all five sites for six distinct geochemical proxies plotted vs relative 
geologic age. Note the individual geologic time intervals are not plotted to scale, but are condensed to 
allow easier comparison amongst the individual sample sites. Trendlines in each tile are fit across the 
entire data set. Straight lines represent a simple linear fit, while curved lines were generated utilizing 
locally weighted scatterplot smoothing. The locations of the two biologic crises which can be directly 
associated with the sample intervals are noted with blue shading. The Taghanic Crisis in the late 
Givetian has been omitted to avoid the impression that the samples overlap this interval (both Ella Ø and 
Hegglie Ber are temporally proximal, but both sequences terminate prior to the onset of the Taghanic 
Crisis). A: Terrestrial nutrient flux proxy phosphorus to titanium ratios. B: Total organic carbon\total 
phosphorus ratio (molar ratio). C: Chemical weathering proxy rubidium/strontium ratios. D: Physical 
weathering proxy silicon/aluminum ratios. E and F: Silt to clay ratio proxies titanium/aluminum and 
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similar fate based on Corg:Ptot ratios reported here. A poorly ventilated sea would more 

easily be pushed into anoxia, as would a poorly ventilated lake. 

Earth’s oceans have been described as “on the edge of anoxia” (Watson, 2016) 

such that even small changes in marine NPP driven by any significant increase in P 

delivery to oceans have the potential to drive the formation of anoxic zones (Watson et 

al., 2017). This is particularly relevant in the Devonian given the prevalence of shallow, 

restricted and poorly ventilated seas. The particulate load of rivers would presumably 

have had a higher proportion of P held in primary apatite minerals, which are essentially 

unreactive in the marine system (Ruttenberg and Berner, 1993; Filippelli and Delaney, 

1996). Some of the particulates may be in the form of early soil forming materials which 

could have contained P trapped in iron oxides and oxyhydroxides. Under anoxic 

conditions, these minerals readily dissolve, releasing P back into the water column where 

it can be utilized once again, driving an increase in NPP (Filippelli, 2002; Murphy et al., 

2000). If plant colonization took place in the staggered manner suggested, the presence of 

significant P pulses staggered temporally and geographically (but in proximity to one 

another with respect to geologic time), whether transient or sustained, have the potential 

to cause a positive feedback loop in an anoxic environment and create self-sustaining 

eutrophication long after termination of the P pulse.  

This presents an interesting possibility regarding sustained eutrophication in 

Devonian oceans. Given the residence times for P in modern oceans of 15-30 kyr 

(Ruttenberg, 1993; Filippelli and Delaney, 1997) and assuming a similar value for 

Devonian oceans, it is possible that that the geographically distinct weathering events 

may be a driving factor in sustained marine eutrophication. As elevated nutrient input 
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declines in one region, eutrophication would be self-sustaining for multiple residence 

times, which may be long enough for colonization to occur in a separate geographic 

region and thus drive another distinct eutrophication pulse. Additionally, with widespread 

eutrophication-driven anoxia, this residence time might be longer given an active P-Fe 

shuttle remobilizing deep P. This would, in effect, provide the catalyst to drive sustained 

eutrophication events present in Devonian oceans. Ultimately, new P supply to marine 

environments is controlled by the weathering of continental rocks, which is significantly 

increased by biota (Lovelock and Watson, 1982; Watson et al., 2017). As demonstrated 

by Lenton et al. (2012), the presence of a biological agent such as moss increases P 

weathering by as much as a factor of 60. Thus, even if plant colonization increased by 

just a few percent of the land surface, this would effectively double the flux of P into the 

Devonian oceans (Lenton et al., 2012).  

Our record of P input into lakes and fluvial systems ranges from the Eifelian to 

the early Famennian. In each case presented here, P input is a catalyst for a geochemical 

response within the lake (Fig. 2.9). Devonian lakes appear to respond similarly to modern 

lakes, which brings up another series of interesting possibilities. If Devonian lakes 

responded no differently than modern lakes, were land plants and forest development 

truly that important with respect to geochemical cycling in lakes? Or (perhaps an entirely 

different scenario, given the similarity with modern lakes) could it be that significant 

plant-enhanced P weathering began before the Mid Devonian, and ecosystems had 

stabilized to a pseudo modern state? Did vascular land plants impact global 

biogeochemical cycling far earlier than we suspect, causing Devonian lakes to look so 

much like modern lakes? After all, it was during the Devonian that atmospheric CO2 and 
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O2 reached levels comparable to the Holocene. Given that land plants have been around 

since at least the Silurian, this scenario seems more than plausible. Were it not for the 

record at Heintzbjerg, this argument is supported. Given the similarity in P response 

during the UKW to those of Holocene analogues, there is little doubt that we are seeing 

initial landscape stabilization in this region. The fact that this nutrient export is 

concurrent with a major Paleozoic extinction event provides a compelling argument that 

elevated nutrient export driven by land plant expansion certainly played a role in 

exacerbating at least one biotic crisis in the Devonian. If this were still occurring in the 

Frasnian, it could have occurred earlier in the Devonian in other regions and suggests that 

landscape stabilization had not occurred everywhere even by the Late Devonian. The 

timing of regional colonization by deeply rooting plants such as Archaeopteris would 

have likely played a major factor in determining how and when such pulses would have 

impacted the Devonian biosphere. With the recent discovery of mid-Givetian forests 

containing Archaeopteris (as well as significant root systems; Stein et al., 2020), this is 

certainly plausible. Given the success in deciphering geochemical cycling in Devonian 

lacustrine environments in this study, these methods can and should be applied to other 

Devonian lacustrine sequences in geographically distinct locations to support or refute 

the implication of land plants in the biotic crises of the Period. Additionally, it would be 

prudent to investigate early Devonian and even Late Silurian lacustrine sequences. 

 

2.5. Conclusions 

Large-scale changes in the terrestrial P cycle occurred at critical evolutionary 

intervals in the Devonian in at least one portion of Euramerica. Significant mobilization 
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of P occurred in close temporal proximity to global biotic crises. These transient pulses 

sustained a long-term eutrophication feedback. Similar behavior to modern lacustrine 

systems was observed in all five study locations with respect to internal geochemical 

responses to external nutrient input and climate variability. Sites in proximity to a biotic 

crisis displayed evidence of enhanced nutrient input, except for the Hoxa Head sequence 

which is not temporally proximal to a biotic crisis. The Hoxa Head sequence provides a 

>2-million-year record of steady state lacustrine cycling free from significant external 

nutrient pulses, thus providing a basis with which to compare the other four sequences. 

Land plant expansion on different continents was likely staggered, but if evidence 

on multiple continents occurring within a few million years of each other is shown for 

major transient P pulses such as those reported here for East Greenland, Easter Ross and 

Orkney, we can more confidently develop a temporally relevant model of nutrient inputs. 

The terrestrial evolution of the soil pool and marine extinction events typically last 

multiple millions of years, making timing differences of a few millions of years among 

different continents largely irrelevant. Much work remains to be done to constrain the 

global picture, particularly with the addition of data for lacustrine and near-lacustrine 

sequences from Gondwana and other parts of Euramerica and paleo-China, but putting 

together these pieces of the paleogeographic puzzle, section by section, should lead to 

answers to the long-standing questions of the role of plant evolution in the extraordinary 

biotic events of the Devonian. 
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CHAPTER 3. LAND PLANT EVOLUTION AND VOLCANISM LED TO THE 

LATE DEVONIAN MASS EXTINCTION 

 

3.1. Introduction 

 The Late Devonian mass extinction (also called the Frasnian-Famennian 

extinction and alternatively the Kellwasser Event) is one of the “Big Five” Phanerozoic 

mass extinctions (Raup and Sepkoski, 1982; McGhee et al., 2013). It is characterized by 

two distinct episodes of widespread marine anoxia (Bond et al., 2004; Carmichael et al., 

2019) expressed in the sedimentary record by the deposition of distinct black shale 

horizons (Bond et al., 2004; Carmichael et al., 2019; Joachimski and Buggisch, 1993). It 

is largely thought to have occurred in two distinct pulses, the earlier being the Lower 

Kellwasser (LKW) and the latter the Upper Kellwasser (UKW). Both pulses are 

associated with significant global carbon cycle perturbations, with positive carbon-

isotope excursions (δ13C) ranging up to 4‰ (Carmichael et al., 2019; Joachimski and 

Buggisch, 1993; Joachimski and Buggisch, 2002; Chen et al., 2005). The development of 

sustained marine anoxia is linked to the demise of bottom-dwelling marine species (Bond 

et al., 2004; House, 1985; Buggisch, 1991), and it is also thought that water column 

oxygen depletion played a direct role in the catastrophic collapse of Devonian reef 

ecosystems (McGhee et al., 2013; Bond et al., 2013). Proposed mechanisms for the Late 

Devonian extinction include climate perturbations (both warming and cooling 

(Thompson and Newton, 1988; Joachimski et al., 2002; Xu et al., 2012; Huang et al., 

2018; Wang et al., 2018), astronomical forcing (Da Silva et al., 2020; Lu et al., 2021), 

bolide impacts (Claeys et al., 1992; McGhee, 2001), large igneous province (LIP) 
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eruptions (Racki et al., 2018; Racki, 2020), enhanced terrestrial weathering associated 

with mountain building (Averbuch et al., 2005; Percival et al., 2019) and the evolution 

and expansion of land plants (Algeo et al., 1995; Algeo and Scheckler, 1998; Smart et al., 

2022). Despite the lack of agreement on a single initiating event, many studies cite 

nutrient influx either from elevated terrestrial input or marine upwelling as a contributing 

factor (Carmichael et al., 2019; Smart et al., 2022; Percival et al., 2020). 

Global biogeochemical perturbations associated with the Late Devonian 

extinction have been widely reported (i.e., global positive δ13C excursions). Numerous 

investigations into the geologic record across the KW events revealed additional global 

trends which exist independent of extinction ascription, such as the precipitous decline in 

atmospheric CO2 (Royer et al., 2007; Franks et al., 2014; Royer, 2014; Lenton et al., 

2018), the rise in atmospheric O2 to near modern levels (Lenton et al., 2018; Algeo and 

Ingall, 2007; Berner, 2009; Zhang et al., 2020) and the overall increase in global average 

temperature (Scotese et al., 2021). Given the wealth of information in the geologic 

record, the question arises as to whether global biogeochemical cycling supports any of 

these theories regarding the causal factor (or factors) driving the Late Devonian 

extinction. This question is particularly relevant as it relates to two diverging theories 

regarding extinction initiation, large scale volcanism and enhanced terrestrial nutrient 

export related to land plant evolution and expansion. Three significant LIP eruptions 

occurred temporally proximal to the KW events (Fig. 3.1b), suggesting large scale 

volcanism had some impact on biogeochemical cycling, and may have played a 

significant role in contemporaneous mass extinction. At the same time, land plant 

evolution reached a zenith in the Late Devonian as the earliest trees with significant root 
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systems achieved hegemony by the late Famennian (Meyer-Berthaud et al., 1999; Meyer-

Berthaud et al., 2010; Stein et al., 2020). These magmatic and biotic events potentially 

influenced global geochemical cycles in the Devonian, each leaving their own forensic 

footprint in the geologic record. Here we investigate the global geochemical impact of 

each of these events by utilizing new proximal continental lacustrine records of 

phosphorus accumulation rate changes and employing an Earth system box model to 

simulate the carbon, nitrogen, phosphorus, oxygen and sulfur biogeochemical cycles. We 

explore both pulses of the Late Devonian extinction to determine which of these two 

processes, magmatic or biologic, could most plausibly have resulted in the observed 

geochemical changes recorded in the rock record.   
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Figure 3.1. A. Location of the study site from which model data is derived (indicated by a star).  B. 
Late Devonian (~370 Ma) paleogeographic reconstruction with the study location indicated by a star 
as well as the relative locations of significant Late Devonian large igneous provinces (LIPs) indicated 
by triangles. Significant LIPs include the Viluy LIP in Siberia, the Kola LIP in the Kola Peninsula and 
the Pripyat-Dnieper-Donets (PDD) LIP in East Europe. The base map was created using GPlates with 
reconstructions from Scotese (2016). Locations of LIPs as described by Racki (2020).   
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3.2. Enhanced Phosphorus Export During the Late Devonian Mass Extinction 

The role of land plants in Devonian biotic crises has long been a subject of debate. 

First suggested by Algeo et al. (1995), the theory proposes that the expansion of land 

plants into continental interiors along with the development of significant root systems 

and arborescence led to an unprecedented flux of terrestrial nutrients into Devonian seas. 

The relatively large and rapid nutrient load would have stimulated primary productivity 

leading to eutrophication, elevated organic matter deposition and subsequent bottom 

water anoxia. Occurring on a large enough scale, this could drive marine mass 

extinctions, which were relatively common throughout the Devonian (Algeo et al., 1995). 

Until recently however, no studies have focused on quantifying a potential terrestrial 

nutrient pulse from land plant expansion by interrogating weathering-proximal terrestrial 

lacustrine records. Smart et al. (2022) reported two such pulses in a fluvial sequence in 

the Devonian Basin of East Greenland associated with the LKW and UKW (Fig. 3.2). 

