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 The rare earth elements (REEs) have been established as powerful tracers for a 

range of physiochemical processes occurring in the natural environment.  They also hold 

significant economic importance as many technological advancements are reliant upon 

the REEs for their unique magnetic, luminescent, and electrochemical characteristics.  In 

sedimentary settings, understanding the cycling of the REEs is necessary to fully evaluate 

the application of the REEs as geochemical tracers and to understand the individual 

factors that may influence the magnitude and signature of REE accumulations.  The 

association of the REEs with the major element cycles of iron (Fe) and phosphorus (P) 

have been extensively studied in modern sedimentary environments, but there remain 

uncertainties on the long-term accumulation and signature of the REEs.  In particular, our 

knowledge of how the preserved record of the REEs in ancient marine black shales is 

derived from the cycling of REEs observed within modern sediments remains unclear.  

For these marine black shales, this gap in our knowledge has important ramifications for 

the potential use of the REEs as geochemical tracers of processes such as groundwater 

flow or hydraulic fracturing activity as well as the potential sourcing of REEs for 

economic extraction.  In this dissertation, I attempt to refine our understanding of REE 

accumulation in ancient black shales, and how the original signals of the diagenetic 

cycling of REEs may be preserved, by using sequential extraction techniques to isolate 

individual reactive components in the sediments.   



 

 

 Based on documented associations of the REEs and authigenic phosphate 

minerals in sedimentary systems, I first investigated the preserved record of P in two 

ancient black shales to unravel the environmental parameters that lead to the 

sequestration of P as carbonate fluorapatite (CFA) (Chapter 2).  This authigenic mineral 

form is considered the main sink term of reactive P from the marine system, and the 

preserved record of CFA and other components of the P system may help understand the 

cycling of P during the deposition of these ancient black shales.  Using the preserved 

signals of P cycling in the individual components of the P system of the ancient black 

shales, I estimated paleo-benthic P fluxes to evaluate how the sedimentary cycling of P 

may have impacted the nutrient delivery to the depositional basin.  During the deposition 

of the Marcellus black shale formation in the Devonian Appalachian Basin, I estimated 

paleo-benthic inputs of P from the depositional area of the formation that were within the 

ranges of P delivered from large river systems such as the pre-anthropogenic Mississippi 

and Mackenzie rivers.  These estimates suggest that a return flux of P from the sediments 

could have been a significant source of nutrients to the basin and provide support for a 

positive feedback mechanism suggested for epeiric, anoxic basins where a benthic flux of 

P could help stimulate primary productivity in the surface, leading to a greater drawdown 

of oxygen in deeper waters, and helping to maintain anoxic conditions in the basin that 

may enhance organic matter preservation. 

 In the next chapter, I add in the signals of the sedimentary REE cycle preserved in 

ancient black shales in association with the preserved components of the P cycle (Chapter 

3).  In addition to the two blacks shales analyzed in Chapter 2 for the individual 

components of the P system, I analyzed the whole-rock REE content of black shales 

ranging in age from Jurassic to Devonian and representing a range of depositional 

environments.  In these black shales, authigenic carbonates and fluorapatites hosted the 

majority of the REEs in sediment intervals with active authigenic mineral formation. 

Based on published relationships between REEs in diagenetic coatings and pore waters in 

modern sediments, I inferred from the preserved REE patterns of authigenic phases in 

black shales that the recorded signature reflects diagenetic zonation, where middle REE-

enrichments might record the signal of Fe-(oxyhydr)oxide dissolution and heavy REE-



 

 

enrichments might record the later diagenetic signal of methanogenesis.  In sedimentary 

intervals where authigenic phases were not prevalent, which represents the majority of 

the black shale samples investigated, the REE signal was determined by remnant organic 

matter hosting the light REEs and siliciclastic material hosting the heavy REEs.  

Although these samples resembled typical globally average shale patterns of the REEs, a 

closer inspection of the components of the REE system suggest that average values of 

shale may be an amalgamation of different REEs phases.  

 While the connections between the cycling of P and the REEs have been 

investigated in Chapters 2 and 3, the connections with the cycling of Fe, which have also 

been demonstrated to strongly influence the REEs, are absent due to the labile nature of 

the reactive Fe components that are not preserved in the black shales.  Thus, in the final 

chapter of the dissertation, I describe the REE content measured in reactive Fe and P 

phases from modern sediments near the island of South Georgia (sub-Antarctic) that 

receive a large input of reactive Fe through glacial output (Chapter 4).  Despite this large 

input of reactive amorphous Fe-(oxyhydr)oxide phases, the majority of the REEs 

measured in the sediments were hosted in refractory siliciclastics, with less than 15 % of 

the REEs in labile (extractable) phases.  The low sedimentary REE pool associated with 

the labile amorphous Fe phase likely reflects deposition under a very shallow (< 300 m) 

water column that precludes scavenging of REEs from seawater.  This inference is 

consistent with measurements I performed on the dissolved REEs in the water column at 

South Georgia, that show relatively lower concentrations compared to deeper waters in 

the Southern Ocean that experience greater degrees of particulate scavenging.  For the 

REEs that were measured within the labile amorphous Fe and P phases, however, I found 

that the fidelity of the preserved REE record is also impacted by the ability of the REEs 

to transfer from labile phases to more permanently stable mineral phases.  With 

increasing sediment depth, the REEs demonstrated a transfer from relatively amorphous 

phases of Fe-(oxyhydr)oxides to more crystalline carbonate components of the sediments, 

preserving a characteristic middle-REE-enrichment of Fe-(oxyhydr)oxides.  Additionally, 

the REEs also showed a transfer from more labile, amorphous forms of Fe-



 

 

(oxyhydr)oxides such as ferrihydrite/lepidocrocite into more crystalline forms such as 

goethite/hematite phases with depth. 

 Collectively, the chapters of this dissertation describe the formation of REE 

signatures from the initial signals of diagenesis in marine sediments to the preserved 

record observable today in ancient marine black shales.  The major element cycles of Fe 

and P strongly influence the cycling of REEs both in the origination of REE signatures 

(e.g., middle-REE-enrichments from Fe-(oxyhydr)oxides) and preservation of diagenetic 

signals (e.g., middle- to heavy-REE-enrichments in authigenic carbonates and 

fluorapatites).  The insights learned about REE accumulation in marine black shales, 

which I present in this dissertation might potentially assist in evaluating which phases of 

the black shales are accessed during groundwater or hydraulic fracturing studies as well 

as guiding targets for potential REE extraction. 
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Chapter 1 Introduction 

 The fourteen naturally occurring elements of the lanthanide series, known as the 

rare earth elements (REEs), have long been recognized as potentially powerful tracers for 

a wide range of physical, chemical, and biological processes in the modern environment, 

documenting groundwater mixing (e.g., Johannesson et al., 1997a, 1997b), depositional 

environments (e.g., Murray et al., 1990), redox conditions in the oceans (e.g., Sholkovitz 

and Schneider, 1991; Wright et al., 1987), and deep-water ocean circulation (Frank, 

2002; Goldstein and Hemming, 2003), among numerous other applications (e.g., Laveuf 

and Cornu, 2009).  The REEs are not only useful as biogeochemical tracers in academic 

pursuits, but they are also strategically important resources in economic and 

technological endeavors as well (Humphries, 2013; Long et al., 2012).  As such, there has 

been a renewed interest in utilizing REE distributions in ancient marine black shale 

deposits, themselves a valuable resource for natural gas and oil, following three lines of 

enquire: 1. the characterization of the depositional setting that leads to the formation of 

organic-rich black shales (e.g., Abanda and Hannigan, 2006; Pi et al., 2013; Schroder and 

Grotzinger, 2007); 2. the potential remobilization of the REE during exploitation of these 

ancient deposits as resources for natural gas and oil (e.g., Chermak and Schreiber, 2014; 

Noack et al., 2015); and, 3. understanding accumulation mechanisms of the REEs as the 

demands for these strategically important resources rapidly escalate in a modern, 

technologically dependent economy (e.g., Emsbo et al., 2015; Hou et al., 2015; 

Humphries, 2013; Long et al., 2012). 

 While our knowledge of the REE cycles in the marine environment has continued 

to evolve and advance, there are still significant gaps in our understanding of REE 

systematics, particularly pertaining to marine sediments and the release and sequestration 

of REE during early diagenesis.  Interpretation of such systematics within ancient settings 

is confounded further by a reliance on indirect inferences to mechanisms that may lead to 

the observed abundance and distribution of REE.  In this chapter I review the 

fundamental characteristics of REE that led to their utility as marine biogeochemical 

tracers, and the current state of our understanding on the main transport mechanisms of 
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REEs to the ocean, their cycling during early diagenesis, and finally, their potential 

sequestration within authigenic phases.  I outline some of the outstanding questions and 

the research conducted to address them, which is detailed in the following three chapters.  

In the last chapter I summarize the conclusions of this work, outline areas for future 

studies, and note challenges that need to be overcome to fully address such challenges. 

1.1 REE systematics in the marine environment 

 The REE comprise a coherent group of elements that share the same valence 

electron structure and exhibit similar chemical properties.  In the dissolved phase the 

REEs preferentially occur in their trivalent oxidation state, with notable exceptions in 

cerium (Ce) and europium (Eu), which can also exist in +4 and +2 oxidation states, 

respectively (Byrne and Sholkovitz, 1996; Elderfield and Sholkovitz, 1987; Elderfield 

and Greaves, 1982).  As atomic number increases across the series, there is a 

corresponding decrease in ionic radius that lead to subtle fractionations, with notable 

differences among the informally designated light (La, Ce, Pr, Nd), middle (Sm, Eu, Gd, 

Tb, Dy), and heavy (Ho, Er, Tm, Yb) mass REEs during physical, chemical, and 

biological processes.  Adsorption onto particulate surfaces are favored for the light REEs 

and decrease with atomic number (Alibo and Nozaki, 1999; Koeppenkastrop and De 

Carlo, 1992; Sholkovitz et al., 1999, 1994).  Conversely, complexation constants with 

dissolved species including carbonate, silicic acid, and organic acids are strongest for the 

heavy REEs and decrease with decreasing atomic number (Akagi, 2013; Byrne and Li, 

1995; Schijf et al., 2015).  The net effect of these differences in solution chemistry is that 

the light REEs have a stronger affinity to being adsorbed onto particles and removed 

from solution whereas the heavy REEs are more susceptible to being held in solution by 

complexing species. 

 In the oceans, the main delivery of the REEs was traditionally assumed to be 

continental weathering and input from rivers (Elderfield et al., 1990; Sholkovitz et al., 

1999).  Under the assumption of a dominantly continental-derived signal of the REEs, 

normalization of the dissolved concentrations of REEs in seawater to average continental 
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shale (Post-Archean Australian Shale) yields patterns that are characteristically enriched 

in the heavy REEs (Byrne and Sholkovitz, 1996; Elderfield and Greaves, 1982).  

Reversible scavenging onto particles by the light REEs and complexation of the heavy 

REEs with dissolved ligands are thought to drive this distribution pattern in the oceans 

(Byrne and Kim, 1990; Sholkovitz et al., 1994).  In the water column, the dissolved REEs 

display nutrient-like vertical profiles with lower concentrations in the surface that 

increase non-linearly with depth, an observation that has traditionally been explained by 

dynamic balances between particle adsorption and complexation with dissolved species 

(Byrne and Kim, 1990; Byrne and Sholkovitz, 1996; Elderfield et al., 1988).  Oceanic 

particles that scavenge the dissolved REEs in the surface waters and sink through the 

water column and are remineralized during their settling to the seafloor are thought to 

release these REEs back into solution (Akagi et al., 2011; Alibo and Nozaki, 1999; 

Sholkovitz et al., 1994).  More recently, however, multivariate analyses of dissolved REE 

concentrations in deep waters have demonstrated the greater influence from ‘pre-formed’ 

REE concentrations resulting from water mass mixing as opposed to physiochemical 

processes such as reversible particulate scavenging (Haley et al., 2014; Osborne et al., 

2015; Zheng et al., 2016).  Additionally, I have documented this observation of what 

appears to be conservative behavior of the REEs in the deep waters of the Canada Basin 

in the Arctic Ocean that do not reflect a reversible scavenging of particles (Yang and 

Haley, 2016).   

1.2 The role of sediments in the global marine REE budget 

 The cycle of the REEs does not end in the water column; the sediments also play 

a major role in regulating marine REEs (e.g., Abbott et al., 2015b; Du et al., 2016; 

Holser, 1997; Sholkovitz, 1990).  However, the mechanisms that define REE cycling 

within the sediments are still uncertain.  Interactions between seawater and the sediments 

on continental margins are attributed with influencing the concentrations and isotopic 

signature of neodymium (Nd) and providing a dominant source of Nd to the ocean, 

although these processes remain ambiguously defined (Arsouze et al., 2009; Lacan and 

Jeandel, 2005; Rempfer et al., 2011).  Pore water data and calculated benthic fluxes of the 



5 

 

REEs corroborate the impact of sedimentary processes on the global oceanic REE 

budget, suggesting that benthic fluxes can be significant, if not dominant, sources of 

REEs to the oceans under certain conditions (Abbott et al., 2015a).  Driving these 

observations is the diagenesis of organic matter in the sediments, which, along with Fe-

(oxyhydr)oxides, are the major carriers of REEs to the seafloor (Freslon et al., 2014; 

Sholkovitz, 1990; Toyoda et al., 1990).  Together with the formation of authigenic phases 

such as carbonates and phosphate minerals, these sedimentary phases are garnering 

significant attention as being vital components to understanding the sedimentary REE 

cycle. 

 Given the importance of the sediments, recent studies have focused on the 

diagenetic signatures of REEs in the pore waters and in easily leachable components of 

the sediments (Abbott et al., 2016; Du et al., 2016; Haley et al., 2004; Kim et al., 2012; 

Soyol-Erdene and Huh, 2013).  Of particular interest to the cycling of REEs are the 

cycles of Fe-(oxyhydr)oxides and authigenically-formed minerals such as carbonates and 

phosphate minerals, which have been demonstrated to act as sources and sinks for the 

REEs (Bright et al., 2009; Feng et al., 2009; Grandjean-Lécuyer et al., 1993; Rongemaille 

et al., 2011; Zhang et al., 2016).  Easily leachable Fe-Mn oxyhydroxides are major 

components of the sedimentary REE reservoir for the continental margin of Oregon and 

drive the cycling of REEs during early diagenesis (Abbott et al., 2016).  During reductive 

dissolution of Fe-(oxyhydr)oxides, pore water analyses document a characteristic middle 

REE enrichment (Haley et al., 2004; Kim et al., 2012).  This middle REE expression is 

also observed within precipitating authigenic phosphate minerals, suggesting the 

possibility of a link between the Fe, P, and REE cycles that, at present, needs to be 

further explored (Cruse et al., 2000; Kidder and Eddy-Dilek, 1994).  Phosphate minerals 

have also demonstrated a strong ability to accumulate the REEs, both during diagenetic 

alteration of bioapatite (e.g., Chen et al., 2015; Zhang et al., 2015) and within 

sedimentary phosphate deposits (e.g., Bright et al., 2009; Cruse et al., 2000; Emsbo et al., 

2015; Hou et al., 2015; Kidder and Eddy-Dilek, 1994).  Little is known, however, of the 

diagenetic coupling between the REEs and phosphorus cycles beyond the observations 



6 

 

within these long-term sequestration phases.  A more complete understanding of how the 

REEs, phosphorus, and iron sedimentary cycles are coupled under different 

environmental conditions is necessary to fully evaluate the impact of the sediments on the 

global marine REE budget.  Compounding this knowledge gap is the difficulty in 

assessing environmental conditions of ancient sedimentary sequences, which must be 

inferred through the use of paleoproxies. 

1.3 Research strategies 

 In this dissertation, I seek to address this incomplete understanding of the 

sedimentary cycles of the REEs with P and Fe in ancient black shale units, which have 

come to the forefront of the U.S. energy portfolio in the past decade as important 

resources of natural gas and oil (Alexander et al., 2011; Horsfield and Schulz, 2012; 

Kargbo et al., 2010).  These black shale units represent sedimentary sequences that 

deposited under conditions permissible for the accumulation and preservation of organic 

matter, conditions that most likely included reducing environments, relatively high 

productivity in the water column, and low input of siliciclastic material (Algeo et al., 

2004; Algeo and Ingall, 2007; Chen and Sharma, 2016; Sageman et al., 2003; Werne et 

al., 2002). 

 Before an assessment can be made on the cycling of the REEs with P in these 

ancient black shale units, though, the cycling of P itself for these ancient sequences must 

be evaluated.  A valuable technique in evaluating the sedimentary cycle of P is the 

sequential leaching approach (SEDEX) developed by Ruttenberg (1992) and modified by 

Anderson and Delaney (2000) that separates reactive and non-reactive fractions of P in 

the sediments.  In Chapter 2, I implemented a simple diagenetic model to de-convolve the 

dominant control in the long-term sequestration of CFA. Using this framework of CFA 

accumulation in modern sediments, I then turn to the ancient environment using black 

shale samples from the Marcellus Shale deposited in the Appalachian Basin during the 

Devonian and from three selected Hushpuckney intervals that span layers of phosphatic 

concretions in black shales deposited in the Late Pennsylvanian Mid-continent Sea.  
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While I found that the CFA component hosted the majority of the remaining reactive P in 

the Marcellus Shale, molar ratios of reactive P to organic C suggested that the cycling of 

P included a loss of reactive P from the sediments to the water column.  The 

Hushpuckney Shale, by contrast showed greater preservation of organic matter, with total 

organic C contents of approximately 20 - 30 wt%, and this remnant organic matter hosted 

the majority of the reactive P.  By estimating differences between the preserved P 

fractions measured and the amount of reactive P expected to be present from the organic 

C content, I estimated paleo-benthic inputs of P from the depositional area of the 

Marcellus to the Devonian Appalachian Basin.  These estimates yielded values of P input 

that fell within the range of P delivered from large river systems such as the pre-

anthropogenic Mississippi and McKenzie rivers (Briggs and Ficke, 1977; Meybeck, 

1982).  I inferred from these estimates that the paleo-benthic flux of P during the 

deposition of the Marcellus Shale could have provided a significant source of nutrients to 

the Devonian Appalachian Basin.  My interpretation of the P cycling in the Marcellus 

Shale is consistent with models of a positive feedback mechanism in epeiric, anoxic 

basins of benthic nutrient fluxes stimulating primary productivity in the surface 

stimulating oxygen drawdown in deeper waters and maintaining anoxic conditions (e.g., 

Ingall and Jahnke, 1997; Sageman et al., 2003). 

 Building on the results of P partitioning in ancient black shales, in Chapter 3 I 

report on whole-rock REE distributions in six black shales ranging from Devonian to 

Jurassic age.  For a subset of these samples, I applied the same sequential leaching 

approach to quantify REE distributions in the reactive and non-reactive phosphorus 

phases.  Results from these analyses document that authigenic phases, including CFA, 

carbonates, and other minerals, constitute important sinks for the REEs in sedimentary 

systems.  Environmental parameters that drive the formation of authigenic minerals can 

be reasonably expected to also impact the REE systematics.  In the absence of a 

significant authigenic mineral sink, the REE distribution is balanced between refractory 

organic matter and siliciclastic material.  Comparison with pore water data from the 

literature indicate that the REE sequestered within authigenic phases preserve 



8 

 

characteristic signatures of the REEs from the pore waters.  On the basis of these results, 

I developed a framework for the interpretation of the diagenetic cycling of REEs that can 

be used to assess preserved REE signals within other marine sedimentary units. 

 While attempting to reconstruct REE distribution in ancient sediments it became 

apparent that, even with information of REE partition among the various phases, to fully 

understand REE systematics during early diagenesis it is important to elucidate their 

behavior in modern systems, where pore water data can provide a corroborating basis for 

inferences on REE cycling based on the solid phase record.  In particular, pore water data 

coupled with Fe and P phases in the sediments is important to elucidate the linkage of Fe, 

P and REE cycles during early diagenesis and can only be evaluated within the modern 

environment.  In the ancient black shales that I previously focused on, the signal from 

reactive Fe phases in the sediments was overprinted and absent through the extensive 

reworking and diagenesis that these sedimentary sequences underwent.  Fe-

(oxyhydr)oxides, however, have been demonstrated to be important sources of the REEs, 

imparting a characteristic middle REE enriched pattern to the pore waters (Haley et al., 

2004; Kim et al., 2012).  Thus, in Chapter 4, I return to the modern environment to 

document the role of Fe on the cycling of the REEs.  I report on the REE distributions 

within sedimentary Fe and P phases from two locations offshore from South Georgia 

(sub-Antarctic) receiving a large input of reactive Fe from glacial runoff, that display 

distinct and contrasting patterns in Fe2+ concentrations in the pore waters (Geprägs et al., 

2016; Römer et al., 2014).  Despite a large input of reactive Fe, the majority of the REEs 

measured in the sediments were hosted in refractory siliciclastics, with less than 15 % of 

the REEs in labile (extractable) phases.  The low amounts of REE measured in this 

reactive, labile Fe component likely reflects the accumulation of sediments under a very 

shallow (< 300 m) water column that precludes particulate scavenging of REEs from 

seawater.  This inference is consistent with dissolved REEs measured in the water 

column at South Georgia that have elevated concentrations compared to open ocean 

Southern Ocean waters, reflecting a localized input of REEs and low particulate 

scavenging (German et al., 1995).   The REEs within the reactive Fe phases, however, did 
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display transfers of the REEs from labile, amorphous phases to more crystalline stable 

phases such as carbonates or crystalline Fe-oxides.  Additionally, transfer of a middle-

REE-enriched pattern from the labile, amorphous phases into the crystalline phases was 

also observed. 
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Chapter 2 Controls of authigenic CFA accumulation in ancient marine black shales and 

the implications for the cycling of phosphorus 
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2.1 Abstract 

 Understanding the processes that lead to deposition of organic-rich black shales 

necessitates an assessment of nutrient budgets that support primary productivity, and 

roles of the various environmental parameters that promote preservation.  Here we focus 

on unraveling the connection between cycling of phosphorus, formation of authigenic 

carbonate fluorapatite (CFA), and fluxes of P from the sediment in modern and ancient 

settings.  We measured different sedimentary components of the total P content using the 

SEDEX sequential extraction method in two ancient marine black shale units.  Within the 

Marcellus black shale formation, we observed the importance of the CFA phase in the P 

remaining in the system.  Investigating the influences on CFA further, we modelled the 

influence of sedimentation rate upon CFA formation for a typical black shale 

environment with low bottom water oxygen (< 1 µM) and high organic matter content (~ 

4 wt%).  The results of the model showed a power law decay relationship between 

sedimentation rate and CFA formation, supporting previous suggestions to the strong 

influence of sedimentation rate on the formation of CFA.  Comparisons of our modelled 

relationship with compiled data from modern sedimentary systems in the literature, 

however, reveal the complexity and variability introduced to the formation of CFA by 

other environmental factors such as oxidation-reduction potential, input of reactive P, and 

sediment re-working processes.  Within the black shale samples from the Marcellus Shale 

we also estimated a benthic flux of phosphorus during deposition of 50 - 350 µmol m-2 

yr-1.  Extrapolated across the depositional area of the Marcellus, the release rates of 

phosphorus from the sediments were estimated as 1 - 7 x107 mol yr-1, a range of values 

that is similar to those of phosphorus delivered by a large river system.  Our findings 

suggest that the benthic flux of nutrients in anoxic basins can be an effective positive 

feedback control for primary productivity and further validate established models of 

black shale deposition in epeiric basins. 
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2.2 Introduction 

Phosphorus is a major nutrient essential for primary productivity in the oceans 

and its availability exerts a control on the global carbon cycle.  The main removal term 

and regulator of phosphorus availability in the oceans is burial within the sediments.  

Because of the significance of this long-term sink, the factors that contribute to the 

overall retention of P in the sediments have been extensively investigated (e.g., Kraal et 

al., 2015; Ruttenberg and Berner, 1993; Schenau et al., 2005; Schenau and De Lange, 

2000; Slomp et al., 1996).  A valuable tool in constraining P-cycles in the modern 

environment is the sequential leaching approach developed by Ruttenberg (1992) and 

subsequently adapted and modified by Anderson and Delaney (2000) to quantify the 

separate sedimentary fractions of phosphorus.  Whereas the P-cycle in modern 

environments has been extensively investigated, there are sparse data available on the P-

partitioning in ancient shales that can be used to constrain sedimentary processes that 

regulated P availability in the past.   

Phosphorus is delivered to the sediments dominantly in the form of organic matter 

(phospholipids, amino acids, adenosine triphosphate, etc.) with minor contributions from 

riverine particle transport (detrital apatite), fish debris (biogenic apatite), and Fe-

(oxyhydr)oxides (e.g., Kraal et al., 2015; Ruttenberg and Berner, 1993; Schenau et al., 

2005; Slomp et al., 1996; Van Cappellen and Ingall, 1994).  Except for detrital apatite, all 

of these input terms contribute to the pool of ‘reactive P’, which represents the fraction of 

P that is labile and susceptible to remobilization in the sediments (Anderson and Delaney, 

2000).  The preferential degradation of labile organic compounds, such as phospholipids, 

that are rich in P leads to a release of P to the pore waters and an increase in the C:P ratio 

in the remaining organic matter above that predicted by the canonical Redfield values, 

typically around 106:1 (Ingall and Van Cappellen, 1990; Kolowith et al., 2001; Redfield, 

1963).  Anoxic conditions in the sediment may amplify the selective removal of P from 

organic matter by microbes that use phosphatases to remove phosphate and gain access to 

organic carbon (Ruttenberg and Berner, 1993; Slomp et al., 2013; Steenbergh et al., 

2011).  Once released to the pore waters, reactive P may then be diffusively lost from the 
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sediments to the bottom waters or sequestered into authigenic minerals when conditions 

are thermodynamically favorable for their precipitation (Reimers et al., 1996; Ruttenberg 

and Berner, 1993; Slomp et al., 2013).  Carbonate fluorapatite (CFA), with a generalized 

formula of Ca5(PO4)2.5(CO3)0.5F, represents the main authigenic mineral that sequesters 

reactive P in the sediments during early diagenesis, but other forms of authigenic 

minerals such as Fe(II)-P (e.g. vivianite) have recently been documented in methanogenic 

sediments (Dijkstra et al., 2016; Egger et al., 2015; Reimers et al., 1996; Ruttenberg and 

Berner, 1993; Slomp et al., 2013). 

The overall retention of P in the sediments, particularly the formation of 

authigenic minerals that sequester P, is contingent upon a number of environmental 

factors including the sedimentary oxidation-reduction potential, the accumulation rate of 

the sediment, and the input of reactive P to the sediment (e.g., Ingall and Jahnke, 1997; 

Ingall et al., 1993; McManus et al., 1997; Reimers et al., 1996).  These factors have been 

extensively discussed in the literature in the context of various depositional settings, but 

the picture of P cycling across basin- and ocean-wide scales remains inconsistent.  Within 

sediments in the Arabian Sea underlying oxygenated water columns, for example, the 

amount of reactive P present as CFA ranges from 6 - 42 % of total P (Babu and Nath, 

2005).  Within oxic sediments in the Baltic Sea, by contrast, CFA contents only reach 

from 8 - 13 % of total P (Mort et al., 2010).  Such discrepancies between depositional 

settings highlight the complexity and multitude of factors that may influence the 

sedimentary P cycle at a given location.  Linear sedimentation rates show a slightly more 

coherent story and has been suggested by some to be the control on phosphorus 

accumulation rates in ocean sediments (Filippelli, 1997; Krajewski et al., 1994).  In 

addition to the three major factors mentioned above, sediment reworking events such as 

winnowing are also thought to play a major role in P cycling, particularly for 

phosphogenic sediments where P accumulation rates are high, but are more difficult to 

quantify globally.  In the classic example of phosphogenic sediments off the coast of 

Peru, sediment re-deposition and winnowing processes are thought to be the primary 
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driver for the growth and accumulation of authigenic phosphate concretions to grow and 

accumulate (Froelich et al., 1988; Jaisi and Blake, 2010). 

Within ancient sedimentary black shale sequences, the evaluation of P cycling is 

further complicated by the necessity of using suitable proxies to infer depositional 

conditions.  Understanding the different components of the P system within black shale 

sedimentary units becomes important to constraining the past cycling of P, including the 

potential importance of a benthic source of P in anoxic, epeiric basins.  We utilized 

samples from a core covering the Marcellus Shale deposited in the Appalachian Basin 

during the Devonian period and samples from the Hushpuckney Shale deposited in the 

Late Pennsylvanian Mid-continent Sea that included phosphatic layers (Algeo et al., 

2004) (Fig. 2.1).  For these black shale samples, we measured the components of the total 

P system according to the conventional SEDEX sequential leaching approach of 

Ruttenberg (1992), which was developed to specifically isolate the different phases of 

sedimentary P including authigenic CFA.  From the P components in these ancient black 

shale units, we noted the relative importance of authigenic CFA as a host for the P 

remaining in reactive phases and developed a simple diagenetic model to explore the role 

sedimentation rate may play in the formation of authigenic CFA.  Our modelled results 

indicated that the amount of CFA formed in the sediments was negatively correlated with 

sedimentation rate and followed a power law decay relationship, supporting previous 

suggestions that sedimentation rate exerts a strong control on CFA formation (e.g., 

Filippelli, 1997; Krajewski et al., 1994).  We additionally compared these modelled 

results to data from modern sediments that utilized the SEDEX method to evaluate the 

overall impact of sedimentation rate on CFA formation (Fig. 2.2). 

Additionally, estimating the P that may have escaped sequestration into 

authigenic CFA for these black shale samples, we estimated the potential benthic flux of 

P to the Devonian Appalachian Basin and show that the benthic P flux could have 

provided nutrients to the water column that stimulated continued primary productivity, in 

a positive feedback mechanism analogous to that proposed by Ingall et al. (1993) and 

Sageman et al. (2003) for ancient epeiric seas.  Our results also serve to evaluate the 
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inference of Chen and Sharma (2016) that nutrient recycling and productivity exerted an 

important control on organic matter accumulation of the Marcellus shale. 

 

Figure 2.1: Paleogeographic reconstructions of the depositional basins for our two black 

shale sites (figures modified from Blakey (2013). On the left-hand side is the 

Appalachian Basin during the Middle Devonian (385 Ma), when the Marcellus Shale was 

deposited (gold star). On the right-hand side is the Mid-Continent Sea formed during the 

Late Pennsylvanian (300 Ma) when the Hushpuckney Shale was deposited (gold star). 
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Figure 2.2: Locations of the marine sediment studies (grey circles) and ancient black 

shale samples (orange triangles) considered in this study. Map created from GeoMapApp 

(Ryan et al., 2009). 

2.3 Methods 

2.3.1 Sequential leaching extractions 

The SEDEX sequential leaching procedure developed by Ruttenberg (1992) 

operationally isolates five different phases of the P system: easily-sorbed/reducible P 

(Pexch), P bound to Fe phases such as Fe-(oxyhydr)oxides (PFe), P sequestered within 

authigenic carbonate fluorapatite (PCFA), detrital apatite (Pdet), and refractory organic 

matter fractions (Porg) (Table 2.1).  Recognizing that in seawater systems, P will sorb to 

oxide surfaces rather than clays, Anderson and Delaney (2000) streamlined the first two 

steps of the procedure into a single step, and demonstrated that much of the adsorbed P 

will be adsorbed onto Fe-(oxyhydr)oxide surfaces.  Within this first step, in addition to P 

associated with Fe-(oxyhydr)oxides, the other phases include reduced Fe(II)-P minerals, 

fish debris, and carbonate associated P (Ruttenberg, 1992; Schenau and De Lange, 2000).  

Phosphorus in each extracted fraction as well as the bulk rock samples was measured on 
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a Leeman Prodigy ICP-OES.  Average analytical error for each phosphorus fraction 

ranged from 5 to 9% (1σ) (Appendix A1). 