These pulses are directly associated with land plant expansion and were both significant 

in magnitude and sustained in duration (Smart et al., 2022), enabling their use in 

geochemical models. The increases in phosphorus accumulation rates (Smart et al., 2022) 

compare favorably to revegetation following glacial retreat in Holocene analogues, 

lending confidence in the utility of their data (Appendix B). Furthermore, the 

paleogeographic location of the Heintzbjerg study site was on the flanks of the 

Caledonian mountains and within a drainage basin that fed the Rheic Ocean (Fig. 3.1). 

Thus, elevated nutrient export from this location likely had a marked impact on the 

relatively restricted Rheic Ocean, making this site an ideal candidate from which to 

estimate global phosphorus flux. 
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Figure 3.2. Geochemical source data from the study location (Smart et al., 2022). The Heintzbjerg 
sequence contains 1100 m of continuous fluvial record capturing a portion of the Lower Kellwasser 
(LKW) as well as the entirety of the Upper Kellwasser (UKW) events comprising the Frasnian-Famennian 
extinction. Stratigraphy has been simplified due to the size of the sequence. Black dashed lines represent 
the age control points used to calculate sedimentation rates based on recent age estimates (Da Silva et al., 
2020; Percival et al., 2020). Shaded regions represent nutrient pulses during the LKW and UKW based on 
P/Al data (Smart et al., 2022). A. Phosphorus/aluminum ratios used to estimate riverine phosphorus flux. 
Based on this data, two distinct nutrient pulses can be identified. B. Phosphorus accumulation rate data 
calculated using estimated sedimentation rates based on cyclostratigraphy and used to simulate terrestrial 
phosphorus input in a separate simulation. These data show a greatly reduced nutrient pulse during the 
LKW and a large and sustained nutrient pulse during the UKW. 
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3.3. Materials and Methods 

 

3.3.1. P/Al and Phosphorus Accumulation Data 

 P/Al data was taken directly from Smart et al. (2022) (Fig. 3.2) and scaled as 

described below. Due to limitations in the sample repository at the University of 

Southampton from which the Heintzbjerg samples were sourced, the initiation of the 

LKW was not covered in the Heintzbjerg sample set and thus, Smart et al. (2022) were 

unable to establish an age control point at the base of the LKW (nor were they able to 

establish an age control point for the significant number of samples in the Famennian). 

Age control points were available for the end of the LKW, base of the UKW and the 

Frasnian-Famennian boundary and were used to calculate average sedimentation rates 

and phosphorus (P) accumulation rates between each of those sections (Smart et al., 

2022). Although the P/Al data is informative of terrestrial phosphorus export, P 

accumulation rate is a more robust parameter from which to gauge phosphorus 

weathering by land plants and subsequent landscape stabilization (see Smart et al., 2022; 

Filippelli and Souch, 1999; Filippelli, 2002). In order to use P accumulation data as an 

input into our model however, it was critical that sedimentation rates, and thus P 

accumulation rates, be calculated for the entire sequence to capture not only the LKW, 

but also the post-UKW geochemical response.  

Recent refinements in the age of the Frasnian-Famennian boundary from similar 

sequences (Da Silva et al., 2020; Percival et al., 2020) make it possible to use relative 

dating techniques to established estimated ages for the entire sequence based on this 

anchor point, thus allowing calculation of sedimentation rates and P accumulation rates 
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for the entire Heintzbjerg sequence. The field of astrochronology has long used 

Milankovitch cycles to gauge the passage of time in sedimentary sequences. Climatic 

oscillations recorded in the sedimentary record can be tied to changes in the Earth’s 

orbital parameters. Specifically, the ellipticity of Earth’s orbit (referred to as eccentricity, 

with periods of 405 kyr, 123 kyr and 95 kyr), tilt (referred to as obliquity, with a modern 

period of 41 kyr and varying periods in deep time (Berger et al., 1992)) and precession 

(with a modern period of 20 kyr and also varying in deep time (Berger et al., 1992)). 

Meyers (2015) (further refined in Meyers (2019)) utilized a statistical optimization 

method called TimeOpt in the Astrochron package in the R platform (Core Team, 2022) 

in order to correlate climatic changes in the stratigraphic record with Milankovitch cycles 

to establish relative age of a sedimentary sequence. We employ a similar approach here, 

but utilize the timeOptTemplate function which was designed for more complex 

sedimentation models (Meyers, 2019) which we expected to encounter given the wet/arid 

climatic shifts noted in the Heintzbjerg sedimentary sequence. The timeOptTemplate 

function allows the use of proxy or lithology-specific templates which greatly enhance 

the spectral alignment and overall fit for complex sedimentary sequences. We evaluated 

the utility of multiple climate-related proxies using this method along with geochemical 

data from26 ultimately selecting Rb/Sr and Log Ti as proxies which produced the best 

spectral alignment and overall fit (e.g., Da Silva et al., 2020). Eccentricity periods of 

94.9, 98.9, 123.8, 130.7 and 405 kyr (Laskar et al., 2011) along with precession 

periodicities for the Devonian of 16.85 and 19.95 kyr (Berger et al., 1992) were utilized. 

The sedimentation rates estimated using timeOptTemplate were compared with sections 

calculated by Smart et al. (2022) and found to be of similar magnitude (Midnatspas 
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average sedimentation rate = 43 cm kyr-1 (see Smart et al., 2022) compared with 71.9 cm 

kyr-1 (timeOptTemplate); UKW average sedimentation rate = 272 cm kyr-1 (see Smart et 

al., 2022) compared with 228.6 cm kyr-1 (timeOptTemplate). Age estimates were then 

determined based on the Frasnian-Famennian boundary (371.870 Ma (Da Silva et al., 

2020)) as an anchor point and compared with age estimates for similar published 

sequences (Da Silva et al., 2020; Percival et al., 2020). Using timeOptTemplate 

estimations, we calculated the base of the UKW of our sequence at 372.06 Ma (compared 

with 372.00 – 372.02 Ma based on Da Silva et al. (2020) and Percival et al. (2020)) and 

the end of the LKW at 372.49 Ma (compared with 372.45 Ma based on Da Silva et al. 

(2020)), a mere 40 kyr difference for each and lending confidence in the validity of the 

timeOptTemplate results.  

Based on the relative confirmation of the timeOptTemplate results, new P 

accumulation rates were calculated for the entire Heintzbjerg sequence. Once again, these 

results were compared with those sections calculated in Smart et al. (2022) and found to 

be strikingly similar in overall trends, but notably with somewhat differing magnitudes 

(Fig. 3.3). The differences in magnitude, however, do not change the overall 

interpretation by Smart et al. (2020). Thus, these new P accumulation rates were used as 

input into our model as described below. 
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3.3.2. Earth System Box Model 

In this study, we employ an Earth system box model of the coupled C-N-P- O2-S 

biogeochemical cycles developed by Ozaki and Reinhard (2021). The model includes a 

series of biogeochemical processes operating on the planetary surface but is abstracted 

enough to allow the simulations on geologic time scales. The basic model design was 

based on the Carbon Oxygen Phosphorus Sulfur Evolution (COPSE) model (Bergman et 

Figure 3.3. Comparison of phosphorus accumulation rates calculated using sedimentation rates 
derived from astrochronological calibrations (A) to those using only available age control points from 
Smart et al. (2020) (B). The location of age control points is indicated with dashed lines using ages 
derived from Da Silva et al. (2020) and Percival et al. (2020). 
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al., 2004; Lenton et al., 2016), which has been extensively tested and validated against 

geologic records during the Phanerozoic. We incorporate refinements to this model from 

Ozaki and Reinhard (2021) and extend the biogeochemical framework for the global 

methane (CH4) cycle without altering the basic behavior of the model. While Ozaki and 

Reinhard (2021) include the mass exchange between the surface system (atmosphere-

ocean-crust) and the mantle, we ignore this in this study. We conduct several different 

runs in which we explore biological and tectonic factors individually. First, we explore 

the possible impacts of enhanced phosphorus weathering by land plant colonization using 

both P/Al and phosphorus accumulation rate data from Heintzbjerg, Greenland. In the 

sensitivity experiments, discrete episodes of phosphorus weathering are assumed with 

different timing and amplitude. Sharp increases followed by decreases of phosphorus 

weathering are meant to represent possible phases of selective phosphorus weathering 

associated with land plant colonization and a subsequent drop due to the establishment of 

phosphorus recycling in soil systems (Lenton et al., 2016).  We also explore the impacts 

of variations in degassing rates from LIPs that were active during the upper Devonian 

(Fig. 3.1b).  In this scenario, we simulate two episodes of large-scale volcanism, a 

smaller event at the onset of the LKW and a larger event at the onset of the UKW. We 

initialized the model at 600 Ma and ran the model forward in time until the end 

Famennian. Specific model parameters for each experiment are outlined in the following 

two sections. 
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3.3.3. Enhanced Terrestrial Nutrient Export Model 

To test the enhanced P export hypothesis, we introduced a forcing factor, fpP, 

which represents the amplification factor for the terrestrial phosphorus weathering flux: 

 
(1)  

where JPw, Jsilw, Jcarbw, and Jorgw denote the rates of phosphorus weathering, silicate 

weathering, carbonate weathering, and the oxidative weathering of organic matter on 

land, respectively, and * represents the reference value (pre-industrial flux; see Ozaki and 

Reinhard, 2021 and Bergman et al., 2004). To assess the uncertainty in the timing and 

amplitude of pulses in phosphorus weathering, we explored the following different 

scenarios: (i) In an attempt to reproduce the 2-3‰ positive excursions in δ13C, the 

following forcing factors were assumed; (LKW) fpP = 1→2→1 over 372.72-372.54-

372.36 Ma. (UKW) fpP = 1→2→1 over 372.1-371.91-371.73 Ma. (ii) As i but decreasing 

the forcing factor to 1.5 for both the LKW and UKW. (iii) As i but decreasing the forcing 

factor to 1.5 for the LKW only. (iv) fpP based on the P/Al data from Heintzbjerg, 

Greenland (Fig. 3.4, left panel), with a scaling factor of 0.5 (see below). (v)  fpP based on 

P accumulation data from Heintzbjerg (Fig. 3.4, right panel) and applying a scaling factor 

of 0.15 to account for the hypothesized episodic expansion of land plants as predicted by 

Smart et al. (2022) and Retallack and Huang (2011), assuming a maximum value of fpP = 

3.35. 

 To convert the sedimentary data of P (P/Al or P accumulation rate) into the 

forcing factor of fpP in (iv) and (v), we first calculate the typical ‘non-event’ value by 
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averaging data between LKW and UKW (Midnatspas Fm.), Xavg. Then, fpP is calculated, 

as follows: 

𝒇𝒑𝑷 = 𝟏 + 𝑿$𝑿𝒂𝒗𝒈
𝑿𝒂𝒗𝒈

𝒂, (2)  

where X denotes the sedimentary data of P (P/Al or P accumulation rate) and a represents 

the scaling factor. When a = 1, fpP (and global P loading flux) simply reflects the variation 

of P flux observed at Heintzbjerg. But, in this case, our model predicts an extremely large 

positive excursion of δ13C (10‰), inconsistent with geologic records. The scaling factor 

is therefore introduced to represent the relationship between the Heintzbjerg P records to 

global P export flux. The value of a was tuned so that the model produces a reasonable 

positive excursion of δ13C of 2-3‰. 

 

3.3.4. Enhanced Volcanic Activity Model 

To understand the biogeochemical consequences of the enhanced volcanic 

activity, we introduced a forcing factor, fLIP, which is multiplied by the degassing rate of 

CO2 via carbonate and organic carbon metamorphism: 

, (3)  

 (4)  

where Jcarbm and Jorgm denote carbon dioxide (CO2) degassing flux via metamorphism of 

sedimentary carbonate (C) and organic carbon (G), respectively (* represent reference 

values found in41). fG and fC represent the forcing factors of degassing flux and pelagic 

carbonate deposition which are used in the original model. By varying the value of fLIP, 

we explore the possible impacts of CO2 degassing rate on global biogeochemistry (Fig. 
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3.5): fLIP = 1→2→1 over 372.72-372.54-372.36 Ma. (UKW) fLIP = 1→5→1 over 372.1-

371.91-371.73 Ma. 

 

3.4. Results and Discussion 

Results for the enhanced terrestrial nutrient export scenario are shown in Fig. 3.4. 

Our model demonstrates the increases in riverine phosphorus flux to the ocean promotes 

oceanic eutrophication and deoxygenation (as shown as increases in DOA, or degree of 

anoxia). For the LKW, the enhanced burial of organic matter in the ocean leads to a drop  
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Figure 3.4. Biogeochemical dynamics induced by elevated episodes of P weathering on land. 
Gray shaded regions represent the two pulses of the Kellwasser extinction. (a) Phosphorus 
weathering forcing factor, fpP. Several different scenarios are explored: red and blue lines 
assume episodes with linear increase and decrease around the LKW and UKW, and black line is 
obtained by scaling the P/Al (left panel) and phosphorus accumulation rate (right panel) records 
from Heintzbjerg, Greenland. (b) Riverine P flux to the ocean. (c) Degree of oceanic anoxia. (d) 
Atmospheric O2 level. (e) Atmospheric CO2 level. PAL = present atmospheric level. (f) Global 
average surface temperature. (g) Carbon isotopic value of burying carbonates. (h) Seawater 
sulfate sulfur isotope. 
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in atmospheric CO2 levels (from ~10.5 present atmospheric level (PAL) to ~7.5-9 

PAL) and associated climate cooling of 0.5-1.5℃. This is accompanied with a positive 

excursion in δ13C of 1.5 to 3.0‰. These trends are observed in both the red/blue 

simulations as well as the scaled P/Al data from Heintzbjerg (black line in Fig. 3.4). Also 

observed is that greater phosphorus weathering results in larger environmental changes. 

In the large linear simulation (blue line in Fig. 3.4), atmospheric O2 levels exhibit a 

stepwise increase to the modern level of 21%. On the other hand, the sulfur isotopic value 

of seawater sulfate is largely insensitive to the variations of phosphorus weathering. 

Results based on the phosphorus accumulation rate data are similar, with a notable 

difference being the much smaller perturbations associated with the LKW.  

Results for the enhanced volcanic degassing scenarios are shown in Fig. 3.5. A 

two-fold increase in degassing rate produces a positive excursion in δ13C (1‰) for the 

LKW, and a five-fold increase is required to produce the 2‰ excursion for the UKW. 

Such an enhanced volcanic flux during the UKW results in atmospheric CO2 levels of 

>20 PAL and associated >4˚C increase in global temperatures. Under such conditions, an 

enhanced greenhouse accelerates terrestrial phosphorus weathering, promoting oceanic 

eutrophication and deoxygenation. This, in turn, leads to the enhanced burial of organic 

matter in marine sediments and a stepwise increase in atmospheric oxygen (O2).  

The terrestrial nutrient export scenarios and volcanic activity scenarios both 

demonstrate enhanced riverine phosphorus input flux, resulting in similar behaviors with 

respect to oceanic biogeochemical dynamics (eutrophication, deoxygenation, and 

enhanced burial of organic matter) and the secular evolution of atmospheric O2 levels. In 

contrast, these scenarios demonstrate different climatic variations. Specifically, the  
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Figure 3.5. Biogeochemical dynamics induced by enhanced volcanic activity. Black line represents 
two distinct volcanic events, one during the LKW and a second during the UKW based on the presence 
of two distinct weathering events in the Heintzbjerg, Greenland data. Gray shaded region represents 
the two pulses of the Kellwasser extinction. (a) Degassing factor, fG. (b) Riverine P flux to the ocean. 
(c) Degree of anoxia. (d) Atmospheric O2 level. (e) Atmospheric CO2 level. PAL = present 
atmospheric level. (f) Global average surface temperature. (g) Carbon isotopic value of burying 
carbonates. (h) Seawater sulfate sulfur isotope. 
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enhanced terrestrial nutrient export scenarios suggest a marked decrease in 

atmospheric CO2 and global cooling of >1˚C whereas the enhanced volcanic activity 

results in the two-fold increase in atmospheric CO2 levels and global warming of >4℃. 

Additionally, while both scenarios achieve the positive δ13C excursion recorded in the 

geologic record, the longevity of the excursions in the enhanced volcanic activity 

scenario tends to be longer than those of the terrestrial nutrient export scenarios because 

of the increased residence time of inorganic carbon in the ocean-atmosphere system. 

Additionally, maxima in climate cooling in the enhanced terrestrial nutrient export 

scenario correspond to the largest positive excursion in δ13C, whereas in the enhanced 

volcanic activity scenario, the δ13C excursion is delayed and occurs after the temperature 

maxima. 

Both scenarios are somewhat at odds with the geologic record in differing 

respects.  While an overall warming trend is observed through the end-Devonian, 

conodont oxygen isotope records from numerous studies suggest cooling leading into 

both the LKW and UKW (Joachimski and Buggisch, 2002; Huang et al., 2018; Balter et 

al., 2008; Joachimski et al., 2009). If large scale volcanism (either from LIP or multiple 

arc volcanic events; Racki et al., 2018) was an initiating event, the enhanced volcanic 

activity scenario requires warming on a global scale (Fig. 3.5f) which is not universally 

supported by conodont oxygen isotope records. Additionally, atmospheric CO2 decreased 

substantially throughout the Devonian. Our model predicts large scale volcanism 

sufficient to drive anoxia would have increased atmospheric CO2 to levels which are 

likewise not supported in the geologic record.  A compilation published by Franks et al. 

(2014) compares Paleozoic CO2 estimates from paleosol carbonates, fossil records and 
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model estimates using GEOCARBSULF and reports a likely atmospheric CO2 range of 

between 500-3000 ppm for the Late Devonian, substantially below >20 PAL required by 

our model (see also Royer, 2014; Lenton et al., 2018). However, many of these records 

lack the temporal resolution to detect short-time scale perturbations, so although current 

evidence does not support rapid and dramatic increases in atmospheric CO2 due to large 

scale volcanism it cannot be completely ruled out. 

Our model results are most consistent with enhanced terrestrial nutrient export as 

an important causal factor in at least the UKW extinction pulse as the predicted cooling, 

decrease in atmospheric CO2, and increase in atmospheric O2 are all supported by the 

geologic record. The P/Al based model predicts larger geochemical perturbations during 

the LKW, which is inconsistent with most records that suggest the UKW was the more 

significant. This contrasts with phosphorus accumulation rate-based data which 

accurately predicts the UKW as the more significant event. Additionally, the similarities 

in geochemical response between the Heintzbjerg sequence and the linear simulations 

further reinforce the supposition that the terrestrial nutrient export model is the more 

likely of the two scenarios. However, the timing of the terrestrial nutrient pulses26 seems 

to preclude plant expansion as an initiating event. Although there is evidence of elevated 

nutrient export during the LKW and at the start of the UKW, the most significant and 

sustained nutrient export event occurs in the second half of the UKW, closer to the 

Frasnian-Famennian boundary (Fig. 3.2). While land plants may not have directly 

initiated the UKW, the concurrent extinction of both benthic species and the collapse of 

Devonian Reefs systems suggest the possibility of multiple extinction mechanisms. 
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Rather than singular triggers, we suggest multiple elements of current theories 

contributed to biotic crises in the marine biosphere. 

 

3.5. A Multifaceted Extinction Mechanism 

The Heintzbjerg sequence is a terrestrial equivalent to marine expressions of the 

KW events and is characterized by the deposition of two intervals of thick sandstones 

representing intense fluvial activity followed by stacks of paleosols representing intense 

and prolonged intervals of aridity (see Fig. 3.2) (Larsen et al., 2008).  These sedimentary 

markers suggest that the deposition of the UKW horizon at Heintzbjerg marks a defined 

shift in climate regimes from arid to warm and wet (Smart et al., 2022; Larsen et al., 

2008). Concurrent with this shift in climatic regimes is evidence of elevated terrestrial 

phosphorus export (Fig. 3.2). Such a climate shift would bring about conditions generally 

more favorable for plant growth, potentially explaining enhanced terrestrial phosphorus 

export at the start of the UKW. Additionally, at least one pulse of both the Viluy and 

Pripyat-Dnieper-Donets (PDD) LIPs (the largest Devonian LIPs and the two most closely 

associated temporally with the KW events) occurred during the UKW (Racki, 2020; 

Ernst et al., 2020). While our model predictions appear to rule out cataclysmic volcanism 

as a sole extinction mechanism, they do not discount it completely.  

  At the onset of the UKW, our model predicts substantial geochemical changes 

with increased terrestrial nutrient delivery driving positive δ13C excursions, 

corresponding increases in O2 and DOA and significant decreases in CO2 and 

temperature. One possibility suggested by the model data is that a significant volcanic 

event increased atmospheric CO2 prior to the UKW, but was insufficient in magnitude to 
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drive extinction on its own. A high CO2 environment catalyzed by large scale volcanism 

combined with a climatic shift to wetter conditions at the UKW onset would drive 

increased rates of silicate rock weathering, increase carbon sequestration and eventually 

draw down atmospheric CO2. Additionally, high atmospheric CO2 would create a 

favorable environment for plant growth (i.e., the CO2 fertilization effect; Ueyama et al., 

2020). Indeed, our model predicts an increase in net primary production (NPP) on land 

for the enhanced volcanic degassing scenario accompanying both the LKW and UKW 

extinction pulses on the order of 2.5 and 6.2 Gt C yr-1 for each, respectively (Fig. 3.6). 

Combined with a warm and wet climate, a large but transitory increase in atmospheric 

CO2 may have been sufficient to sustain a rapid expansion of land plants in the late 

Frasnian, resulting in the observed massive terrestrial export of phosphorus26. This 

phosphorus would have made its way to the Rheic Ocean, driving anoxia not only in the 

deeper portions of the basin, but also eutrophication of the shallower margins, partially 

explaining the decimation of Devonian reef systems observed at the Frasnian-Famennian 

boundary. Plant expansion tied to transitory increases in atmospheric CO2 concentrations 

and climatic shifts has previously been proposed as an explanation for the staggered 

Figure 3.6. Changes in net primary production (NPP) on land as predicted by the enhanced 
volcanic activity model in Gt C yr-1. Shaded regions represent the LKW and UKW extinction 
pulses. Note the maxima in NPP observed during the UKW occurs roughly coincident with 
maxima in terrestrial P flux in both P/Al and phosphorus accumulation rate data from Heintzbjerg.  
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expansion of land plants in Mid-Devonian New York, USA (Retallack and Huang, 2011) 

and appears possible in the Devonian Basin in East Greenland as well (Smart et al., 

2022). Our model, supported by geochemical data, suggests that climatic changes 

possibly in concert with large scale volcanism encouraged plant expansion in East 

Greenland. The geochemical instability initiated by large scale volcanism combined with 

the rapid geochemical feedbacks produced by the collective effects of increased rates of 

silicate rock weathering and land plant expansion would have been sufficient to drive 

widespread ocean anoxia culminating in mass extinction.  

Extinction events are complex systemic responses, and with rare exceptions have 

seldom been attributed to a single cataclysm. The various theories regarding the initiation 

of the KW events may each be correct in that they likely contributed to the ecological 

crisis, although their true timing and sequence clearly need refinement. Our results 

suggest that neither large scale volcanism nor land plant evolution can be implicated as 

the sole initiating factor in the KW event. Instead, the KW event was the timely 

combination of multiple events ultimately resulting in the decimation of Devonian seas. 

Evidence presented here challenges a single extinction mechanism and demonstrates the 

need for further work integrating multiple theories to bring together the exact timing and 

sequence of events which culminated in one of the Phanerozoic’s most significant mass 

extinctions. 
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CHAPTER 4. LINKING LAND PLANT EXPANSION TO EPISODIC 

ANOXIA IN A DEVONIAN LAKE 

 

4.1. Introduction 

The evolution and expansion of land plants in the Devonian was arguably one of 

the most important events in Earth’s past. Its significance with respect to the 

diversification and proliferation of vascular land plants is surpassed only by its cascading 

impacts on global biogeochemical cycling and subsequent impacts on Earth’s biosphere. 

The stepwise evolution of root systems resulted in the initiation of modern soil formation 

and weathering processes (Algeo et al., 1995; Algeo and Scheckler, 1998; Stein et al., 

2012; Giesen and Berry, 2013; Berry and Marshall, 2015; Morris et al., 2015; Lenton et 

al., 2016; Stein et al., 2020; Davies et al., 2021) which likely had a significant impact on 

terrestrial nutrient flux (Algeo et al., 1995; Percival et al. (2020); Smart et al., 2022a; 

Smart et al., 2022b). The evolution of root systems combined with other innovations such 

as arborescence and the propensity for plants to bear seeds allowed plants to colonize a 

significant portion of the Earth’s surface which had previously been relatively bereft of 

vegetation (Algeo et al., 1995; Algeo and Scheckler, 1998). The timing and impact of 

plant expansion has been widely debated (e.g., Algeo et al., 1995; Algeo and Scheckler, 

1998; D’Antonio et al., 2020; Pawlik et al., 2020; Smart et al., 2022a), but some theorize 

that land plant evolution and expansion in the Middle to Late Devonian perturbed 

terrestrial nutrient flux to a large enough extent to cause (Algeo et al., 1995; Algeo and 

Scheckler, 1998), or at least exacerbate (Smart et al., 2022a; Smart et al., 2022b), some of 

the multiple marine extinctions which occurred during that interval. 



   

125 

Although evidence directly tying land plant expansion to global biogeochemical 

perturbations has generally been circumstantial, recent studies of Devonian lacustrine 

sequences have uncovered direct evidence of enhanced terrestrial nutrient export 

concurrent with land plant expansion (see Smart et al., 2022a; Smart et al., 2022b). In the 

case of the Devonian’s most devastating mass extinctions, the Frasnian-Famennian 

extinction, the magnitude of nutrient export would have been sufficient to induce 

significant anoxia in the shallow and epeiric seas prevalent in the Period (Smart et al., 

2022b). As land plant expansion occurred gradually between the Middle to Late 

Devonian (Algeo et al, 1995; Meyer-Berthaud et al., 1999; Meyer-Berthaud et al., 2010; 

Stein et al., 2020) and in an episodic fashion as suggested by some authors (Retallack and 

Huang, 2011; Smart et al., 2022a; Smart et al., 2022b), the implications of this are 

profound given the presence of five significant marine extinctions during the same 

timeframe (House, 1985; House, 2002). A limitation with terrestrial-based evidence, 

however, is its reliance on total phosphorus data as a primary gauge of terrestrial nutrient 

flux and internal nutrient dynamics (e.g., Smart et al., 2022a; Smart et al., 2022b). 

Isotopic analysis of nitrogen and carbon combined with phosphorus data and other 

geochemical proxies would greatly reduce uncertainty as to the source of the recorded 

nutrient influx whilst simultaneously providing insight into internal lake nutrient 

dynamics. 