Table 2.1: SEDEX extraction procedure from Ruttenberg (1992) and Anderson and 

Delaney (2000) 

  Step Name Chemical Procedure Volume/time Extracted Fraction 

Step 1 reducible 

0.22 M Na-citrate, 0.033 M Na-
dithionite, 1.0 M Na-bicarbonate 
(pH = 7.6) 10 mL/6 hr exchangeable/carbonate-

bound P, amorph. Ca-
phosphate, fish bones, 
Fe-bound P 

   1 M MgCl2 (pH = 8) 10 mL/2 hr 

   MQ water 10 mL/2 hr 

          

Step 2 authigenic 1 M Na-acetate, buffered (pH =4) 10 mL/2 hr 

authigenic carbonate 
fluorapatite 

   1 M MgCl2 (pH = 8) 10 mL/2 hr 

   MQ water 10 mL/2 hr 

          

Step 3 detrital 1 N HCl 13 mL/16 hr detrital apatite 

          

Step 4 organic 50% (w/v) MgNO3, 1 mL, dry at 80 °C   

organic P    ash at 550 °C  

    1 N HCl 13 mL/24 hr 

2.3.2 Ancient black shales 

We selected fifteen samples to undergo sequential extractions of sedimentary P 

fractions from the Whipkey State #1 core drilled by the Eastern American Energy 

Corporation, API number 3705924715 and previously studied by Chen and Sharma 

(2016).  The Whipkey Core is located in Greene Country, Pennsylvania (latitude: 

39.9235415, longitude: -80.0033923) and is curated by the West Virginia University 

Department of Geology and Geography.  The Marcellus Shale deposited in the 

Appalachian Basin, which formed as a retroarc foreland following the collision of the 

Laurentian plate with the Avalonian microplate during the Acadian Orogeny (Bruner and 

Smosna, 2011; Ettensohn, 1985; Faill, 1985).  Thrust loading created by this collision and 

orogenic activity led to the flexural deepening of the foreland basin and subsequent 

clastic infilling with material derived from the Acadian highlands (Brett and Baird, 1996; 
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Ettensohn, 1985; Faill, 1985).  Eustatic sea level is thought to have been on the rise 

concurrently with tectonic deepening of the basin (Brett and Baird, 1996; Ettensohn, 

1985; Faill, 1985).  Using U/Pb dating of zircon crystals in interbedded ash layers, 

Parrish (2013) calculated sedimentation rates for the basal organic-rich interval in the 

Marcellus Shale that ranged from 0.09 - 0.19 cm kyr-1.  Above the basal organic-rich 

interval, sedimentation rates reported by Parrish (2013) have greater variability (1.1 - 10 

cm kyr-1) but indicate that sedimentation rates may have increased throughout deposition 

of the upper intervals of the Marcellus Formation.  We analyzed our selected samples 

from the Whipkey core for total organic carbon, total nitrogen, and total phosphorus to 

contextualize our extracted P data with that of Chen and Sharma (2016).  Ground and 

powdered samples were analyzed for total carbon (TC), nitrogen (TN), and sulfur (TS) as 

well as total organic carbon (TOC) at the Korea Institute for Geologic and Mineral 

Resources (KIGAM), Daejeon, South Korea.  TC and TN were quantified on a LECO 

CHN900 and TS was analyzed on a LECO S144DR.  TOC was measured using a Rock-

Eval Turbo 6 in KIGAM, summing up the pyrolyzed carbon (PC) and residual carbon 

(RC) (Arthur et al., 1998; Lafargue et al., 1998). 

We also subjected three samples from the Hushpuckney Shale deposited in the 

Late Pennsylvanian Mid-continent Sea to the sequential leaching procedure.  The 

Hushpuckney shale located in present-day Kansas accumulated through repeated flooding 

caused by melting ice sheets and rising eustatic elevations (Algeo and Heckel, 2008).  At 

the time of deposition in the Late Pennsylvanian, the interior of North America in the 

Late Pennsylvanian was located at paleo-latitudes of 5-10 °N and had warm climates 

typical of the humid tropical belt (Parrish, 1993; Scotese et al., 1985).  The Midcontinent 

Shelf, which extended across Kansas and Missouri, was far from sources of coarse-

grained detrital siliciclastics and generally reflected a sediment-starved environment 

(Cullers, 1994; Ettensohn, 1992).  Sedimentation rates for the Hushpuckney Shale were 

estimated at 0.5 - 2.0 cm kyr-1 (Algeo et al., 2004).  The samples selected for sequential 

leaching included a sample with abundant phosphatic nodules present (Algeo et al., 2004; 

Algeo and Heckel, 2008; Algeo and Maynard, 2004). 
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2.3.3 Numerical simulation of P-cycling and CFA accumulation 

 To further de-convolve the P cycling in modern marine settings we constructed a 

simple diagenetic model for P cycling using the Crunchflow software package developed 

by Steefel et al. (2015).  The conditions of the model were set to simulate low oxygen (< 

1 µM), high organic matter content (TOC ~ 4 wt%) to represent the deposition of black 

shale sequences.  Additional details of the model parameters, input, and database files are 

given in Appendix A1.  Sedimentary organic matter was modeled with canonical 

Redfield ratios of 106:16:1 C:N:P, and degraded through microbial activity using a 

Monod scheme (Boudreau, 1997).  The full progression of oxidants used in microbial 

respiration from oxic respiration to methanogenesis was included to cover the range of 

depositional environments of the datasets considered in this study.  The enhanced 

removal of organic P during suboxic/anoxic diagenesis was modelled using a 

multiplicative factor applied to the release of organic P during sulfate reduction and 

methanogenesis following the methods of Tsandev et al. (2012). 

 The incoming flux of reactive P to the sediments was simulated using two main 

input functions: an organic P component implicit in the organic matter flux, and a 

component associated with Fe(OH)3.  We use a P:Fe ratio of 0.01 to parameterize the 

Fe(OH)3 component of the reactive P flux, based on empirical observations from Slomp 

et al. (2002).  The re-precipitation of Fe-(oxyhydr)oxides in the oxic/sub-oxic transition 

was also included to implement this re-capture mechanism for reactive P in the sediment.  

Authigenic CFA was considered to be in the form of  Ca5(PO4)2.5(CO3)0.5F and its 

precipitation governed by the rate law of Lasaga (1984, 1981) and Aagaard and Helgeson 

(1982).  Authigenic CFA precipitation was limited to sedimentary zones where the 

conditions for saturation in the pore waters (log(K/Q) > 0) were met.  Sedimentation rates 

were varied from 0.34 - 2,500 cm/kyr holding all other parameters constant to evaluate 

the concomitant expression on the amount of CFA formed within the sediments.  

Transport of dissolved species in the pore waters were limited to diffusive fluxes, with 

advective forces through compaction processes assumed to be negligible (Appendix A1). 
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2.4 Results 

2.4.1 Solid phase P partitioning in ancient black shales 

 We compared data measured in our samples with the higher resolution studies of 

Chen and Sharma (2016) to contextualize the geochemical environment of our samples 

prior to reporting the individual components of the P system (Fig. 2.3).  Within the 

Marcellus Formation, we sampled three depths from organic-rich units 1 and 2 with a 

TOC content of 5.5 - 6.2 wt% and higher content of Mo of ~ 100 - 150 µg/g, which are 

characterized by dominantly anoxic conditions inferred from the higher content of Mo 

(Chen and Sharma, 2016).  Overlying this organic-rich interval, we sampled four depths 

from the less organic-rich unit 3 that had lower TOC content of 2.0 - 3.7 wt% and lower 

Mo content of 44 - 93 µg/g, signifying redox conditions that might have oscillated 

towards suboxic conditions (Chen and Sharma, 2016).  The remainder of the samples are 

from the overlying Mahantango Shale, which include two limestone samples with 75 - 90 

wt% CaCO3, and the underlying Onondaga Limestone units with variable TOC content. 

 

Figure 2.3: Depth profiles of background geochemical data for the Whipkey Core. 

Stratigraphic unit assignments, lithology, and delineation of organic-rich (Units 1 and 2) 
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and less organic-rich (Unit 3) intervals are from Chen and Sharma (2016). Data from 

Chen and Sharma (2016) also plotted for comparison where available. 

Within the organic-rich units of the Marcellus Formation deposited under 

alternating suboxic/anoxic conditions, total P averages 9 µmol/g and is dominantly 

composed of authigenic CFA, 56%, and detrital apatite, 40 %, and a smaller contribution 

from remnant organic matter, 7 %, in one sample (Fig. 2.4).  The TOC content of this 

interval averages 6 wt% and Corg:Preact ratios average 550 (Fig. 2.3).  The less organic-

rich unit of the Whipkey Core also has a low total P content of 6 µmol/g, and is 

comprised mainly of authigenic CFA (52 %) and Porg (17 %).  The Corg:Preact ratios in the 

less organic-rich section are lower than the organic-rich section, but still average 

approximately 400.  The limestone samples from the overlying Mahantango Shale have 

the highest total P contents of the core, averaging 15 µmol/g.  Over 95% of this P is 

found as authigenic CFA, and the Corg:Preact ratio is approximately 19. 

 

Figure 2.4: Depth profiles of sedimentary P fractions within the Whipkey Core. Dotted 

vertical lines denote the method detection limits and open circles denote samples that 

were below detection. 

Our values for TOC, Corg:Ntot, and Corg:Ptot ratios in the Whipkey Core are 

consistent with those reported previously (Chen and Sharma, 2016).  However, through 
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the extraction of P in different phases, we report a Corg:Preact ratio that considers only the 

reactive fractions of P (‘reducible’, organic, and authigenic fractions) and disregards non-

reactive fractions not involved in active P cycling (detrital apatite).  In the Whipkey Core, 

detrital apatite can account for a significant portion of the total P leading to potential 

underestimates of the amount of P preserved or sequestered in authigenic phases.  The 

lowest values for Corg:Preact ratios occur in the limestone samples of the Mahantango 

Shale with ratios of 14 and 26 (Fig. 2.3).  The highest values occur within the organic-

rich units reaching up to value of 1200 and these values are generally consistent with 

observations of Corg:Ptot by Chen and Sharma (2016).  The rest of the samples in the 

Whipkey Core are highly variable in their Corg:Preact ratios, ranging from 175 - 800. 

 The black shale samples selected from the Hushpuckney Shale are characterized 

by high Corg content, ranging from 20 - 30 wt%, and, in samples where discrete phosphate 

nodules were observed, high total P contents of 370 µmol/g (Appendix A1).  

Correspondingly, the fraction of P located within the remnant organic matter is high, 

accounting for 74 - 80% of the total P (Fig. 2.5).  The PCFA fraction accounts for only 20 - 

26% of the total P.  In the phosphatic layer of the Hushpuckney with high total P content, 

however, the Corg:Preact ratio is low, with a value of 44.  Within the black shale layers of 

the Hushpuckney Shale, the ratio is approximately 430. 
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Figure 2.5: Sedimentary P fractions as a % of total P content from the Marcellus and 

Hushpuckney Shales. Marcellus shale samples are grouped by samples from the organic-

rich, less organic-rich, and limestone layers from the Mahantango Shale. Hushpuckney 

Shale samples are separated by samples from a phosphatic layer and black shale samples. 

2.4.2 Diagenetic Modelling of CFA formation 

 Results from the diagenetic model are presented in Figure 2.6, including the 

modelled pore water profiles of dissolved O2, Fe2+, SO4
2-, CH4, and HPO4

2-.  Dissolved 

oxygen is consumed rapidly within the upper centimeters of the sediment column.  The 

sulfate/methane transition zone (SMTZ) is present lower in the core.  Saturation 

conditions for CFA formation were met within the upper layers of the sediment column, 

and the simulations were allowed to run for a sufficient time for steady-state conditions 

with respect to CFA formation to be reached.  Within the solid phase, the amount of P 

sequestered in authigenic CFA decreased rapidly with increasing sedimentation rate.  The 

modelled percentage of P sequestered as CFA followed a power law decay relationship 

with sedimentation rate (Fig. 2.7).  The average sedimentation rate and amount of CFA 

formed in the Marcellus Shale (maroon star) falls along this modelled relationship.  

Comparatively, the average sedimentation rate and CFA formed in the Hushpuckney 

Shale samples (green star) falls below the modelled relationship. 
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Figure 2.6: Modelled results for dissolved species in the pore waters (left) and the amount 

of P formed as CFA (right).  

 

Figure 2.7: Modelled relationship between sedimentation rate and percentage of P hosted 

as CFA. The average measured values for the Marcellus (yellow star) and Hushpuckney 

(green star) shales are shown. Ranges of sedimentation rates and PCFA percentages 

compiled from the literature are shown as the colored shaded regions for comparison. 
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Where available, data from oxic settings are shown with diagonal lines, whereas anoxic 

settings are shown as solid areas. Data are from (1) Arabian Sea (Babu and Nath, 2005; 

Kraal et al., 2015; Schenau et al., 2000, 2005), (2) Saanich Inlet (Filippelli, 2001), (3) 

Oman Margin (Federica Tamburini et al., 2003), (4) South China Sea (F. Tamburini et 

al., 2003), (5) Tomales Bay, CA (Vink et al., 1997), (6) Baltic Sea (Jilbert and Slomp, 

2013; Mort et al., 2010; Virtasalo et al., 2005), (7) Santa Barbara Basin (Sekula-Wood et 

al., 2012), (8) Black Sea (Dijkstra et al., 2014), (9) North Atlantic (Slomp et al., 1996b), 

(10) East Mediterranean Sea (Slomp et al., 2004), (11) Equatorial Pacific (Filippelli and 

Delaney, 1996), and (12) Peru Margin (Jaisi and Blake, 2010). 

2.5 Discussion 

2.5.1 Environmental drivers of CFA formation in sedimentary environments 

To contextualize the results of our model, which considered the effects of 

sedimentation rate on the amount of CFA formation in isolation from other 

environmental variables, we compare our modelled results to data from the literature of P 

cycling in modern sedimentary environments (Fig. 2.7).  The range of sedimentation rates 

and CFA formation in the modern settings taken from the literature vary considerably 

and, although our modelled relationship impinges through the ranges of a majority of 

these settings, sedimentation rate alone cannot explain the variability in the amount of 

CFA formed.  This mismatch between the modelled results and observed data is true also 

for the ancient black shale sequences, where the average Marcellus Shale values agreed 

with the modelled relationship while the average Hushpuckney Shale values diverged.  

However, such a mismatch between the observed data and the modelled relationship is to 

be expected, given that the model detailed the relationship between CFA formation and 

sedimentation rate in the absence of other confounding factors for a ‘typified’ black shale 

deposition with low bottom water oxygen and high organic carbon content.  While the 

model does lend support for prevailing theories that sedimentation rate is a strong control 

on the formation of CFA (e.g., Filippelli, 1997; Krajewski et al., 1994), within the natural 

environment, and the compiled dataset, other factors such as oxidation-reduction 

potentials, influx of reactive P, and sediment reworking events could all play a factor in 

the sedimentary P cycle (e.g., Filippelli and Ruttenberg, 1997; März et al., 2008; 

Ruttenberg, 1990; Schenau et al., 2005). 
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For marine black shale units, highly reducing conditions play an important role in 

the preservation of organic matter (e.g., Arthur and Sageman, 2004; Sageman et al., 

2003; Tourtelot, 1979).  The Marcellus Shale samples investigated here, for example, 

deposited under largely reducing conditions that likely oscillated between anoxic and 

suboxic conditions inferred from variabilities in trace metal content (Chen and Sharma, 

2016).  The impacts of differing oxidation-reduction potentials upon the sedimentary 

cycling of P have been well documented (e.g., Algeo and Ingall, 2007; Colman and 

Holland, 2000; Filippelli, 1997; Föllmi, 1996; März et al., 2008; Schenau et al., 2005; 

Tsandev et al., 2012).  The presence of oxygen supports the formation or maintains the 

presence of Fe-(oxyhydr)oxide phases that effectively scavenge and trap dissolved P 

within an Fe-rich diagenetic layer and limits a benthic return flux of P to the water 

column (Jensen et al., 1995; Slomp et al., 1996a, 1996b).  Low oxygen conditions, by 

contrast, render this Fe-P coupling inoperant and dissolved P is more likely to diffusively 

leave the sediments (Algeo and Ingall, 2007; Filippelli and Ruttenberg, 1997; Ruttenberg, 

1990; Ruttenberg and Berner, 1993; Steenbergh et al., 2011).  In fact, within the 

Marcellus Shale samples that deposited under reducing conditions, we observe 

indications from Corg:Preact ratios greatly above the anticipated Redfield ratios that P 

was effectively lost from these sediment layers (Fig. 2.5).  The remaining P in these 

Marcellus Shale samples, however, are hosted primarily within CFA phases, perhaps 

indicating that the low sedimentation rates of these intervals were sufficient to allow a 

degree of P sequestration into authigenic minerals.  This relationship between oxidation-

reduction potentials and benthic P fluxes, however, is imperfect across different 

depositional settings and studies.  In some cases, higher benthic fluxes of P have been 

noted to correlate with low bottom water oxygen conditions and vice versa (e.g., Ingall 

and Jahnke, 1997b), whereas in other low oxygen settings, benthic P fluxes remain 

unexpectedly low (e.g., McManus et al., 1997).  Colman and Holland (2000) argue that 

this discrepancy between the work of Ingall and Janke (1997) and McManus et al. (1997) 

may, in fact, be explained by non-steady state conditions imposed by the seasonality of 

bottom water oxygen and oxygen penetration depth.  The variability that oxidation-

reduction potentials add to the formation of CFA is also evident in the comparison of 
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oxic versus anoxic settings from the literature to our modelled relationship, where there is 

little observable differences between the ranges of CFA formation in oxic or anoxic 

settings (Fig. 2.7). 

The form and magnitude of reactive P delivered to the sediments may also impact 

the sedimentary cycling of P and, by extension, the variability and deviation of compiled 

data from modern sediments from our modelled relationship between CFA formation and 

sedimentation rate.  The  majority of reactive P that is delivered to the sediments is 

considered to arrive in the form of organic matter, although recent studies have shown 

that other reactive phases such as CFA, Fe-bound P, and even opal-bound P may also be 

important delivery vehicles (März et al., 2014, 2008; Ruttenberg and Berner, 1993; 

Sekula-Wood et al., 2012; Van Cappellen and Berner, 1988).  The microbial respiration 

of the organic matter in the sediments subsequently liberates P to the pore waters where, 

among several different possibilities, the reactive P may ‘switch sinks’ into authigenic 

CFA (Filippelli, 2011; Ruttenberg, 2003, 1990).  Disconnects between organic P and 

organic C may come about through the preferential regeneration of P from organic 

matter, differing stoichiometric ratios of C:P in marine organic matter, as well as 

differing lability between types of organic matter (Boudreau, 1997; Ingall and Van 

Cappellen, 1990; Kolowith et al., 2001; Ruttenberg and Goñi, 1997).  The Hushpuckney 

shale samples fall below values predicted by our modelled relationship, with only ~ 20 % 

of total P within CFA phases for an average sedimentation rate of ~ 2 cm/kyr (Fig. 2.7).  

These samples, however, also show a greater content of organic matter, between 20 - 30  

wt% TOC, and the majority of the reactive P hosted within this organic fraction (Fig. 2.5) 

(Algeo and Maynard, 2004).  Thus, the high percentage of P measured in the organic 

fraction may be explained by the high content of TOC for these Hushpuckney shale 

samples that might have been preserved and unavailable to contribute to the ‘sink 

switching’ of P into authigenic CFA forms.   

In addition to sedimentation rate, oxidation-reduction potentials, and reactive P 

influx, another major factor in the formation of CFA are sediment reworking events such 

as re-deposition and winnowing processes.  These processes theoretically promote the 
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formation of CFA by concentrating phosphatic granules to areas where precipitation and 

formation are favored (Filippelli, 2011; Föllmi, 1995; Jaisi and Blake, 2010).  Thus, on 

the Peru Margin, a classic example of winnowing and phosphogenic sediments, CFA can 

account for as much as 80 % of the total P (Fig. 2.7).  Interestingly, our model, which 

does not directly account for sediment re-deposition, can recreate the high percentage of 

P as CFA as the Peru Margin by virtue of the low sedimentation rate itself.  Assuming the 

complete absence of sediment reworking events for all of the settings considered in the 

compiled dataset would be illogical, particularly for the sites on continental margins and 

shallower water environments.  The presence of some degree of sediment reworking, 

however, will also probably account for the large degree of variability observed in the 

percent of CFA across the dataset. 

2.5.2 The fidelity of the authigenic CFA record in ancient black shales 

 For older sedimentary sequences such as these ancient marine black shale units, 

the fidelity of the preserved CFA record must also be taken into account.  Over longer 

timescales, decarboxylation of carbonate fluorapatite may effectively convert P 

sequestered as CFA to higher crystalline forms such that the original CFA would now, 

for all intents and purposes, resemble detrital apatite (Filippelli and Delaney, 1996; 

Föllmi et al., 2005; Shemesh, 1990; Shemesh et al., 1983).  Thus, the record of preserved 

CFA would degrade over time while the record of detrital apatite would be garnished as 

is observed in Miocene Monterey Formation (Filippelli and Delaney, 1996; Föllmi et al., 

2005).  This mechanism, however, remains relatively unconstrained, and later studies 

would find no evidence for the conversion of authigenic CFA to detrital apatite for 

sediments spanning the Cenomanian-Turonian and Frasnian-Famennian intervals (Flaum, 

2008).  For our ancient black shale samples, the impact of decarboxylation on the 

preserved CFA signal remains unclear.  Detrital apatite concentrations correlate only 

weakly with total Al content in the core (r2 = 0.38), and thus may not be a clear indicator 

of terrestrially derived P (Appendix A1).  Interpretations of the authigenic CFA content 

of the Marcellus and Hushpuckney Shales may therefore, be considered low endpoints 

for the total amount of CFA that may have formed initially.  
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2.5.3 Estimating the cycling of P within the Whipkey Core 

 For the Whipkey Core, Corg:Preact ratios of ~ 600 - 800 that are much greater than 

typical Redfield ratios give an indication that P remobilization from the sediments back 

to the water column may have been an important component of the Devonian 

Appalachian Basin (Fig. 2.5).  Despite the low sedimentation regime that is suggestive of 

a relatively high percentage of P incorporated into CFA, low oxygen conditions may also 

allow a significant amount of P to leave the sedimentary system.   Such benthic fluxes of 

P have been postulated to provide an important feedback mechanism in anoxic basins that 

reintroduces nutrients to the water column to perpetuate primary productivity and the 

subsequent consumption of oxygen (Filippelli et al., 2003; Ingall and Jahnke, 1997a; 

Ingall et al., 1993).  During the deposition of the Whipkey Core, the Devonian 

Appalachian Basin was largely anoxic but with alternating oxidation-reduction potentials 

(Chen and Sharma, 2016).  As a first-order approximation, we can evaluate the potential 

impact of a benthic flux of P on the nutrient supply to the basin by estimating the amount 

of P retained through the sedimentary record.  These estimates are almost certainly just 

that, as the fidelity of the records for both TOC and P are imperfect through all of the 

dynamic processes encompassing deposition, diagenesis, and later alteration through 

subsequent burial (e.g., Arthur et al., 1998; Burdige, 2007; Shemesh, 1990; Shemesh et 

al., 1983).  The measured TOC, for example, represents the remnant organic material 

after substantial diagenesis and microbial respiration, and thus does not wholly represent 

the initial organic matter delivered at the time of deposition.  The calculations based off 

of these preserved values represent a lower bound for our estimates (Table 2.2).  We use 

estimates of 50 - 60 % preservation of organic carbon initially delivered to the sediments 

in the Cariaco Basin and Black Sea to parameterize an upper limit to our calculations in 

the Whipkey Core (Burdige, 2007; Hedges and Keil, 1995; Thunell et al., 2000). 
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Table 2.2 Calculated values for the initial Porg in the Whipkey Core and burial efficiencies 

of P based on Redfield ratios with the remaining organic carbon. Both a minimum value 

and an upper limit are given for the initial Porg and the burial efficiencies. 

Sample depth 
TOC Porg, i 

Preact, 
f BE 

  m wt% µmol/g µmol/g % 

              
     min. upper   min. upper 
WS7786 2373.2 1.77 14 28 4.6 32 16 
WS7788 2373.8 0.34 3 5   0 0 
WS7789 2374.1 4.4 35 69 3.8 11 5 
WS7794 2375.6 0.29 2 5 18.3 783 391 
WS7795 2375.9 0.39 3 6 12.9 408 204 
WS7801 2377.7 2.63 21 41   0 0 
WS7813 2381.4 3.52 28 55 4.3 15 7 
WS7818 2382.9 2.04 16 32 5.6 34 17 
WS7833 2387.5 2.14 17 34 5.8 34 17 
WS7838 2389.0 3.7 29 58 5.5 19 9 
WS7846 2391.5 5.46 43 86 7.0 16 8 
WS7865 2397.3 6.17 48 97 4.2 9 4 
WS7878 2401.2 5.91 46 93 6.0 13 6 
WS7895 2406.4 4.56 36 72 5.8 16 8 
WS7898 2407.3 0.91 7 14 4.5 60 30 

 From these values of organic C, we use typical Redfield ratios for marine primary 

producers to arrive at estimates for the total amount of organic P initially present in the 

system.  If we assume these values of organic P to be the initial constraints of the 

sedimentary P cycle, then the total amount of reactive P measured from the Whipkey 

Core should represent the amount of P that was retained in the system.    Thus, by taking 

the difference between the initial estimates for organic P and the measured values for 

reactive P, we can arrive at estimates for both the burial efficiency of P and also the 

amount of P that may have been released to the water column.  Of note within the 

Whipkey Core, while the black shale units that deposited under oscillating redox 

conditions typically display P burial efficiencies of 15 - 34 %, the limestone units of the 

Mahantango Shale have estimated burial efficiencies of 400 - 800 % (Table 2.2).  For 

these more oxygenated, lower clastic input sediments, we postulate that the operation of a 
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very efficient Fe-(oxyhydr)oxide cycling may have served to trap dissolved P diffusing 

upward from lower units. 

 Using the sedimentation rates from Parrish (2013) for the lower organic-rich layer 

(0.09 - 0.19 cm kyr-1) in the Marcellus Shale, as well as generalized densities for surface 

sediments and mudstones of 1.5 - 2 g cm-3 (e.g., Burdige, 2007), we arrive at estimates 

for the benthic flux of P from the Whipkey Core units (Table 2.3).  For the organic-rich 

interval of the Marcellus Shale, our estimates of benthic P fluxes range from 50 - 200 

µmol m-2 yr-1 as the minimum estimate and from 100 - 400 µmol m-2 yr-1 as an upper 

estimate (Table 2.3).  Comparatively, benthic fluxes of phosphate in modern low oxygen 

environments, measured directly through benthic landers or calculated from pore water 

gradients, can be up to 2 to 3 orders of magnitude greater.  This disparity between 

calculated P fluxes in an ancient black shale and observed P fluxes in modern low BWO 

sedimentary environments highlights the limitations of our calculations.  Perhaps the 

greatest source of error is the omission of the ‘reducible’ fraction in estimates of the 

initial amount of P delivered to the sediments.  Although on a global average, organic 

matter may be the dominant supplier of reactive P to the sediments, within localized 

environments like the Arabian and Baltic Seas, ‘reducible’ material such as Fe-

(oxyhydr)oxides and fish debris can be significant carriers of reactive P as well (Schenau 

et al., 2000; Schenau and De Lange, 2000).  Within the Marcellus Shale, these phases are 

not preserved through the significant diagenetic history, leaving a large unknown to our 

reconstruction of the P cycle.  Nevertheless, despite this limitation, the highest calculated 

value for P flux from the Marcellus Shale is only about half that of the lowest recorded P 

fluxes observed in modern environments (Table 2.3). 
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Table 2.3: Measured benthic P fluxes from anoxic sediments in modern environments 

  P flux   

Location µmol m-2 yr-1 Reference 

Modern    

East Mediterranean 900 – 2,800 1 

Arabian Sea 2,900 – 58,000 2, 3 

California margin 730 – 59,000 4,5 

Black Sea 18,000 6 

     

Ancient    

Marcellus Shale 50 - 400   

   

1 (Slomp et al., 2002)   

2 (Schenau and De Lange, 2001)  

3 (Schenau et al., 2000)   

4 (Ingall and Jahnke, 1997a)   

5 (McManus et al., 1997)   

6 (Friedl et al., 1998)   

 Using our best estimates for the benthic flux of P in the Whipkey Core, we can 

extrapolate further and compare the potential benthic supply of P as a nutrient to inputs of 

P from riverine sources for the extent of the depositional area for the Marcellus 

Formation.  Across the entire area of deposition for the Marcellus (194,000 km2) (Bruner 

and Smosna, 2011)  our estimates for total molar release rates of 1 - 7 x107 mol yr-1.  We 

lack accurate constraints to the terrestrial supply of nutrients to the Devonian 

Appalachian Basin, although the nutrient supply to the basin was likely riverine delivery 

of chemical weathering products off of the Acadian orogeny (Ettensohn, 1985).  In lieu of 

contemporary riverine nutrient supply estimates to the basin, we compare our benthic 

flux of P to modern nutrient loading data of a large river systems (the Mississippi and 

Mackenzie) in the North American continent.  Using historical observations prior to 1977 

of nutrient loading and discharge rates for the Mississippi (Briggs and Ficke, 1977; 

Meybeck, 1982), we calculate the riverine flux of dissolved and particulate P to fall 

within the range of 2.2 x 106 to 6.5 x 109 mol yr-1.  Maximum estimates of the amount of 

total P delivered by the Mackenzie River are on the order of 2.3 x 109 mol yr-1.  Within 
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this context, our benthic P flux estimates for the Marcellus Shale are of the same order of 

magnitude as the P flux delivered from a large river system.  We infer that benthic fluxes 

of nutrients in the anoxic Devonian Appalachian Basin could have in fact been significant 

contributors of nutrients that fueled primary productivity and promoted the deposition of 

the Marcellus shale. 

2.6 Conclusions 

 The cycling of P within marine sediments is a complex system influenced by such 

factors as sedimentation rate, oxidation-reduction potential, and reactive P influx.  While 

no one master parameter has been demonstrated to completely constrain the P cycle, our 

model that isolates the impact of sedimentation rate on a ‘typical’ black shale 

depositional setting of low bottom water oxygen and high organic matter content lends 

support to the importance of sedimentation rate in the formation of CFA.  The 

relationship we derived from this model described a power law decay relationship 

between the percentage of CFA formed and sedimentation rate.  The average values of 

the Marcellus Shale agree with the modelled results, but the Hushpuckney Shale samples 

fall below the percentage of CFA predicted for the range of sedimentation rates in the 

Late Pennsylvanian Mid-Continent Sea.  In the case of the Hushpuckney samples, a high 

content of TOC (20 - 30 wt%) preserved a large percentage of the P system within 

organic matter and did was not available for conversion in to CFA phases.  Comparisons 

of our modelled relationship and measured CFA content in ancient black shale units to 

data compiled from the literature on modern sedimentary systems highlight the variability 

introduced to the cycling of P by other factors such as oxidation-reduction potentials, 

influx of reactive P, and sediment re-working processes.  Clearly, the formation of CFA 

in the sediments is a compendium of several different factors, although our model gives 

support for the strong influence of sedimentation rate.  

 For the Marcellus Formation in the Whipkey core, the characterization of the 

cycling of P also allows us to infer the potential impacts of a benthic flux of P to the 

Devonian Appalachian Basin.  Although significant uncertainty should be cautioned with 
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our estimates due to uncertainties in preservation efficiencies as assumptions in the main 

influx of reactive P to the sediments, we estimated benthic fluxes for the Whipkey Core 

of 50 - 350 µmol m-2 yr-1.  Extrapolating this flux over the entirety of the depositional 

area for the Marcellus Shale yields estimates for the total molar release rates of 1 - 7 x107 

mol yr-1, which is approximately commensurate with the input from a large river system.  