Here we present additional analyses of a high-resolution Middle Devonian 

lacustrine sequence temporally aligned with the Kačák extinction event. We integrate 

nitrogen isotopes (δ15N) and carbon isotopes (δ13C) with previously reported total 

phosphorus and multi-proxy geochemical data to further corroborate the evolution of land 
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plants as a causal or contributing factor to episodic lacustrine anoxia and subsequently, 

the Kačák extinction event. Principal component analyses are also performed on the body 

of geochemical data available for this Devonian lake to establish relational links between 

various geochemical proxies. 

 

4.2. Materials and Methods 

 

4.2.1. Sample Location and Background 

The sample site is a locality known as Geanies near Tain, Easter Ross, Scotland 

(Fig 4.1.). The Geanies locality is the site of a series of cyclic Devonian lacustrine 

deposits located in what was once the Orcadian Basin, an area containing numerous 

Devonian lakes formed in extensional half graben basins (Marshall and Hewitt, 2003). 

The formation of the cyclic lacustrine deposits found at Geanies, and throughout the 

Orcadian Basin, is tied to astronomically forced climate perturbations (Astin, 1990; 

Kelly, 1992; Marshall 1996; Andrews and Trewin, 2010; Andrews et al., 2016). 

Specifically, a cycle of lake shallowing followed by deepening and subsequent 

shallowing recurred within the short eccentricity parameter (approximately every 100 

kyr; Astin, 1990; Kelly, 1992). Such was this sedimentary chronometer that sequences in 

the Orcadian Basin are generally able to be relatively dated via counting the number of 

shallow-deep-shallow cycles, or lake cycles (e.g., Smart et al., 2022a and references 

contained therein). Our focus at Geanies is 12 of these lake cycles, covering 

approximately 1.2 Myr. Sample coverage begins in the Balintore Formation, extends into 

the Jesse Port Formation (Kačák event equivalent) in the latest Eifelian, and terminates in 
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the Geanies Formation in the earliest Givetian (Marshall et al., 2007; Marshall et al., 

2011). Sampling methodology was every 10 cm from deep lake facies of each lake cycle. 

 

4.2.2. Sample Preparation and Analysis 

All samples were collected from the archives at the University of Southampton 

and were subsequently processed for geochemical analysis (see Smart et al. 2022a for 

detailed description of sample preparation). Samples were analyzed for total nitrogen 

(TN), bulk nitrogen isotopes δ15Ntot and organic carbon isotopes (δ13Corg) using a Thermo 

EAIsolink elemental analyzer (EA) and a Thermo Delta V Plus isotope ratio mass 

spectrometer (IRMS). For δ15Ntot analyses, 60 mg of powdered sample was utilized. Five 

acetanilide standards were employed to obtain a reference curve and δ15N values were 

Figure 4.1. Location of the Geanies sample site (annotated with a red star in the inset). 
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normalized to USGS 40, Buffalo River Sediment and IAEA N1. Samples with amplitudes 

below the lowest acetanilide standard were rerun or discarded. Precision for the reference 

material was within 0.01 ‰. No more than 50 samples were run in succession (samples 

plus standards) to minimize drift. A blank was run with each set and δ15Ntot values were 

corrected utilizing the blank. For δ13Corg analyses, powdered samples were first acidified 

with phosphoric acid to remove inorganic C, with the remaining residue being 

representative of the organic fraction. The residue was rinsed, dried and homogenized.  

Average sample weight was approximately 10 mg but varied based on the organic C 

content. Samples were analyzed using a similar method as described above for δ15N, 

however δ13Corg values were normalized to USGS 40, Buffalo River Sediment and 

Bovine Liver. Precision for the reference material for δ13Corg analyses was within 0.1 ‰. 

 

4.2.3. Utility of Isotopic and Elemental Data 

Nitrogen isotopes can record a great deal of information regarding geochemical 

cycling within a lake as well as the dominant source of organic matter. δ15N values of 

bulk lake sediments are generally reflective of the isotopic composition of the initial 

source of inorganic N. Lacustrine algae utilize dissolved nitrate as their primary inorganic 

N source. The δ15N values of dissolved nitrate found in lacustrine environments typically 

fall between +7-10 ‰, thus lacustrine algae have δ15N values of ~8.6‰ (Peters et al., 

1978; Meyers, 1994; Meyers, 2003). In contrast, land plants utilize atmospheric N2, 

which has an isotopic value of 0 ‰ and fractionation during biologic uptake is minimal, 

resulting in δ15N values of ~0.5 ‰ for land plants which use the C3 metabolic pathway 

(Peters et al., 1978; Meyers, 1994 and references contained therein), although values 
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ranging from -5 to +8 ‰ have been reported in various studies (Faure and Mensing, 

2005; Leng et al., 2006). While fractionation varies for plants which utilize C4 and 

Crassulacean acid metabolism (CAM) pathways, those evolutionary advancements did 

not occur until well after the Devonian with the first appearance of C4 plants in the 

Oligocene and CAM plants in the Mesozoic (see Sage, 2004; Keeley and Rundel, 2003). 

Sedimentary δ15N values can also be impacted by factors such as water level changes and 

redox conditions within a lake. Water level changes can result in fractionation of up to +/- 

2 ‰ (Cline and Kaplan, 1975; Meyers, 1997). Under anoxic or suboxic conditions, 

denitrification of dissolved nitrate results in the selective release of the lighter 14N 

isotope, leaving the remaining nitrate enriched in 15N (Cline and Kaplan, 1975; Mariotti 

et al., 1982; Meyers, 1997; Leng et al., 2006). 

 As δ15N values can be complicated by water level and redox changes, they 

cannot be relied upon as a sole method to determine the source of organic matter in lake 

sediments. The ratio of TOC to organic N (TON), referred to henceforward as C/N, offers 

an additional method to distinguish between allochthonous and autochthonous organic 

matter. The fundamental absence of cellulose in algae and its relative abundance in 

vascular land plants results in dramatically different C/N ratios for each. Algae typically 

have C/N ratios of between 4-10, while vascular land plants are typically > 20 (Meyers, 

1994; Meyers, 2003). As with δ15N values, C/N ratios are not without limitations. In situ 

degradation of algae during sinking can sometimes result in elevated C/N ratios while 

ammonia absorption from the decomposition of organic matter in lake and ocean 

sediments can result in the remineralization and release of C, thereby lowering the C/N 

ratio (Meyers, 1994; Filley et al., 2001). Additionally, as indicated above, the ideal 
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comparison is that of TOC to TON. TOC values utilized are those from Smart et al. 

(2022a), however we use TN as an approximation for TON. This is done primarily 

because in most cases, the concentration of total inorganic N is small and methods to 

extract organic N are extremely laborious and often yield results very similar to or often 

indistinguishable from those which utilize TN. In some cases, however (see Müller, 

1977; Sollins et al., 1984), ammonium can have a significant influence on the δ15N total 

value, but this can be tested for post-analysis and will be discussed in section 3.5. 

Additionally, the combination N isotopes and C/N ratios offers an additional approach to 

attributing the source of organic matter to our study lakes, whether algal or vascular land 

plant material (Meyers, 1994; Meyers, 2003). 

 Carbon isotopes offer a third method to assist in identifying the source of 

organic material within a lake but require an additional layer of analysis in order to be 

informative in that regard. Like δ15N values, δ13Corg values of lake sediments are 

determined by the source of C as well as fractionation associated with biological uptake. 

Isotopic fractionation during CO2 fixation by land plants varies according to which 

metabolic pathway they utilize (i.e., C3, C4 or CAM), with C3 plants producing a 

fractionation of approximately -20 ‰ relative to the d13C of atmospheric CO2. This 

results in a combined average δ13Corg value of -27‰ for C3 land plants (Orem et al., 

1991; Meyers, 2003; Meyers, 1994; Tipple and Pagani, 2010). Complicating 

interpretations however, freshwater algae utilize dissolved CO2, which is isotopically 

indistinguishable from atmospheric CO2. Preferential uptake of 12C results in further 

fractionation of approximately -20 ‰ and a δ13C value of preserved sediment between -

20 and -30 ‰, often making it difficult to distinguish from land plants (Orem et al., 1991; 
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Meyers, 2003). It is for this reason that a comparison of δ13Corg vs C/N ratios is often 

utilized to differentiate allochthonous or autochthonous sources (e.g., Meyers, 1994; 

Meyers, 2003). Thus, combined analyses of δ13Corg, C/N and δ15N can provide a robust 

estimate of the organic matter sources. Additional factors which can impact δ13Corg values 

include the anaerobic decomposition of organic matter due to methanogenesis and 

oxidation of methane which can result in low δ13Corg values (< -69 ‰) (e.g., Yamaguchi 

et al., 2009; Blaser and Conrad, 2016). 

 We also utilize principal component analysis (PCA) conducted in 

Graphpad Prism in order to reveal trends amongst the geochemical parameters analyzed 

here and in combination with those of previous studies on this sample sequence. PCA is 

advantageous for large data sets as it serves to reduce dimensionality among the different 

variables whilst simultaneously preserving the original information. While there are 

various methods utilized to identify principal components, we utilize parallel analysis 

here which is a method that accounts for data variance due to noise. We incorporate δ15N, 

δ13Corg and C/N ratios determined in this study with numerous proxies using data from 

Smart et al. (2022a). Additional proxies selected for PCA include those for terrestrial 

phosphorus (P) input such as P/Al, P/Fe and P/Ti (e.g., Filippelli and Souch, 1999; Smart 

et al., 2022a); the paleoclimate proxy Sr/Cu (e.g., Vosoughi Moradi et al., 2016; Tang et 

al., 2019; Li et al., 2020; Pan et al., 2020); the chemical weathering proxy Rb/Sr (e.g., Xu 

et al., 2010); physical weathering proxies Mg/Al, Nb/Al, Sr/Al, Th/Al and Y/Al (e.g., 

Wei and Algeo, 2020); silt to clay ratio proxy Ti/Al (see Calvert and Pedersen, 2007; Wei 

and Algeo, 2020); and redox proxies Cu/Al (expressed as an enrichment factor, CuEF, 

relative to reference values for upper continental crust established by McLennan (2001); 
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see Algeo and Liu, 2020; Smart et al., 2022a) and the ratios of TOC to total P (Corg:Ptot) 

(e.g., Algeo and Ingall, 2007). Multiple proxies were selected wherever possible, but in 

the case of paleoclimate and chemical weathering proxies, only one was possible for each 

based on the limitation in elemental data from the source data set. Smart et al. (2022a) 

utilized seven distinct redox proxies in their study, but we limit our analyses to CuEF and 

Corg:Ptot for clarity as all seven were equally efficacious in the original study. We employ 

five distinct physical weathering proxies as covariation of all five is generally indicative 

of a lack of secondary alteration amongst our samples (e.g., Wei and Algeo, 2020), 

something which would be abundantly clear in a plot of PCA loadings. While PCA was 

performed on the entire sample sequence, as noted by Smart et al. (2022a) there appears 

to be a distinction between the lower lakes (9-13) and the upper lakes (14-20), thus 

additional and separate PCAs were performed on the samples using this division. 

 

4.3. Results 

 

4.3.1. Isotopic and Elemental Analyses 

Results for δ15N, δ13Corg and C/N are shown in Fig. 4.2. Ratios of C/N were 

generally high for the sequence with a median value of 19.1. While there are no defined 

periods of particularly low C/N ratios, lake 14 has the overall lowest values (except for 

the top of the lake) with a median value of 12.8. The highest values are observed in lakes 

10, 11, 16 and 19 with maxima >100 in all but lake 16. Maxima in lake 16 is ~60 with a 

median value of 43.2.  
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δ15N appears to generally trend with C/N ratios and varies between 3.6 and 17.0 ‰, with 

a median value of 6.1 ‰. Higher values (> 7 ‰) are prevalent in lakes 10, 12, 16 and 19 

with overall lower values (< 7 ‰) in lakes 9, 11, 13-15, 17, 18 and 20.  

The δ13Corg values are antithetic to those of δ15N. Values range between -33.7 to -

25.7 ‰, with a median value of -28.3 ‰. Lower values (< -30 ‰) are observed in lakes 

10, 12 (upper portion), 16 (upper portion) and 19 (middle). Higher values (> -30 ‰) are 

observed in lakes 11, 12 (lower portion), 13-15, 16 (lower portion), 17, 18 and 20. 
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Figure 4.2. Results for EA-IRMS analyses of the Geanies sequence plotted 
against depth (m). Formation, age and general stratigraphy are show on the left. 
Gray dashed lines show lake cycle boundaries. Gray shaded region represents the 
interval concurrent with the Kačák extinction event. A. Ratio of Corg /TN with Corg 
data derived from Smart et al. (2020a). B. δ15N results shown in black and δ13Corg 

results shown in blue. 
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4.3.2. Principal Component Analysis – Entire Sequence 

Results for PCA for the combined sequence are shown in Fig. 4.3. The first 

principal component (PC1) accounted for 44.27% of the total variance in the dataset, 

followed by 16.18% for the second principal component (PC2) and 11.00% for the third 

principal component (PC3). Together, these three PCs accounted for 71.45% of the total 

dataset variance. While additional PCs were calculated, their proportion of the total 

variance was significantly less than the first three and thus will not be considered here. A 

cross plot for the first two PCs (Fig. 3) shows relationships between the proxies analyzed. 

Notably, all proxies seem to fit within four relative groupings: (1) P/Fe, P/Al, P/Ti, C/N 

and Corg; (2) CuEF, Corg:Ptot and δ15N; (3) Ti/Al, Sr/Cu, Nb/Al, Mg/Al, Y/Al, Th/Al and 

Sr/Al; and (4) δ13Corg and Rb/Sr. Additionally, within those four groupings, related 

proxies further group together. Specifically, those indicative of terrestrial nutrient flux 

(P/Fe, P/Al and P/Ti), organic matter content/influx (C/N and Corg) and those associated 

with physical weathering (Nb/Al, Mg/Al, Y/Al, Th/Al and Sr/Al). The strongest loadings 

are associated with PC1 and include all the physical weathering proxies (ranging between 

-0.87 and -0.90), Corg:Ptot (0.80), δ15N (0.76), Rb/Sr (-0.70) and δ13Corg (-0.66). 

Additionally, Sr/Cu and CuEF both have loadings > 0.50. While the loadings for PC2 are 

less in magnitude, C/N, Corg, P/Ti and P/Fe are all > 0.50. Notably, Corg seems to be 

strongly associated with both PC1 and PC2 with loadings of 0.58 and 0.65, respectively. 

C/N appears to also be associated with both PC1 and PC2 with loadings of 0.46 and 0.50, 

respectively. The remaining proxies, P/Al and Ti/Al have the weakest loadings. P/Al is 

associated with PC2 and comes in slightly lower than the other proxies associated with 

PC2 at 0.49. Ti/Al is most strongly associated with PC1 with a loading of 0.46, but also 
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shows some association with PC2 with a loading of -0.39. The majority of PC3 loadings 

are weak, excepting P/Al (0.76) and P/Fe (0.67). CuEF, Corg and Corg:Ptot show some 

association with PC3, but their loadings range between 0.37-0.40. 

 

  

Figure 4.3. Cross plot of PCA results for PC1 and PC2 for the entire Geanies sequence (lakes 9-20). 
Significant groupings are highlighted in gray. Black boxes denote related proxies which group closely 
(e.g., terrestrial nutrient flux, organic matter influx and physical weathering proxies). 
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4.3.3. Principal Component Analysis – Lower Geanies 

Results for the PCA for the lower portion of the Geanies sequence (lakes 9-13) 

are shown in Fig. 4.4. Utilizing parallel analysis, only two principal components were 

selected, PC1 and PC2. This is based on the principal behind parallel analysis used in 

Graphpad Prism whereby Monte Carlo simulations are performed on random data similar 

to the sample data and assigned eigenvalues. The mean of these eigenvalues is compared 

with those of the sample data and only sample PCs with eigenvalues greater than the 95th 

percentile of the simulated eigenvalues are selected. In this case, there were only two. 

PC1 accounted for 40.31% of the total variance in the data set and PC2 accounted for 

20.10%, for a combined total of 60.42%. Similar groupings of related proxies are again 

observed in the lower lakes. Notably, the physical weathering proxies again group tightly 

and have strong loadings associated with PC1 (0.90 – 0.93). The terrestrial nutrient flux 

proxies P/Ti and P/Al group together, but P/Fe is notably separate and displays a 

relatively weak loading (0.17 for PC1 and 0.23 for PC2). The organic influx proxies Corg 

and C/N again group together and display some of the strongest loadings on PC1 at 0.94 

and 0.78, respectively. Significant differences from the previous PCA include the notable 

separation of redox proxies, the grouping of δ15N with the terrestrial nutrient flux proxies 

and the weak loadings for Sr/Cu and CuEF (0.18 and 0.26 for PC2, respectively). 
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Figure 4.4. Cross plot of PCA results for PC1 and PC2 for the lower lakes at Geanies (lakes 9-13). 
Significant groupings are highlighted in gray. Black boxes denote related proxies which group closely 
(e.g., terrestrial nutrient flux, organic matter influx and physical weathering proxies. 
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4.3.4. Principal Component Analysis – Upper Geanies 

Results for the PCA on the upper lakes at Geanies, lakes 14-20, are given in Fig. 

4.5. Similar to the PCA on the entire sequence, three PCs were identified. PC1 accounted 

for 55.43% of the total variance, PC2 14.04% and PC3 11.00% for a combined total of 

80.47%. All loadings are relatively strong (the lowest being P/Ti at 0.52 and Ti/Al at 

0.54). Related proxies group in a similar fashion here as well. The most notable 

difference is the relative isolation of the terrestrial nutrient flux grouping. Whereas in the 

PCA for the entire sequence the terrestrial nutrient flux proxies grouped closely with the 

organic influx proxies, here the organic influx proxies are separated from both the 

terrestrial nutrient flux grouping and each other. The organic influx proxies instead group 

closely with both redox proxies as well as δ15N, all of which are strongly associated with 

PC1 having loadings of between 0.80 – 0.89. The physical weathering proxies again 

group together here and display the largest loadings associated with PC1 of between 0.88 

– 0.93. They also appear more strongly associated with Sr/Cu than in the PCA for the 

entire sequence with Sr/Cu reflecting a loading on PC1 of 0.75 (compared with 0.56 in 

the first scenario). Rb/Sr and δ13Corg again group closely here and have similar 

magnitudes associated with PC1 as in the first scenario (-0.71 and -0.72, respectively). 

Loadings for PC3 are weak here as well, apart from Ti/Al, P/Fe and P/Al (0.53, 0.65 and 

0.68 respectively). 
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4.3.5. Potential Influences on Elemental and Isotopic Data 

Based on the variation observed in both the elemental and isotopic data, the lakes 

at Geanies appear to present an extremely dynamic environment. C/N ratios vary 

significantly not only from lake to lake, but in many cases within the lakes themselves 

(e.g., lakes 10, 11, 16, 17 and 19). This is also true for both δ13Corg and δ15N and 

generally during the same intervals that C/N experiences large in-lake variations. What’s 

Figure 4.5. Cross plot of PCA results for PC1 and PC2 for the upper lakes at Geanies (lakes 14-20). 
Significant groupings are highlighted in gray. Black boxes denote related proxies which group closely 
(e.g., terrestrial nutrient flux, organic matter influx and physical weathering proxies. 
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more, the antithetic relationship observed between δ13Corg and δ15N (Fig. 4.2) results in a 

statistically significant negative correlation (r2=0.55, p<0.0001). This relationship is 

suggestive of geochemical changes occurring within these lake cycles driven by external 

stimuli.  

Herein, the C/N ratio is utilized to differentiate vascular plant contributions to the 

lake record, where values greater than 20 are generally considered consistent with 

vascular land plant material (Meyers, 1994; Meyers, 2003). The utility of this ratio 

assumes a comparison between organic sources of C and N. Utilizing bulk TN as an 

approximation for organic N may alter data interpretations (see section 4.2.3) if there is a 

significant fraction of inorganic N. C/N ratios containing inorganic N would result in 

artificially low values that potentially mask contributions from vascular plant material. 

For a portion of the dataset, the median C/N value of 19.1 could indicate a conservative 

estimate of plant derived organic matter; however, lakes with relatively lower C/N ratios, 

such as lake 14 with a median value of 12.8, an admixture of inorganic N would shift the 

ratios to lower values and mischaracterize the organic matter sources. To address this, a 

cross-plot of TOC vs TN can be used to determine the relative contribution of inorganic 

N to the bulk sedimentary N concentrations (Schubert and Calvert, 2001; Calvert, 2004).  
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Correlation between TOC and TN for the entire Geanies sequence is high (r2=0.6117, 

p<0.0001), however linear regression reveals a non-zero x-intercept of 0.012, indicating 

that inorganic N is present (Fig. 4.6). This could potentially be a result of the presence of 

clay-bound ammonium in these lacustrine sediments, however this value is small and 

unlikely to significantly bias the overall interpretations (Calvert, 2004 and references 

contained therein). Additionally, as there are 12 distinct lake cycles in the Geanies 

sequence, it is possible to further refine this analysis down to individual lake cycles. 

Performing individual regressions on each lake cycle independently reveals that most 

lake cycles are unaffected and only lakes 12, 16 and 19 have non-zero intercepts (0.016, 

0.014 and 0.006 respectively). Nevertheless, these values are quite low and very close to 

zero, especially for lake 19, so the impact of inorganic N is assessed as minimal. 

Furthermore, lakes 12, 16 and 19 have median C/N ratios of 24.6, 43.2 and 31.1  

  

Figure 4.6. Cross-plot of Corg and TN. Individual lake cycles are color-coded (see legend). Linear 
regressions were performed on each lake cycle individually and on the entire data set (black line). 



   

143 

respectively, so even if the presence of inorganic N has decreased the C/N ratios, they are 

still well within those consistent with C3 land plants. Thus, the data are highly robust, 

lending confidence to our interpretations.   

Another potential concern could be diagenetic changes due to N renewal during 

decomposition (see section 4.2.3) which could lower C/N ratios. This concern can 

similarly be addressed by a cross-plot of δ15N and C/N. A linear regression showing 

strong correlation between the two would be suggestive of diagenetic changes. While 

some correlation is observed in our data (Fig. 4.7a), it is fairly weak (r2=0.1143, 

p<0.0002) suggesting that diagenetic impacts are possible, but likely not strongly biasing 

the data. 

Figure 4.7. Cross-plots for the Geanies sequence. Data is plotted by lake cycle and color coded (see 
legend). Linear regression for the entire data set is indicated by the black line and correlation is noted in 
the upper right corner. (A) δ15N vs C/N; (B) δ15N vs TN and (C) δ15N vs Corg. 
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Finally, it is also essential to consider the impact any potential lithological 

changes could have on the data. Changes in lithology can result in the varying delivery of 

N bound to clay minerals (i.e., ammonium), which has the potential to alter bulk δ15N 

values. Given that the sequence spans approximately 1.2 Myr and is marked by climate 

oscillations which impacted terrestrial influx (see Smart et al., 2022a), this is a significant 

concern, especially given the large variations observed in δ15N throughout the sequence. 

Strong correlation between δ15N and both TOC and TN can indicate whether lithological 

changes are driving variation in the data (Percival et al., 2022). Cross-plots from the 

Geanies sequence for both are shown in Fig. 4.7b,c. While statistically significant 

correlations do exist for both δ15N vs TOC (r2=0.35, p<0.0001) and δ15N vs TN (r2=0.23, 

p<0.0001), they are relatively weak, especially given the climate fluctuations referenced 

above which could catalyze such changes. While lithological variations likely influenced 

the data to some degree, they are unlikely to have been significant enough to overprint 

the isotopic signature. It is more likely that internal lake geochemistry is the dominant 

factor and the δ15N values observed at Geanies are reflective of true nitrogen cycle 

perturbations. Furthermore, regressions performed on individual lake cycles for δ15N vs 

TOC data reveal that only lakes 12, 13 and 16 have statistically significant correlations 

(r2=0.34, p<0.0091; r2=0.67, p<0.046; r2=0.36, p<0.0064 respectively). Separate lake 

cycle regressions for the δ15N vs TN data return a statistically significant correlation for 

lake 16 only (r2=0.24, p<0.033). This points to the conclusion that lithological variations 

occurred during this 1.2 Myr period, but they were likely only significant during specific 

lake cycles (most likely lake 16, based on both results).  
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While clearly there are some influences on the data which must be considered, 

based on the examination above it is reasonable to conclude that the elemental and 

isotopic data from Geanies is minimally biased. The nitrogen cycle perturbations and C/N 

ratios recorded are likely generally reflective of true geochemical cycling within the lakes 

and allochthonous input of C3 plant material, respectively. 

 

4.4. Discussion 

 

4.4.1. Evidence for the Presence of Vascular Land Plants 

One of the primary objectives of this study is to determine if there is a real link 

between terrestrial soil development and marine anoxia associated with Devonian marine 

extinctions. A corollary objective being to uncover data linking these biogeochemical 

perturbations to the Kačák extinction event. The elemental and isotopic composition of 

organic carbon and nitrogen suggest vascular land plant material was mobilized into the 

lakes at Geanies. Of the 123 samples for which C/N ratios could be determined, 17 had 

C/N ratios < 10 corresponding to a system dominated by lacustrine algae, 29 had C/N 

ratios between 10-20 corresponding to a mixed input system, and 77 had C/N ratios > 20 

corresponding to a system dominated by C3 land plant organic matter.  

The range in C/N for algae and C3 plant material compared to their respective 

δ13Corg values (Meyers 1994) further illustrates the contribution of vascular plant matter 

to most of the lakes (Fig. 4.8). Assuming the intrinsic carbon isotope fractionations 

during photosynthesis has not changed through the Phanerozoic (e.g., Kędzior et al., 

2022; Wan et al., 2019), the δ13Corg ranges associated with modern C3 plants are also 
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applicable in the Devonian. Nearly every lake contains samples which contain organic 

matter from C3 land plants, including lakes 18 and 19 which are temporal correlatives 

with the Kačák event. A minority of lakes appear to record at least some periods where 

they were dominated by lacustrine algae, specifically lakes 9, 14, 17 and 20 (adopting a 

slightly wider window allows the inclusion of lakes 10 and 12 as well). There are 

numerous samples which fall outside either the isotopic or the C/N window. Most 

samples fall within the end member elemental and isotopic compositions for lacustrine 

algae and C3 land plants, but a significant number are 13C depleted. These samples 

represent portions of lakes 9, 10, 11, 12, 14, 16 and 19 (notably, samples for each of these 

lakes fall within the established windows as well). However, most of these samples come 

from four lakes: 10, 12, 16 and 19. Conversely, C/N ratios are nearly all inside the range 

for lacustrine algae and C3 land plants (or somewhere in-between). Only seven samples 

fall outside this range and include lakes 10, 11, 14 and 20. Reasons for these deviations 

will be explored below, but with those exceptions noted, the data overwhelmingly 

support the presence of C3 land plant material within the lakes at Geanies. This 

confirmation supports the conclusions of Smart et al. (2022a) that land plants were 

present throughout the entire Geanies sequence, and leaves open the possibility that they 

did indeed influence geochemical cycling at Geanies. The extent of their influence 

however has yet to be fully corroborated and will be further investigated. 