Thus, our estimates would support theories of a productivity-anoxia feedback mechanism 

for the Devonian Appalachian Basin, where nutrients released under low oxygen 

conditions from the sediments serve to perpetuate primary productivity in the surface 

waters and the maintenance of low oxygen conditions in the basin. 
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Chapter 3 Controls on rare earth element distributions in ancient organic-rich 

sedimentary sequences: Role of post-depositional diagenesis of phosphorus phases 
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3.1 Abstract 

 The processes that dictate the formation and preservation of REE signatures in 

ancient marine black shales are incompletely understood, thus potentially limiting the 

utility of the REEs are geochemical tracers.  Here we report on whole-rock REE analyses 

of six black shale formations from different ages and depositional settings, which fall 

within three general groupings: Group 1 characterized by low whole-rock REE content 

(ΣREE) (< 250 µg/g) and middle- and heavy-REE-enriched patterns (GdN/LaN < ~ 2, 

YbN/LaN < ~ 2.25); Group 2 characterized by low ΣREE (< 250 µg/g) but greater middle-

REE-enriched patterns (GdN/LaN > ~ 2.5, YbN/LaN < 2.5); and Group 3 characterized by 

high ΣREE (> 250 µg/g) and moderately middle-REE-enriched patterns (GdN/LaN ~ 1.5-

2.5, YbN/LaN ~ 1). Representative samples from these groups were selected from the 

Marcellus and Hushpuckney shales and subjected to a four-step leaching procedure, to 

isolate four extractable P-phases (reducible, authigenic carbonate-associated, detrital 

apatite, organic). In Group 1 samples with low carbonate content (< ~ 4 % CaCO3), REEs 

were hosted mainly in the organic (50 % of ΣREE) and siliciclastic fractions (37 %); 

whereas in samples with greater carbonate content (> 25 % CaCO3), REEs were hosted 

mainly in carbonate-associated phases (53 %).  In Group 2, REEs were hosted mainly in 

the carbonate-associated (64 %) and organic fractions (30 %), and in Group 3, REEs were 

hosted mainly in the carbonate-associated (60 %), detrital apatite (23 %), and siliciclastic 

fractions (16 %). Authigenic phases include minerals such as carbonate fluorapatite and 

authigenic calcite that, if present, tend to dominate the whole-rock REE inventory.  In the 

absence of carbonate, whole-rock REE content depends on the relative contributions of 

the organic and siliciclastic fractions.   
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3.2 Introduction 

 Recent studies of REE cycling within ocean margin sediment (Lacan and Jeandel, 

2005; Pearce et al., 2013), submarine groundwater discharge (Johannesson et al., 2011; 

Johannesson and Burdige, 2007), and sediment pore water (Abbott et al., 2015b; Haley et 

al., 2004) have provided new insights on the behavior of REEs in marine systems that 

highlight a potentially larger role of diagenesis in controlling the marine REE system.  

For example, pore waters of shallow (<10 cm) sediments have been observed to contain 

up to two orders of magnitude higher REE concentrations than seawater that indicate the 

importance of benthic REE sources to the ocean (Abbott et al., 2015b; Haley et al., 2004; 

Himmler et al., 2010).  

 Complementing the REE release to sediment pore waters through diagenesis, is 

the uptake of REEs by authigenic phases, particularly bioapatite and authigenic carbonate 

fluorapatite (CFA) (Chen et al., 2015; Cruse et al., 2000; Kidder et al., 2003; Kidder and 

Eddy-Dilek, 1994; Zhang et al., 2016). Records of REEs within conodont apatite from 

South China show a strong diagenetic overprint from both a lithogenic REE fraction and 

a second source likely derived from Fe-oxyhydroxides in the shallow subsurface (Chen et 

al., 2015; Zhang et al., 2016). Normalized to average shale concentrations (e.g., Post-

Archean Average Shale, PAAS), conodonts and authigenic phosphate nodules often 

display characteristic enrichments of the middle REEs (Sm, Eu, Gd, Tb, Dy, Ho) over the 

light REEs (La, Ce, Pr, Nd) and heavy REEs (Er, Tm, Yb, Lu) (Chen et al., 2015; Cruse 

et al., 2000; Kidder and Eddy-Dilek, 1994; Zhang et al., 2016). Middle-REE-enriched 

patterns in suboxic pore waters are largely attributed to the reductive dissolution of Fe-

oxyhydroxides that may subsequently be taken up onto biogenic conodont apatite and 

authigenic carbonate fluorapatite (Chen et al., 2015; Haley et al., 2004; Zhang et al., 

2016).  REEs sourced from lithogenic material such as detrital siliciclastics, on the other 

hand, display mostly flat patterns (Chen et al., 2015; Zhang et al., 2016).  

 In addition to Fe-oxyhydroxides, particulate organic carbon (POC) represents 

another important source of reactive REEs to pore waters, whose REE signatures may be 
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masked by the cycling of Fe-oxyhydroxides (Byrne and Kim, 1990).  Within discrete 

occurrences of conodont apatite and phosphate nodules, this POC signal may be absent, 

but it likely plays an important role in the diagenetic history of REEs.  Besides conodont 

apatite and authigenic carbonate fluorapatite, other authigenic minerals such as 

carbonates and reduced iron phosphates may also take up and preserve the signature of 

pore water REEs.  

 Despite extensive work documenting the role of diagenesis in the release of 

REEs from sediments to bottom waters and the sequestration of REEs in biogenic and 

phosphorus-rich authigenic phases, the complete picture of REE cycling, particularly 

towards the long-term signal preservation, remains incomplete. The objective of the 

present study is to further our understanding of how the signals of the diagenetic cycling 

of REEs is preserved and manifested within ancient black shale sequences. Black shale is 

a loosely defined term generally describing a dark-colored mudrock containing organic 

matter and other components such as silt and clay (e.g., Tourtelot, 1979).  Thus, with the 

variability in the composition of black shale units, understanding the general processes 

that affect and define individual components of the REE system is important to 

interpreting individual black shale records.   For this purpose, we investigated whole-rock 

REE distributions in six black shales ranging from Devonian to Jurassic in age (Table 

3.1).  In addition, we applied a four-step sequential leaching protocol (Anderson and 

Delaney, 2000; Ruttenberg, 1992) that has been extensively used to isolate the various 

phosphorous phases in marine sediment (e.g., Kraal et al., 2015; Slomp et al., 1996a, 

2013) in order to quantify REE distributions in the reactive and non-reactive phosphorous 

phases of two of these black shale formations.  On the basis of these data, we developed a 

framework for interpreting diagenetic cycling of REEs that can be used to assess 

preserved REE signals within a variety of marine sedimentary units.  This analysis 

complements results of recent REE studies of whole-rock samples by providing new data 

to robustly attribute REE patterns to specific phosphorous-bearing phases of ancient 

shales.  Our results reinforce the cautionary notes of Chen et al. (2015) and Zhang et al. 

(2016) regarding the need to carefully evaluate diagenetic influences in attempting to 
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reconstruct paleo-seawater chemistry or redox conditions based on REE patterns in 

bioapatite or other authigenic phases. 

Table 3.1: Black shale units in this study. Values of average shale (from Taylor and 

McLennan (1985)) are also shown for comparison 

Age 

Depositional 

Basin 

Lithostratigraphic 

unit 

Present-day 

Location Laa Gd Yb 

    µg/g µg/g µg/g 

Late Devonian 

Appalachian 

Basin 

Marcellus Shale PA, USA 10 to 35 
2.4 to 

6.4 

1.4 to 

3.9 

Ohio Shale KY, US 25 to 39 
5.4 to 

10 

2.4 to 

4.1 

Ardmore 

Basin 
Woodford Shale OK, US 17 to 29 

2.5 to 

9.3 

1.6 to 

4.4 

         

Late 

Pennsylvanian 

Late 

Pennsylvanian 

Midcontinent 

Sea 

Stark Shale KA, US 12 to 135 
1.1 to 

33 

1.4 to 

9.1 

Hushpuckney 

Shale 
KA, US 8.4 to 56 

1.1 to 

12 

1.3 to 

4.1 

       
Toarcian 

(Early 

Jurassic) 

Cleveland 

Basin 
Mulgrave Shale 

Saltwick Bay, 

England 
29 to 43 

4.2 to 

11 

1.9 to 

3.4 

     PAASb  38 4.7 2.8 
awhole-rock concentrations of La, Gd, and Yb shown to represent a light, middle, and 

heavy REE, respectively 
bvalues for Post-Archean Average Shale (PAAS) (Taylor and McLennan, 1985) 

3.3 Study material 

 We selected six black shale units from several different continental depositional 

settings for analyses of bulk REEs (Table 3.1, Fig. 3.1).  The oldest of these black shale 

units is the Middle Devonian Marcellus Shale, which was sampled in the Whipkey State 

#1 core in southwestern Pennsylvania (39.923°N, 80.003°W; curated at West Virginia 

University).  Two Upper Devonian shales were analyzed, the Ohio Shale from the KEP-3 

core in northeastern Kentucky (38.491°N, 83.387°W; curated at the Kentucky Geological 

Survey) and the Upper Devonian Woodford Shale from an outcrop in central Oklahoma 

(34.695°N, 96.652°W).  The two Upper Pennsylvanian shales analyzed are the 

Hushpuckney and Stark shales from the Edmonds 1A core in northeastern Kansas 

(39.223°N, 94.929°W; curated at the Kansas Geological Survey) and the Stark Shale 
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from the Riverton core (40.601°N, 95.565°W; curated at the Iowa Geological Survey).  

The youngest unit in this study is the Toarcian (Lower Jurassic) Mulgrave Shale of the 

Whitby Mudstone Formation from an outcrop in Saltwick Bay, England (54.495°N, 

0.645°W).  Several depth horizons were analyzed, yielding a total of 84 whole-rock 

analyses, as listed in the Supplementary Material (Appendix A2).  These whole-rock 

results were complemented with REE analyses in each of five sediment phosphorus 

fractions in 18 samples from the Marcellus and Hushpuckney shales, following the four-

step leaching procedure of Anderson and Delaney (2000). 

 

Figure 3.1 Locations of the black shale study units. The Marcellus and Ohio shales were 

deposited in the Devonian Appalachian Basin, the Woodford Shale in the Devonian 

Oklahoma Basin, the Stark and Hushpuckney shales in the Late Pennsylvanian 

Midcontinent Sea, and the Mulgrave Shale in the Jurassic Cleveland Basin of NE 

England. Detailed background information is given in the text. This map was created 

using GeoMapApp (Ryan et al., 2009). 
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3.3.1 Devonian Appalachian Basin 

 The Appalachian Basin formed as a retroarc foreland basin following the collision 

of the Laurentian plate with the Avalonian microplate during the Acadian Orogeny 

(Bruner and Smosna, 2011; Ettensohn, 1985; Faill, 1985).  During the Devonian, the 

Appalachian Basin was situated in the southern subtropics (30-35 °S) and characterized 

by warm but seasonally variable conditions and frequent storm activity (Scotese and 

McKerrow, 1990; Witzke, 1990).  Oscillating anoxic/euxinic conditions were present in 

the basin at the onset of deposition of the Marcellus Formation in the Middle Devonian, 

allowing for a high accumulation of organic matter in the sediments (Chen and Sharma, 

2016; Lash and Blood, 2014; Sageman et al., 2003; Werne et al., 2002).  Sedimentation 

rates during this interval were low, estimated to be 0.09-0.19 cm kyr-1 from U/Pb dating 

of zircon crystals in ash layers (Parrish, 2013).  Later in the depositional history of the 

Marcellus Formation, suboxic conditions developed and recorded as intervals with lower 

organic-carbon concentrations (Chen and Sharma, 2016; Lash and Blood, 2014; Werne et 

al., 2002).  During deposition of the Upper Devonian Ohio Shale, the basin depocenter 

shifted westward (Craft and Bridge, 1987).  The Ohio Shale accumulated under 

moderately deep-water, sediment-starved conditions interrupted by episodes of clastic 

influx with minimal sediment reworking during eustatically forced regressions 

(Ettensohn and Elam, 1985; Pashin and Ettensohn, 1995). 

3.3.2 Devonian Oklahoma Basin 

 The Woodford Shale in the Oklahoma Basin accumulated in an epeiric sea along 

a passive continental margin at a time marked by a marine transgression.  At the 

beginning of the Frasnian stage of the Late Devonian, the southern Midcontinent of 

Laurentia was located near 15-20 °S paleolatitude (Comer, 2008; Miceli Romero and 

Philp, 2012).  Extensive erosion of subaerially exposed landmasses created a regional 

unconformity surface composed dominantly of carbonate units on top of which the 

Woodford Shale was deposited (Comer, 2008).  Global marine transgression created an 

epeiric sea over the Midcontinent region and persistent coastal upwelling likely provided 
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an abundant supply of nutrients.  Over proximal shelf and platform settings, the presence 

of anhydrite formations indicate that a high rate of evaporation likely produced 

hypersaline brines that imposed a strong density stratification on the water column and 

limited vertical circulation.  Coupled with a high rate of productivity from coastal 

upwelling, this strongly stratified water column likely became anoxic, thus enhancing the 

preservation of organic carbon in the Woodford Shale (Comer, 2008; Miceli Romero and 

Philp, 2012).   

3.3.3 Late Pennsylvanian Midcontinent Sea 

 The Stark and Hushpuckney shales accumulated in the Late Pennsylvanian 

Midcontinent Sea in the interior of North America, which was formed through repeated 

flooding caused by melting ice sheets and rising eustatic elevations (Algeo and Heckel, 

2008).  The interior of North America in the Late Pennsylvanian was located at paleo-

latitudes of 5-10 °N and had warm climates typical of the humid tropical belt (Parrish, 

1993; Scotese et al., 1985).  The Midcontinent Shelf, which extended across Kansas and 

Missouri, was far from sources of coarse-grained detrital siliciclastics and generally 

reflected a sediment-starved environment (Cullers, 1994; Ettensohn, 1992).  In addition 

to fine grain size, sediments from the Midcontinent Shelf are characterized by abundant 

phosphatic granule layers, high concentrations of organic carbon, enrichment in redox-

sensitive trace elements, and 34S-depleted authigenic sulfides, which indicates 

accumulation in low-oxygen, and possibly sulfidic, conditions (Algeo et al., 2004; Algeo 

and Heckel, 2008). 

3.3.4 Jurassic Cleveland Basin, England 

 The Mulgrave Shale Member of the Whitby Mudstone Formation was deposited 

in a shallow epicontinental seaway that connected the Boreal and Tethyan oceans 

(Bjerrum et al., 2001; Jenkyns and Clayton, 1997; Jenkyns, 1988).  During the Toarcian 

Oceanic Anoxic Event, this seaway was intermittently euxinic, as shown by evidence 

from biomarker constituents and carbon isotopic compositions of organic matter 
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suggesting that sulfidic conditions extended into the photic zone (Bowden et al., 2006).  

Basinal circulation was also likely restricted, resulting in a relative depletion in Mo/TOC 

values owing to enhanced removal of dissolved Mo from the water column under the 

prevailing euxinic conditions (McArthur et al., 2008). 

3.4 Methods 

 Ground and powdered black shale samples were completely dissolved using a 

microwave oven (MARS-5 CEM Corp., Matthews, NC) and a mixture of nitric (HNO3), 

hydrochloric (HCl), and hydrofluoric (HF) acids following the methods of Muratli et al. 

(2012).  Of the acids used in this method, HNO3 and HCl were distilled from reagent-

grade acids (J.T. Baker; CAS: 7697-37-2 and 7647-01-0, respectively) using a quartz still 

to obtain high-purity, trace metal grade acids.  Omnitrace Ultra HF was obtained from 

EMD Chemicals (CAS: 7664-39-3).  Purified, deionized water (>18.2 MΩ cm-1 using a 

Millipore water system) was used throughout the analyses.  For every microwave 

digestion run of 12 vessels, we included certified reference materials to assess external 

reproducibility and accuracy of REE analyses.  Marine sediment reference materials from 

the National Research Council of Canada (PACS-2 and MESS-3, n = 14) were used to 

assess external reproducibility while two USGS standard reference materials (Devonian 

Ohio Shale (SDO-1) and Green River Shale (SGR-1)) were used to assess accuracy 

(Appendix A2).   

3.4.1 Extraction of phosphorus phases 

We extracted REEs in five sediment phosphorus fractions from 15 Marcellus 

Shale and 3 Hushpuckney Shale samples, following the four-step leaching procedure of 

Anderson and Delaney (2000), based on the SEDEX method of Ruttenberg (1992).  This 

procedure was rigorously developed using analogs for naturally occurring phosphatic 

phases to evaluate the efficiency and specificity of each extractant by corroborating the 

extraction yields against known compositions of artificially created mixed standards.  The 

procedure yields four phosphorus components: (1) reducible P, which includes easily 
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exchangeable P, amorphous Ca-P minerals, and iron-bound P; (2) carbonate-

associated/authigenic P, which includes carbonate fluorapatite, carbonate-bound P, and 

biogenic apatite; (3) detrital fluorapatite; and (4) organic-bound P (Anderson and 

Delaney, 2000; Ruttenberg, 1992).  An important aspect of the SEDEX method is the 

distinction between authigenically formed carbonate fluorapatite (CFA) and detrital 

apatite.  The chemical separation between authigenic CFA and detrital apatite is 

contingent upon structural differences in CFA, where substitutions within the crystal 

lattice increase its solubility relative to detrital apatite (Jahnke, 1984; Ruttenberg, 1992). 

In addition to the four components that were directly extracted, a residual, not 

recoverable fraction remained.  The REE content of this refractory, residual material was 

calculated as the difference between the total digest and the sum of the extracted 

components.  While the source of this ‘residual fraction’ is ambiguous, the complete 

absence of Ti and minimal amount of Al (at most 30 % of total) in the preceding 

extracted phases lead us to infer that this residual material represents the refractory 

siliciclastics.  However, residual-fraction REEs show no relationship to residual Al, 

which may indicate incomplete extraction of REEs from non-P-bearing phases (Appendix 

A2).  Such ambiguity is a pitfall of sequential extraction methods, which rely upon 

operationally defined fractions that may unintentionally include material from other 

fractions.  Given its high Ti and Al content, we will assume that the ‘residual fraction’ is 

dominated by refractory siliciclastics. 

The procedure of Anderson and Delaney (2000) is outlined in Table 3.2.  The first 

step extracts the reducible P fraction using a 0.033-M Na-dithionite solution (pH 7.6) 

containing 0.22-M Na-citrate and 1.0-M Na-bicarbonate.  The second step extracts the 

authigenic P fraction using 1-M Na-acetate (pH 4 with acetic acid).  The third step 

extracts detrital apatite P using 1-N HCl.  The final step of the procedure extracts organic 

P by first ashing the sample at 550 °C and then dissolving the ash in 1-N HCl.  After each 

of the first two steps, the samples were washed with 1-M MgCl2 and MQ water to 

prevent re-adsorption onto the shale surfaces (Anderson and Delaney, 2000; Ruttenberg, 
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1992).  All leachate solutions were centrifuged and filtered through 0.45-µm polysulfone 

filters. 

Table 3.2: Sequential extraction procedurea  

  Step Name Chemical Procedure Volume/time Extracted Fraction 

Step 1 reducible 

0.22 M Na-citrate, 0.033 M Na-

dithionite, 1.0 M Na-bicarbonate 

(pH = 7.6) 10 mL/6 h 

exchangeable P, 

amorph. Ca-

phosphate, fish 

bones, Fe-bound 

P 
   1 M MgCl2 (pH = 8) 10 mL/2 h 

   MQ water 10 mL/2 h 

Step 2 authigenic 1 M Na-acetate, buffered (pH = 4) 10 mL/2 h authigenic 

carbonate 

fluorapatite 
   1 M MgCl2 (pH = 8) 10 mL/2 h 

   MQ water 10 mL/2 h 

Step 3 detrital 1 N HCl 13 mL/16 h detrital apatite 

Step 4 organic 

50 % (w/v) MgNO3, 1 mL, dry at 

80 °C   
organic P 

   ash at 550 °C  

    1 N HCl 13 mL/24 h 
afour-step procedure from Anderson and Delaney (2000), modifying SEDEX procedure 

of Ruttenberg (1992) 

3.4.2 REE measurements 

 The REEs were measured on a Thermo X-Series II inductively coupled plasmas 

mass spectrometer (ICP-MS).  Detection limits determined through 3 times the standard 

deviation of 1 % HNO3 blanks were below ~ 5 pg/mL for all 14 REEs (Appendix A2).  

External reproducibility assessed through replicate analyses of PACS-2 and MESS-3 

certified reference materials (n = 14) ranged from 8 to 13 % (1σ) for all 14 REEs 

(Appendix A2).  Average recovery of the recommended values of the REEs for the SDO-

1 and SGR-1 reference materials ranged from 76 to 92 %.  Aliquots of the leachates were 

dried down in Teflon vials and re-dissolved in 3 % (wt/wt) HNO3.  Method blanks of the 

four-step sequential leaching procedure were below the limits of detection. 
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3.5 Results 

 Total REE concentrations for all samples analyzed are listed in Appendix A2.  

REE concentrations in each leached fraction for selected samples from the Marcellus and 

Hushpuckney shales are listed in Appendix A2. 

3.5.1 Bulk-rock REE content 

 By convention, REE concentrations are normalized to a chosen reference material 

to facilitate comparison across the series; here we normalized the bulk REE 

concentrations to the Post Archean Average Shale (PAAS) (Taylor and McLennan, 1985) 

and present the results for each black shale unit in Figure 3.2A.  Readily apparent from 

the normalized patterns is the occurrence of a sharp middle REE (Eu, Gd, Tb, Dy) 

enrichment, with peaks centered on Gd, for a number of samples from the Hushpuckney, 

Stark, and Mulgrave shales.  Other samples, by contrast, do not display the same degree 

of middle REE enrichment relative to the light (La, Ce, Pr, Nd, Sm) or heavy (Ho, Er, 

Tm, Yb, Lu) REEs. To better distinguish between samples with a middle REE 

enrichment from those without, we also compared ratios of GdN/LaN and YbN/LaN (where 

N denotes concentrations normalized to PAAS) against total REE concentrations (Fig. 

3.2).  The ratio GdN/LaN is a measure of the enrichment of the middle REEs over the light 

REEs, whereas the ratio YbN/LaN represents the enrichment of the heavy REEs over the 

light REEs.  From the plots of GdN/LaN and YbN/LaN against total REE concentrations, 

we can qualitatively discern a prominent grouping of samples, designated as Group 1, 

that are below 250 µg/g in total REE content and below ratios of ~ 2 for GdN/LaN and ~ 

2.25 for YbN/LaN (Fig. 3.2).  Qualitatively, Group 1 samples are not greatly enriched in 

the REEs relative to PAAS (total REE content ~ 185 µg/g) but can still display middle 

and heavy REE enrichments.  The majority of the samples measured for their REE 

concentration (n = 77) fall into Group 1.  Outside of Group 1, natural clusters of samples 

are less apparent, but we separate the remaining samples into two additional groups based 

on their GdN/LaN, YbN/LaN, and total REE characteristics.  Group 2 samples (n = 5, from 

the Marcellus, Ohio, and Woodford shales) display higher GdN/LaN ratios (> ~ 2.5) than 
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Group 1 samples, but the total REE concentrations (< 250 µg/g) and YbN/LaN ratios (< ~ 

2.5) are similar to Group 1 samples.  Group 3 samples (n = 6, from the Stark, 

Hushpuckney, and Mulgrave shales) can be greatly enriched in the REEs relative to 

PAAS, reaching as high as 720 µg/g.  In contrast to Group 2 ratios, Group 3 is only 

moderately enriched in the middle REEs with GdN/LaN ratios ranging from ~ 1.5 to 2.5.  

Group 3 samples are not significantly enriched in the heavy REEs and display YbN/LaN 

ratios of ~ 1. 

 

Figure 3.2 Total REE content versus GdN/LaN and YbN/LaN for all study samples. The 

ratio GdN/LaN represents enrichment of middle REEs relative to light REEs, whereas 

YbN/LaN represents enrichment of heavy REEs relative to light REEs. Samples were 

separated into three groups based on these plots (see text for details). PAAS is shown by 

black squares; N signifies REE concentrations normalized to PAAS. 

3.5.2 REEs in extracted fractions 

Sequential leaching was undertaken on subsets of 15 samples from the Marcellus 

Shale and 3 samples from the Hushpuckney Shale to better understand the distribution of 

REEs among multiple sediment fractions.  Samples were chosen on the basis of whole-

rock chemistry (i.e., GdN/LaN, YbN/LaN, and total REE content) to include representative 

samples from the three REE groupings.  The downcore profiles of REEs measured in the 

extracted leachates are presented in Figure 3.  Most (13) of the Marcellus Shale samples 

belong to Group 1 (green circles).  The two samples belonging to Group 2 (WS7794 and 

WS7795; purple circles) correspond to a limestone interval (> 80 % CaCO3) in the 

overlying Mahantango Shale.  These limestone samples are dominantly composed of 
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calcite (CaCO3) and are relatively low in total phosphorus content, with a P/Ca ratio 

(ppm/wt%) of ~ 13-15.  The selected Hushpuckney Shale samples included one sample 

from Group 3 (IRC-H 21.0) and two samples from Group 1 (IRC-H 19.6 and IRC-H 

10.0) (Appendix A2).  The three Hushpuckney Shale samples in general contain smaller 

amounts of CaCO3 (<6 wt%) but greater amounts of P than the Marcellus Shale.  The two 

Group 1 samples in the Hushpuckney Shale have P/Ca ratios of 1380 and 2100 

(ppm/wt%).  The Group 3 sample exhibits a much higher P/Ca ratio (~ 3170 ppm/wt%) 

than the Mahantango Shale samples. 

Downcore profiles of major whole-rock constituents in the Marcellus Shale (Al, 

TOC, CaCO3, total P) as well as extracted P from authigenic phases are presented in 

Figure 3.3A.  Briefly, the highest concentrations of both whole-rock P and leachable P 

are found within the limestone units of the Mahantango Shale. Within the upper parts of 

the Marcellus Formation (the Oatka Creek Member) carbonate content is low (< 4 % 

CaCO3), and below this level (the Union Springs Member) carbonate content increases to 

> 25 % CaCO3 (Fig. 3.3A). 

REE contents were also measured in the extracted leachates and shown in Figure 

3.3B.  REE concentrations in the ‘reducible’ fraction (e.g. Fe-oxyhydroxides) extracted 

with a Na-dithionite solution were undetectable.  This result is not surprising given that 

this is the most labile fraction and likely underwent remobilization during the early 

diagenetic stages following sediment deposition.  We therefore do not include this phase 

in the following analysis.  Within the carbonate-associated phase extracted with Na-

acetate, the depth profile of the REEs is dissimilar to the depth profile of phosphorus, 

suggesting that authigenic carbonate fluorapatite is not the only REE carrier in this 

sediment fraction and that other authigenic phases such as authigenic carbonates may 

contribute to the REE hosted in easily reducible phases (Appendix A2).  Indeed, for the 

Group 2 samples in the limestone interval as well as several Group 1 samples showing a 

degree of CaCO3 content (> 25 %), REEs in carbonate-associated phase show 

corresponding peaks.  REEs extracted with detrital apatite in the HCl step of the 

procedure are only a minor component, as this phase hosts < ~ 12 µg/g of the total REE 
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content.  REEs associated with the remnant organic matter and refractory siliciclastic 

material are greatest for the Group 1 samples, which also do not host significant 

carbonate phases (< 4 % CaCO3). 

 

Figure 3.3 (A) Elemental profiles for whole-rock samples of the Marcellus Formation 

black shale and the overlying Mahantango gray shale. Samples are color-coded according 

to the groups assigned in Figure 2: Group 1 (green) and Group 2 (purple). Group 2 

samples are from a limestone layer in the Mahantango Shale. Stratigraphy and lithology 

are from Chen and Sharma (2016). (B) REE profiles for extracted leachates. REEs in the 

‘reducible’ fraction were below limits of detection and thus are not shown here. The 

siliciclastic fraction was determined as the difference between the whole-rock REE 

content and the sum of the extracted leachates. 

The PAAS-normalized patterns of the REEs in these four leachate fractions are 

illustrated in Figure 3.4.  Based on our data we clearly see that carbonate-associated REE 

patterns show the greatest variability of all the leachate phases and record patterns that 
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vary from middle to heavy REE enrichments (Fig. 3.4).  Within these carbonate-

associated patterns, GdN/LaN ratios can range up to values of 7, whereas YbN/LaN ratios 

are generally < 2.  For the Group 2 samples, however, YbN/LaN ratios in the carbonate-

associated leachate average ~ 3.  While the amount of REEs measured within the detrital 

apatite fraction is low (< 12 µg/g), the REE patterns within this phase displays middle 

REE enrichments with GdN/LaN ratios reaching as high as 60.  The REE pattern of 

remnant organic matter favors the light REEs over the middle and heavy REEs; GdN/LaN 

ratios are < 0.5 and YbN/LaN are < 0.2.  In contrast to organic matter, REE patterns in 

siliciclastic material favors the heavy REEs, with GdN/LaN ratios ~ 1 and YbN/LaN ratios 

> 2. 

 

Figure 3.4 PAAS-normalized REE patterns of the study units. Patterns are color-coded 

according to their groups from Figure 2.  Note the difference in the y-axis scale of the 

Stark Shale. 

Based on the observations of the REEs in the leachate fractions from the 

Marcellus Shale and Hushpuckney Shale, we evaluate the contributions of these leachate 

fractions to the bulk REE content (Fig. 3.5).  Here we show La, Gd, and Yb as 
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representative of a light, middle, and heavy REE, respectively, as well as the total REE 

contribution (ΣREE) of each leachate phase.  Within the Group 1 samples of the 

Marcellus Shale, the distinction noted from the downcore profiles between samples with 

some carbonate content (> 25 % CaCO3) and samples with minimal carbonate content (< 

~ 4 % CaCO3) is reproduced in the relative contributions of each phase to the REE 

system.  In Group 1 samples with minimal carbonate content, on average remnant organic 

matter hosts ~ 50 % of the total REEs and refractory siliciclastic material ~ 37 % (Fig. 

3.5).  These same low carbonate samples also trend to the lower end of Group 1 GdN/LaN 

and YbN/LaN ratios, averaging ~ 1.1 and ~ 1.05, respectively.  By contrast, in Group 1 

samples with greater carbonate content, the carbonate-associated phase accounts for ~ 53 

% of the total REEs with organic matter contributions reduced to ~ 22 % and siliciclastic 

to ~ 28 %.  The GdN/LaN and YbN/LaN ratios in these samples are correspondingly higher, 

averaging ~ 1.5 and ~ 1.6, respectively.  For the Group 2 samples located in the limestone 

interval of the Marcellus Shale, the carbonate-associated phase accounts for the majority 

of the REEs, hosting ~ 64 % of the total REEs, while the remainder is located within 

remnant organic matter.  The carbonate-associated phase is again the dominant host of 

REEs for Group 3 samples from the Hushpuckney Shale, hosting 60 % of the total REEs, 

with a 23 % contribution from detrital apatite and 16 % contribution from siliciclastic 

material. 
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Figure 3.5 Average percent contributions of each leachate phase to total REE inventory. 

Groups 1 to 3 are based on the discriminant plots in Figure 2, and La, Gd, and Yb are 

shown as representative of light, middle, and heavy REEs, respectively. Within Group 1, 

panel A shows samples that contain <4 % CaCO3 and panel B shows samples that contain 

>25 % CaCO3. Panel B thus shows the importance of the carbonate-associated phase to 

total REEs in high-carbonate samples. Values are averaged from the sequential leaching 

extractions performed on the Marcellus Shale (Groups 1 and 2) and the Hushpuckney 

Shale (Group 3). 

3.6 Discussion 

3.6.1 Origin of whole-rock REE signatures 

 Results of the sequential leaching extractions suggest that the whole-rock REE 

signatures of ancient organic-rich sediments are driven mainly by the competing 

influences of the refractory organic and siliciclastic fractions, except for those units in 

which carbonate or apatite authigenesis is active.  In the latter case, authigenic carbonate, 

carbonate fluorapatite, or bioapatite phases can dominate the REE inventory of the 

sediment, often yielding strong enrichments relative to PAAS values.  REE inventories in 

these authigenic phases show patterns ranging from middle to heavy REE enrichments.  