 

4.4.2. A Multi-proxy Approach 

Based on the body of evidence presented here, terrestrial land plants were present 

in the drainage basin and were the dominant source of organic matter at Geanies. The 
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concurrence of both the isotopic and elemental data provide a significant and robust 

characterization of the linkages between early soil formation and influx to the lakes. 

There is also strong cause to suggest that land plant expansion was indeed episodic here 

(Smart et al., 2022a). This is particularly apparent in lakes 10, 16 and 19 which are 

explored in detail in this section.  

Combining data from Smart et al. (2022a) with those presented here provides an 

opportunity for a highly robust analysis of lake dynamics. Fig. 4.9 is a plot which 

combines C and N data from this study with proxies from Smart et al. (2022a) that 

include P/Ti for terrestrial input; Corg; the paleoredox proxy Corg:Ptot; physical weathering 

proxies Sr/Al, Nb/Al and Y/Al; the paleoclimate proxy Sr/Cu; and the chemical 

weathering proxy Rb/Sr. P/Ti and C/N appear to covary throughout the record (with the 

singular exception being lake 9), and specifically during intervals where both are elevated 

(e.g., lakes 10, 16 and 19). They also both attain maxima in lake 10 and decrease steadily 

through lake 14. Smart et al. (2022a) attribute this pattern in P/Ti to the stabilization of 

phosphorus (P) in a young landscape over time (e.g., Filippelli and Souch, 1999; 

Filippelli, 2002). Notably, during the intervals where P/Ti and C/N both exhibit elevated 

values (lakes 10, 16 and 19), concurrent maxima are observed in δ15N, Corg, Corg:Ptot and 

amongst the physical weathering proxies. Conversely, minima are observed in δ13Corg 

during those intervals. A possible explanation for these trends could be elevated 

terrestrial P export due to land plant proliferation adjacent to the lake or within the 

drainage basin (Smart et al., 2022a). Elevated P/Ti values in combination with high C/N 

and low δ13Corg values suggest a greater proportion of incoming C3 plant material 

concurrent with increased terrestrial P export into the lakes. The high Corg (> 4% for lake 
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16 and > 5% for lake 19) recorded in this interval is likely the result of carbon exported 

into the lake combined with increased deposition of autochthonous organic matter due to 

elevated in situ production stimulated by increased P influx. Terrestrial P export of a 

similar magnitude has been shown to be sufficient to cause widespread anoxia in a 

similar Devonian sequence (Smart et al., 2022b) and the combined elemental and isotopic 

data appear to support that here as well.  

The striking concurrence amongst the geochemical parameters indicate that the 

above scenario is exactly what is occurring here, and this conclusion is further supported 

by the carbon isotope data. δ13Corg values attain minima during these anoxic intervals 

(between approximately -32.5 and -33.5 ‰) which as noted in section 4.4.1, is below that 

typically associated with land plants or lacustrine algae. There are several possible 

Figure 4.8. Cross-plot of δ13Corg and C/N. Samples are color coded by lake cycle (see legend). Boxed 
regions represent typical windows for lacustrine algae and C3 land plants (Orem et al., 1991; Meyers, 
2994; Meyers, 2003). 
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explanations for this. The first is the occurrence of methanogenesis, or anaerobic 

respiration carried out by methanogens. As methanogens do not grow in the presence of 

O2, they are common in anoxic environments and thus it is likely they were present, at the 

very least, during the anoxic intervals in the lakes at Geanies. Isotopic fractionation 

associated with methanogens can result in δ13Corg values as low as -69 ‰ (Conrad, 2005; 

Faure and Mensing, 2005; Blaser and Conrad, 2016 and references contained therein). 

Even a minimal amount of methanogenesis in the lake could lower the δ13Corg of the 

sediments. This interpretation is supported by evidence of anoxia given by the redox 

proxy data. In each case where anoxia is likely (lakes 10, 12, 16 and 19), δ13Corg values 

attain their lowest levels. Outside of these anoxic intervals, δ13Corg values are up to 6 ‰ 

higher. While the above scenario is highly plausible, another possible explanation for the 

low δ13C values is that atmospheric composition during the Devonian may have resulted 

in changes to metabolic fractionation in C3 land plants compared with those of modern 

plants (e.g., Beerling et al., 1993). Atmospheric pCO2 values in the Devonian were still 

extremely high, especially in the Middle Devonian with estimates ranging from 500-3000 

ppm (Franks et al., 2014; Royer, 2014; Lenton et al., 2018). It has been estimated that 

isotopic composition of atmospheric pCO2 likely ranged between -9.7 to -16.7 ‰ based 

on the pCO2 estimates above (Schubert et al., 2012). Compared with modern pCO2 

isotopic composition values of -7 ‰, this a difference of -2.7 to -9.7 ‰ and could 

potentially result in final δ13C values of Devonian land plants lower than that observed in 

modern C3 land plants. Despite this difference however, a study by Wan et al. (2019) on 

190 fossil plant specimens from the Devonian and Early Carboniferous concluded that 

δ13C values of ancient plants are similar to modern C3 plants with a reported range of 
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between -20.3 and -30.5 ‰. Thus, it is unlikely differences in δ13C values between 

modern and ancient C3 land plants can account for the observed low δ13C values in lakes 

10, 12, 16 and 19. An additional possibility is that the low δ13Corg values are simply 

associated with the type of lacustrine algae prevalent at the time. Studies of similar 

Devonian lacustrine sequences in the Orcadian Basin report δ13Corg values of as low as -

33 ‰ associated with algal material (see Stephenson et al., 2006; Wilson, 2012), 

although it is worth noting that simultaneously high C/N ratios were not noted in those 

studies as they were in the Geanies sequence.  Eutrophication catalyzed by increased 

terrestrial nutrient influx would be expected to result in increased deposition of 

autochthonous organic matter. This possibility is unlikely however, as C/N ratios in each 

case suggest the presence of a much greater proportion of plant derived organic matter. 

Also of note, δ13Corg values during periods of relative geochemical stability (e.g., lakes 

13-15) are enriched in 13C isotope (ranging between -30.6 and -24.4 ‰) and consistent 

with values common amongst modern algae and C3 land plants (see section 4.2.3). Thus, 

it is reasonable to conclude that the isotopic values observed at Geanies are generally 

consistent with lacustrine algae and land plant material and that the lower δ13Corg values 

are easily explained by invoking methanogenesis occurring during the anoxic periods in 

the lake. The overall consistency of the δ13Corg values with respect to the other 

geochemical parameters reviewed are corroborative of land plants as a causal factor in 

the nutrient fluxes in lakes 10, 16 and 19.  

The δ15N values observed in lakes 10, 16 and 19 also appear to track redox 

conditions and thus are corroborative of the body of geochemical data (Fig. 4.9). 

Denitrification under anoxic or suboxic conditions (see section 4.2.3) results in an 
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increase in δ15N values of > 10 ‰ (Leng et al., 2006) which is observed in all three 

intervals where anoxia is indicated by redox proxies (Corg:Ptot). High Corg:Ptot values 

suggest anoxic conditions in lakes 10, 16 and 19, all of which correspond to δ15N values 

> 10 ‰. Additionally, during oxic intervals (as indicated by low Corg:Ptot values) and 

when the C/N ratio is biased more towards the dominance of algae and δ13Corg values are 

higher (lakes 13-15, for example), δ15N values are more consistent with those of modern 

lacustrine algae (varying between +5 to +8 ‰) (Peters et al., 1978; Meyers, 1994; 

Meyers, 2003). While the δ15N values are generally not reflective of those associated with 

Figure 4.9. Combined plot featuring N and C isotopic and elemental data combined with data from a 
previous study on the Geanies sequence (Smart et al., 2022a). Data is plotted with depth. Gray shaded 
region represents sedimentary layers concurrent with the Kačák Event. (A) Terrestrial nutrient flux proxy 
P/Ti plotted with organic matter source proxy C/N. (B) δ15N plotted with δ13Corg. (C) Corg plotted with 
redox proxy Corg:Ptot. (D) Physical weathering proxies Sr/Al, Nb/Al and Y/Al. (E) Paleoclimate proxy 
Sr/Cu plotted with chemical weathering proxy Rb/Sr. 
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organic material from modern land plants, as referenced above, applying proxies 

developed for modern lakes to ancient ones should be done with care. Even modern 

plants can have a range of values (see section 4.2.3). In general, the behavior of δ15N with 

respect to oxic and anoxic/suboxic environments is consistent with expectations and 

serves to further support conclusions based on other geochemical parameters reviewed 

here. 

While the similarities between lakes 10, 16 and 19 have been discussed, there are 

some notable differences. The presence of strong aridity as suggested by the elevated 

Sr/Cu values in lakes 16 and 19 is not present in lake 10. Strong aridity allows for the 

possibility of the development of meromixis, or semi-permanent stratification (Leng et 

al., 2006), which would favor the development of anoxia independent of eutrophication 

and serve to make lakes 16 and 19 more prone to anoxia from a smaller nutrient 

perturbation (Smart et al., 2022a). Notably, this possibility seems unlikely for lake 10 as 

indicated by the low Sr/Cu values indicative of wetter conditions (Smart et al., 2022a). 

This observation allows distinction between lake 10 and lakes 16 and 19. A further 

distinction can be made by analysis of the physical weathering proxies which suggests a 

substantial increase in physical weathering preceding the onset of anoxia in lake 10 

(concurrent with wetter conditions). Similar increases in physical weathering are also 

present in lakes 16 and 19, however they appear to generally coincide with the onset of 

anoxia, vice lead it. This is significant because lake 10 returned the highest C/N ratios of 

the entire sequence and P/Ti maxima second only to lake 9. A well-mixed, or holomictic, 

lake would presumably require a more substantial nutrient influx to induce anoxia than 

would a meromictic lake. Both the P/Ti values and the C/N values for lake 10 are of a 
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greater magnitude than those in both lake 16 and lake 19, yet both have larger Corg values 

and more pronounced anoxia than lake 10. As discussed previously, isotopic 

compositions are also very similar for all three (although lake 19 has a slightly greater 

maximum δ13Corg value). A possible explanation for these variations could be the 

episodic expansion of land plants (Retallack and Huang, 2011; Smart et al., 2022a; Smart 

et al., 2022b). Given the significant geochemical perturbations present early in the 

Geanies sequence, evidence suggests a large and sustained nutrient influx occurred in 

lake 10, with the source of the nutrient flux likely proximal to the lake itself based on the 

magnitude and duration of the P/Ti perturbations. The landscape then stabilized over time 

(see Filippelli and Souch, 1999; Filippelli, 2002; Smart et al., 2002a) and remained stable 

between lakes 13 and 15. A smaller, but still significant nutrient influx occurred in lake 

16, possibly in a more distant portion of the drainage basin explaining the decreased P/Ti 

magnitude, but that ultimately impacted the lake at Geanies (Smart et al., 2022a). Based 

on the Sr/Cu data, this could have been driven by the beginnings of a shift in climate to 

wetter conditions as aridity began to fade in the middle of lake 16 (Smart et al., 2022a). A 

period of stability returned during lake 17, but climate conditions remained relatively wet 

through lake 18, which marks the beginning of the Kačák event. During lake 19, there is 

again a large influx of terrestrial nutrients concurrent with a shift to the predominance of 

allochthonous organic matter. While this perturbation appears muted in comparison with 

lake 10, it resulted in the largest deposition of organic matter and the most significant 

anoxia in the entire sequence (Smart et al., 2022a). The presence of these trends during 

the Kačák Event is unlikely to be coincidental and if significant anoxia was induced in 

the lakes at Geanies during an extinction event, this likely occurred elsewhere (Smart et 
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al., 2022a; Smart et al., 2022b). A final item of comparison is that of chemical weathering 

to physical weathering. In each of the three lakes, large increases in physical weathering 

gave way to subsequent increases in chemical weathering. This is most apparent in lakes 

10 and 19, but there is a small increase in Rb/Sr in the latter half of lake 16 followed by a 

larger increase in lake 17. The increase in Rb/Sr in lake 19 is sustained through the latter 

half of the lake and through lake 20. This type of transition from physical to chemical 

weathering would be expected as young landscapes are colonized by land plants (Smart 

et al., 2022a). Linear regressions performed on Rb/Sr show a positive trend in values 

from lake 9 to lake 20 of 0.28 to 0.62. An antithetic trend is observed in the physical 

weathering data, with an overall decrease in values of all proxies from lake 9 to lake 20. 