The origins of these enrichments, particularly middle-REE enrichments in sediment pore 
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waters, have been investigated to elucidate the diagenetic behavior of REEs (e.g., Abbott 

et al., 2015b; Chen et al., 2015; Haley et al., 2004; Kim et al., 2012; Zhang et al., 2016). 

Several hypotheses have been advanced regarding mechanisms of generating 

middle-REE enrichments in ancient sediments.  One idea is that middle-REE-enriched 

patterns are produced through the reductive dissolution of Fe-oxyhydroxides, which have 

been observed as having middle-REE-enriched signatures (Bayon et al., 2004; Gutjahr et 

al., 2007; Haley et al., 2004; Kim et al., 2012).  The precise mechanisms that result in 

conversion of heavy-REE-enriched seawater patterns to middle-REE enrichment have yet 

to be satisfactorily determined but are likely predicated on differences in solution 

complexation and surface adsorption amongst the light, middle, and heavy REEs (e.g., 

Elderfield et al., 1990; Schijf et al., 2015; Sholkovitz et al., 1994).  An alternative idea to 

the direct dissolution of Fe-oxyhydroxides is that middle-REE-enriched patterns in pore 

waters are the product of relative differences in carbonate complexation and subsequent 

adsorption relationships with Mn-oxyhydroxides and Fe-oxyhydroxides (Ohta and 

Kawabe, 2001, 2000).  In this mechanism, the greater stability of heavy REE complexes 

such as Ln(CO3)2
- leads to preferential adsorption of the light REEs to negatively charged 

Mn-oxyhydroxide surfaces and the heavy REEs to positively charged Fe-oxyhydroxide 

surfaces, leaving a middle-REE-enriched signature in the pore waters.  Fe- and Mn- 

oxyhydroxide surfaces, however, as noted above, are more commonly observed with 

middle-REE-enriched patterns (Bayon et al., 2004; Gutjahr et al., 2007; Haley et al., 

2004; Kim et al., 2012).  Whatever the enrichment mechanism, the present study samples 

show that middle-REE enrichment is associated with precipitation of authigenic phases, a 

relationship previously demonstrated for bioapatite and phosphate nodules (Chen et al., 

2015; Cruse et al., 2000; Kidder and Eddy-Dilek, 1994; Zhang et al., 2016).  The REE 

and Fe concentrations in the ‘reducible’ fraction of our samples, which includes Fe-

oxyhydroxide phases, were below limits of detection as expected for an ancient black 

shale, but the signatures of this diagenetic mechanism may still be recorded in other 

phases of the sediments such as within precipitating authigenic minerals (Appendix A2). 
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 Similarly, heavy-REE-enriched signals have several possible origins.  If REE 

uptake occurs close to the sediment-water interface, the preserved signal may reflect that 

of seawater, where heavy-REE-enriched patterns are a consequence of preferential 

particulate scavenging of the light REEs and the stronger complexation of the heavy 

REEs with carbonate ions (Bright et al., 2009; Byrne and Kim, 1990; Byrne and Li, 1995; 

Chen et al., 2015; Elderfield and Greaves, 1982; Sholkovitz et al., 1994).  Heavy-REE-

enriched signals, however, are also observed deeper in the sediment column, during the 

degradation of organic matter through methanogenesis (e.g., Kim et al., 2012).  Implicit 

within this deep signal of heavy-REE enrichment is the preferential release of the heavy 

REEs from organic matter to the pore waters during methanogenesis.  Within our dataset, 

the REEs in the remnant organic matter display a characteristic enrichment of the light 

REEs (Fig. 3.4).  We postulate that this light-REE enrichment observed in the organic 

fraction of our study samples reflects preferential mobility of heavy REEs during anoxic 

diagenesis, leaving behind remnant organic matter that is enriched in light REEs. 

 When normalized to an average continental crustal composition such as PAAS, 

flat patterns are representative of the REE distribution within average shale.  From our 

sequential leaching extractions, however, the REE inventories of flat whole-rock patterns 

(from Group 1 samples) are dominated by organic and siliciclastic sources, which are 

light-REE-enriched and heavy-REE-enriched phases, respectively (Fig. 3.5).  The 

observation that flat whole-rock patterns represent a balance between REE inputs from 

organic and siliciclastic sources suggests that the REE inventory of average shale 

material may similarly be controlled by counter-balancing REE inputs.  To illustrate this 

point, we note that in our black shale samples displaying flat whole-rock patterns 

balanced between organic and siliciclastic inputs, organic carbon content (used as a proxy 

to indicate the relative magnitude of the organic phase) has a median value of 2.8 % 

(Appendix A2).  In comparison, the TOC content of modern ocean sediments ranges 

from 0.25 to 2 % (Burdige, 2006).  We argue that, given the presence of an organic phase 

contributing a light-REE-enriched fraction to the whole-rock inventory, the presence of a 

heavy-REE-enriched phase is necessary to achieve a flat whole-rock distribution.  This 
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heavy-REE-enriched phase conceivably could be derived from hydrogenous influences, 

as noted by Chen et al. (2015) and Zhang et al. (2016), or could represent the signature of 

remnant siliciclastic material as observed in our sequential leaching extractions.  A 

heavy-REE-enriched pattern of REEs within siliciclastic material, however, contrasts 

with patterns measured in clay minerals such as smectite and kaolinite, which show a 

light-REE enrichment with a linear decline towards the heavy REEs (e.g., Cullers et al., 

1975; Prudi et al., 1989).  Clearly additional work is required to derive the origins of flat 

whole-rock patterns and the contributions of phases such as siliciclastic material. 

3.6.2 Diagenetic cycling of organic carbon, phosphorus, and REEs 

 Based on our results showing the distribution of REEs within leachate phases, 

earlier studies on the diagenetic uptake of REEs in authigenic bioapatite phases (e.g., 

Chen et al., 2015; Zhang et al., 2016), and observations of REEs in porewaters from 

modern sediments (e.g., Kim et al., 2012; Haley et al., 2004; Abbott et al., 2016), we will 

present a generalized model of diagenetic cycling of REEs in the sediment.  Although 

complex, interactions among the organic carbon, phosphorus, and REE cycles are driven 

by the microbial respiration of organic matter and the precipitation of authigenic phases.  

In turn, respiration of organic matter is mediated by a consortium of microbial organisms 

proceeding through a redox continuum from aerobic respiration to methanogenesis, 

creating a series of redox zones within the sediment (Burdige, 2007; Jørgensen, 2000).  

The response of reactive P-bearing phases to the changing redox continuum is what 

ultimately drives the REE signature of the sediment and determines the partitioning of 

REEs among the various fractions of our dataset. 

 Within oxic sediments, organic matter is consumed predominantly by aerobic 

respiration, a process that drives the release of ions contributing to alkalinity, phosphorus, 

and REEs to pore waters (Burdige, 2007).  Alkalinity and phosphorus are released in 

stoichiometric ratios to organic carbon, governed by the canonical Redfield ratio of 

marine algae (Algeo and Ingall, 2007; Redfield, 1963; Van Cappellen and Ingall, 1994).  

REEs bound to organic matter coatings are also released in a light-REE-enriched pattern 
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to pore waters (e.g., Haley et al., 2004).  When released close to the sediment-water 

interface where the influence of heavy-REE-enriched seawater is present, Haley et al. 

(2004) noted that the input of light-REE-enriched patterns from organic matter 

respiration can create a pore water pattern that is much less heavy-REE-enriched (Fig. 6).  

For our dataset on ancient black shale sediments that were deposited under dominantly 

suboxic to anoxic conditions, the effects of aerobic respiration on the whole-rock REE 

inventory were likely diminished or subsequently overwritten by later diagenetic events. 

 Further down the diagenetic sequence, after consumption of oxygen and other 

more energetically favored oxidants (e.g., NO3
-, Mn-oxides), organic matter respiration 

proceeds through the reduction of Fe-oxyhydroxides, a reactive phase that interacts with 

both P and REEs (Burdige, 2007, 1993).  The impact of Fe-oxyhydroxides on whole-rock 

P and REE inventories is multi-faceted, beginning with the release of P and REEs with 

middle-REE enrichment to pore waters during the reductive dissolution of Fe-

oxyhydroxides (Haley et al., 2004; Ruttenberg, 2003; Ruttenberg and Berner, 1993; 

Soyol-Erdene and Huh, 2013).  This middle-REE-enriched pattern is frequently preserved 

within precipitating authigenic phases, both in P-bearing (e.g., apatite) and carbonate 

phases within our dataset and in previous studies (Bayon et al., 2007; Himmler et al., 

2010; Rongemaille et al., 2011; Zhang et al., 2016).  The other facet of Fe-oxyhydroxides 

is the potential for reprecipitation of Fe-oxyhydroxides at the oxic/suboxic interface that 

capture and recycle pore water P and REEs (Jilbert et al., 2011; Ruttenberg, 2003; 

Ruttenberg and Berner, 1993; Slomp et al., 2013, 1996b).  The effect of this recapture 

mechanism is the retention of P and the REEs within a diagenetic layer in which 

thermodynamic conditions favor precipitation of authigenic carbonate fluorapatite 

(Slomp et al., 2013, 1996b) (e.g., Froelich et al., 1988; Ruttenberg, 2003).  This 

mechanism accounts for the preservation of middle-REE-enriched patterns from Fe-

oxyhydroxides in authigenic phases as well as the increase in REE inventories relative to 

PAAS values, as is seen in our Group 3 samples (Fig. 3.2).  For Group 3 samples that 

contain discrete phosphate nodules, other factors such as low sedimentation rates and 

sediment reworking events may also have contributed to formation of authigenic 
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phosphates, similar to factors inferred to promote phosphorite formation on the Peru 

Margin (Froelich et al., 1988; Jaisi and Blake, 2010).  However, the preservation of 

middle-REE-enriched patterns from Fe-oxyhydroxides is not limited to authigenic 

phosphate phases; we observe similar middle-REE enrichment within Group 2 samples 

from limestones of the Marcellus Shale, suggesting that both P-bearing and non-P-

bearing authigenic phases are important to the whole-rock REE inventory.  This inclusion 

of authigenic carbonate in the REE cycle is consistent with observations on the uptake of 

REEs in authigenic carbonates in modern marine settings (Bayon et al., 2007; Feng et al., 

2009; Himmler et al., 2010; Rongemaille et al., 2011).  

 Deeper in the sediment, methanogenesis produces a heavy-REE enrichment in the 

pore waters, preferentially mobilizing the heavy REEs from organic matter and leaving 

the remnant, refractory organic matter with a light-REE enrichment as seen in the 

leachate targeting the organic phase in our data (Kim et al., 2012; Soyol-Erdene and Huh, 

2013).  In addition to creating a light-REE-enriched pattern in the remaining organic 

matter, methanogenesis may also impact the REE pattern imparted to precipitating 

authigenic phases.  Heavy REE enrichments are one of the several structures recorded in 

the authigenic phases measured in the Group 2 and Group 3 samples (Fig. 3.4).  Whereas 

authigenic phosphate minerals forming in the suboxic zone of ferruginous diagenesis 

records the middle REE enrichment of Fe-oxyhydroxides, we postulate that authigenic 

minerals forming deeper in the sediment column may also record the heavy REE 

enrichments imparted by methanogenesis (Fig. 3.6).  Besides the formation of authigenic 

carbonate and phosphate minerals, another possibility within these deeper diagenetic 

zones is the formation of vivianite, an Fe(II)-P mineral, which has been recently 

documented within methanogenic sediments in the Baltic Sea (Jilbert et al., 2011; Kraal 

et al., 2015; Slomp et al., 2013).  Although direct measurements of the REE signature in 

Fe(II) phosphate minerals are not available, based on our growing understanding of REE 

fractionation during diagenesis we postulate the Fe(II) phosphate minerals will have a 

heavy REE enrichment. 
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Figure 3.6 Theoretical model of REE cycling in marine sediments based on our 

sequential leaching results, prior studies on the diagenetic uptake of REEs onto bioapatite 

phases (e.g., Chen et al., 2015; Zhang et al., 2016), and pore water REE profiles (e.g. 

Kim et al., 2012; Haley et al., 2004; Abbott et al., 2016). Porewater and seawater profiles 

are from Haley et al. (2004) and Kim et al. (2012). Blue arrows represent the input of 

REEs to the sediment in association with settling particles, with the relative magnitude of 

the flux signified by the width of the arrow. Authigenic minerals (shown as ovals) 

capture the REE patterns of the porewaters. The bottom panel shows the remnant signal 

of each fraction in the sedimentary sequence. 
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3.7 Conclusions 

 From the results of sequential leaching on black shale samples we demonstrate 

that authigenic phases, to include carbonate and phosphate minerals, can dominate the 

whole-rock REE inventory, determining both the distributed patterns and total magnitude 

of REE concentrations.  These authigenic phases document middle- and heavy-REE-

enriched patterns that we postulate to reflect the influence of Fe-oxyhydroxides and the 

later diagenetic signal from methanogenesis.  Additionally, the potential for Fe-

oxyhydroxides to re-precipitate at the oxic/suboxic boundary and recapture REEs could 

provide a mechanism that increases the total magnitude of the whole-rock REE inventory 

in a manner that we postulate is similar to that of phosphorus.  In our black shale samples 

enriched in whole-rock REE inventories relative to global average shale values, we 

surmise that this mechanism allows for the efficient sequestration of both P and REEs 

within precipitating authigenic minerals.  In sedimentary sequences where such 

authigenesis may not be active, our sequential leaching data show that the whole-rock 

REE inventory is distributed amongst refractory organic matter and siliciclastic material.  

Refractory organic matter is characterized by a light-REE-enrichment, which we 

postulate to reflect the preferential removal of the heavy REEs during methanogenesis.  

Siliciclastic material was shown to have a heavy-REE-enrichment that balances the light-

REE-enrichment of organic matter within flat whole-rock REE patterns. 

3.8 Acknowledgments 

Jaime Toro of West Virginia University generously provided access to the 

Whipkey State #1 core drilled by the Eastern American Energy Corporation, API number 

3705924715 for sampling of the Marcellus Formation.  Thanks to Jeff Over for samples 

from the Woodford Shale and John McArthur for samples from the Whitby Mudstone 

Formation. Thanks to the Kentucky and Kansas geological surveys for access to 

drillcores of the Ohio Shale and Hushpuckney/Stark shales, respectively. We are grateful 

to Jesse Muratli, Andy Ungerer, and Brian Haley for assistance in the Keck Collaboratory 

at Oregon State University. This research was supported in part by an appointment to the 



60 

 

National Energy Technology Laboratory Research Participation Program, sponsored by 

the U.S. Department of Energy and administered by the Oak Ridge Institute for Science 

and Education (EPAct Unconventional Resources 4000.4605.920.009 (URS Subtask)).  

JY was also partly supported through an NSF EAPSI Grant Award 1415090.  MET 

acknowledges support through a fellowship from the Hanse-Wissenschaftskolleg, 

Germany.  



61 

 

Chapter 4 Investigating linkages between sedimentary cycles of iron, phosphorous, and 

the rare earth elements in contrasting iron environments of the South Georgia (sub-

Antarctic) margin 
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4.1 Abstract 

 General correlations between iron, phosphorus, and the rare earth elements 

(REEs) in marine sediments are well-documented, but direct linkages among these 

element cycles remain unresolved, limiting our interpretations of REE cycling.  We 

report on the REE content in extractable phases of iron and phosphorus from two cores 

retrieved offshore South Georgia that display contrasting profiles of dissolved Fe2+ and 

PO4
3- in the pore waters: the Grytviken Flare with high Fe2+ (up to 100 uM) and Royal 

Trough with no measurable Fe2+ in the pore water.  In both sites, the majority of the 

REEs reside within the refractory siliciclastics, with less than 15 % within labile 

(extractable) phases.  A low reactive REE pool in sediments associated with a significant 

input of amorphous iron likely reflects deposition from a very shallow (< 300 m) water 

column that precludes REE scavenging, consistent with measurements of REE in the 

water column.  REEs display a stronger correlation with extracted P rather than extracted 

Fe, reflecting a ‘sink-switching’ behavior from amorphous iron phases to more 

crystalline, P-bearing carbonate phases.  During this process the middle REE enrichment 

in the Fe-oxides is transferred to the carbonate phase.  Within the iron-rich sediments of 

the Grytviken Flare, the REEs also demonstrate an ability to switch sinks between 

different Fe-phases, through a transfer from amorphous Fe-oxide phases into the more 

crystalline Fe-oxides (goethite/hematite).  The REEs in the more crystalline Fe-oxide 

phase display a middle to heavy rare earth enrichment, consistent with previously 

reported REE patterns in methanogenic sediment.   
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4.2 Introduction 

 Although the fourteen naturally occurring elements of the rare earth element 

(REE) series share similar chemical properties and behave coherently in natural systems, 

they differentiate in subtle, yet important aspects of chemical reactivity as ionic radii 

contract with increasing atomic number.  This property leads to consistent and 

predictable fractionations between the informally designated light (La to Nd), middle (Sm 

to Dy), and heavy (Ho to Lu) mass REEs during physical, chemical, and biological 

processes (Byrne and Li, 1995; Byrne and Sholkovitz, 1996; Elderfield and Greaves, 

1982).  Numerous studies have exploited this behavior as a tool to investigate a range of 

oceanographic processes such as reconstructing redox conditions (e.g., Sholkovitz and 

Schneider, 1991; Wright et al., 1987), quantifying particulate scavenging (e.g., Byrne and 

Kim, 1990; Oka et al., 2009; Sholkovitz et al., 1992, 1994; Tachikawa et al., 1999), and 

monitoring water mass movements (e.g., Garcia-Solsona et al., 2014; Scher and Martin, 

2004). 

 The dominant input of REEs to the oceans has traditionally been attributed to 

continental weathering and delivery by river systems, leading to the common practice of 

normalizing seawater REE concentrations to average continental shale to evaluate the 

relative REE fractionations from the parent material (e.g., Elderfield et al., 1990; 

Sholkovitz et al., 1999).  The REEs exist in seawater in a +3 oxidation state, except for 

cerium (Ce), which can be oxidized to a +4 state under microbial mediation, and 

europium (Eu), which can be reduced to a +2 under highly reducing conditions such as at 

hydrothermal vents (Bau and Koschinsky, 2009; Byrne and Sholkovitz, 1996; 

Klinkhammer et al., 1983; Moffett, 1990; Sholkovitz and Schneider, 1991).  While 

anomalies in Eu are restricted to highly reducing conditions in the ocean, anomalies in Ce 

are relatively widespread and evaluated as Ce/Ce* = (2*CeN)/(2*LaN + PrN), where the 

subscript N denotes normalized concentrations to a standard value.  In this study, we 

normalize to Post-Archean Australian Shale (PAAS) (Taylor and McLennan, 1985).  

Values of Ce/Ce* = 1 indicate normal concentrations of Ce relative to PAAS, whereas 

deviations from this value indicate anomalous Ce concentrations.  The delivery of the 
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REEs may be delivered to marine sediment in association with detrital siliciclastics, 

scavenged onto settling particles, or associated with organic matter (Piper, 1974; 

Sholkovitz et al., 1994).  Following deposition, REE cycling is strongly linked to organic 

matter remineralization in marine sediments, as it proceeds through a continuous redox 

sequence from aerobic respiration to methanogenesis (Jørgensen, 2000). 

  The roles that diagenetic processes such as organic matter respiration, Fe-oxide 

dissolution, and methanogenesis play upon the cycling of REEs have been largely based 

on the analyses of pore water samples (e.g., Abbott et al., 2015; Haley et al., 2004; Kim 

et al., 2012; Soyol-Erdene and Huh, 2013).  Such studies, however, are limited in scope 

because challenges associated with pore water analyses that include: small sample 

volumes; trace amounts of dissolved REEs; complex sample matrices that impose 

isobaric interferences on the REEs and hinder quantification by mass spectroscopy; and 

the inability to collect pore waters for REE analysis using rhizon samplers (e.g., Abbott et 

al., 2015; Haley and Klinkhammer, 2003; Hathorne et al., 2012).  Recently, investigators 

have utilized chemical leaching methodologies to isolate and quantify the reactive, labile 

fractions of the sediments so as to partially address the role that reactive phases such as 

Fe-oxides play in diagenetic cycling of REEs.  Abbott et al. (2016) demonstrated that in 

sediments where a significant fraction of REEs (~ 50 % of total) lies within easily 

reducible phases, the pore water REE signatures and associated benthic efflux, are driven 

by the diagenesis of these phases.  Du et al. (2016), inferred that the formation of 

authigenic Fe-oxides records the REE signature of pore waters and that the concomitant 

expression of these phases upon bottom waters is dependent upon the time of exposure, 

rates of exchange across the sediment-water interface, and reactivity of detrital 

components. 

 Associations of the REEs with both iron and phosphorus in marine sediments 

have also been well-documented.  For example, the re-precipitation of Fe-oxide phases 

and authigenic mineral formation such as carbonates and phosphate minerals within the 

sediments are known to effectively sequester the REEs from the pore waters into a more 

stable solid phase for long-term burial (e.g., Bayon et al., 2011; Feng et al., 2009; 
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Himmler et al., 2010; Zhang et al., 2015).  However, in-depth analyses of the direct 

linkages between REE cycling and that of iron and phosphorus-bearing phases remain 

largely ambiguous.  A more complete understanding of linkages among these 

sedimentary cycles is needed to understand their global impact across a range of 

depositional conditions that affect both iron and phosphorus and, by extension, the REEs.  

 We document the REEs partitioning among extractable iron and phosphorus 

components in the sediment in two cores collected offshore of South Georgia (sub-

Antarctic).  We show that the main REE reservoir lies within the refractory siliciclastic 

material, consistent with the findings of other REE sediment leaching experiments (Du et 

al., 2016), but significantly lower than observations offshore Cascadia (Abbott et al., 

2016).  We postulate that the lack of a REE input associated with the iron delivery to the 

sediment offshore South Georgia reflects deposition from a very shallow water column, 

that precludes REE scavenging, and use measurements of REE in the water column in 

support of this conclusion.  We also take advantage of distinct and contrasting patterns in 

dissolved Fe2+ concentrations between the two South Georgia sites to investigate the 

impact of iron and phosphorus cycling on the behavior of labile REEs.  By characterizing 

changes in REE distributions among operationally defined geochemical phases we show 

that during early diagenesis REEs switch from labile phases of iron and phosphorus into 

more crystalline and permanently stable carbonate phases, which record the middle-REE 

enrichment typical of the REE release from amorphous iron input in the ferrugionous 

zone.  Deeper in the methanogenic zone, in systems that have abundant dissolved iron, 

REE switch from amorphous to more crystalline iron phases, and the resulting REE 

distribution in the more stable iron phase displays a middle and heavy rare earth 

enrichment, consistent with formation within the methanogenic zone. 

4.3 Study Site 

 The island of South Georgia in the southern Atlantic Ocean lies within the North 

Scotia Ridge, formerly part of the continental connection between South America and 

Antarctica (Cunningham et al., 1998; Dalziel et al., 1975).  The continental shelf 
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surrounding South Georgia is 50 - 150 km wide with an average water depth of ~ 200 m. 

The island is marked by numerous bays and fjords that extend to large eroded troughs 

that cut across the continental shelf; these troughs were likely formed during glacial times 

as the former pathways of ice streams and outlet glaciers (Graham et al., 2008).  The 

waters on the South Georgian shelf are strongly influenced by local processes that display 

significant interannual variability (Meredith et al., 2008; Murphy et al., 2004; Orsi et al., 

1995; Young et al., 2011).  These waters are highly productive, benefiting from enhanced 

supplies of iron and nutrients from glacial runoff, particularly the northern shelf area 

(Atkinson et al., 2001).  

 Organic carbon in the upper 8 cm averages ~ 0.65 wt% across all South Georgia 

sites (Geprägs et al., 2016).  Sediments in the bays and troughs are known to be rich in 

methane, likely originating from remineralization of organic-rich layers buried several 

tens of meters below the seafloor.  A biogenic origin for the methane was inferred from 

stable carbon isotopic measurements that fall within a δ13C-CH4 range of - 65 ‰ to - 100 

‰ (Geprägs et al., 2016).  Advection of methane gas documented by geochemical and 

hydroacoustic data (Geprägs et al., 2016; Römer et al., 2014) results in shoaling of the 

typical redox cascade, with a ferruginous zone limited to a very thin layer (< 300 cmbsf) 

and sulfate-methane transition (SMT) depths varying between <1 mbsf and 5 mbsf.  To 

characterize the REE cycling in this system, we selected a core retrieved from the Royal 

Trough, approximately 45 km southeast of the Cumberland Bay area on the northern 

South Georgia shelf (Fig. 4.1).  Here the sulfate-methane transition (SMT) is placed 

around 500 cm depth (Fig. 4.4) (Geprägs et al., 2016), the dissolved Fe2+ in the pore 

waters decreases sharply from 50 µM at 7 cm depth to below detection by 43 cm depth 

(Löffler, 2013); whereas  dissolved PO4
3- increases slowly from 30 µmol/L to 100 

µmol/L through the SMT and then increases at a higher rate to 215 µmol/L below the 

SMT.   

 In contrast to the overall low dissolved iron below 43 cmbsf at the Royal Trough 

site, dissolved iron in the pore waters at the Grytviken Flare, within the Cumberland Bay 

of the island, shows a marked increase within the methanogenic zone, reaching 100 µM 
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below 650 cmbsf.  This deep iron release occurs beneath the original dissolved iron 

depletion zone from 210 µM at 8 cm depth to ~10 µM by 300 cm, (Löffler, 2013).  At the 

Grytviken Flare, the SMT is centered around 300 cmbsf (Geprägs et al., 2016); the 

dissolved PO4
3- remains relatively constant at ~ 400 µmol/L to 650 cmbsf, where the 

PO4
3- starts to decrease, reaching a value of 250 µmol/L at the bottom of the core.  This 

core was selected to investigate the REE cycling in high iron environments. 

 

Figure 4.1: Map of South Georgia (sub-Antarctic) island. Stations where dissolved 

concentrations of the REEs in the water column were measured are shown as the blue 

squares and correspond to stations 282-1, 281-1, and 286-1 in Geprägs et al. (2016). 

Sediment cores from within the Cumberland Bay at the Grytviken Flare and further off-

shelf from the island at the Royal Trough site are shown as red crosses. 
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4.3 Methods 

4.3.1 Water column  

 During RV POLARSTERN expedition ANT-XXIX/4 in March/April 2013 we 

collected water column samples for dissolved REE analyses along a transect within 

Cumberland Bay.  Site 282 was sampled closest to the terminus of the Nordensköld 

Glacier in the eastern part of Cumberland Bay (Fig. 4.3).  Site 281 was sampled just past 

the Grytviken Flare site close to the mouth of the bay.  Site 286 was sampled just outside 

of the bay.  Water samples were collected from a 24x12 L Niskin rosette; salinity, 

temperature, pressure and dissolved oxygen were collected online using the ship’s Sea-

Bird Electronics, Inc. SBE911plus (Sea-Bird Electronics) CTD mounted within the 

rosette sampler.  Water was filtered though 0.45 um immediately after recovery, acidified 

with Optima-grade concentrated HNO3, and shipped to Oregon State University (OSU) 

for analyses.  Samples were also collected for methane and δ18O measurements; those 

data, and the interpretations on water masses and circulation within the bay derived from 

their analyses, are reported in Geprägs et al. (2016). 

4.3.2 Bulk Sedimentary REE Content 

 Sediment and pore fluid samples were collected by 10 m gravity cores recovered 

during the ANT-XXIX/4 expedition.  Sediment plugs were taken from the gravity cores 

immediately after sectioning of the liner and kept under anoxic conditions until analyses.  

Acid digestion of sediment samples was performed on ~ 100 mg of sediment using 3 mL 

65% HNO3, 2 mL 30% HCl, and 0.5 mL HF in a MARSXPress microwave system from 

CEM Corporation at the Alfred Wegener Institute (AWI), Bremerhaven (Löffler, 2013).  

After dissolution of the sample and the evaporation of the acid, the remaining sample was 

dissolved into 50 mL of 1 M HNO3 and analyzed for its major element composition at the 

AWI (Löffler, 2013).  Subsamples of the HNO3 solution were transported to OSU for 

analyses of REE and total phosphate at the Keck Collaboratory. 
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4.3.3 Sequential Extractions of Iron and P phases 

 Operationally defined iron fractions were extracted from ~ 50 mg of sediment at 

the AWI, using the method developed by Poulton and Canfield (2005) and modified by 

Henkel et al. (2016) (Table 4.1).  This method targets a series of ‘highly-reactive’ iron 

phases within the sediments.  The first phase extracted with 5 mL of 1  Na-acetate (pH 

4.5 with acetic acid) is carbonate-associated iron (siderite) but also includes acid volatile 

sulfides (AVS) and surface-reduced Fe(II) (Poulton and Canfield, 2005; Tessier et al., 

1979).  The next phase extracted with 5 mL of 1 M hydroxylamine-HCl in 25% (v/v) 

acetic acid is the amorphous Fe-oxide minerals such as ferrihydrite and lepidocrocite 

(Poulton and Canfield, 2005).  The third phase is extracted with 5 mL of Na-

dithionite/Na-citrate (pH 4.8) and targets more crystalline Fe-oxides such as goethite and 

hematite (Henkel et al., 2016; Poulton and Canfield, 2005).  The final phase of the 

method targets magnetite iron using 0.2 M ammonium oxalate/0.17 M oxalic acid.  

Following each extraction step, samples were centrifuged and filtered through 0.2 µm 

polyethersulfone filters, and stored for further analyses.  Major element and iron analyses 

were performed at AWI in Bremerhaven, Germany, as detailed by Löffler (2013).  

Selected samples from the Royal Trough Site and Grytviken Flare were sent to OSU for 

REE analysis. 

 Samples from the Royal Trough and Grytviken stations were also subjected to a 

sequential extraction procedure to isolate the sedimentary fractions of phosphorous.  

These extractions were performed at AWI following the SEDEX procedure of Ruttenberg 

(1992) and modified by Slomp et al. (1996) (Table 4.1).  The first step of the procedure 

uses 1 M MgCl2 (pH 8) to isolate P that is loosely sorbed to particle surfaces.  Following 

the first step, a solution of 0.22 M Na-citrate, 0.14 M Na-dithionite, 1.0 M Na-

bicarbonate (pH 7.6) was used to extract the oxide-associated phases of P, which include 

Fe-oxides, reduced Fe(II)-P minerals, and fish debris (Ruttenberg, 1992; Schenau and De 

Lange, 2000).  A 1 M Na-acetate solution buffered to a pH 4 was used next to target the 

phosphorous associated with carbonate phases, including authigenically formed 

carbonate fluorapatite (CFA).  Phosphorus within detrital apatite was targeted with a 1 N 
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Table 4.1: Sequential leaching procedures for iron and phosphorus 

 Iron leaching procedure  P leaching procedure (SEDEX) 

 Solvent Target Phase(s)   Solvent Target Phase(s) 

Step 1 1 M Na-acetate (pH 4.5) 

carbonate-associated iron 

(siderite)   1 M MgCl2 loosely-adsorbed 

   acid volatile sulfides       

   surface-reduced Fe(II)       

Step 2 

1 M hydroxylamine-HCl in 25% 

(v/v) acetic acid 
amorphous Fe-oxide minerals 

  

0.22 M Na-citrate/0.14 M Na-

dithionite/1.0 M Na-bicarbonate (pH 7.6) 

oxide-associated P 

phases 

   ferrihydrite     Fe-oxides 

   lepidocrocite     Fe(II)-P 

         fish debris 

Step 3 Na-dithionite/Na-citrate (pH 4.8) crystalline Fe-oxide minerals   1 M Na-acetate (pH 4) carbonate phases 

   goethite     carbonate fluorapatite 

   hematite       

Step 4 

0.2 M ammonium oxalate/0.17 M 

oxalic acid magnetite   1 N HCl detrital apatite 

Step 5       ashing at 550 °C/1 N HCl organic matter 

 Poulton and Canfield (2005); Henkel et al. (2016)  Ruttenberg (1992); Slomp et al. (1996) 
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HCl solution.  The procedure concludes with ashing the remaining sediment material 

followed by treatment with 1 N HCl in order to extract P from the organic matter.  

Following each step in the procedure, the samples were centrifuged and the supernatant 

filtered through 0.2 µm polysulfone filters.  Phosphorus was measured 

spectrophotometrically in all of the leaching steps, except for the Na-acetate solution, 

which was measured by ICP-OES, at AWI (Löffler, 2013).  Six selected depths from 

these phosphorus leaches were analyzed for REEs to complement our inferences based on 

the Fe-phase extractions. 4.3.4 REE analyses 

 The dissolved REE concentration in seawater samples was analyzed on a 

seaFAST2 unit from Elemental Scientific, Inc. (Omaha, NE) attached to a Thermo 

Plasma X-Series II inductively coupled plasma mass spectrometer (ICP-MS), following 

the procedure described in Yang and Haley (2016).  Briefly, the dissolved REEs in 

seawater were pre-concentrated and the seawater matrix removed using ion exchange 

chromatography on a resin with ethylenediaminetriacetic acid/iminodiacetic acid 

functional groups (Hathorne et al., 2012).  This approach selectively chelates the REEs 

while washing out alkali and alkaline earth matrix elements that present isobaric 

interferences on the ICP-MS.  Repeated measurements (n = 8) of a highly diluted acid 

mine drainage reference water deviated no more than 3 - 12% (1σ) from the most 

probable values reported in Verplanck et al. (2001).  Replicate measurements (n = 10) of 

an in-house seawater sample, yielded errors of 3 and 10% (1σ) for the REES, except for 

Ce and Gd which were 25% and 19%, respectively.  No blanks were collected at sea, but 

laboratory procedural blanks are indistinguishable from the 1% HNO3 blank. 

 We analyzed REE in the extracted iron fractions of sediment from twelve and 

eighteen depths sampled from the Royal Trough and the Grytviken Flare cores, 

respectively.  Three depths from the Royal Trough (20 cm, 30 cm, and 240 cm) and three 

from the Grytviken Flare (360 cm, 540 cm, and 790 cm) were selected for REE analyses 

in the extracted phosphorus fractions to complement the REE data in the Fe-leachates.  

Solution samples from digestion and leached fractions were processed using ion 
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exchange chromatography to concentrate the REE and remove ions that may produce 

isobaric interferences or suppress sensitivity of REE detection by ICPMS, following 

procedures outlined in Abbott et al. (2016) and Yang et al., in press.  The solutions were 

sent through gravity columns filled with 2 mL of AG1-X4 (200-400 mesh) resin 

(Eichrom Technologies) to remove dissolved iron, using 6 M HCl acid to condition the 

resin and elute the REEs.  After removal of dissolved iron, the REE eluents were sent 

through columns filled with 1.6 mL of AG50-X8 (100-200 mesh) resin (Eichrom 

Technologies) to remove alkali and alkaline earth cations; during this treatment the resin 

was conditioned using 1 M HCl and the REEs were eluted in 6 M HNO3.  All ion 

chromatography steps were conducted in the Class 100 cleanroom of the Keck 

Collaboratory at Oregon State University.  All acids used were reagent grade (HCl: CAS 

#7647-01-0, HNO3: CAS #7697-37-2) that were distilled prior to their use in column 

work using a quartz still to remove trace metal impurities. 

Analysis for the REEs from sediment leaches were performed on the ICP-MS at 

OSU.  External accuracy of the ion exchange procedure for the REEs was assessed 

through replicate analyses of an acid mine drainage reference water (PPREE1) and acid 

digests of USGS certified materials (SDO-1 and SGR-1).  Accuracy of the recovered 

REEs for these reference materials averaged between 85 - 110 % of the certified values.  

Standard error for the analyses by ICP-MS was less than 5% (1σ) for all of the REEs, and 

detection limits were below 0.3 ng/mL.  A series of blanks were analyzed to ascertain 

that no contamination was introduced during the column procedure, and blanks analyses 

showed REE concentrations below detection limit.  Procedural blanks through the 

sequential extraction procedures, analyzed separately, also were below detection limits.   

4.4 Results 

4.4.1 Dissolved REEs in the overlying water column 

 With few exceptions, the depth profiles of the dissolved REEs (showing La, Gd, 

and Lu as representative members of the light, middle, and heavy mass REEs, 
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respectively) showed no discernible trends with depth or water mass (Fig. 4.2).  

Concentrations of the dissolved REEs in the South Georgia waters, however, were 

between 2 - 3 times larger than reported open ocean values measured from sites in the 

Southern Ocean (green line) (German et al., 1995).  Normalization of the dissolved REE 

concentrations to average shale values (i.e., PAAS), done in order to make inter-REE 

comparisons, resulted in REE patterns that were consistent with depth and between 

stations, showing ‘typical’ seawater patterns of depleted Ce and a linear enrichment 

towards the heavy mass REEs (Fig. 2.3) (e.g., Byrne and Sholkovitz, 1996; Elderfield et 

al., 1988; Piepgras and Jacobsen, 1992).  Cerium anomalies (Ce/Ce*) for the South 

Georgian waters show very low values, but also do not appear to vary appreciable with 

depth.  Comparatively, Ce/Ce* values for the open Southern Ocean sites, are relatively 

higher, but still show anomalies relative to PAAS (German et al., 1995).   

 

Figure 4.2: Dissolved REE concentrations and Ce/Ce* anomalies measured in the water 

column at South Georgia. Ce/Ce* anomalies calculated as 2*CeN/(2*LaN+PrN), where 

subscript N denotes normalized concentrations. Dissolved O2 (dotted lines) and potential 

density (solid lines) profiles are from Geprägs et al. (2016). Shale-normalized patterns of 

the dissolved REEs are shown on the right. Also shown for comparison are dissolved 

REEs data reported for the Southern Ocean (teal profiles) (German et al., 1995). 

4.4.2 REE content in sediments 

 The sediment cores consist of muds to sandy muds, ranging in color between 

black or dark green to grey, with some evidence of bioturbation (Bohrmann, 2013).  The 

sum of all of the REEs measured in the extracted iron and P phases of South Georgia 

samples comprised less than 15 % of the total REE content measured in the bulk 
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sediment (Fig. 4.3).  Extracted REE totals were below 10 µg/g for all samples, whereas 

total REE content of the bulk sediment range from ~ 70 to 120 µg/g.  The small reactive 

REE fraction in the South Georgia sediments is similar to that observed in core top 

sediments from the Gulf of Alaska (Du et al., 2016).  However, our results differ from the 

sequential leaching experiments performed by Abbott et al. (2016) on surficial sediments 

from the Cascadian margin, which showed a greater amount of extractable REEs from ~ 

20 to 45 µg/g and lower total REE contents of ~ 40 to 100 µg/g.  The results of Abbott et 

al. (2016) and Du et al. (2016) are a limited sample size for comparison, but are, to our 

knowledge, the only other studies of REEs in extractable sediment phases.  The bulk REE 

content and bulk Al content show a positive, coherent correlation and we infer the 

majority of the REEs to be hosted within a refractory, siliciclastic component of the 

South Georgia sediments (Appendix A3).  

 

Figure 4.3: The sum total of REEs measured in the extracted acetate and 

hydroxylamine/dithionite phases versus the total REE content of the bulk sediment. Also 

shown for comparison are the results from Du et al. (2016) and Abbott et al. (2016). 

Shale-normalized REE patterns in the bulk sediment are shown on the right. 

Within the extracted iron phases of the Royal Trough sediments, the main hosts of 

the extractable REEs were the hydroxylamine extractions targeting amorphous Fe-oxides 

such as ferrihydrite and lepidocrocite and the acetate extractions targeting carbonate-Fe 
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and CFA phases (Fig. 4.4).  The percentages of the extractable REEs in the 

hydroxylamine phase of the Royal Trough sediments show a slight decrease with depth in 

the core, decreasing from hosting 64 % of the extractable REEs at to the top of the core to 

hosting 52 % at the bottom of the core at 880 cmbsf.  Percentages of the extractable REEs 

in the acetate phase of the Royal Trough sediments show a slight increase with depth that 

is most noticeable in the upper 120 cm of the sediments but generally increases from 17 

% at the top to 34 % by the bottom of the core.  The REEs measured within the dithionite 

extractions (that target crystalline Fe-oxides goethite and hematite) and within oxalate 

extractions (that target magnetite) generally comprise less than 13 % of the extractable 

REEs for the Royal Trough site and thus appear to have minimal impact on the REE 

system.  Measured REE contents in extracted P phases for the three depths analyzed at 

the Royal Trough site were consistent in the acetate and hydroxylamine/dithionite 

extractions to the extracted Fe phases (Appendix A3).  In addition to the acetate and 

dithionite extractions, the SEDEX procedure for P also extracts detrital apatite and 

organic matter (Ruttenberg, 1992).  Analyses of detrital apatite leaches show that a 

significant amount of REEs are hosted this phase, averaging ~ 11 µg/g and 60 % of 

extractable REEs (Fig. 4.5).  However, this detrital apatite phase is considered to be a 

non-reactive component in the sediments, on account of the ordered crystal structure and 

terrigenous origins (Ruttenberg, 1992).  The REEs measured within the extracted organic 

matter averaged ~ 1.7 µg/g and was comparable to amount of REEs hosted in the acetate 

phases for the Royal Trough site. 
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Figure 4.4: Percentage of REEs hosted in extracted Fe and P phases in the Royal Trough 

sediments. Pore water profiles shown on the left are from Geprägs et al., (2016) and 

Löffler, 2013.  Included are the measured REEs for the 12 samples processed for 

extracted Fe phases (blue, green, red, and light blue) and the 3 samples processed for 

extracted P phases (yellow and purple) at the Royal Trough site. 

 Similar to the Royal Trough sediments, the majority of the extractable REEs in 

the sediments at the Grytviken Flare are hosted within the acetate and hydroxylamine 

phases (Fig. 4.5).  The acetate extractions on average hosted 21 % of the extractable 

REEs while the hydroxylamine extractions averaged 58 % at the Grytviken Flare. 

Oxalate extractions also hosted less than 12 % of the extractable REEs.  For the three 

samples subjected to P phase extractions, detrital apatite was again a major host to the 

REEs, containing an average of 10 µg/g and 62 % of the extractable REEs.  The 

measured REEs within organic matter at the Grytviken Flare was also significant and 

comparable to the measured REEs of the acetate phases with an average of 2 µg/g and 12 

% of the extractable REEs.  The crystalline Fe-oxide phases (goethite/hematite) extracted 

through dithionite at the Grytviken Flare site, however, showed a significant increase in 

the amount of REEs hosted, particularly within the depth interval between 500 and 600 

cmbsf (Fig. 4.6).  Within this interval, the percentage of REEs within the dithionite 
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extractions increased from ~ 15 % up to 52 %, corresponding to a decrease in the REEs 

within the hydroxylamine extractions from 58 % down to 20 % (Fig. 4.6).   

 

Figure 4.5: Percentage of REEs hosted in extracted Fe (blue, green, red, and light blue) 

and P (yellow and purple) phases in the Grytviken Flare sediments. Pore water profiles 

shown on the left are from Geprägs et al., (2016) and Löffler (2013).  Included are the 

measured REEs for the 18 samples processed for extracted Fe phases and the 3 samples 

processed for extracted P phases at the Grytviken Flare site. 

4.5 Discussion 

4.5.1 Particulate scavenging in the water column 

 The shale-normalized patterns of dissolved REEs in the South Georgia water 

column are consistent with generalized patterns of REEs in seawater and with open ocean 

profiles in the Southern Ocean (Fig. 4.2) (German et al., 1995).  The enrichment of these 

generalized dissolved REE patterns towards the heavy mass REEs are believed to 

represent the complex interaction between particle scavenging and complexation with 

dissolved ligands in the water column, where the light REEs are more particle reactive 

than the heavy REEs, and the heavy REEs form stronger complexes with dissolved 
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ligands (Alibo and Nozaki, 1999; Byrne and Kim, 1990; Byrne and Li, 1995; Schijf et al., 

2015; Sholkovitz et al., 1994).  The negative excursions in dissolved cerium (Ce) 

displayed in the patterns reflect the microbially mediated oxidation of Ce3+ to Ce4+, 

which can then form insoluble Ce-oxides that effectively remove dissolved Ce from sea 

water (e.g., Bau and Koschinsky, 2009; Moffett, 1990; Sholkovitz and Schneider, 1991).  

Dissolved Ce anomalies (Ce/Ce*) in the South Georgia water column are generally less 

(i.e., more pronounced deviations) than those of Southern Ocean profiles, but are not 

reflected in the reactive components of South Georgia sediments (Fig. 4.7; Fig. 4.8).  

That is, the reactive components of the sediment do not display a corresponding positive 

Ce anomaly, suggesting that Ce oxidation may not be a significant process in terms of 

determining the particulate REE signatures in these South Georgian waters.   

 Particulate scavenging is also important to determining the vertical distribution of 

dissolved REEs in the water column.  In open ocean profiles, dissolved REEs are 

relatively low in the surface waters and increase with depth (Byrne and Sholkovitz, 1996; 

Elderfield et al., 1988; Elderfield and Greaves, 1982).  This generalized depth profile has 

traditionally been attributed to the scavenging of dissolved REEs onto particulates, which 

then sink to deeper waters and are respired through microbial activity, releasing dissolved 

REEs back into the water column and generally drawing comparisons to the depth 

profiles of dissolved silica (e.g., Akagi, 2013; Byrne and Kim, 1990; Byrne and 

Sholkovitz, 1996; Oka et al., 2009).  In the shallow waters (< 300 m) of the South 

Georgia margin, however, we observe dissolved REE concentrations in the seawater that 

are higher than open ocean data at the corresponding depths reported for the Southern 

Ocean (Fig. 4.2) (German et al., 1995).  These elevated shallow concentrations on the 

South Georgia margin are similar to the dissolved REEs measured in shallow waters in 

Arctic Ocean (Westerlund and Öhman, 1992; Yang and Haley, 2016) and the Caribbean 

Sea (Osborne et al., 2015), which suggest localized inputs to the surface waters and 

negligible particulate scavenging to deeper parts of the water column.  The REE 

concentration in the shallow water column (< 300 m) at South Georgia is lower than the 

elevated concentrations in deep open ocean water, possibly indicating that particulate 
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scavenging offshore South Georgia represents a minor component of the REEs delivered 

to the sediments.  We expand upon this idea in the following section, when we consider 

the REEs measured in reactive iron and phosphorus components of the sediments.  

4.5.2 REEs in reactive iron and phosphorus components of the sediments 

  While < 15 % of the total REEs were measured in extractable iron and 

phosphorus components of the sediments, the majority of the REEs in the South Georgia 

sediments were associated with a refractory siliciclastic fraction, leading to bulk REE 

patterns that are slightly enriched towards the heavy REEs (Fig. 4.3).  In general, these 

deviations from PAAS values in the bulk sediment REE content are representative of 

differences in composition and contributing components to the REE system.  In the South 

Georgia sediments, dilution with other sedimentary components such as biogenic input 

from the highly productive phytoplankton blooms in the overlying waters likely account 

for REE values that are below that of PAAS.  Meanwhile, the slightly heavy REE 

enriched bulk patterns are representative of distinct signatures of siliciclastic input that is 

consistent with the siliciclastic signatures of ancient black shales shown in Chapter 3.  

The REE measured in the extractable iron and phosphorus phases of the South Georgia 

sediments yield insights on the mobility of the reactive REEs not locked away in 

refractory siliciclastic material.  

 General linkages between the sedimentary REE and iron cycles – through 

associations with Fe-oxide phases (Haley et al., 2004; Kim et al., 2012; Palmer and 

Elderfield, 1986; Sherrell et al., 1999) – and with phosphorus cycling – through the 

formation of authigenic mineral phases (Bright et al., 2009; Cruse et al., 2000; Kidder 

and Eddy-Dilek, 1994) – are well-documented in the literature.  Fe-oxides are important 

carriers for both the REEs and phosphorous to the sediments and the reductive 

dissolution of Fe-oxides provides dissolved REEs and phosphorous to the pore water 

(Filippelli, 1997; Haley et al., 2004; Ruttenberg, 2003; Slomp et al., 1996b).  Dissolved 

REEs released from Fe-oxide cycling are characterized by a middle-REE-enriched 

pattern (Abbott et al., 2015; Haley et al., 2004; Kim et al., 2012; Palmer and Elderfield, 
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1986; Sherrell et al., 1999).  A similar middle-REE-enriched pattern is observed within 

authigenic mineral phases such as carbonate fluorapatite and other carbonate 

accumulations that precipitated in the sediments, potentially signaling the transfer of REE 

signatures from Fe-oxides to authigenic mineral formation (Anderson and Delaney, 2000; 

Cruse et al., 2000; Henkel et al., 2016; Kidder and Eddy-Dilek, 1994; Poulton and 

Canfield, 2005; Rongemaille et al., 2011; Ruttenberg, 1992).  

 Abbott et al. (2016) measured high amounts of extracted REEs relative to the 

amount of extracted iron in both the amorphous Fe-oxide and carbonate phases in 

Cascadia margin sediments, which are in stark contrast to our analogous analyses that 

yield low amounts of REEs but high amounts of extracted iron in the South Georgia 

sediments (Fig. 4.6).  Overall, less than 15 % of the total REE content was found in 

extractable phases at South Georgia compared to nearly 50 % at the Cascadian Margin 

(Abbott et al., 2016).  We postulate that this reflects differences in the input functions to 

the sediment, specifically the amount of REE delivered via particle scavenging.  From the 

dissolved REEs measured in the water column (Fig. 4.2), we observed elevated 

concentrations of the REEs relative to open ocean profiles that we interpreted, in part, to 

reflect localized inputs of REEs to the surface waters and minimal contribution of 

particulate scavenging.  The low amount of REEs measured in the extractable 

components of the sediment is consistent with this suggestion.  At South Georgia, the 

high iron supply from the island is reflected in the high content of reactive iron phases of 

the sediment at both study sites (Atkinson et al., 2001; Geprägs et al., 2016).  Transit of 

this reactive iron to the South Georgia sediment is relatively short, as both sites lay under 

~ 250 m water depth and are in close proximity to the island (Bohrmann, 2013).  Thus, 

the time available for REE scavenging onto these phases is likely limited.  

Comparatively, the Cascadian Margin sites from Abbott et al. (2016) are further off shore 

from riverine input (~ 40 - 50 km off shore) and under water depths from 200 to 3000 m.  

We suggest that the longer transit time for reactive iron to the sediments of the Cascadian 

Margin sites is related to the higher loading of REEs associated with these phases favored 

by longer time availalbe for particulate scavenging of REEs from seawater.  Consistent 
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with this scenario, is the observation that the highest amounts of REEs measured in the 

amorphous Fe-oxide phase by Abbott et al. (2016) at the Cascadian Margin are from the 

deepest location, under 3000 m of water (Fig. 4.6).  The cores analyzed by Du et al. 

(2016), although covering water depths of 426 to 3686 m, were collected within the 

central Gulf of Alaska, an iron-limited system characterized as a high nitrate, low 

chlorophyll (HNLC) area (e.g., Fiechter et al., 2009; Lippiatt et al., 2010).  Consistently, 

both the reactive iron and reactive REE fractions in samples from core tops in Gulf of 

Alaska region are all quite low (Figure 4.6) (Du et al., 2016).  These data reveal how both 

iron supply (i.e. proximity to continent and river delivery systems) and settling time of 

reactive particles (i.e. water depth) may influence on the amount of reactive REEs 

available for cycling during early sediment diagenesis. 

 Transport and remobilization of REEs associated with reactive iron phases has 

been previously documented in sediments from the Central Pacific and California 

Margin, which show a positive correlation between REEs and the amount of iron (e.g., 

Bau and Koschinsky, 2009; Haley et al., 2004).  In the South Georgia samples, however, 

the extracted REEs displayed little coherence with labile iron phases (in the amorphous 

Fe-oxide and Fe-carbonate phases), but showed a positive correlation between extracted 

REEs and phosphorous in the labile P and Fe-oxide phases with roughly the same slope 

(Fig. 4.6).  The extracted REEs from the carbonate phase also displayed a strong 

coherence to extracted phosphorus, except for an interval at the Grytviken Flare site 

shallower than 120 cmbsf.  Below this interval the extracted REEs and extracted P in the 

carbonate phase return to a positive correlation that is consistent in both the South 

Georgia sites.  The lower REE content within the uppermost carbonate phases of the 

Grytviken Flare may reflect a primary input of carbonate material that has not yet 

acquired the signal of REE cycling from the pore waters; i.e., these sediments, which lie 

above the SMT, have not seen significant authigenic carbonate precipitation that may 

incorporate the REE signal in the pore fluids.  Authigenic carbonate formation deeper in 

the sediments at the Grytviken Flare, possibly associated with anaerobic methane 

oxidation at the SMT, is evidenced by the marked decrease in dissolved calcium (Fig. 
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4.5).  These newly formed carbonates, a fraction of which incorporates phosphorous, 

have acquired the REEs released during early diagenesis.   

 

Figure 4.6: Extracted REEs versus extracted iron (top) and phosphorus (bottom) within 

the hydroxylamine (green) and acetate (blue) phases.  Royal Trough samples are shown 

as the solid symbols, Grytviken Flare samples are shown as the open samples.  

 Collectively, the extracted REE data revealed the importance of water depth, iron 

supply, and redox conditions in the availability, reactivity, and phase association of REE 

in marine sediment.  Although particulate scavenging of REEs onto sinking Fe-oxide 

particles at South Georgia is likely limited by short transit times, any REEs delivered to 

the sediment in association with reactive iron phases are rapidly transferred to 
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phosphorous-bearing phases in these highly reducing sediment, where the ferruginous 

zone is shallower than 300 cmbsf and authigenic carbonate formation is favored by 

anaerobic methane oxidation (Geprägs et al., 2016).  This rapid conversion is reflected in 

the stronger correlation between the REEs and phosphorus in extracted phases, and 

explain the difference between our observations and previous observations of REEs that 

correlate positively with Fe-oxide phases in sediment samples from less reducing settings 

than those offshore South Georgia (e.g., Bau and Koschinsky, 2009; Haley et al., 2004). 

4.5.3 Transfer of REE signals from labile to more stable mineral phases 

 In exploring the REE content of different reactive phases down core, we note 

corresponding changes in the REEs distribution that we infer to reflect the ‘sink-

switching’ behavior of the REEs from amorphous to more crystalline, stable phases.  At 

the Royal Trough site, a general decrease in the percentage of REEs within the 

amorphous Fe-oxide phase is coincident with a general increase in the percentage of 

REEs within the acetate phase. This transfer of REEs between phases is readily apparent 

when considering the shale-normalized patterns of each depth analyzed (Fig. 4.7).  In 

addition to transferring REE content, we noted the preservation and transfer of the 

middle-REE-enrichment from amorphous Fe-oxide phases to carbonate phases. Such 

process  is well-documented for phosphorous, where this element ‘switch-sinks’ from 

labile phases into CFA, considered to be the main permanent sink for reactive P in the 

sediments (e.g., Filippelli, 1997; Ruttenberg, 2003; Ruttenberg and Berner, 1993).  By 

analogy, the REEs, which show a strong coherence with P in these extracted phases, may 

follow the same pathway from labile, amorphous Fe-oxide phases into more crystalline 

structured, stable carbonate phases, which record the middle-REE enrichment typically 

ascribed to reductive release of REE from reactive iron phases during diagenetic cycling 

in the ferruginous zone (Cruse et al., 2000; Kidder et al., 2003). 
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Figure 4.7: REE patterns within the amorphous Fe-oxide (hydroxylamine) phase and 

carbonate (acetate) phase at the Royal Trough site. Depths at the surface and bottom of 

the core are highlighted. Arrows indicate increasing depth in the core.  

 In the iron-rich Grytviken Flare sediment we observe the REEs transfer from 

amorphous Fe-oxide phases to carbonate phases, similar to that observed at the Royal 

Trough site (Fig. 4.8).  However, our iron extraction data at the Grytviken Flare site also 

reveals a REE transfer from amorphous Fe-oxide to more crystalline Fe-oxide phases in 

the form of goethite/hematite, a known diagenetic iron pathway (e.g., Burdige, 1993). 

Within the depth interval between 500 and 600 cmbsf, the REE profiles associated with 

amorphous Fe-oxides shows a distinct minimum that is mirrored by a correlative increase 

in the REEs measured within crystalline Fe-oxide forms (Fig. 4.8).  We infer the mirrored 

signals of REEs in the amorphous Fe-oxide and crystalline Fe-oxide phases to reflect this 

maturity of minerals into more crystalline forms, accumulating the REEs in the process. 

Grytviken Flare sediment below 500 cmbsf lie within the methanogenic zone (Fig 4.5), 

an environment in which pore waters have shown an increase in heavy-REE (Kim et al., 

2012).  It is noteworthy that at the Grytviken Flare site, the more stable iron phases that 

form within this zone, have a middle-to heavy REE enrichment, suggesting that 

authigenic mineral formation within this zone, may indeed record a HREE-enrichment 

imposed by methane cycling within the sediment. 
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Figure 4.8: Extracted REEs within the amorphous Fe-oxide (hydroxylamine, green) and 

crystalline Fe-oxide (dithionite, red) phases at the Grytviken Flare. Arrows indicate our 

inferences of a net transfer of REEs between phases. 

4.6 Conclusions 

 In South Georgia the siliciclastic fraction hosts the majority of the REEs whereas 

the reactive, labile phases comprise less than 15 % of the total REE content in the 

sediment. Notwithstanding the close proximity to an enhanced source of iron coming off 

of the island, there is a low REE input to the sediment in the amorphous Fe-oxide phases.  

We suggest that the relatively shallow depths of the bays and troughs that surround the 

island (< 300m) result in an abbreviated particle lifespan in the water column that limits 

REE scavenging.  Water column data are consistent with this premise, displaying high 

surface concentrations of dissolved REEs that may be attributable to high localized inputs 

but no significant increase with depth suggesting lack of particulate scavenging. 

 Within the extractable phases of the sediments, however, the REEs show a 

stronger correlation with phosphorous than with iron that reflects the ‘sink-switching’ 

behavior from amorphous iron phases to more crystalline, P-bearing carbonate phases.  

This transfer occurs within the uppermost sediment, since a methane flux from deep-

seated organic-rich layers shoals the redox progression, such that the ferrigenous zone is 
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limited to the upper 300 cmbsf.  Authigenic carbonate formation at the SMT provides an 

excellent vehicle for carbonate precipitation that facilitates the rapid transfer from 

reactive iron to carbonate REE sinks.  Our data reveal that the middle-REE-enriched 

pattern of the amorphous Fe-oxide phase is taken up by P-bearing carbonate phases.  This 

observation may explain the middle-REE enrichment commonly observed in the geologic 

CFA record.   

The high iron delivery to the Cumberland Bay provides additional information on 

the role of iron and REE diagenesis.  Samples from the Grytviken Flare site show that, in 

addition to the amorphous iron to carbonate transfer, there is a transfer of REEs from 

amorphous to crystalline Fe-oxide phases.  The new crystalline Fe- phase 

(goethite/hematite) show enrichment in middle and heavy REEs, consistent with reported 

behavior of REE in pore waters of methanogenic sediment.   

By characterizing REE distributions among the different components of 

sedimentary iron and phosphorus phases in two South Georgia cores, we generated new 

insights on the linkages between input sources and the resulting primary diagenetic cycles 

of REE in marine sediment. Our results allow us to unravel processes that led to “sink-

switching” from less stable to more crystalline carbonate and iron phases and the 

generation of diagnostic patterns to better interpret REEs signatures in the sediment 

record. 
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Chapter 5 Concluding Remarks and Future Directions 

 For this dissertation, I sought to unravel the complexities associated with the 

observed patterns and distribution of rare earth elements in ancient shales such that we 

might have a better concept on how to potentially employ these elements as geochemical 

tracers or have a better understanding on the individual factors that influence both the 

magnitude and signature of REE accumulation in sedimentary systems.  Through my 

investigations, the intimate coupling of the REEs to the larger cycles of Fe and P became 

readily apparent.  The culmination of my work in this dissertation was being able to 

discern and present a reasonable, coherent picture of the REE systematics that included 

considerations of the Fe and P cycles from the datasets generated.  My results supported 

previous suggestions on the effect of sedimentation rates in controlling the amount of P 

that eventually was sequestered as a stable mineral form of CFA.  Working from this 

supposition of authigenic mineral formation in sediments, and incorporating ideas from 

modern studies of REEs in pore waters, I built a framework to describe the accumulation 

of REEs in sediments over time and detailed the individual components (e.g., remnant 

organic matter, siliciclastic material, authigenic minerals) that combine and influence 

both the magnitude of REE accumulation as well as the signature.  And finally, turning 

back to modern settings, I described how the fidelity of the REE records might change 

over time in the sediments, with REEs demonstrating a ‘sink switching’ ability from 

labile phases of Fe and P into more crystalline or stable phases.  Ultimately, the picture of 

REEs in marine systems I composed here, and the long-term fidelity of this REE record 

to reflect conditions under which authigenic phases formed, may be useful in considering 

future questions such as what reactive phases were accessed and activated during 

diagenesis? What phases might we expect the REEs to be present in? And, what might 

the REE signature be when these older marine black shale units are exposed to 

groundwater or anthropogenic activities?   

 Throughout the process of developing and refining this picture, however, I 

realized these conclusions, while certainly reasonable and supported by the data, have a 
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degree of variability and uncertainty that pose challenges for completely constraining 

REE systematics.  In fact, attempts by myself, among others, to answer the last question 

posed above in relation to the potential release of REEs from black shale and hydraulic 

fracturing operations have not been entirely successful, demonstrating the difficulty in 

fully constraining the REE picture (Yang et al., in review).  Part of this variability is 

introduced by competing influences on sedimentary processes such as redox conditions 

and reactive P fluxes to the sediments impacting the total cycling of P.  While 

sedimentation rates have the strongest correlation with the amount of authigenic CFA 

formation, the influences of these other factors are clearly evident and must be accounted 

for in order to completely constrain and understand the REE system at any given 

location.  One of the areas of work that remains to be completed is therefore being able to 

better constrain the REE response to changes in environmental parameters such as redox 

changes. Another aspect of the REE system that remains in relative uncertainty is the 

nature of the sink for the REEs in pore waters.  Carbonate fluorapatites attract a lot of the 

attention because of the magnitude of REEs within these phases, but other minerals such 

as vivianite have also been shown to be the important mineral hosts for phosphorous 

(e.g., Egger et al., 2015).  Carbonates are another potential sink for the REEs in marine 

environments, but the cycling of the REEs associated with carbonate formation remains 

relatively unknown (Feng et al., 2009; Himmler et al., 2010; Rongemaille et al., 2011; 

Shaw and Wasserburg, 1985).  To understand the ultimate end point for REEs active 

during sediment diagenetic processes is necessary to not only understand accumulation 

mechanisms and signatures, but also the ramifications that these processes may have 

upon the pore water signature and cycling of the REEs. 

 Adding to the task of answering these questions is the difficulty in approaching 

them in the first place.  In order to provide a preponderance of the evidence for REE 

cycling in the marine sediment, a multi-pronged approach is often needed that correlates 

solid phase data with pore water analyses and include diagenetic modeling to fully 

unravel the main determining factors. Whereas sequential leaching approaches are time 

consuming, pore water analyses are particularly challenging because of the small sample 
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volumes and the often high concentrations of ions that interfere isobarically with REE 

analysis via mass spectroscopy (e.g., Abbott et al., 2015b; Hathorne et al., 2012; Kim et 

al., 2012).  I have attempted to fill part of this gap in analytical challenges by developing 

a method to accurately and reliably measure REEs within solutions with a very high 

burden of total dissolved solids and salinity that was intended to mimic fluids used during 

hydraulic fracturing operations on black shales (Appendix A.3).  Even with such 

approaches, pore waters in margins with high Ba/REE concentrations such as those 

recovered from the Ulleung Basin offshore Korea, remains an analytical challenge (Kim, 

2016; personal communication). 