 

4.4.3. Integrating Principal Component Analysis 

The results from the principal component analyses serve as additional evidence 

linking the evolution and expansion of land plants to geochemical perturbations at 

Geanies. Although PCAs were performed on the entire sequence (Fig. 4.3) as well as the 

lower (Fig. 4.4) and upper halves (Fig. 4.5), the PCA for the entire sequence does not 

vary significantly from that of the other two and serves to reinforce conclusions drawn 

from interpretations of the isotopic and elemental data. Specifically, the PCA performed 

on the broader sequence results in the general grouping of all terrestrial nutrient flux 

proxies with TOC and C/N. This strong affiliation would be expected if terrestrial 

nutrient influx was driven by the expansion of land plants. Additionally, redox proxies 

CuEF and Corg:Ptot group tightly with δ15N. The correlation between these three proxies 

suggests two conclusions. The first conclusion is that denitrification under anoxic 
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conditions is the correct interpretation of the lowest δ15N values. The second is that δ15N 

and redox conditions are closely associated with the influx of allochthonous organic 

matter (all which group in relative proximity in the upper right quadrant).  

Conversely, δ13Corg values appear in the opposite quadrant. Interpretations of this trend 

are more complex, but the inverse variation between δ13Corg and redox proxies suggest 

that methanogenesis associated with anoxia is a valid explanation. However, δ13Corg also 

varies inversely with the terrestrial nutrient influx and organic influx groupings, 

suggesting that low δ13Corg values could be driven by the influx of land plant material due 

to terrestrial plant expansion (assuming a more negative fractionation at higher Devonian 

pCO2 levels). Unfortunately, it is also just as likely based on the PCA that lacustrine 

algae with lower values than modern algae are to blame, as algal blooms would be driven 

by elevated nutrient influx. At a minimum, these results indicate that each of the three 

possibilities is plausible.  

It was expected that the multiple different physical weathering proxies (Mg/Al, 

Nb/Al, Sr/Al, Th/Al and Y/Al) would group tightly on the PCA cross plot and that was 

indeed the case in our results. Had they not grouped together, or if there were significant 

variation amongst those proxies, that would suggest the possibility of secondary 

alteration of these elements post burial (see Wei and Algeo, 2020). Additionally, the 

physical weathering proxies appear in adjacent quadrants with both the terrestrial nutrient 

proxies and the organic influx grouping, indicating they have no functional correlation 

with one another. This discounts the possibility that elevated terrestrial input is tied to 

increases in physical weathering. This conclusion is not surprising as the function of 

normalizing P to both Ti and Al is to separate variations due to changes in sedimentation 
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rates, but the results are nonetheless confirming regarding the data. The paleoclimate 

proxy Sr/Cu also groups tightly with the physical weathering proxies and thus is not 

correlated with the terrestrial nutrient grouping nor the organic influx grouping. While 

this suggests climate changes are not linked to the amount of allochthonous organic 

matter entering the lake, it simultaneously challenges the hypothesis that climate 

fluctuations drove land plant expansion in the Orcadian Basin (e.g., Smart et al., 2022a). 

Similarly, the grouping of the silt/clay ratio proxy Ti/Al with the paleoclimate and 

physical weathering proxies suggests no correlation with the terrestrial nutrient flux 

proxies and instead a correlation with physical weathering rates. This conclusion is 

inconsistent with what would be expected with landscape evolution as land plants 

proliferate and weather soil profiles (thus creating a positive correlation between 

terrestrial nutrient flux and silt to clay ratio). This relationship remains relatively 

unchanged in both additional PCAs. Linear regression performed on the Ti/Al data alone 

returned no significant slope. Based on the associations discussed above, it is possible 

Ti/Al is not an effective proxy for silt to clay ratio in this formation. As has been noted in 

previous studies on Devonian sequences, the uncritical application of proxies to outcrops 

of varying geochemical makeup may yield incorrect results (Algeo and Liu, 2020). While 

the authors were aware of this potential limitation, the inclusion of multiples for each 

proxy would have greatly increased the difficulty in interpreting the PCA, thus the 

drawbacks of utilizing only one proxy for silt to clay ratio were accepted during study 

design. However, results from the broader PCA were generally confirmational of 

conclusions drawn from analysis of the geochemical data. 
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 As briefly mentioned above, the PCAs for the lower and upper lakes at 

Geanies did not vary significantly from those of the broader PCA. In the case of the PCA 

for the lower lakes however (Fig. 4.4), there were significant shortcomings, not the least 

of which were the very weak loadings for Sr/Cu, CuEF and P/Fe. Additionally, the organic 

flux grouping was less associated with the terrestrial nutrient flux grouping and δ15N. The 

redox proxies plotted in separate quadrants as well. The PCA for the upper lakes (Fig. 

4.5) was more closely aligned with the broader PCA and had strong loadings. It is 

possible that the differences in the PCA for the lower lakes suffered due to a sampling 

bias unintentionally introduced when the data set was divided. Due to the lack of C and N 

data points for much of lake 9, only 59 data points were available for the lower lakes 

while 78 were available for the upper lakes. This may explain why the PCA for the upper 

lakes is more reflective of the broader PCA. The number of samples used for the broader 

PCA would generally result in a more robust analysis either way, thus further analysis of 

the individual PCAs is not warranted.    

Based on the findings discussed above, additional PCAs were performed 

separating the Geanies data into two groups according to C/N ratio. All samples having 

C/N ratios > 19 were sequestered from those with C/N ratios < 19 so as to determine if 

the overall loadings varied significantly based on the dominance of allochthonous organic 

matter vice autochthonous, respectively. A C/N value of 19 vice 20 was chosen to 

incorporate more of the mixed input system that was still dominated by terrestrial organic 

matter (this resulted in an additional six samples being grouped with the allochthonous 

organic matter subdivision). The cross plot of loadings for the PCA performed on data 

from the allochthonous group (Fig. 4.10) was nearly identical to that of the overall PCA 
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(Fig. 4.3). Conversely, the cross plot of loadings for the PCA performed on data from the 

autochthonous group (Fig. 4.11) was significantly different with terrestrial nutrient flux, 

organic influx and physical weathering proxies plotting in different quadrants than that of 

the overall PCA. Significantly, the terrestrial nutrient flux and organic matter influx 

proxies show no significant relationship as they do in the overall PCA. The fact that the 

PCA loadings for the overall data set and those data with C/N ratios > 19 are in such 

close agreement whilst those data associated with C/N ratios < 19 are not, further support 

the conclusion that land plants are directly responsible for the elevated terrestrial nutrient 

influx observed at Geanies. 
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Figure 3.10. PCA cross plot utilizing data in which the C/N ratio was greater than 19, indicating organic 
matter input dominated by terrestrial land plant material. 
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Figure 4.11. PCA cross plot utilizing data for which the C/N ratio was < 19, indicating organic matter 
input was mixed or dominated by lacustrine algae. 
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4.5. Conclusions 

There are inevitably shortcomings associated with any analysis of parameters in 

deep time. The variables introduced by the slow passage of geologic time introduce many 

complexities which must be accounted for when interpreting data. Those complexities 

can be mitigated by methodical and robust analysis of a wide range of paleo proxies. The 

combination of C and N isotopic and elemental data presented here with the suite of 

elemental geochemical data from previous studies available for the lakes at Geanies has 

decreased the uncertainty related to the factors impacting their internal geochemical 

cycling. The addition of complex statistical analyses in the form of principal component 

analysis further reduces that uncertainty.  

 Results using these methods demonstrate that land plants were implicated 

in nearly the entirety of the 1.2 Myr lacustrine record at Geanies. Furthermore, the most 

severe periods of geochemical perturbations which resulted in the development of 

significant anoxia in three lake cycles, to include during the Kačák extinction event, 

occurred during periods where allochthonous organic matter influx was at its greatest 

extent and were concurrent with elevated levels of terrestrial export of the nutrient P. 

This nutrient influx was sufficient to induce anoxia during periods when the lakes were 

likely well-mixed, as well as during arid periods when they were likely more stratified. 

The magnitude of allochthonous organic matter varied during each anoxia-inducing 

nutrient pulse, but the outcome was identical in each of the three cases discussed here. 

This suggests not only that land plant expansion was episodic in the drainage basin at 

Geanies, where periods of P mobilization and export were followed by periods of 

stability which lasted up to 300 kyr, but also each episode of plant expansion produced a 
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nutrient pulse of varying magnitudes that was sufficient to drive anoxia. While attribution 

of land plants as a causal factor in the Kačák Event is not possible based on analysis of a 

single lacustrine sequence, robust analyses of this type should be repeated elsewhere to 

further support or refute the connection of land plants with the Kačák Event and other 

extinction events within the Devonian. 
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CHAPTER 5. CONCLUSIONS AND FUTURE STUDY 

 

5.1. Land Plant Evolution as an Extinction Mechanism 

When embarking on this study, the goal was to attribute the evolution and 

expansion of land plants as an extinction mechanism for the biotic crises in the Mid-to 

Late Devonian, confirming the theory first suggested by Algeo et al. (1995). As is often 

the case in studies involving deep time, the results were not indisputably definitive. 

Investigations here into whether or not distinct phosphorus (P) weathering events 

occurred in the Devonian clearly reveal the existence of such events across space and 

time, from the Devonian Basin in East Greenland to the Orcadian Basin and from the 

Eifelian to the Famennian. Furthermore, at each study site internal lacustrine geochemical 

cycling was unexpectedly similar to that which occurs in modern lacustrine systems. 

Orbitally driven climatic changes provoked expected geochemical responses. And while 

it was hypothesized that land plant expansion was episodic (and the results presented here 

suggest that was indeed the case), it was not necessarily expected that their expansion 

would be tied to orbitally driven climate changes such as during the Kačák Event or 

initiated by atmospheric changes induced by large scale volcanism during the Kellwasser 

Event. Nevertheless, it appears that each regional expansion of land plants had an 

external catalyst. As already noted, extinction events are complex biological calamities 

and it is only on rare occasions in Earth’s past that a significant extinction event can be 

attributed to a single kill mechanism (i.e., the Cretaceous-Paleogene, or K-Pg, 

extinction). While geochemical modeling revealed that the measured P export recorded at 

Heintzbjerg during the Kellwasser Event was sufficient to cause widespread anoxia when 
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scaled globally, the timing disparity between the initiation of the extinction pulses and the 

P weathering pulses would seem to rule out land plant expansion as a sole kill 

mechanism. Certainly in the case of the Kellwasser Event, the extinction pulses were a 

timely combination of factors, with nutrients mobilized from land plant expansion 

perhaps delivering the geochemical coup de grâce. It would seem likely that each of the 

Devonian marine extinctions were similarly multifaceted. This would be a reasonable 

conclusion were it not for the fact that the Kellwasser Event was a massive extinction and 

considered one of the “Big Five” in the Paleozoic. Perhaps an event of that magnitude 

required multiple vectors to achieve criticality, but that does not necessarily have to be 

true for smaller extinctions such as the Choteč, Kačák or Taghanic extinctions. Thus, 

while this body of work provides strong evidence implicating land plants in the biotic 

crises of the Devonian, it does not establish them as a definitive extinction mechanism 

and leaves still more questions that will require further investigations. 

 

5.2. Future Study 

This project has shown the viability of using lacustrine analyses to track terrestrial 

nutrient export. This has implications for numerous scientific questions in deep time, but 

more immediately, provides a blueprint for others to repeat this study design in other 

locations to address the root hypothesis regarding land plant involvement in Devonian 

biotic crises. While analyses here were conducted at multiple sites at varying geographic 

locations, the sole focus on Euramerica is an unfortunate limitation. Additional lakes 

from Gondwana and sites in Russia and China would allow global comparison and 

perhaps provide crucial supporting evidence to the hypotheses advanced here.  
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While the study design presented here is geochemically robust, no study can be 

considered perfect in its design or considerations. While total P has been effectively 

combined with other proxies to make a strong case for land plant derived nutrient 

weathering events, the addition of sequential extraction techniques to determine the 

relationship between various P fractions would allow further analysis of P source and 

behavior. For example, during the early stages of landscape evolution, it would be 

expected that the dominant form of P weathered from terrestrial landscapes would be the 

mineral phase and as landscapes stabilize, the readily available mineral form would be 

used up and a transition to organic and occluded forms would take place (Filippelli, 

2002). Sequential extraction could be utilized in the lakes studied here to further support 

the conclusions reached and of possible, should be used in future studies. Along the same 

lines, there are some shortcomings to utilizing total nitrogen (N) as an approximation for 

organic N (see Ch. 4). These shortcomings introduce uncertainty regarding interpretations 

of the C/N ratios presented here. Future studies should endeavor to determine organic N 

for use in C/N ratios in lieu of total N. 

Finally, throughout the course of this project it became apparent that some sample 

sequences were far more valuable than others. In general, the most extensive sequences 

were the most informative. This was not universally the case, however, as the Hoxa Head 

sequence spanned 2.1 Myr and lacked an obvious P weathering event and the Ella Ø 

sequence spanned just 100 kyr and captured a significant P weathering event. Future 

studies would benefit from adopting a broad sampling strategy which would ideally cover 

a continuous sequence with > 800 kyr worth of record. This would be advantageous for a 

number of reasons. First, the longer the sequence, the more likely the analyst is to capture 
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a nutrient event (though it is still possible to miss it entirely as was the case at Hoxa 

Head). Second, 800 kyr is approximately two long eccentricity cycles. This would most 

easily allow the identification of Milankovitch driven climatic fluctuations. A corollary 

benefit is that future investigators would be able to use astrochronology in order to 

establish a relative age of the sequence and thus determine sedimentation and P 

accumulation rates. This would only truly be possible with the Hoxa Head and 

Heintzbjerg sequences presented here. The duration of Ella Ø was insufficient to capture 

the long eccentricity modulations, Hegglie Ber was not continuous nor was it long 

enough to capture the long eccentricity modulations and Genies was not continuous. 