 Despite the remaining uncertainty and misgivings one may have on the state of 

our REE knowledge, the fact remains that the REEs are a powerful analytical tool for 

geochemical queries in the natural environment and are additionally technological 

resources facing a steep demand in the world economy.  Harnessing the power in 

interpreting REE systematics requires a thorough and careful consideration of the myriad 

influences to the behavior of the REEs.  With this dissertation, I have hopefully added to 

the knowledge and specification of processes and mineral phases that impact the cycling 

of the REEs in marine sediments.   
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Appendix A1 Supporting Information for Chapter 2  

Diagenetic Modelling in Crunchflow 

The reactive transport model implemented in Crunchflow considered 29 species in the 

pore water phases, a total of 10 different mineral phases, and 4 gaseous species (Table 

S3).  The full list of reactions between these basis species is given in Table A1.3.  For the 

model, we considered the first 20 cm of a simplified, generalized sediment column in 

order to ensure that the methanogenic zone was incorporated.  This 20 cm sediment 

column was discretized into 0.1 cm increments.  The amount of time that the model was 

run was constrained to the amount of time taken by the first sediment layer to be buried 

through the 20 cm; thus, for each sedimentation rate considered, the amount of time 

varied.  Burial rates were varied as 0.34, 5.6, 200, 400, 600, 800, and 1,000 cm/kyr.  

Throughout the time and space interval set for the model, burial rates were kept constant. 

The porosity of the uppermost layer of the sediment column was set at 0.86, within the 

average range of most marine sediments that have typical porosities of ~0.9 - ~0.7 (e.g., 

Berner, 1980; Mulsow et al., 1998; Ullman and Aller, 1982).  Compaction in the 

sediment and a corresponding decrease in porosity with depth was modelled according to 

the relationship 

𝜑(𝑧) = 𝜑𝑓 + (𝜑0 − 𝜑𝑓)exp(𝛾𝑧) (1) 

where 𝜑𝑓 is the porosity at some great depth within the sediment, 𝜑0 is the porosity at the 

sediment-water interface, 𝛾 is an empirically-derived attenuation constant, and 𝑧 is depth 

in the sediment column.  For our generalized sediment column, we adopted values of -

0.05 for 𝛾, 0.86 for 𝜙0, and 0.68 for 𝜙𝑓 following the work of Hong et al. (2014) who 

modelled pore waters in a 20 cm section from diffusion-dominated sediments offshore of 

Korea.  Continuing to base our generalized sediment column off the work of Hong et al. 

(2014), we also adopted a pore water burial rate that is 55% of the solid burial rates.  

Hong et al. (2014) estimated this value using the steady-state compaction relationship 
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equating pore water burial rate to solid burial rate through the change in porosity with 

depth.  This relationship was described by Berner (1980) as  

𝜑𝒖 = 𝜑𝑥𝒘𝑥 (2) 

where 𝒖 is the pore water velocity, 𝒘 is the solid burial rate, and the subscript x denotes 

the values at some great depth x.  Diffusion coefficients for the dissolved species in 

seawater at 25 °C were taken from Schulz (2006), who calculated the coefficients based 

on empirical relations derived from a comprehensive literature study conducted by 

Boudreau (1997).  To calculate diffusion coefficients at temperatures other than 25 °C, 

the default activation energy of 5.0 kcal/mol in the Crunchflow software was used. 

 Reaction Formulation 

A total of 11 heterogeneous reactions between mineral phases and pore water solutions, 2 

aqueous reactions in solution, and 6 redox equilibrium reactions in solution were 

considered (Table A1.3).  Equilibrium constants for the reactions were taken from the 

Crunchflow database.  The microbially-mediated degradation of organic matter was 

modelled using Monod kinetics, of the form 

𝑅𝑚 = 𝑘𝑚𝑎𝑥 (
𝐶𝑖

𝐶𝑖+𝐾ℎ𝑎𝑙𝑓
) (3) 

where 𝑘𝑚𝑎𝑥 is the theoretical maximum rate (mol/kgw/yr), 𝐶𝑖 is the concentration of 

electron donor species (mol/kgw), and 𝐾ℎ𝑎𝑙𝑓 is the half-saturation constant (mol/kgw).  

Values for 𝐾ℎ𝑎𝑙𝑓 are derived from the literature and listed in Table S5.  Additionally, to 

model the progression of oxidants utilized by microbes during diagenesis, we included an 

inhibition term of the form 

𝐼𝑚 =
𝐾𝑖𝑛+𝐶𝑖

𝐾𝑖𝑛
 (4) 

where 𝐾𝑖𝑛 is the inhibition constant (half-saturation constant) and 𝐶𝑖 is the concentration 

of the inhibiting species. 
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For the other mineral-water reactions, the default transition state theory (tst) rate 

expression in Crunchflow was used (Aagaard and Helgeson, 1982; Lasaga, 1984, 1981).  

This expression is given as 

𝑅 = 𝐴𝑚𝑘𝑚𝑒𝑥𝑝 [
−𝐸𝑎

𝑅𝑇
] Π𝑎𝑖

𝑛[1 − exp(𝑚2𝑔
𝑚3)]𝑚1 , 𝑔 ≡

∆𝐺

𝑅𝑇
= 𝑙𝑛 [

𝑄

𝐾𝑒𝑞
] (5) 

where 𝐴𝑚 is the mineral surface area, 𝑘𝑚 is the intrinsic rate constant (mol/m2/s), 𝐸𝑎 is 

the activation energy (kcal/mol), 𝑄 is the ion activity product for the mineral-water 

reaction, 𝐾𝑒𝑞 is the equilibrium constant, and 𝑅 and 𝑇 are the ideal gas constant and 

temperature, respectively.  The term Π𝑎𝑖
𝑛 represent the product of inhibiting or catalyzing 

species in solution raised to the stoichiometric power, and the 𝑚 terms represent the 

affinity dependence (Gibbs free energy).  The direction of the reaction is determined by 

the term 
𝑄

𝐾𝑒𝑞
, which denotes the saturation state of the mineral in solution.  For the 

precipitation of francolite (CFA), we suppressed the dissolution of the mineral and only 

considered the precipitation of CFA when saturation in the pore waters was achieved.  

This parameter was set based on the long time scales of formation attributed to CFA, on 

the order of hundreds to thousands of years, and the relative stability of the CFA crystal 

lattice (Anderson et al., 2001; Van Cappellen and Berner, 1988). 

For the aqueous reactions, the rate law is similar but takes the form: 

𝑅𝑠 = 𝑘𝑠 (1 −
𝑄𝑠

𝐾𝑒𝑞
)Π𝑎𝑖

𝑛 (6) 

  



114 

 

References 

Aagaard, P., Helgeson, H.C., 1982. Thermodynamic and kinetic constraints on reaction 

rates among minerals and aqueous solutions. I. Theoretical considerations. Am. J. 

Sci. doi:10.2475/ajs.282.3.237 

Algeo, T.J., Maynard, J.B., 2004. Trace-element behavior and redox facies in core shales 

of Upper Pennsylvanian Kansas-type cyclothems. Chem. Geol. 206, 289–318. 

doi:10.1016/j.chemgeo.2003.12.009 

Anderson, L.D., Delaney, M.L., Faul, K.L., 2001. Carbon to phosphorus ratios in 

sediments: Implications for nutrient cycling. Global Biogeochem. Cycles 15, 65–79. 

doi:10.1029/2000GB001270 

Berner, R., 1980. Early diagenesis: A theoretical approach. Princeton University Press. 

Boudreau, B.P., 1997. Diagenetic Models and Their Implementation: Modelling 

Transport and Reactions in Aquatic Sediments, 1st ed. Springer, Berlin. 

Hong, W.-L., Torres, M.E., Kim, J.-H., Choi, J., Bahk, J.-J., 2014. Towards quantifying 

the reaction network around the sulfate–methane-transition-zone in the Ulleung 

Basin, East Sea, with a kinetic modeling approach. Geochim. Cosmochim. Acta 140, 

127–141. doi:10.1016/j.gca.2014.05.032 

Jaisi, D.P., Blake, R.E., 2010. Tracing sources and cycling of phosphorus in Peru Margin 

sediments using oxygen isotopes in authigenic and detrital phosphates. Geochim. 

Cosmochim. Acta 74, 3199–3212. doi:10.1016/j.gca.2010.02.030 

Jilbert, T., Slomp, C.P., 2013. Iron and manganese shuttles control the formation of 

authigenic phosphorus minerals in the euxinic basins of the Baltic Sea. Geochim. 

Cosmochim. Acta 107, 155–169. doi:10.1016/j.gca.2013.01.005 

Kraal, P., Bostick, B.C., Behrends, T., Reichart, G.-J., Slomp, C.P., 2015. 

Characterization of phosphorus species in sediments from the Arabian Sea oxygen 

minimum zone: Combining sequential extractions and X-ray spectroscopy. Mar. 

Chem. 168, 1–8. doi:10.1016/j.marchem.2014.10.009 

Lasaga, A.C., 1984. Chemical kinetics of water-rock interactions. J. Geophys. Res. Solid 

Earth 89, 4009–4025. doi:10.1029/JB089iB06p04009 

Lasaga, A.C., 1981. Rate laws of chemical reactions, in: Lasaga, A.C., Kirkpatrick, R.J. 

(Eds.), Kinetics of Geochemical Processes. Mineralogical Society of America, pp. 

135–169. 

März, C., Poulton, S.W.W., Beckmann, B., Küster, K., Wagner, T., Kasten, S., 2008. 

Redox sensitivity of P cycling during marine black shale formation: Dynamics of 



115 

 

sulfidic and anoxic, non-sulfidic bottom waters. Geochim. Cosmochim. Acta 72, 

3703–3717. doi:http://dx.doi.org/10.1016/j.gca.2008.04.025 

Mort, H.P., Slomp, C.P., Gustafsson, B.G., Andersen, T.J., 2010. Phosphorus recycling 

and burial in Baltic Sea sediments with contrasting redox conditions. Geochim. 

Cosmochim. Acta 74, 1350–1362. doi:10.1016/j.gca.2009.11.016 

Mulsow, S., Boudreau, B.P., Smith, J.A., 1998. Bioturbation and porosity gradients. 

Limnol. Oceanogr. 43, 1–9. doi:10.4319/LO.1998.43.1.0001 

Parrish, C.B., 2013. Insights into the Appalachian Basin Middle Devonian Depositional 

System from U-Pb Zircon Geochronology of Volcanic Ashes in the Marcellus Shale 

and Onondaga Limestone. West Virginia University. 

Schenau, S.., Slomp, C.., De Lange, G.., 2000. Phosphogenesis and active phosphorite 

formation in sediments from the Arabian Sea oxygen minimum zone. Mar. Geol. 

169, 1–20. doi:10.1016/S0025-3227(00)00083-9 

Schulz, H.D., 2006. Quantification of Early Diagenesis: Dissolved Constituents in Pore 

Water and Signals in the Solid Phase, in: Schulz, H.D., Zabel, M. (Eds.), Marine 

Geochemistry. Springer, Berlin, pp. 75–124. 

Ullman, W.J., Aller, R.C., 1982. Diffusion coefficients in nearshore marine sediments1. 

Limnol. Oceanogr. 27, 552–556. doi:10.4319/lo.1982.27.3.0552 

Van Cappellen, P., Berner, R.A., 1988. A Mathematical Model for the Early Diagenesis 

of Phosphorus and Fluorine in Marine Sediments: Apatite Precipitation. Am. J. Sci. 

288, 289–333. doi:10.2475/ajs.288.4.289 

Wang, Y., Van Cappellen, P., 1996. A multicomponent reactive transport model of early 

diagenesis: Application to redox cycling in coastal marine sediments. Geochim. 

Cosmochim. Acta 60, 2993–3014. doi:10.1016/0016-7037(96)00140-8 

 

 



116 

 

 

 

Table A1.1: Extracted P data from Marcellus and Hushpuckney Shales 

  Corg LSR depth PCFA Porg PFe Pexch. Pdet Ptot Corg:Preact 

  wt% cm/kyr m µmol/g   

             

Whipkey Core 1.77  2373.2 4 <0.6b <1 <0.6 4 6 330 

Marcellus Shale 0.34  2373.8 <1 <0.6 <1 <0.6 3 4   

  4.4  2374.1 4 <0.6 <1 <0.6 4 8 994 

  0.29  2375.6 15 2 <1 <0.6 3 16 14 

  0.39  2375.9 12 <0.6 <1 <0.6 2 13 26 

  2.63 

1.1 – 10a 

2377.7 <1 <0.6 <1 <0.6 6 10   

  3.52 2381.4 4 <0.6 <1 <0.6 2 6 711 

  2.04 2382.9 4 2 <1 <0.6 <0.6 5 309 

  2.14 2387.5 4 2 <1 <0.6 <0.6 4 314 

  3.7 2389.0 4 2 <1 <0.6 <0.6 6 572 

  5.46 
0.09 - 
0.19a 

2391.5 5 2 <1 <0.6 6 11 649 

  6.17 2397.3 4 <0.6 <1 <0.6 3 8 1209 

  5.91 2401.2 6 <0.6 <1 <0.6 3 8 816 

  4.56   2406.4 6 <0.6 <1 <0.6 2 10 679 

  0.91  2407.3 4 <0.6 <1 <0.6 2 5 175 

                      

Hushpuckney 
Shale            

phosphatic layer 19.7c   74 294    369 44 

             

black shale 27.2c     13 39       52 433 
afrom (Parrish, 2013) 
bbelow limit of detection 
cfrom (Algeo and Maynard, 2004) 
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Table A1.2: Full list of pore water and solid phase species considered in the model 

Primary Species 

O2(aq) NO3
- HS- Cl- 

HCO3
- Fe2+ SO4

2- F- 

H+ Fe3+ CH4(aq) SiO2(aq) 

H2(aq) Mn2+ Mg2+ Al3+ 

NH4
+ MnO4

2- Ca2+ K+ 

N2(aq) HPO4
2- Na+   

Secondary 
Species 

CO2(aq) H3PO4(aq) H2S(aq)   

CO3
2- H2PO4- S2-   

Gases O2(g) CO2(g) CH4(g) H2S(g) 

Minerals 

(CH2O)106(NH3)16(H3PO4) MnO2 Fe(OH)3 Francolite 

Pyrite (Fe2S) Mackinawite (FeS) Calcite Dolomite 

Quartz Muscovite     
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Table A1.3: Complete list of reactions considered in the model 

Homogeneous Reactions  

𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 ⇌ 𝐻+ + 𝐻𝐶𝑂3
−  

𝐶𝑂3
2− + 𝐻+ ⇌ 𝐻𝐶𝑂3

−  

𝐻3𝑃𝑂4(𝑎𝑞) ⇌ 𝐻𝑃𝑂4
2− + 2𝐻+  

𝐻2𝑃𝑂4
− ⇌ 𝐻+ +𝐻𝑃𝑂4

2−  

𝐻2𝑆(𝑎𝑞) ⇌ 𝐻+ + 𝐻𝑆−  

𝑆2− +𝐻+ ⇌ 𝐻𝑆−  

𝐶𝐻4 + 𝑆𝑂4
2− → 𝐻𝐶𝑂3

− + 𝐻𝑆− + 𝐻2𝑂 AOMa 

𝐶𝑂2 + 𝐻2 → 𝐶𝐻4 +𝐻2𝑂 CRb 

  

Heterogeneous Reactions  

(𝐶𝐻2𝑂)𝑎(𝑁𝐻3)𝑏(𝐻3𝑃𝑂4)𝑐 + 𝑎𝑂2
→ 𝑎𝐶𝑂2 + 𝑏𝑁𝐻4

+ + 𝑐𝐻𝑃𝑂4
2− + (−𝑏 + 2𝑐)𝐻+ + 𝑎𝐻2𝑂 

oxic respiration 

(𝐶𝐻2𝑂)𝑎(𝑁𝐻3)𝑏(𝐻3𝑃𝑂4)𝑐 +
4𝑎

5
𝑁𝑂3

− + (
4𝑎

5
+ 𝑏 − 2𝑐)𝐻+

→ 𝑎𝐶𝑂2 + 𝑏𝑁𝐻4
+ + 𝑐𝐻𝑃𝑂4

2− +
4𝑎

5
𝑁2 +

7𝑎

5
𝐻2𝑂 

nitrate reduction 

(𝐶𝐻2𝑂)𝑎(𝑁𝐻3)𝑏(𝐻3𝑃𝑂4)𝑐 + 2𝑎𝑀𝑛𝑂2 + (4𝑎 + 𝑏 − 2𝑐)𝐻+

→ 𝑎𝐶𝑂2 + 𝑏𝑁𝐻4
+ + 𝑐𝐻𝑃𝑂4

2− + 3𝑎𝐻2𝑂 + 2𝑎𝑀𝑛2+ 

manganese reduction 

(𝐶𝐻2𝑂)𝑎(𝑁𝐻3)𝑏(𝐻3𝑃𝑂4)𝑐 + 2𝑎𝑀𝑛𝑂2 + (4𝑎 + 𝑏 − 2𝑐)𝐻+

→ 𝑎𝐶𝑂2 + 𝑏𝑁𝐻4
+ + 𝑐𝐻𝑃𝑂4

2− + 3𝑎𝐻2𝑂 + 2𝑎𝑀𝑛2+ 

iron reduction 

(𝐶𝐻2𝑂)𝑎(𝑁𝐻3)𝑏(𝐻3𝑃𝑂4)𝑐 +
𝑎

2
𝑆𝑂4

2− + 𝑎𝐻+

→ 𝑎𝐶𝑂2 + 𝑏𝑁𝐻4
+ + 𝑐𝐻𝑃𝑂4

2− + (−𝑏 + 2𝑐)𝐻+ +
𝑎

2
𝐻2𝑆

+ 𝑎𝐻2𝑂 

sulfate reduction 

(𝐶𝐻2𝑂)𝑎(𝑁𝐻3)𝑏(𝐻3𝑃𝑂4)𝑐

→
𝑎

2
𝐶𝑂2 + 𝑏𝑁𝐻4

+ + 𝑐𝐻𝑃𝑂4
2− + (−𝑏 + 2𝑐)𝐻+ +

𝑎

2
𝐶𝐻4 

methanogenesis 

𝐹𝑒(𝑂𝐻)3(𝐻3𝑃𝑂4)0.01 + 2.98𝐻+ → 𝐹𝑒3+ + 3𝐻2𝑂 + 0.01𝐻𝑃𝑂4
2−  

𝑀𝑛𝑂2 → 0.5𝑀𝑛2+ + 0.5𝑀𝑛𝑂4
2−  

𝐹𝑒𝑆2 + 𝐻2 → 𝐹𝑒𝑆 + 𝐻2𝑆  

𝐹𝑒𝑆 + 𝐻+ → 𝐹𝑒2+ + 𝐻𝑆−  

aanaerobic oxidation of methane 
bCO2 reduction 
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Table A1.4: half-saturation parameters for Monod kinetics 

Species Units Khalf Reference 

O2(aq) mol/kgw 2.0E-05 
(Wang and Van Cappellen, 

1996) 

NO3
- mol/kgw 4.0E-06 

(Wang and Van Cappellen, 
1996) 

MnO2 mol/g sed 4.0E-06 
(Wang and Van Cappellen, 

1996) 

Fe(OH)3 mol/g sed 6.5E-05 
(Wang and Van Cappellen, 

1996) 

SO4
2- mol/kgw 1.6E-06 

(Wang and Van Cappellen, 
1996) 
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Input file for Crunchflow 

TITLE 
simplified model of sediment diagenesis for CFA formation 
END 
  
RUNTIME 
time_units      years 
timestep_max    200 
timestep_init   1.e-12 
time_tolerance  0.1 
hindmarsh       true 
correction_max  2.0 
debye-huckel    true 
database_sweep  no 
graphics        kaleidagraph 
database        P_cycle_full_sed.dbs 
gimrt           true 
screen_output   50 
END 
 
OUTPUT 
time_units       years 
spatial_profile  2000 
END 
  
PRIMARY_SPECIES 
O2(aq) 
HCO3- 
H+ 
H2(aq) 
NH4+ 
N2(aq) 
NO3- 
Fe++ 
Fe+++ 
Mn++ 
MnO4-- 
HPO4-- 
HS- 
SO4-- 
CH4(aq) 
Mg++ 
Ca++ 
Na+ 
Cl- 
F- 
SiO2(aq) 
Al+++ 
K+ 
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END 
 
SECONDARY_SPECIES 
CO2(aq) 
CO3-- 
H3PO4(aq) 
H2PO4- 
H2S(aq) 
S-- 
END 
 
MINERALS 
OM_O2 -associate OM_NO3 
OM_NO3 -associate OM_Mn 
OM_Mn -associate OM_Fe 
MnO2 
OM_Fe -associate OM_SO4 
Fe(OH)3 
OM_SO4 -associate OM_CH4 
OM_CH4  
francolite 
Pyrite_FeS 
Mackinawite 
Calcite 
Dolomite 
Quartz 
Muscovite 
END 
 
GASES 
O2(g) 
CO2(g) 
CH4(g) 
H2S(g) 
END 
 
AQUEOUS_KINETICS 
AOM 
CO2_reduction 
END 
 
DISCRETIZATION 
distance_units meters 
xzones 200 0.1 
END 
 
BOUNDARY_CONDITIONS 
X_begin SWI  Dirichlet 
X_end  bottom  Dirichlet 
END 
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POROSITY 
read_PorosityFile  porosity.txt 
END 
 
TEMPERATURE 
set_temperature  1.3 
temperature_gradient 0.1 
END 
 
Condition  SWI 
units mol/kg 
temperature  1.3 
set_porosity  0.8 
pH  7.8 
O2(aq)  1e-6 
H2(aq) 1e-9 
HCO3-  2.2e-03 
NH4+  1.0e-04 
N2(aq) 1e-9 
NO3- 1e-9 
Fe++  0.2e-2 
Fe+++  1e-9 
Mn++ 1e-9 
MnO4-- 1e-9 
HPO4--  1e-05 
HS- 1e-09 
SO4--  28e-03 
CH4(aq)  1e-9 
Mg++  0.05 
Ca++  0.01 
Na+  charge 
Cl-  0.55 
F-  7e-05 
SiO2(aq)  1e-4 
Al+++  3.7e-8 
K+  1e-2 
OM_O2 0.00095 1 
OM_NO3 0.00095 1 
OM_Mn 0.00095 1 
MnO2 0.001 1 
OM_Fe 0.00095 1 
Fe(OH)3 0.1 1 
OM_SO4 0.00095 1 
OM_CH4 0.00095 1 
francolite 0.0001 1 
Pyrite_FeS 0.01 1 
Mackinawite 0.01 1 
Calcite 0.25 1 
Dolomite 0.1 1 
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Quartz 0.25 1 
Muscovite 0.15 1 
END 
 
Condition bottom 
temperature 1.3 
set_porosity 0.76 
pH  7.6 
O2(aq) 1e-9 
H2(aq)  1e-9 
HCO3-  70e-03 
NH4+  1e-05 
N2(aq) 1e-9 
NO3- 1e-9 
Fe++  1e-5 
Fe+++  1e-9 
Mn++ 1e-9 
MnO4-- 1e-9 
HPO4--  5.6e-10 
HS- 0 
SO4--  0 
CH4(aq)  10e-03 
Mg++  0.05 
Ca++  0.0045 
Na+  charge 
Cl-  0.55 
F-  4e-05 
SiO2(aq)  1e-4 
Al+++  3.7e-8 
K+  1e-2 
OM_O2 0.00095 1 
OM_NO3 0.00095 1 
OM_Mn 0.00095 1 
MnO2 0.001 1 
OM_Fe 0.00095 1 
Fe(OH)3 0.1 1 
OM_SO4 0.00095 1 
OM_CH4 0.00095 1 
francolite 0.0001 1 
Pyrite_FeS 0.01 1 
Mackinawite 0.01 1 
Calcite 0.25 1 
Dolomite 0.1 1 
Quartz 0.25 1 
Muscovite 0.15 1 
END 
 
INITIAL_CONDITIONS 
SWI 1-200 
END 
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TRANSPORT 
distance_units centimeters 
time_units  seconds 
fix_diffusion  1e-5 
D_25  HCO3-  1.194e-05 
D_25  H+  9.328e-05 
D_25  NH4+  1.983e-05 
D_25  Fe++  7.060e-06 
D_25  HPO4--  7.16e-06 
D-25  SO4--  1.068e-05 
D-25  CH4(aq)  1.850e-05 
D_25  Mg++  7.040e-06 
D-25  Ca++  8.075e-06 
D_25  Na+  1.349e-05 
D_25  Cl-  2.055e-05 
D_25  F-  1.39e-05 
D_25  CO2(aq)  1.79e-05 
D_25  CO3--  8.67e-06 
D_25  Fe+++  6.58e-6 
D_25  H3PO4(aq)  9.595e-6 
D_25  H2PO4-  9.595e-6 
D_25  HS-  1.61e-5 
D_25  H2S(aq)  1.96e-5 
D_25  S--  1.068e-5 
diffusion_activation 4.539 
cementation_exponent 1.9 
END 
EROSION/BURIAL 
time_units  years 
distance_units meters 
read_BurialFile 1000_cm_per_kyr_burial.dat FullForm 
END 
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Database file for Crunchflow 

 
'temperature points' 8   0.  25.  60. 100. 150. 200. 250. 300. 
'Debye-Huckel adh'   0.4939  0.5114 0.5465 0.5995 0.6855 0.7994 0.9593 1.2180 
'Debye-Huckel bdh'   0.3253  0.3288 0.3346 0.3421 0.3525 0.3639 0.3766 0.3925 
'Debye-Huckel bdt'   0.0374  0.0410 0.0440 0.0460 0.0470 0.0470 0.0340 0.0000 
 
'H2O' 3.0  0.0    18.0153 
'O2(aq)' 3.0 0.0 31.99880 
'HCO3-' 4.0 -1.0    61.0171 
'H+' 9.0  1.0     1.0079 
'H2(aq)' 3.0 0.0 2.0159 
'NH4+' 2.5  1.0    18.0385 
'N2(aq)' 3.0  0.0    28.0135 
'NO3-' 3.0 -1.0    62.0049 
'Mn++' 6.0  2.0    54.9380 
'MnO4--' 4.0 -2.0   118.9356 
'Fe++' 6.0  2.0    55.8470 
'Fe+++'  9.0  3.0    55.8470 
'HPO4--' 4.0 -2.0    95.9793 
'HS-' 3.5 -1.0    33.0739 
'SO4--' 4.0 -2.0    96.0636 
'CH4(aq)' 3.0 0.0 16.04 
'Mg++' 8.0  2.0    24.3050 
'Ca++' 6.0  2.0    40.0780 
'Na+' 4.0  1.0    22.9898 
'Cl-' 3.0 -1.0    35.4527 
'F-' 3.5 -1.0    18.9984 
'SiO2(aq)' 3.0  0.0    60.0843 
'Al+++' 9.0  3.0    26.9815 
'K+' 3.0  1.0    39.0983 
'End of primary'  0.0  0.0  0.0 
 
'CO2(aq)' 3   -1.0000 'H2O'    1.0000 'H+'    1.0000 'HCO3-'   -6.5804    -6.3447    -6.2684    -6.3882    -6.7235    
-7.1969    -7.7868    -8.5280  3.0  0.0    44.0098 
'CO3--' 2   -1.0000 'H+'    1.0000 'HCO3-'   10.6241    10.3288    10.1304    10.0836    10.2003    10.4648    
10.8707    11.4638  4.5 -2.0    60.0092 
'N2(aq)' 3   -3.0000 'H2O'    1.5000 'O2(g)'    2.0000 'NH3(aq)' -123.4712  -112.1135   -99.2148   -87.5714   -
76.2582   -67.4642   -60.4620   -54.7940  3.0  0.0    28.0135 
'NH3(aq)' 2 -1.0000 'H+' 1.0000 'NH4+' 10.0691 9.2410 8.2847 7.4010 6.5156 5.7992 5.1995 4.6767 2.5 
0.0 18.0385 
'NO2-' 4   -1.0000 'H+'   -1.0000 'H2O'    1.0000 'NH3(aq)'    1.5000 'O2(g)'  -47.4380   -42.5178   -36.7888   -
31.4804   -26.1599   -21.8585   -18.2539   -15.0902  3.0 -1.0    46.0055 
'NO3-' 4   -1.0000 'H+'   -1.0000 'H2O'    1.0000 'NH3(aq)'    2.0000 'O2(g)'  -62.8645   -56.3035   -48.6988   -
41.6846   -34.6926   -29.0797   -24.4213   -20.3964  3.0 -1.0    62.0049 
'Mn+++' 4   -0.5000 'H2O'    0.2500 'O2(g)'    1.0000 'H+'    1.0000 'Mn++'    3.6897     4.8057     6.0380     
7.1104     8.0952     8.7832     9.2496     9.5244  5.0  3.0    54.9380 
'MnO4--' 4   -4.0000 'H+'    1.0000 'Mn++'    1.0000 'O2(g)'    2.0000 'H2O'   37.6179    35.3129    32.8916    
30.9143    29.2475    28.2097    27.6574    27.5845  4.0 -2.0   118.9356 
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'Fe+++' 4   -0.5000 'H2O'    0.2500 'O2(g)'    1.0000 'Fe++'    1.0000 'H+'   -9.3541    -7.7654    -5.8970    -
4.1507    -2.3795    -0.9223     0.3233     1.4215  9.0  3.0    55.8470 
'H3PO4(aq)' 2    1.0000 'HPO4--'    2.0000 'H+'   -9.3933    -9.3751    -9.5434    -9.8805   -10.4425   -11.1429   
-12.0169   -13.1928  3.0  0.0    97.9952 
'H2PO4-' 2    1.0000 'H+'    1.0000 'HPO4--'   -7.3231    -7.2054    -7.1888    -7.2876    -7.5259    -7.8671    -
8.3189    -8.9357  4.0 -1.0    96.9872 
'HS-' 3   -2.0000 'O2(g)'    1.0000 'H+'    1.0000 'SO4--'  146.7859   132.5203   116.0105   100.8144    
85.7147    73.6540    63.7280    55.2988  3.5 -1.0    33.0739 
'H2S(aq)' 2    1.0000 'H+'    1.0000 'HS-'   -7.4159    -6.9877    -6.6467    -6.4827    -6.4960    -6.6831    -
7.0225    -7.5536  3.0  0.0    34.0819 
'S--' 2   -1.0000 'H+'    1.0000 'HS-' 13.7100 12.9351 12.0082 11.1018 10.1202 9.2545 8.4250 7.5568 5.0 -
2.0 32.0660 
'H2(aq)' 2 -0.5000 'O2(g)' 1.0000 'H2O' 49.1500 44.6575 39.4400 34.6224 29.8242 25.9892 22.8409 
20.1881 3.0 0.0 2.0159 
'End of secondary' 1 0. '0' 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 
 
'CH4(g)'    0.0000  1    1.0000 'CH4(aq)'   -2.5846    -2.8502    -3.0228    -3.0582    -2.9646    -2.7795    -
2.5344    -2.2310    16.0428 
'CO2(g)'    0.0000  3   -1.0000 'H2O'    1.0000 'H+'    1.0000 'HCO3-'   -7.6765    -7.8136    -8.0527    -8.3574    
-8.7692    -9.2165    -9.7202   -10.3393    44.0098 
'H2S(g)'    0.0000  2    1.0000 'H+'    1.0000 'HS-'   -8.0781    -7.9759    -7.9295    -7.9572    -8.0759    -8.2750    
-8.5671    -9.0074    34.0819 
'O2(g)'    0.0000 1    1.0000 'O2(aq)'    -2.6567     -2.8983     -3.0633     -3.1076     -3.0354     -2.8742     -
2.6488     -2.3537  3.0  0.0    31.9988 
'End of gases' 0. 1 1. '0' 0. 0. 0. 0. 0. 0. 0. 0. 0. 
 
'Calcite'   36.9340  3   -1.0000 'H+' 1.0000 'Ca++' 1.0000 'HCO3-' 2.2257 1.8487 1.3330 0.7743 0.0999 -
0.5838 -1.3262 -2.2154 100.0872 
'Dolomite' 64.3650  4 -2.0000 'H+' 1.0000 'Ca++' 1.0000 'Mg++' 2.0000 'HCO3-' 3.4063 2.5135 1.3314 
0.0944 -1.3493 -2.7744 -4.2968 -6.1006 184.4014 
'Quartz'   22.6880  1 1.0000 'SiO2(aq)'  -4.6319 -3.9993 -3.4734 -3.0782 -2.7191 -2.4378 -2.2057 -2.0168  
60.0843 
'Muscovite'  140.7100  5  -10.0000 'H+' 1.0000 'K+' 3.0000 'Al+++' 3.0000 'SiO2(aq)' 6.0000 'H2O'  17.1295 
13.5858 8.8387 4.1918 -0.6018 -4.6169 -8.1836 -11.5635  398.3081 
'francolite' 156.39 5 -3.0000 'H+' 5.0000 'Ca++' 1.0000 'F-' 2.5000 'HPO4--' 0.5000 'CO3--' -23.8547 -
24.9940 -27.0650 -29.7301 -33.3622 -37.3831 -42.0032 -47.7388 486.82 
'fluorapatite'  500.0000  4 -3.0000 'H+'    1.0000 'F-'    3.0000 'HPO4--'    5.0000 'Ca++'  -23.8547 -24.9940 -
27.0650 -29.7301 -33.3622 -37.3831 -42.0032 -47.7388 504.3025 
'OM_O2' 28.81 6 -106 'O2(aq)' -14 'H+' 106 'CO2(aq)' 16 'NH4+' 1 'HPO4--' 106 'H2O' 50 50 50 50 50 50 50 
50 3554.6597 
'OM_NO3' 28.81 7 -84.8 'NO3-' -98.8 'H+' 106 'CO2(aq)' 16 'NH4+' 1 'HPO4--' 42.4 'N2(aq)' 148.4 'H2O' 50 
50 50 50 50 50 50 50 3554.6597 
'OM_Mn' 28.81 7 -212 'MnO2' -438 'H+' 106 'CO2(aq)' 16 'NH4+' 1 'HPO4--' 318 'H2O' 212 'Mn++' 50 50 50 
50 50 50 50 50 3554.6597 
'OM_Fe' 28.81 7  -424 'Fe(OH)3' -853.52 'H+' 106 'CO2(aq)' 16 'NH4+' 5.24 'HPO4--' 1166 'H2O' 424 'Fe++' 
50 50 50 50 50 50 50 50 3554.6597 
'OM_SO4' 28.81 7 -53 'SO4--' -120 'H+' 106 'CO2(aq)' 16 'NH4+' 1 'HPO4--' 53 'H2S(aq)' 106 'H2O' 50 50 50 
50 50 50 50 50 3554.6597 
'OM_CH4' 28.81 5 -14 'H+' 53 'CO2(aq)' 16 'NH4+' 1 'HPO4--' 53 'CH4(aq)' 50 50 50 50 50 50 50 50 
3554.6597 
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'Fe(OH)3'  34.3600  4  -2.98 'H+' 1 'Fe+++' 3 'H2O' 0.01 'HPO4--'  6.9971 5.6556 4.1038 2.6878 1.2773 
0.1146 -0.9130 -1.8839  106.8690 
'MnO2' 17.8900 2 0.5 'Mn++' 0.5 'MnO4--'  500.0000 -16.1261 500.0000 500.0000 500.0000 500.0000 
500.0000 500.0000  86.9368 
'Pyrite_FeS' 23.94 3 -1.00 'H2(aq)' 1.00 'H2S(aq)' 1.00 'Mackinawite' -6.5285 -5.9811 -5.3527 -4.7789 -
4.2142 -3.7689 -3.4087 -3.1113 119.9790 
'Mackinawite' 23.94 3 -1.0 'H+' 1.0 'Fe++' 1.0 'HS-' -4.648 -4.648 -4.648 -4.648 -4.648 -4.648 -4.648 -4.648 
87.911 
'End of minerals' 0. 1 0. '0' 0. 0. 0. 0. 0. 0. 0. 0. 0. 
 
Begin aqueous kinetics 
FeII_oxidation 2 'tst' 5 1.0 'Fe+++'  0.500 'H2O' -0.25 'O2(aq)' -1.0 'Fe++' -1.0 'H+' 8.4887 
   1.53e-06 3 'tot_Fe++' 1.0  'O2(aq)' 1.0 'H+' -2.0 
   41.4868 2 'tot_Fe++' 1.0 'O2(aq)' 1.0 
AOM 1 'monod' 5 -1.0 'SO4--' -1 'CH4(aq)' 1 'HCO3-' 1.0 'HS-' 1.0 'H2O' 5.8 
   0.5e-4   2 'SO4--' 5e-4 'CH4(aq)' 5e-3 
   'Inhibition' 0 
CO2_reduction 1 'monod' 5 -4.0 'H2(aq)' -1.0 'HCO3-' -1.0 'H+' 1.0 'CH4(aq)' 3.0 'H2O' 40.25 
   2.35e-5 1 'HCO3-' 1e-2 
   'Inhibition' 1 'SO4--' 1e-4 
End of aqueous kinetics 
 
Begin mineral kinetics 
+---------------------------------------------------- 
Dolomite 
  label = default 
  type  = tst 
  rate(25C) = -7.70 
  activation = 15.0  (kcal/mole) 
  dependence : 
  1.0 Dolomite + 2.0 H+ =  1.0 Ca+2 + 1.0 Mg+2 + 2.0 HCO3- 
+---------------------------------------------------- 
Calcite 
  label = default 
  type  = tst 
  rate(25C) = -6.19 
  activation = 15.0  (kcal/mole) 
  dependence : 
  1.0 Calcite + 1.0 H+ =  1.0 Ca+2 + 1.0 HCO3- 
+---------------------------------------------------- 
Quartz 
  label = default 
  type  = tst 
  rate(25C) = -13.39 
  activation = 15.0  (kcal/mole) 
  dependence : 
+---------------------------------------------------- 
Muscovite 
  label = default 
  type  = tst 
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  rate(25C) = -13.00 
  activation = 15.0  (kcal/mole) 
  dependence : 
+---------------------------------------------------- 
francolite 
  label = default 
  type = PrecipitationOnly 
  rate(25C) = -8.00 
  activation = 0.0 (kcal/mole) 
  dependence : 
  AffinityDependence = 1.00 1.00 1.00 
+---------------------------------------------------- 
fluorapatite 
  label = default 
  type = PrecipitationOnly 
  rate(25C) = -8.0 
  activation = 0.0 (kcal/mole) 
  dependence :  
  AffinityDependence = 1.00 1.00 1.00 
+---------------------------------------------------- 
OM_O2 
  label = default 
  type = monod 
  rate(25C) = -12.0 
  activation = 0.0 (kcal/mole) 
  monod_terms : O2(aq) 20.0e-06 
  inhibition :  
+---------------------------------------------------- 
OM_NO3 
  label = default 
  type = monod 
  rate(25C) = -12.0 
  activation = 0.0 (kcal/mole) 
  monod_terms : NO3- 4.0e-06 
  inhibition :  
+---------------------------------------------------- 
OM_Mn 
  label = default 
  type = monod 
  rate(25C) = -12.0 
  activation = 0.0 (kcal/mole) 
  monod_terms : MnO4-- 4.0e-06 
  inhibition : NO3- 4.0e-06 
+---------------------------------------------------- 
OM_Fe 
  label = default 
  type =  monod 
  rate(25C) = -12.0 
  activation = 0.0 (kcal/mole) 
  monod_terms : Fe+++ 65.0e-06 
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  inhibition : MnO4-- 4.0e-06 
+---------------------------------------------------- 
OM_SO4 
  label = default 
  type = monod 
  rate(25C) = -12.0 
  activation = 0.0 (kcal/mole) 
  monod_terms : SO4-- 1.6e-06 
  inhibition : MnO4-- 4.0e-06 Fe+++ 65e-06 
+---------------------------------------------------- 
OM_CH4 
  label = default 
  type = monod 
  rate(25C) = -12.0 
  activation = 0.0 (kcal/mole) 
  monod_terms :  
  inhibition :  MnO4-- 4.0e-06 Fe+++ 65e-06 SO4-- 1.6e-06 
+---------------------------------------------------- 
Fe(OH)3 
  label = default 
  type = monod 
  rate(25C) = -12.0 
  activation = 0.0 (kcal/mole) 
  monod_terms : Fe+++ 65e-06 
  inhibition :  
+--------------------------------------------------- 
MnO2 
  label = default 
  type = monod 
  rate(25C) = -12.0 
  activation = 0.0 (kcal/mole) 
  monod_terms : Mn++ 4.0e-06 
  inhibition :  
+--------------------------------------------------- 
Pyrite_FeS 
  label = default 
  type = tst 
  rate(25C) = -14.8 
  activation = 15.0 (kcal/mole) 
  dependence : 
+--------------------------------------------------- 
Mackinawite 
  label = default 
  type = tst 
  rate(25C) = -8.90 
  activation = 0.0 (kcal/mole) 
  dependence : 
  1.0 FeS(am) + 1.0 H+ = 1.0 Fe+2 + 1.0 HS- 
+--------------------------------------------------- 
Fe(OH)3 
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  label = default 
  type  = tst 
  rate(25C) = -11.40   !eg 
  activation = 0.0  (kcal/mole) 
  dependence : 
+--------------------------------------------------- 
FeS(am) 
  label = default 
  type  = tst 
  rate(25C) = -8.90 
  activation = 0.0  (kcal/mole) 
  dependence : 
  1.0 FeS(am) + 1.0 H+ =  1.0 Fe+2 + 1.0 HS- 
+--------------------------------------------------- 
Vivianite 
  label = default 
  type = tst 
  rate(25C) = -8.0 
  activation = 0.0 (kcal/mole) 
  dependence : 
+--------------------------------------------------- 
Hydroxylapatite 
  label = default 
  type = tst 
  rate(25C) = -11.0 
  activation = 0.0 (kcal/mole) 
  dependence : 
+--------------------------------------------------- 
Aragonite 
  label = default 
  type  = tst 
  rate(25C) = -8.10 
  activation = 0.0  (kcal/mole) 
  dependence : 
  1.0 Aragonite + 1.0 H+ =  1.0 Ca+2 + 1.0 HCO3- 
+--------------------------------------------------- 
Siderite 
  label = default 
  type  = tst 
  rate(25C) = -8.90 
  activation = 0.0  (kcal/mole) 
  dependence : 
  1.0 Siderite + 1.0 H+ =  1.0 Fe+2 + 1.0 HCO3- 
+--------------------------------------------------- 
End of mineral kinetics 
 
Begin exchange 
'NaX'   2 1.0 'Na+'  1.0 'X-'   0.00  0.000 
'KX'    2 1.0 'K+'   1.0 'X-'  -0.48  0.000 
'CaX2'  2 1.0 'Ca++' 2.0 'X-'  -0.99  0.000 
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'MgX2'  2 1.0 'Mg++' 2.0 'X-'  -0.86  0.000 
'NH4X'  2 1.0 'NH4+' 1.0 'X-'  -0.48  0.000 
'NaXhan_zach1' 2  1.0 'Na+' 1.0 'Xhan_zach1-'             6.76  0.000 
'NaXhan_zach2' 2  1.0 'Na+' 1.0 'Xhan_zach2-'             2.20  0.000 
'CsXhan_zach1' 2  1.0 'Cs+' 1.0 'Xhan_zach1-'             0.00  0.000 
'CsXhan_zach2' 2  1.0 'Cs+' 1.0 'Xhan_zach2-'             0.00  0.000 
'NaXhan1' 2  1.0 'Na+' 1.0 'Xhan_col1-'                   6.99  0.000   
'NaXhan2' 2  1.0 'Na+' 1.0 'Xhan_col2-'                   2.52  0.000 
'CsXhan1' 2  1.0 'Cs+' 1.0 'Xhan_col1-'                   0.00  0.000 
'CsXhan2' 2  1.0 'Cs+' 1.0 'Xhan_col2-'                   0.00  0.000 
'NaXhan1' 2  1.0 'Na+' 1.0 'Xhan1-'             7.388  0.000   
'NaXhan2' 2  1.0 'Na+' 1.0 'Xhan2-'             4.301  0.000 
'NaXhan3' 2  1.0 'Na+' 1.0 'Xhan3-'             1.906  0.000     
'KXhan1' 2  1.0 'K+' 1.0 'Xhan1-'               5.034  0.000  
'KXhan2' 2  1.0 'K+' 1.0 'Xhan2-'               2.287  0.000 
'KXhan3' 2  1.0 'K+' 1.0 'Xhan3-'               1.050  0.000 
'Ca0.5Xhan1' 2  0.5 'Ca++' 1.0 'Xhan1-'         7.906  0.000 
'Ca0.5Xhan2' 2  0.5 'Ca++' 1.0 'Xhan2-'         5.202  0.000 
'Ca0.5Xhan3' 2  0.5 'Ca++' 1.0 'Xhan3-'         1.764  0.000 
'CsXhan1' 2  1.0 'Cs+' 1.0 'Xhan1-'             0.00  0.000 
'CsXhan2' 2  1.0 'Cs+' 1.0 'Xhan2-'             0.00  0.000 
'CsXhan3' 2  1.0 'Cs+' 1.0 'Xhan3-'             0.00  0.000 
'NaXhan1' 2  1.0 'Na+' 1.0 'Xhan1a-'             6.99  0.000   
'NaXhan2' 2  1.0 'Na+' 1.0 'Xhan2a-'             2.34  0.000     
'CsXhan1' 2  1.0 'Cs+' 1.0 'Xhan1a-'             0.00  0.000 
'CsXhan2' 2  1.0 'Cs+' 1.0 'Xhan2a-'             0.00  0.000 
End of exchange 
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Appendix A2 Supporting Information for Chapter 3 

Introduction  

Measured data for the whole-rock REE content in the black shale samples at different 

depth intervals are compiled in Table A2.1. Measured data for the ΣREE in the extracted 

leachate fractions for the Whipkey Core and select Hushpuckney shale samples are 

compiled in Table A2.2.  Figure A2.1 shows the relationship between phosphorus and the 

ΣREE in the carbonate-associated phase. 

 

Relationship between P and REEs in the extracted carbonate-associated phase 

 

Figure A2.9: Phosphorus measured in the carbonate-associated phase versus ΣREE in the 

carbonate-associated phase. The measured REEs show no distinguishable relationship 

with the extracted P, suggesting that phases other than authigenic phosphate minerals 

may be responsible for the REE composition. 
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Relationship between residual REEs and whole-rock Al content 

 

Figure A2.10: ΣREE calculated in the residual phase versus whole-rock Al. No 

relationship is discernable between ΣREE and whole-rock Al (see text). 
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Table A2.1: Whole-rock REE content of black shale samples 

Shale 
Formation Core Name 

Sample 
Designation Depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREE 

   m µg/g 

                   

Marcellus Shale 
Whipkey 
State #1 core WS7786 2373.2 27 54 6 27 4 1 3 0.5 3 0.6 2 0.3 2 0.4 131 

 

latitude: 
39.9235415 WS7788 2373.8 35 70 8 39 7 2 6 1.0 7 1.2 4 0.5 3 0.6 184 

 

longitude: -
80.0033923 WS7789 2374.1 26 53 6 26 4 1 3 0.5 3 0.6 2 0.2 2 0.3 128 

  WS7794 2375.6 10 21 3 15 4 1 4 0.6 4 0.6 2 0.2 1 0.3 67 

  WS7795 2375.9 15 32 4 22 6 2 6 1.0 6 1.0 3 0.4 2 0.4 102 

  WS7801 2377.7 31 67 7 36 7 2 6 0.9 6 1.0 3 0.5 3 0.5 170 

  WS7813 2381.4 29 60 6 29 5 1 4 0.6 4 0.7 2 0.3 2 0.4 144 

  WS7818 2382.9 22 52 5 20 3 1 2 0.4 3 0.5 2 0.3 2 0.3 113 

  WS7833 2387.5 29 59 7 30 5 1 4 0.6 4 0.7 2 0.3 2 0.4 146 

  WS7838 2389.0 30 58 6 29 5 1 4 0.6 4 0.7 2 0.3 2 0.4 143 

  WS7846 2391.5 30 58 7 32 6 1 5 0.8 5 0.9 3 0.4 3 0.5 152 

  WS7865 2397.3 32 53 7 35 6 2 6 1.0 7 1.2 4 0.6 4 0.7 160 

  WS7878 2401.2 25 47 6 26 5 1 4 0.7 5 0.8 3 0.4 2 0.5 126 

  WS7895 2406.4 23 38 5 25 5 1 5 0.9 7 1.2 4 0.6 4 0.7 119 

  WS7898 2407.3 7 11 1 6 1 4 1 0.2 1 0.2 1 0.1 1 0.1 35 

    
               

Ohio Shale 
KEP-3 
drillcore K3-15-7-5 16.92 33 65 9 35 7 1 7 1.1 6 1.1 3 0.5 3 0.5 173 

 

latitude: 
38.491 K3-15-7-12 16.85 32 62 8 33 7 1 7 1.0 6 1.1 3 0.5 3 0.5 166 

 

longitude: -
83.387 K3-15-7-16 16.8 25 49 7 26 5 1 5 0.8 4 0.9 3 0.4 2 0.4 130 

  K3-15-7-20 16.75 34 69 9 35 7 2 7 1.0 6 1.2 3 0.5 3 0.5 179 

  K3-15-17-4 16.4 33 65 10 42 9 2 10 1.5 8 1.6 5 0.6 4 0.5 193 
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  K3-15-17-11 16.32 36 69 10 39 8 2 9 1.3 7 1.4 4 0.6 4 0.5 192 

  K3-15-17-13 16.25 34 65 9 34 7 1 7 1.0 6 1.2 3 0.5 3 0.5 173 

  K3-15-17-18 16.2 34 64 9 35 7 2 7 1.1 6 1.2 4 0.5 3 0.5 174 

  K3-30-A1-2 2.8 35 68 8 31 6 1 6 0.9 5 1.0 3 0.4 3 0.4 168 

  K3-30-A1-6 2.75 33 66 8 30 6 1 6 0.9 5 1.0 3 0.4 3 0.4 164 

  K3-30-A1-9 2.7 39 82 10 40 8 2 9 1.4 8 1.6 5 0.6 4 0.6 210 

  K3-30-A1-15 2.6 34 67 8 32 6 1 7 0.9 5 1.0 3 0.4 3 0.4 168 

    
               

Woodford 
Shale 

Ryan Shale 
Pit (outcrop) RSP-22  

17 29 4 15 3 1 3 0.4 2 0.5 2 0.3 2 0.3 79 

 

Lawrence 
Uplift RSP-40  

18 29 4 14 3 1 3 0.4 2 0.5 1 0.2 2 0.3 77 

 

latitude: 
34.695 AJD-507  

25 47 6 21 4 1 4 0.6 3 0.7 2 0.3 2 0.3 118 

 

longitude: -
96.652 AJD-513  

29 55 7 25 5 1 5 0.7 4 0.8 2 0.3 2 0.3 137 

  CLY-12  26 44 5 18 3 1 3 0.4 3 0.6 2 0.3 2 0.4 109 

  CLY-14  24 48 7 32 7 2 9 1.4 8 1.7 5 0.7 4 0.7 152 

  CLY-24  18 35 4 17 4 1 4 0.7 4 0.7 2 0.3 2 0.3 94 

  CLY-26  20 39 5 18 3 1 3 0.4 2 0.5 2 0.2 2 0.3 96 

  CLY-30  19 37 5 17 3 1 3 0.5 3 0.6 2 0.3 2 0.3 93 

  CLY-33  24 45 6 21 4 1 3 0.4 2 0.5 2 0.2 2 0.2 109 

    
               

Stark Shale 
Kansas 
Geological 
Survey 
Edmonds 
#1A 

S-ED X39 69.8 22 38 4 15 3 1 3 0.4 2 0.5 2 0.3 2 0.3 94 

 

St-Ed 65.0-
67.4 66.2 

48 98 11 42 8 2 7 1.0 6 1.1 3 0.5 3 0.5 231 

 

latitude: 
39.223 S-ED X34 60.2 24 42 5 17 3 1 3 0.4 2 0.5 2 0.3 2 0.3 101 

 

longitude: -
94.929 

St-Ed 56.5-
58.2 57.35 25 44 5 18 3 1 3 0.4 2 0.6 2 0.3 2 0.4 108 

  

St-Ed 50.8-
52.2 51.5 21 36 4 15 3 1 3 0.4 2 0.5 2 0.2 2 0.3 89 

  

St-Ed 47.0-
48.2 47.6 20 33 4 13 2 0 2 0.3 2 0.4 1 0.2 2 0.3 81 
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St-Ed 44.0-
45.7 44.85 18 31 4 12 2 1 2 0.3 2 0.4 1 0.2 2 0.3 76 

  

St-Ed 39.8-
40.6 40.2 135 266 37 154 30 6 33 4.8 25 4.9 13 1.6 9 1.3 722 

  

St-Ed 36.5-
38.5 37.5 27 45 6 24 5 1 5 0.7 4 0.8 3 0.4 2 0.4 124 

  

St-Ed 31.6-
32.5 32.05 28 43 6 23 4 1 5 0.7 4 0.8 2 0.4 3 0.4 121 

  

St-Ed 30.7-
31.6 31.15 80 132 20 79 15 3 17 2.6 15 2.9 8 1.0 6 0.9 384 

  

St-Ed 27.2-
28.0 27.6 13 18 2 7 1 0 1 0.2 1 0.3 1 0.2 1 0.2 48 

  

St-Ed 25.1-
26.1 25.6 16 22 2 7 1 0 1 0.1 1 0.2 1 0.2 2 0.3 54 

  

St-Ed 24.3-
25.1 24.7 17 22 2 7 1 0 1 0.1 1 0.2 1 0.2 2 0.3 55 

  S-ED X-4 20.8 40 66 9 36 7 2 8 1.1 6 1.4 4 0.6 4 0.6 186 

  S-ED X2 3 65 159 23 101 22 5 23 3.1 15 2.6 6 0.7 4 0.5 430 

  S-ED X1 1 26 48 6 23 5 1 5 0.6 3 0.7 2 0.3 2 0.3 123 

    
               

Stark Shale 
Iowa 
Geological 
Survey 
Riverton 
Core 

IRC-S 23.7 23.7 23 46 6 23 5 1 5 0.6 3 0.7 2 0.3 2 0.3 118 

 IRC-S 15.4 15.4 

38 65 9 35 7 1 7 1.0 6 1.2 3 0.5 3 0.4 176 

 

latitude: 
40.601 IRC-S 8.3 8.3 12 18 2 7 1 0 1 0.1 1 0.2 1 0.2 1 0.2 45 

 

longitude: -
95.565 IRC-S 4.9 4.9 18 31 4 16 3 1 3 0.5 3 0.6 2 0.3 2 0.3 85 

  IRC-S Min 1.9 1.9 26 57 7 28 6 1 6 0.8 4 0.9 3 0.4 2 0.4 142 

  IRC-S 1.7 1.7 24 43 6 22 4 1 5 0.7 4 0.7 2 0.3 2 0.3 115 

    
               

Hushpuckney 
Shale 

Kansas 
Geological 
Survey 
Edmonds 
#1A 

H-ED 74.0 74 23 43 5 18 4 1 3 0.5 3 0.6 2 0.3 2 0.3 106 

 H-ED 65.5 65.5 
22 40 5 16 3 1 3 0.4 2 0.5 2 0.3 2 0.3 96 

 

latitude: 
39.223 H-ED 42.0 42 46 77 11 44 9 2 10 1.4 8 1.7 5 0.6 4 0.6 220 
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longitude: -
94.929 H-ED 33.3 33.3 31 55 8 33 7 1 7 1.0 6 1.2 4 0.5 3 0.5 158 

  H-ED 28.5 28.5 12 21 3 11 2 0 2 0.3 2 0.4 1 0.2 2 0.3 58 

  H-ED 22.8 22.8 14 26 4 15 3 1 3 0.5 3 0.6 2 0.3 2 0.3 73 

  H-ED 15.3 15.3 33 56 8 29 5 1 6 1.0 6 1.2 4 0.5 3 0.5 154 

  H-ED 5.2 5.2 40 71 10 38 7 2 8 1.2 6 1.3 4 0.5 3 0.4 193 

    
               

Hushpuckney 
Shale 

Iowa 
Geological 
Survey 
Riverton 
Core 

IRC-H 30.3 30.3 19 35 4 15 3 1 3 0.4 2 0.5 2 0.3 2 0.3 87 

 IRC-H 27.8 27.6 
17 31 4 14 3 1 3 0.3 2 0.4 1 0.2 2 0.3 78 

 

latitude: 
40.601 IRC-H 21.0 21 56 103 14 56 11 2 12 1.8 10 2.0 6 0.7 4 0.6 280 

 

longitude: -
95.565 IRC-H 19.6 19.6 16 26 3 12 2 1 2 0.3 2 0.4 1 0.2 2 0.3 68 

  IRC-H 12.0 12 8 13 2 6 1 0 1 0.2 1 0.2 1 0.2 1 0.2 35 

  IRC-H 10.0 10 18 31 5 19 4 1 4 0.6 4 0.8 2 0.3 2 0.4 92 

  IRC-H 6.4 6.4 13 21 3 10 2 0 2 0.3 2 0.4 1 0.2 2 0.3 59 

  IRC-H 0.7 0.7 4 6 1 3 1 0 1 0.1 0 0.1 0 0.0 0 0.0 17 

    
               

Mulgrave Shale 

Outcrop, 
Yorkshire 
coast Toar 22.29 22.29 

40 88 10 39 8 2 7 1.0 5 1.0 3 0.4 3 0.4 209 

 

latitude: 
54.495 Toar 18.58 18.58 29 72 8 31 6 2 7 1.1 6 1.2 4 0.5 3 0.5 170 

 

longitudeL 
0.645 Toar 16.75 16.75 34 67 8 31 6 1 5 0.8 4 0.8 2 0.3 2 0.4 164 

  Toar 15.83 15.83 30 70 8 29 6 1 6 0.9 5 1.0 3 0.4 3 0.4 162 

  Toar 13.56 13.56 38 83 10 36 7 2 7 1.0 5 1.0 3 0.4 3 0.4 196 

  Toar 8.68 8.68 43 101 12 50 11 3 11 1.6 8 1.5 4 0.5 3 0.5 250 

  Toar 4.01 4.01 29 53 7 24 4 1 4 0.6 3 0.6 2 0.3 2 0.3 132 

  Toar -0.46 -0.46 30 73 8 31 5 1 5 0.6 4 0.7 2 0.4 3 0.4 164 

  



138 

 

 

 

Table A2.2: measured REE content in the Whipkey Core samples and selected Hushpuckney Shale samples 

 carbonate-associated/authigenic 

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREE 

 µg/g 

                

Whipkey Core               

WS7786 0.8 1.6 0.30 1.6 0.41 0.06 0.32 0.03 0.23 0.02 0.06 0 0.02 0 5.5 

WS7788 6.0 12 1.8 10 2.9 0.79 2.6 0.45 2.8 0.45 1.1 0.18 0.96 0.17 42 

WS7789 0.9 2.2 0.35 2.4 0.65 0.14 0.57 0.09 0.37 0.05 0.08 0 0.05 0 7.9 

WS7794 5.2 11 2.0 11 3.5 1.0 3.9 0.59 3.3 0.53 1.4 0.2 1.1 0.17 45 

WS7795 7.6 15 2.6 15 4.9 1.3 5.5 0.82 5.0 0.80 2.1 0.32 1.7 0.26 63 

WS7801 2.1 5.0 0.90 5.1 1.5 0.38 1.7 0.22 1.3 0.17 0.42 0.07 0.28 <DL 19 

WS7813 0.8 2.0 0.48 2.5 0.54 0.12 0.68 0.09 0.31 <DL 0.1 <DL <DL <DL 7.6 

WS7818 0.9 2.5 0.50 2.3 0.39 0.07 0.55 0.08 0.35 <DL <DL <DL <DL <DL 7.7 

WS7833 1.2 3.0 0.59 2.5 0.50 0.13 0.73 0.08 0.48 0.05 0.11 <DL <DL <DL 9.4 

WS7838 1.4 3.2 0.54 2.8 0.62 0.39 0.89 0.10 0.52 0.06 0.15 <DL <DL <DL 11 

WS7846 1.7 3.9 0.81 4.2 1.1 0.27 1.3 0.19 1.1 0.15 0.41 0.06 0.26 <DL 15 

WS7865 18 27 4.4 22 4.9 1.2 4.7 0.79 4.7 0.83 2.6 0.39 2.5 0.39 94 

WS7878 4.0 8.2 1.1 6.9 1.6 0.33 1.5 0.25 1.2 0.23 0.66 0.1 0.53 0.1 27 

WS7895 18.7 32 4.7 24 4.8 1.2 5.2 0.90 6.6 1.1 3.5 0.62 3.4 0.63 107 

WS7898 4.1 7.7 1.0 5.2 0.96 0.71 1.0 0.14 0.94 0.16 0.51 0.08 0.41 0.09 23 

                

Hushpuckney Shale              

IRCH21.0 35 62 7.7 37 5.8 1.3 5.7 0.89 5.9 0.95 2.6 0.34 1.6 0.27 167 

IRCH19.6 6.2 11 1.4 6.8 1.2 0.26 1.2 0.19 1.1 0.17 0.62 0.08 0.42 0.06 31 

IRCH10.0 14 24 3.3 16 2.8 0.63 2.7 0.43 2.9 0.43 1.6 0.2 1.1 0.2 71 

                

 detrital apatite 
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 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREE 

 µg/g 

                

Whipkey Core               

WS7786 0.24 0.97 0.16 1.2 0.52 0.12 0.37 0.06 0.30 0.05 0.10 0.01 0.08 0.01 4.2 

WS7788 0.38 1.1 0.16 1.0 0.28 0.09 0.25 0.05 0.36 0.05 0.14 0.02 0.09 0.01 4.0 

WS7789 0.25 1.2 0.23 1.6 0.69 0.18 0.50 0.09 0.42 0.06 0.12 0.02 0.07 0.01 5.4 

WS7794 0.18 1.4 0.2 1.2 0.41 0.10 0.41 0.05 0.30 0.04 0.10 0.02 0.06 <DL 4.4 

WS7795 0.09 1.0 0.19 1.2 0.43 0.13 0.45 0.05 0.26 0.04 0.09 0.01 0.05 <DL 4.0 

WS7801 0.13 1.4 0.28 2.1 0.88 0.23 0.95 0.12 0.55 0.07 0.17 0.02 0.08 <DL 6.9 

WS7813 0.1 1.3 0.24 1.4 0.58 0.16 0.57 0.09 0.40 0.06 0.14 0.03 0.09 <DL 5.1 

WS7818 0.08 1.7 0.19 1.1 0.28 0.09 0.34 0.06 0.27 0.04 0.12 0.01 0.07 <DL 4.3 

WS7833 0.2 2.1 0.25 1.7 0.72 0.18 0.71 0.10 0.48 0.07 0.14 0.02 0.12 <DL 6.7 

WS7838 0.01 0.96 0.18 1.2 0.56 0.30 0.62 0.07 0.35 0.06 0.12 0.02 0.08 <DL 4.5 

WS7846 0.52 2.5 0.51 3.6 1.8 0.42 1.6 0.21 0.97 0.13 0.32 0.04 0.17 <DL 13 

WS7865 0.93 2.7 0.51 3.3 0.95 0.22 0.80 0.12 0.67 0.09 0.27 0.04 0.20 <DL 11 

WS7878 1.0 3.3 0.53 3.7 1.0 0.27 0.99 0.14 0.75 0.11 0.31 0.04 0.18 0.03 12 

WS7895 0.51 1.9 0.23 1.4 0.32 0.06 0.34 0.05 0.23 0.04 0.11 0.01 0.07 <DL 5.3 

WS7898 0.27 1.1 <DL <DL 0.07 0.42 0.09 0.02 <DL 0.01 <DL <DL <DL <DL 2.0 

                