Combining the three suggestions presented above would address the limitations of 

the current body of work whilst furthering the Algeo et al. (1995) hypothesis. By 

addressing these shortcomings, it is this author’s opinion that we will finally be able to 

definitively determine whether land plants initiated the Choteč, Kačák and Taghanic 

extinctions. 
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APPENDIX A: ELEMENTAL CORRELATIONS BY SAMPLE LOCATION AND LAKE CYCLE 

Lake/ 
Section 

n P vs Ti P vs Al P vs Fe P vs Ca P/Ti vs Corg P/Ti vs 
P Accum. Rate 

Ti vs Al 

Geanies  
20 3 -0.998, 0.0401 +0.212, 0.864 +0.090, 0.9429 -0.652, 0.5480 -0.836, 0.3698 +0.993, 0.0244 +0.897, 0.2909 
19 10 +0.768, 0.0095 +0.804, 0.005 +0.876, 0.0009 -0.840, 0.0024 +0.751, 0.0124 -0.058, 0.8737 +0.951, <0.0001 
18  7 +0.402, 0.3717 +0.728, 0.0636 +0.730, 0.0626 -0.563, 0.1880 +0.571, 0.1803 -0.0242, 0.6015 +0.594, 0.1599 
17 9 +0.643, 0.0618 +0.841, 0.0045 +0.949, <0.0001 -0.063, 0.8723 +0.016, 0.9664 -0.0174, 0.6550 +0.366, 0.3332 
16 19 +0.779, <0.0001 +0.624, 0.0043 +0.620, 0.0047 -0.232, 0.3402 +0.350, 0.1455 +0.047, 0.8491 +0.964, <0.0001 
15 6 +0.973, 0.0011 -0.356, 0.4884 -0.376, 0.4624 +0.240, 0.6480 +0.591, 0.2163 +0.257, 0.6234 +0.930, 0.0082 
14 24 +0.627, 0.001 +0.819, <0.0001 +0.866, <0.0001 -0.333, 0.1122 +0.258, 0.2229 -0.027, 0.9005 +0.670, 0.0004 
13  6 -0.451, 0.3694 +0.656, 0.1573 +0.097, 0.8555 +0.273, 0.6005 +0.212, 0.6863 +0.428, 0.3977 +0.830, 0.0433 
12 19 +0.586, 0.0083 +0.771, 0.0001 +0.569, 0.0111 -0.920, 0.6005 -0.345, 0.1487 +0.188, 0.4410 +0.941, <0.0001 
11 17 -0.002, 0.9946 +0.311, 0.224 -0.217, 0.4036 -0.620, 0.0083 -0.067, 0.7985 +0.386, 0.1261 +0.707, 0.0015 
10 17 +0.839, <0.0001 +0.875, <0.0001 +0.826, <0.0001 -0.981, <0.0001 +0.037, 0.8891 -0.513, 0.0353 +0.963, <0.0001 
9 14 +0.953, <0.0001 +0.917, <0.0001 +0.740, 0.0011 -0.981, <0.0001 -0.316, 0.2325 -0.569, 0.0216 +0.990, <0.0001 
All 151 +0.768, <0.0001 +0.657, <0.0001 +0.624, <0.0001 -0.560, <0.0001 +0.132, 0.1029 -0.284, 0.0004 +0.920, <0.0001 
         
Hoxa Head  
38 5 -0.223, 0.7184 +0.828, 0.0835 -0.677, 0.2093 -0.916, 0.0289 -0.914, 0.0300 +0.654, 0.2314 +0.845, 0.0717 
37 2 N.A.† N.A.† N.A.† N.A.† N.A.† N.A.† N.A.† 
36 2 N.A.† N.A.† N.A.† N.A.† N.A.† N.A.† N.A.† 
35 5 0.446, 0.4513 +0.601, 0.2841 +0.421, 0.4807 -0.817, 0.0915 -0.030, 0.9617 +0.417, 0.4851 +0.847, 0.0704 
34 6 0.839, 0.0369 +0.783, 0.0655 +0.900, 0.0146 -0.434, 0.3903 +0.217, 0.6794 -0.657, 0.1564 +0.929, 0.0073 
33 10 -0.493, 0.1476 -0.064, 0.8515 +0.031, 0.9289 -0.383, 0.2457 -0.328, 0.3254 +0.626, 0.0394 +0.685, 0.0201 
32 9 -0.382, 0.31 +0.608, 0.1101 +0.814, 0.014 -0.851, 0.0074 -0.719, 0.0443 +0.802, 0.0166 +0.723, 0.0429 
31 7 -0.253, 0.5846 +0.446, 0.316 +0.544, 0.2067 -0.642, 0.1204 -0.881, 0.0089 +0.571, 0.1808 +0.704, 0.0774 
30 3 0.516, 0.6548 +0.434, 0.7141 -0.463, 0.6934 -0.928, 0.2429 -0.911, 0.2713 -0.266, 0.8283 +0.994, 0.0686 
29 5 0.027, 0.9653 +0.111, 0.8596 +0.281, 0.647 -0.104, 0.8678 -0.056, 0.9294 +0.167, 0.7883 +0.666, 0.2195 
28 10 0.149, 0.6809 +0.526, 0.1184 +0.582, 0.0779 -0.429, 0.2162 -0.710, 0.0215 +0.145, 0.6902 +0.780, 0.0078 
27 4 0.289, 0.7112 +0.976, 0.0239 +0.991, 0.0095 -0.952, 0.0485 +0.310, 0.6897 +0.881, 0.1194 +0.892, 0.1084 
26 2 N.A.† N.A.† N.A.† N.A.† N.A.† N.A.† N.A.† 
25 3 0.977, 0.1381 +0.992, 0.0799 +0.468, 0.6902 +0.959, 0.1827 +0.866, 0.3338 -0.899, 0.2885 +0.990, 0.0901 
24 12 0.269, 0.3983 +0.774, 0.0031 +0.878, 0.0002 -0.760, 0.0042 +0.022, 0.9454 +0.170, 0.5966 +0.448, 0.1445 
23 8 -0.043, 0.9199 -0.105, 0.8038 -0.247, 0.5555 -0.010, 0.9821 +0.291, 0.4852 +0.782, 0.0219 +0.823, 0.012 
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22 3 -0.987, 0.1028 -0.532, 0.643 -0.146, 0.9068 -0.137, 0.9124 -0.688, 0.5166 +0.988, 0.0997 +0.513, 0.6572 
21 4 0.446, 0.5543 +0.548, 0.4521 +0.681, 0.3186 +0.101, 0.8986 +0.187, 0.813 -0.286, 0.714 +0.950, 0.0500 
20 4 0.016, 0.984 +0.792, 0.2085 +0.934, 0.0661 -0.864, 0.1361 -0.584, 0.4165 +0.597, 0.403 +0.882, 0.1184 
19 5 0.606, 0.2787 -0.114, 0.8554 -0.468, 0.4263 +0.319, 0.6012 -0.352, 0.5614 -0.125, 0.8409 +0.411, 0.4917 
18 8 0.678, 0.0646 +0.900, 0.0023 +0.884, 0.0036 -0.800, 0.0172 -0.286, 0.4924 -0.084, 0.8438 +0.950, 0.0003 
All 117 -0.007, 0.9363 +0.197, 0.0335 +0.249, 0.0068 -0.300, 0.001 -0.086, 0.3555 +0.415, <0.0001 +0.781, <0.0001 
         
Ella Ø  
1 13 +0.016, 0.9588 +0.510, 0.0751 +0.660, 0.0140 +0.640, 0.0189 +0.320, 0.2921 +0.800, 0.0010 +0.870, <0.0001 
         
Hegglie Ber  
3 1 N.A.† N.A.† N.A.† N.A.† N.A.† N.A.† N.A.† 
2 4 -0.530, 0.4709 -0.640, 0.3599 +0.504, 0.4964 +0.370, 0.6335 +0.970, 0.0298 +0.932, 0.0682 +0.970, 0.0339 
1 4 -0.212, 0.7878 -0.331, 0.6690 +0.506, 0.4936 -0.300, 0.7010 +0.099, 0.9012 +0.430, 0.5835 +0.820, 0.1834 
All 9 -0.467, 0.2054 -0.552, 0.1232 -0.070, 0.8575 -0.503, 0.1680 +0.921, 0.0004 +0.880, 0.0018 +0.983, <0.0001 
         
Heintzbjerg  
Famennian 27 +0.238, 0.2326 +0.352, 0.0716 +0.478, 0.0116 -0.540, 0.2874 +0.484, 0.0106 * +0.872, <0.0001 
UKW 40 -0.107, 0.5094 -0.194, 0.2304 -0.078, 0.6310 +0.014, 0.9300 -0.200, 0.2167 +0.142, 0.4467 +0.500, 0.0013 
Midnatspas 21 -0.440, 0.0457 +0.120, 0.6033 +0.370, 0.0991 -0.220, 0.3376 -0.365, 0.2167 -0.491, 0.0239 +0.805, <0.0001 
LKW 17 -0.163, 0.5311 -0.248, 0.3379 -0.380, 0.1374 +0.196, 0.4513 +0.165, 0.5272 * +0.919, <0.0001 
All 105 -0.104, 0.2907 -0.101, 0.3061 +0.025, 0.8000 -0.061, 0.4513 +0.021, 0.8305 +0.270, 0.0566 +0.690, <0.0001 
    Note: Correlations noted as r values (+/-) followed by P-value performed for each lake cycle, or significant division within 

the sample set in the case of Heintzbjerg, as well as for the sequence. 
 

    * P accumulation rate could not be calculated for this portion of the sequence.  
    † N.A. denotes lakes where correlation was not possible due to insufficient data points.  
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APPENDIX B: PHOSPHORUS ACCUMULATION RATES 

 Sed. Rate 
(cm kyr-1) 

P Accum. Rate 
(µmol cm-2 kyr-1) 

Notes 

Heintzbjerg, Greenland 
(Famennian) 

219-250 393-2,075 Post-UKW landscape 
stabilization. 

Heintzbjerg, Greenland 
(UKW) 

218-239 692-5,700 UKW nutrient pulse (warm/wet, 
possibly high CO2 climate). Land 
plant spread/proliferation. 

Heintzbjerg, Greenland 
(Midnatspas) 

14-109 28-532 Stable landscape (arid climate). 

Heintzbjerg, Greenland 
(LKW) 

11-206 64-1,540 LKW nutrient pulse (warm/wet 
climate). Episodic land plant 
spread/spread in drainage basin. 

Anderson Pond, 
Tennessee, U.S.A. 
(stabilized landscape)  

 
N/A 

100 Mature/stable landscape 
analogue. 

Anderson Pond, 
Tennessee, U.S.A. 
(post-glacial retreat)  

 
N/A 

3,800 Terrestrial nutrient pulse 
following plant colonization. 
Young landscape analogue.   

Jackson Pond, Kentucky, 
U.S.A. 
(stabilized landscape)  

 
N/A 

200 Mature/stable landscape 
analogue. 

Jackson Pond, Kentucky, 
U.S.A. 
(post-glacial retreat)  

 
N/A 

1,700 Terrestrial nutrient pulse 
following plant colonization. 
Young landscape analogue.   

Dry Lake,  
California, U.S.A 
(stabilized landscape)  

 
N/A 

200 Mature/stable landscape 
analogue. 

Dry Lake,  
California, U.S.A (post-
glacial retreat)  

 
N/A 

7,000-11,000 Terrestrial nutrient pulse 
following plant colonization. 
Young landscape analogue. 

St. Lawrence  
Seaway 

200 1,100-8,000 Comparable to Heintzbjerg UKW 
interval. Likely heavily 
influenced by detrital nutrient 
flux. Likely impacted by modern 
anthropogenic nutrient loading. 

North Carolina  
Margin 

60 810-830 Comparable to Heintzbjerg 
Midnatspas interval.  Reflective 
of generally stable/mature 
landscape. 

Peru Margin 160-360 770-1800 Comparable to Famennian 
interval. Reflective of generally 
stable/mature landscape. 
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Data from Heintzbjerg compared with Holocene and modern analogues with 

respect to sedimentation rate (where available) and phosphorus accumulation rate. The 

Heintzbjerg data is divided into four sections: LKW, Midnatspas, UKW and Famennian. 

The LKW and UKW are considered “young” landscapes (newly colonized by land plants 

and are analogous to the post-glacial retreat landscapes at Anderson Pond, Jackson Pond 

and Dry Lake (Filippelli and Souch, 1999). The Midnatspas and Famennian sections are 

considered stable landscapes and are thus comparable with mature/stable Holocene 

landscapes at Anderson Pond, Jackson Pond and Dry Lake. St. Lawrence Seaway, North 

Carolina Margin and Peru Margin (Filippelli, 1997) are modern examples with varying 

sedimentation rates and phosphorus accumulation rates used to illustrate that the range of 

Devonian values is not unprecedented in either modern or Holocene analogues. 
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