Hushpuckney Shale              

IRCH21.0 11 25 3.09 14 2.6 0.55 2.3 0.35 2.3 0.37 1.07 0.14 0.63 0.11 63 

IRCH19.6 0.63 1.6 0.17 0.83 0.12 <DL 0.13 0.03 0.15 0.02 0.09 0.01 0.10 0.02 3.9 

IRCH10.0 1.6 3.4 0.47 2.4 0.41 0.1 0.37 0.07 0.41 0.07 0.21 0.04 0.20 0.04 10 

                

 organic matter 

 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREE 

 µg/g 
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Whipkey Core               

WS7786 12 27 2.2 10 1.3 0.22 0.64 0.05 0.26 0.04 0.16 0.02 0.09 <DL 53 

WS7788 14 31 2.9 13 1.3 0.20 0.68 0.06 0.26 0.05 0.17 0.02 0.09 <DL 64 

WS7789 17 36 3.2 13 1.8 0.26 0.90 0.08 0.31 0.05 0.18 0.02 0.11 <DL 73 

WS7794 4.3 12 0.88 3.6 0.44 0.08 0.27 0.03 0.13 <DL 0.07 0.01 <DL <DL 22 

WS7795 5.8 15 1.2 5.0 0.54 0.08 0.36 0.03 0.15 0.03 0.08 <DL <DL <DL 29 

WS7801 20 43 4.2 18 2.2 0.33 1.2 0.11 0.46 0.08 0.26 0.04 0.19 <DL 91 

WS7813 18 38 3.6 15 1.9 0.28 0.96 0.10 0.38 0.07 0.22 0.03 0.13 <DL 80 

WS7818 17 35 3.3 14 1.6 0.27 0.87 0.06 0.23 0.04 0.13 0.02 0.07 <DL 73 

WS7833 13 28 2.7 12 1.6 0.20 0.83 0.08 0.35 0.06 0.22 0.03 0.12 <DL 59 

WS7838 17 36 3.5 15 1.9 0.26 1.0 0.10 0.46 0.08 0.25 0.04 0.13 <DL 77 

WS7846 11 24 2.2 10 1.2 0.16 0.65 0.07 0.40 0.07 0.24 0.03 0.16 <DL 50 

WS7865 7.5 16 1.5 6.0 0.50 0.09 0.41 0.04 0.17 0.03 0.09 0.02 0.08 <DL 33 

WS7878 5.3 13 1.0 4.2 0.37 0.09 0.32 0.04 0.21 0.04 0.14 0.02 0.10 0.01 25 

WS7895 4.5 9.4 0.55 1.7 0.13 0.04 0.16 0.02 0.12 0.02 0.09 0.01 0.05 0.01 17 

WS7898 0.3 1.9 0.12 0.70 0.08 0.06 0.08 0.01 <DL 0.01 <DL <DL <DL 0.01 3.3 

                

Hushpuckney Shale              

IRCH21.0 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

IRCH19.6 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

IRCH10.0 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

                

 siliciclastic material 

 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREE 

 µg/g 

                

Whipkey Core               
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WS7786 14 23 3.2 13 1.6 0.45 1.7 0.33 2.5 0.51 1.7 0.25 1.7 0.35 65 

WS7788 12 22 2.8 13 1.2 0.39 2.1 0.30 2.4 0.50 1.8 0.25 1.8 0.36 61 

WS7789 8.0 13 1.8 8.0 0.87 0.32 1.1 0.19 1.9 0.40 1.4 0.19 1.5 0.30 39 

WS7794 0.28        0.03 0.07 0.13  0.34 0.09  

WS7795 1.9  0.21 0.33 0.01 0.13  0.03 0.45 0.11 0.45 0.06 0.52 0.16 4 

WS7801 7.6 16 1.8 8.8 1.5 0.45 1.5 0.38 3.1 0.62 2.1 0.29 2.1 0.52 47 

WS7813 10 18 2.1 9.8 1.5 0.41 1.5 0.30 2.8 0.58 1.8 0.27 1.9 0.39 52 

WS7818 3.7 13 0.62 3.2 0.69 0.23 0.65 0.17 1.9 0.44 1.5 0.23 1.6 0.33 28 

WS7833 15 26 3.0 14 1.9 0.54 1.5 0.34 2.8 0.56 1.9 0.30 2.0 0.40 70 

WS7838 11 18 2.1 9.4 1.5 0.40 1.1 0.31 2.6 0.53 1.8 0.28 2.0 0.39 51 

WS7846 16 27 3.0 13 1.1 0.40 1.1 0.24 2.4 0.50 1.7 0.29 1.8 0.45 69 

WS7865 5 6.3 0.58 1.4  0.03   0.87 0.20 0.69 0.11 0.86 0.33 16 

WS7878 13 20 2.6 9.8 0.97 0.34 1.1 0.16 2.1 0.40 1.4 0.19 1.4 0.27 54 

WS7895                

WS7898 1.8  0.10    0.00  0.27 0.02 0.21 0.01 0.22 0.04 5 

                

Hushpuckney Shale              

IRCH21.0 9.0 15 3.5 5.0 2.7 0.57 4.0 0.51 1.7 0.62 1.7 0.19 1.8 0.2 46 

IRCH19.6 8.7 11 1.6 4.0 0.97 0.24 0.91 0.06 0.54 0.19 0.51 0.13 1.1 0.18 31 

IRCH10.0 1.2 1.3 0.95 0.52 0.51 0.08 0.86 0.10 0.32 0.26 0.43 0.07 0.87 0.11 7.5 
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Appendix A3 Supporting Information for Chapter 4 

Table A3.1: Dissolved REEs in water column at South Georgia 

 

Depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Sample m

PS81/282-19 9.8 20 5.4 2.7 12 2.2 0.5 4.1 0.6 4.4 1.3 4.7 0.8 4.7 0.9

PS81/282-13 19.8 22 15 2.6 11 2.6 0.5 3.7 0.5 4.4 1.3 4.5 0.7 4.9 0.8

PS81/282-10 50.1 28 20 3.8 16 3.5 0.7 4.8 0.7 5.3 1.3 4.9 0.8 5.1 0.9

PS81/282-7 74.8 19 6.1 2.3 11 2.2 0.5 3.5 0.5 4.7 1.2 4.5 0.7 4.7 0.8

PS81/282-3 95.3 23 34 3.1 12 2.4 0.5 3.4 0.5 4.3 1.1 4.6 0.7 4.8 0.9

PS81/282-1 99.2 20 28 2.7 11 2.3 0.5 3.4 0.5 4.3 1.1 4.3 0.7 4.5 0.8

PS81/281-23 10.8 17 3.1 2.0 9.3 2.1 0.4 3.0 0.5 4.0 1.2 4.3 0.6 4.6 0.8

PS81/281-15 140.2 22 9.5 2.8 13 2.4 0.6 3.5 0.6 4.4 1.3 4.8 0.7 4.6 0.8

PS81/281-6 233.6 18 5.4 2.0 9.3 2.0 0.5 2.8 0.5 3.7 1.2 4.3 0.7 4.3 0.8

PS81/281-4 244 24 8.4 2.7 11 2.4 0.5 3.4 0.5 4.2 1.2 4.5 0.7 4.7 0.9

PS81/281-2 249.2 22 10 2.6 12 2.3 0.6 3.3 0.5 4.3 1.3 4.6 0.7 5.0 1.0

PS81/286-22 10.6 24 13 2.2 11 2.3 0.5 3.3 0.5 4.2 1.3 4.3 0.7 4.5 0.9

PS81/286-19 50 31 29 4.5 16 2.4 1.2 4.6 0.7 4.6 1.3 4.8 0.7 4.9 0.9

PS81/286-16 100.4 19 2.7 2.5 10 2.0 0.5 3.2 0.5 4.2 1.2 4.6 0.7 4.4 0.8

PS81/286-12 160 21 4.7 2.7 13 2.2 0.5 3.3 0.6 4.1 1.2 4.6 0.7 4.6 0.9

PS81/286-10 200 20 1.7 2.3 11 2.3 0.5 3.3 0.6 4.5 1.2 4.5 0.7 4.7 0.9

PS81/286-5 250.5 23 3.0 2.6 12 2.4 0.6 3.6 0.6 4.2 1.3 5.0 0.7 5.4 0.9

PS81/286-1 262.5 23 1.1 2.5 11 2.5 0.5 3.8 0.6 4.8 1.3 4.8 0.8 4.9 1.0

Detection Limit 1.5 2.7 0.28 2.6 0.18 0.08 1.3 0.06 0.60 0.12 0.12 0.02 0.06 0.02

external reproducibility

1σ (n = 8) 7% 7% 7% 5% 5% 5% 8% 12% 7% 5% 3% 6% 7% 9%

standard error

1σ (n = 10) 9% 25% 10% 7% 10% 8% 19% 5% 3% 5% 5% 4% 4% 7%

pM
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Table A3.2: REEs within extractable Fe phases at the Royal Trough 

 

  

depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

cmbsf

1 0.157 0.280 0.034 0.188 0.037 0.011 0.038 0.006 0.044 0.007 0.019 0.003 0.017 0.003

60 0.195 0.426 0.053 0.294 0.059 0.016 0.064 0.009 0.071 0.012 0.036 0.004 0.027 0.005

120 0.375 0.814 0.100 0.565 0.118 0.031 0.124 0.019 0.128 0.022 0.067 0.009 0.054 0.008

200 0.379 0.852 0.102 0.603 0.133 0.032 0.128 0.019 0.143 0.023 0.068 0.009 0.056 0.010

280 0.329 0.722 0.086 0.492 0.104 0.025 0.106 0.016 0.118 0.020 0.057 0.008 0.043 0.006

360 0.383 0.762 0.099 0.549 0.107 0.032 0.135 0.020 0.140 0.025 0.071 0.011 0.061 0.011

480 0.342 0.690 0.087 0.518 0.110 0.027 0.111 0.016 0.126 0.023 0.065 0.009 0.057 0.010

520 0.409 0.881 0.114 0.638 0.129 0.035 0.138 0.023 0.152 0.028 0.083 0.011 0.067 0.012

560 0.321 0.676 0.084 0.439 0.092 0.023 0.096 0.016 0.103 0.018 0.053 0.008 0.035 0.006

720 0.424 0.905 0.112 0.689 0.141 0.038 0.156 0.024 0.166 0.027 0.077 0.011 0.059 0.011

800 0.357 0.756 0.095 0.555 0.118 0.031 0.111 0.020 0.130 0.021 0.063 0.010 0.047 0.009

880 0.325 0.706 0.086 0.489 0.099 0.028 0.110 0.017 0.114 0.020 0.057 0.009 0.043 0.008

1 0.420 1.033 0.133 0.755 0.173 0.032 0.180 0.029 0.190 0.033 0.101 0.013 0.069 0.011

60 0.378 0.975 0.118 0.686 0.145 0.028 0.159 0.025 0.173 0.028 0.085 0.011 0.058 0.010

120 0.585 1.517 0.182 1.029 0.225 0.043 0.231 0.040 0.235 0.043 0.127 0.018 0.087 0.015

200 0.513 1.328 0.164 0.936 0.203 0.043 0.209 0.035 0.225 0.038 0.115 0.015 0.089 0.014

280 0.546 1.426 0.175 1.004 0.199 0.038 0.233 0.035 0.248 0.040 0.130 0.017 0.080 0.014

360 0.604 1.502 0.185 1.045 0.236 0.045 0.248 0.036 0.268 0.046 0.131 0.017 0.093 0.017

480 0.641 1.588 0.193 1.094 0.230 0.046 0.246 0.038 0.261 0.045 0.131 0.018 0.085 0.016

520 0.608 1.589 0.193 1.119 0.247 0.049 0.240 0.040 0.263 0.045 0.135 0.019 0.100 0.017

560 0.586 1.494 0.177 0.996 0.202 0.042 0.207 0.035 0.232 0.038 0.118 0.017 0.086 0.015

720 0.453 1.145 0.136 0.771 0.167 0.032 0.170 0.026 0.185 0.030 0.095 0.012 0.062 0.011

800 0.453 1.145 0.136 0.771 0.167 0.032 0.170 0.026 0.185 0.030 0.095 0.012 0.062 0.011

880 0.441 1.124 0.138 0.764 0.167 0.033 0.168 0.026 0.167 0.030 0.089 0.013 0.061 0.010

µg/g

Na-acetate

hydroxylamine
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Table A3.2 (cont.) 

 

  

depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

cmbsf

1 0.122 0.252 0.020 0.103 0.028 0.006 0.028 0.005 0.033 0.005 0.017 0.002 0.016 0.003

60 0.086 0.180 0.011 0.052 0.010 0.002 0.007 0.001 0.009 0.001 0.003 0.001 0.004 0.000

120 0.147 0.281 0.022 0.098 0.021 0.005 0.016 0.003 0.019 0.004 0.008 0.001 0.008 0.001

200 0.141 0.282 0.020 0.076 0.018 0.005 0.018 0.003 0.017 0.003 0.009 0.001 0.007 0.001

280 0.126 0.259 0.021 0.094 0.027 0.007 0.023 0.004 0.026 0.004 0.011 0.002 0.014 0.002

360 0.124 0.241 0.019 0.084 0.020 0.005 0.017 0.003 0.022 0.004 0.010 0.002 0.011 0.001

480 0.140 0.289 0.027 0.121 0.032 0.007 0.030 0.005 0.034 0.006 0.016 0.002 0.012 0.003

520 0.137 0.274 0.019 0.088 0.018 0.004 0.014 0.003 0.017 0.002 0.008 0.001 0.008 0.001

560 0.153 0.330 0.023 0.122 0.032 0.006 0.025 0.005 0.029 0.006 0.015 0.002 0.015 0.002

720 0.121 0.247 0.018 0.084 0.018 0.005 0.015 0.003 0.018 0.004 0.009 0.002 0.008 0.001

800 0.090 0.187 0.015 0.060 0.013 0.003 0.014 0.003 0.015 0.002 0.007 0.001 0.006 0.001

880 0.098 0.203 0.016 0.076 0.018 0.003 0.016 0.003 0.018 0.003 0.007 0.001 0.008 0.001

1 0.078 0.159 0.011 0.052 0.008 0.003 0.006 0.001 0.007 0.001 0.002 0.001 0.003 0.000

60 0.082 0.165 0.012 0.049 0.006 0.001 0.007 0.001 0.006 0.001 0.002 0.000 0.002 0.000

120 0.275 0.554 0.042 0.164 0.027 0.007 0.022 0.004 0.017 0.004 0.011 0.001 0.008 0.002

200 0.001 0.006 0.001 0.009 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

280 0.143 0.253 0.022 0.093 0.014 0.004 0.011 0.002 0.010 0.002 0.004 0.001 0.005 0.000

360 0.132 0.261 0.019 0.079 0.012 0.003 0.015 0.001 0.010 0.002 0.006 0.001 0.006 0.001

480 0.136 0.265 0.020 0.074 0.011 0.002 0.011 0.002 0.009 0.001 0.004 0.001 0.003 0.000

520 0.139 0.275 0.022 0.092 0.012 0.002 0.009 0.002 0.011 0.002 0.004 0.001 0.005 0.000

560 0.172 0.355 0.027 0.109 0.015 0.005 0.014 0.003 0.017 0.003 0.007 0.001 0.006 0.000

720 0.124 0.250 0.018 0.082 0.012 0.003 0.011 0.002 0.010 0.001 0.005 0.001 0.006 0.001

800 0.106 0.205 0.015 0.069 0.008 0.003 0.009 0.001 0.009 0.001 0.004 0.001 0.005 0.000

880 0.088 0.186 0.013 0.058 0.010 0.002 0.006 0.001 0.006 0.001 0.002 0.001 0.004 0.001

µg/g

dithionite

oxalate
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Table A3.2 (cont.) 

 

  

depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

cmbsf

1 13 30 3.4 16 3.4 0.9 3.5 0.6 4.3 0.8 2.4 0.38 2.2 0.39

60 19 43 4.6 22 4.3 1.1 4.3 0.7 5.2 0.9 2.9 0.45 2.5 0.42

120 16 35 3.9 19 3.8 1.0 3.6 0.6 4.7 0.8 2.7 0.42 2.2 0.41

200 15 32 3.5 18 3.4 1.0 3.7 0.6 4.4 0.8 2.6 0.42 2.3 0.41

280 15 33 3.6 18 3.5 0.9 3.3 0.6 4.3 0.8 2.5 0.38 2.2 0.38

360 13 29 3.3 16 3.4 0.9 3.3 0.6 4.3 0.7 2.5 0.38 2.1 0.38

480 14 31 3.5 17 3.7 1.0 3.5 0.6 4.4 0.8 2.5 0.40 2.3 0.38

520 14 30 3.3 17 3.4 1.0 3.5 0.6 4.4 0.8 2.6 0.39 2.2 0.40

560 12 26 2.9 14 2.9 0.8 3.0 0.5 3.7 0.7 2.2 0.34 1.8 0.35

720 13 29 3.4 17 3.4 1.0 3.3 0.6 4.4 0.8 2.5 0.37 2.2 0.40

800 14 32 3.5 18 3.3 1.0 3.6 0.6 4.4 0.8 2.5 0.38 2.3 0.38

880 14 31 3.4 17 3.5 0.9 3.5 0.6 4.3 0.8 2.4 0.37 2.2 0.39

µg/g
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Table A3.3: REEs in extractable Fe phases at the Grytviken Flare 

 

depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

cmbsf

8 0.235 0.402 0.063 0.292 0.070 0.016 0.065 0.009 0.070 0.014 0.038 0.006 0.032 0.008

50 0.509 1.272 0.161 0.966 0.187 0.042 0.210 0.031 0.195 0.033 0.092 0.012 0.063 0.011

120 0.206 0.364 0.053 0.257 0.044 0.015 0.061 0.009 0.061 0.011 0.033 0.005 0.027 0.007

200 0.211 0.363 0.056 0.277 0.047 0.015 0.059 0.007 0.063 0.011 0.037 0.006 0.030 0.006

280 0.162 0.288 0.042 0.204 0.039 0.011 0.045 0.006 0.045 0.008 0.028 0.004 0.019 0.004

360 0.199 0.344 0.053 0.239 0.049 0.013 0.051 0.008 0.060 0.010 0.033 0.005 0.023 0.005

450 0.191 0.333 0.050 0.246 0.045 0.013 0.050 0.007 0.062 0.011 0.031 0.004 0.027 0.005

470 0.194 0.361 0.056 0.268 0.050 0.012 0.056 0.009 0.060 0.010 0.034 0.004 0.027 0.004

500 0.226 0.372 0.055 0.275 0.054 0.015 0.067 0.009 0.075 0.012 0.035 0.005 0.031 0.006

520 0.240 0.388 0.060 0.320 0.061 0.017 0.062 0.010 0.071 0.012 0.041 0.005 0.029 0.006

540 0.192 0.324 0.050 0.234 0.046 0.013 0.050 0.009 0.057 0.011 0.036 0.005 0.024 0.005

560 0.118 0.191 0.028 0.132 0.030 0.007 0.023 0.003 0.024 0.004 0.011 0.002 0.010 0.002

580 0.160 0.293 0.036 0.203 0.042 0.010 0.043 0.007 0.047 0.009 0.026 0.003 0.020 0.003

610 0.186 0.328 0.042 0.235 0.044 0.012 0.051 0.008 0.058 0.011 0.034 0.006 0.028 0.005

640 0.175 0.318 0.039 0.218 0.041 0.012 0.050 0.007 0.057 0.011 0.030 0.004 0.025 0.004

670 0.116 0.222 0.026 0.154 0.029 0.008 0.030 0.005 0.038 0.007 0.023 0.003 0.020 0.004

750 0.131 0.251 0.032 0.166 0.029 0.009 0.037 0.006 0.039 0.007 0.027 0.004 0.019 0.004

790 0.144 0.277 0.035 0.183 0.032 0.010 0.041 0.007 0.043 0.008 0.029 0.004 0.021 0.004

8 0.589 1.553 0.198 1.184 0.241 0.046 0.248 0.037 0.229 0.041 0.123 0.015 0.078 0.013

50 0.218 0.385 0.057 0.255 0.050 0.012 0.063 0.007 0.065 0.012 0.037 0.005 0.024 0.006

120 0.481 1.174 0.150 0.862 0.160 0.037 0.170 0.028 0.178 0.030 0.088 0.010 0.057 0.008

200 0.485 1.233 0.154 0.967 0.180 0.042 0.182 0.029 0.179 0.033 0.090 0.013 0.056 0.010

280 0.403 0.928 0.118 0.660 0.133 0.030 0.125 0.020 0.127 0.022 0.061 0.008 0.037 0.006

360 0.382 0.948 0.125 0.723 0.153 0.031 0.145 0.021 0.145 0.024 0.065 0.011 0.049 0.007

450 0.411 1.071 0.130 0.750 0.152 0.032 0.142 0.025 0.163 0.027 0.067 0.012 0.051 0.009

470 0.402 0.962 0.127 0.691 0.151 0.027 0.142 0.023 0.146 0.026 0.071 0.010 0.046 0.008

500 0.510 1.155 0.150 0.820 0.181 0.038 0.169 0.026 0.168 0.027 0.084 0.011 0.055 0.008

520 0.443 1.087 0.140 0.799 0.169 0.033 0.169 0.027 0.168 0.029 0.080 0.011 0.048 0.007

540 0.305 0.728 0.089 0.479 0.088 0.019 0.091 0.014 0.089 0.015 0.045 0.006 0.025 0.005

560 0.149 0.279 0.038 0.140 0.023 0.006 0.026 0.004 0.030 0.005 0.018 0.002 0.010 0.002

580 0.247 0.591 0.080 0.442 0.085 0.017 0.086 0.013 0.083 0.015 0.049 0.006 0.028 0.004

610 0.362 0.843 0.107 0.585 0.113 0.025 0.127 0.021 0.124 0.020 0.055 0.007 0.035 0.006

640 0.352 0.860 0.111 0.632 0.130 0.025 0.128 0.019 0.132 0.020 0.056 0.008 0.030 0.007

670 0.335 0.846 0.110 0.625 0.139 0.030 0.130 0.022 0.128 0.022 0.063 0.008 0.034 0.006

750 0.309 0.784 0.099 0.567 0.118 0.026 0.135 0.020 0.134 0.020 0.053 0.007 0.034 0.006

790 0.389 0.968 0.121 0.688 0.139 0.030 0.147 0.024 0.151 0.024 0.069 0.011 0.037 0.009

µg/g

Na-acetate

hydroxylamine
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Table A3.3 (cont.) 

 

depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

cmbsf

8 0.080 0.163 0.025 0.097 0.019 0.007 0.023 0.003 0.025 0.004 0.016 0.002 0.016 0.002

50 0.107 0.211 0.031 0.106 0.017 0.009 0.032 0.003 0.025 0.005 0.015 0.002 0.015 0.003

120 0.106 0.224 0.028 0.105 0.027 0.006 0.021 0.003 0.030 0.004 0.014 0.002 0.011 0.002

200 0.076 0.164 0.024 0.084 0.020 0.007 0.025 0.002 0.022 0.004 0.015 0.002 0.012 0.002

280 0.082 0.193 0.027 0.122 0.034 0.007 0.032 0.005 0.042 0.006 0.024 0.003 0.017 0.003

360 0.085 0.204 0.030 0.110 0.029 0.007 0.033 0.005 0.039 0.005 0.017 0.002 0.014 0.003

450 0.092 0.191 0.025 0.088 0.030 0.006 0.031 0.004 0.028 0.005 0.014 0.002 0.013 0.003

470 0.092 0.210 0.026 0.106 0.024 0.008 0.034 0.005 0.040 0.006 0.019 0.002 0.015 0.005

500 0.117 0.312 0.037 0.175 0.042 0.011 0.053 0.006 0.045 0.008 0.026 0.004 0.020 0.005

520

540 0.127 0.332 0.043 0.213 0.053 0.013 0.060 0.009 0.061 0.012 0.035 0.006 0.029 0.005

560 0.236 0.621 0.077 0.464 0.096 0.021 0.095 0.016 0.104 0.018 0.056 0.008 0.037 0.007

580 0.083 0.206 0.025 0.122 0.033 0.007 0.032 0.004 0.030 0.006 0.021 0.002 0.014 0.003

610 0.124 0.311 0.039 0.177 0.034 0.011 0.037 0.007 0.042 0.008 0.024 0.004 0.018 0.004

640 0.084 0.201 0.028 0.136 0.038 0.007 0.033 0.006 0.043 0.007 0.021 0.004 0.018 0.004

670 0.066 0.128 0.018 0.060 0.010 0.003 0.013 0.001 0.010 0.002 0.006 0.000 0.005 0.001

750 0.066 0.139 0.018 0.063 0.014 0.004 0.014 0.002 0.012 0.002 0.009 0.001 0.007 0.002

790 0.074 0.183 0.023 0.080 0.015 0.006 0.019 0.002 0.017 0.004 0.010 0.001 0.007 0.003

8 0.058 0.148 0.013 0.056 0.010 0.003 0.011 0.001 0.012 0.002 0.006 0.001 0.005 0.000

50 0.061 0.151 0.011 0.051 0.006 0.003 0.009 0.002 0.009 0.002 0.005 0.001 0.005 0.001

120 0.054 0.140 0.009 0.043 0.007 0.002 0.006 0.001 0.009 0.002 0.004 0.001 0.004 0.000

200 0.056 0.146 0.010 0.049 0.011 0.002 0.008 0.001 0.008 0.002 0.004 0.001 0.004 0.001

280 0.054 0.132 0.009 0.045 0.008 0.002 0.007 0.001 0.008 0.002 0.004 0.001 0.003 0.000

360 0.055 0.145 0.011 0.058 0.012 0.002 0.010 0.001 0.011 0.002 0.003 0.001 0.003 0.000

450 0.053 0.131 0.010 0.050 0.006 0.003 0.007 0.001 0.007 0.002 0.004 0.000 0.004 0.001

470 0.052 0.142 0.010 0.048 0.011 0.002 0.009 0.001 0.009 0.002 0.004 0.001 0.004 0.001

500 0.067 0.164 0.012 0.059 0.013 0.003 0.010 0.002 0.011 0.003 0.005 0.001 0.004 0.001

520 0.059 0.148 0.011 0.053 0.012 0.003 0.012 0.002 0.007 0.002 0.006 0.001 0.004 0.001

540 0.112 0.183 0.013 0.062 0.013 0.003 0.011 0.002 0.013 0.002 0.005 0.001 0.004 0.001

560 0.060 0.158 0.015 0.082 0.020 0.005 0.024 0.004 0.028 0.004 0.009 0.001 0.005 0.001

580 0.051 0.122 0.009 0.042 0.009 0.002 0.006 0.001 0.008 0.001 0.003 0.001 0.003 0.001

610 0.052 0.134 0.010 0.052 0.009 0.002 0.010 0.002 0.008 0.001 0.005 0.000 0.004 0.001

640 0.058 0.121 0.010 0.050 0.006 0.002 0.006 0.001 0.007 0.001 0.004 0.001 0.004 0.000

670 0.024 0.060 0.004 0.024 0.003 0.001 0.003 0.000 0.003 0.001 0.002 0.000 0.001 0.001

750 0.047 0.101 0.006 0.037 0.006 0.002 0.006 0.001 0.005 0.001 0.003 0.001 0.003 0.000

790 0.041 0.105 0.006 0.038 0.007 0.002 0.005 0.001 0.007 0.001 0.002 0.000 0.003 0.000

µg/g

dithionite

oxalate
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Table A3.3 (cont.) 

 

 

  

depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

cmbsf

8 18 41 4.5 22 4.4 1.2 4.4 0.7 5.1 0.9 2.7 0.41 2.1 0.35

50 18 40 4.5 22 4.3 1.2 4.1 0.7 5.4 0.9 2.7 0.43 2.2 0.34

120 19 41 4.6 23 4.5 1.2 4.3 0.7 5.3 0.9 2.8 0.41 2.1 0.34

200 18 39 4.3 21 4.2 1.2 4.0 0.7 4.9 0.8 2.7 0.37 2.2 0.35

280 20 45 4.9 25 4.5 1.3 4.8 0.8 5.7 1.0 3.0 0.42 2.4 0.35

360 20 43 4.8 24 4.6 1.3 4.5 0.8 5.6 1.0 3.1 0.40 2.3 0.37

450 18 41 4.4 22 4.2 1.3 4.2 0.7 5.1 0.9 2.8 0.42 2.2 0.37

470 19 41 4.5 23 4.4 1.2 4.4 0.7 5.2 0.9 2.7 0.43 2.1 0.35

500 19 41 4.5 23 4.4 1.2 4.4 0.7 5.2 0.9 2.8 0.42 2.2 0.35

520 17 38 4.2 21 4.3 1.1 4.0 0.7 5.1 0.9 2.7 0.39 2.3 0.36

540 16 35 3.8 19 3.8 1.0 3.7 0.6 4.5 0.8 2.4 0.38 1.8 0.29

560 17 36 4.0 20 3.9 1.1 3.8 0.7 4.8 0.8 2.5 0.39 2.2 0.33

580 17 38 4.3 21 4.1 1.2 4.1 0.7 5.0 0.9 2.7 0.40 2.1 0.35

610 18 40 4.4 23 4.6 1.2 4.5 0.7 5.5 0.9 2.9 0.43 2.3 0.38

640 17 36 4.1 20 4.0 1.0 3.9 0.7 4.9 0.8 2.4 0.37 2.0 0.34

670 16 35 3.9 19 3.9 1.0 3.9 0.6 4.6 0.8 2.5 0.38 1.9 0.36

750 18 41 4.6 22 4.3 1.2 4.5 0.8 5.5 0.9 2.9 0.43 2.4 0.35

790 18 40 4.4 23 4.3 1.2 4.2 0.7 5.4 0.9 2.8 0.44 2.4 0.37

µg/g

total
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Table A3.4: REEs in extractable P phases at South Georgia 

 

  

Site depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

cmbsf

20 0.415 1.035 0.116 0.662 0.138 0.027 0.149 0.023 0.163 0.026 0.079 0.011 0.055 0.009

30 0.698 1.801 0.218 1.268 0.267 0.052 0.293 0.046 0.320 0.051 0.158 0.021 0.106 0.019

240 0.699 1.753 0.204 1.142 0.235 0.046 0.267 0.040 0.285 0.046 0.147 0.019 0.098 0.016

360 0.466 1.152 0.155 0.834 0.183 0.038 0.178 0.026 0.184 0.029 0.082 0.012 0.063 0.010

580 0.330 0.797 0.105 0.564 0.118 0.024 0.118 0.018 0.113 0.021 0.069 0.009 0.041 0.008

790 0.463 1.152 0.144 0.768 0.154 0.036 0.166 0.026 0.168 0.028 0.079 0.012 0.044 0.011

20 0.22 0.57 0.08 0.42 0.11 0.03 0.14 0.02 0.13 0.02 0.07 0.01 0.05 0.01

30 0.19 0.5 0.07 0.38 0.1 0.02 0.12 0.02 0.12 0.02 0.07 0.01 0.05 0.01

240

360 0.25 0.68 0.1 0.49 0.12 0.03 0.15 0.02 0.13 0.03 0.08 0.01 0.06 0.01

580 0.06 0.13 0.02 0.11 0.03 0.01 0.03 0.01 0.04 0.01 0.02 0 0.02 0

790 0.06 0.13 0.02 0.1 0.02 0.01 0.03 0 0.03 0.01 0.02 0 0.01 0

20 1.13 3.45 0.48 2.32 0.63 0.11 0.72 0.11 0.65 0.12 0.35 0.04 0.25 0.04

30 1.25 3.83 0.53 2.57 0.69 0.12 0.79 0.12 0.7 0.13 0.37 0.05 0.26 0.04

240 1.37 4.09 0.54 2.53 0.66 0.12 0.74 0.11 0.65 0.12 0.34 0.04 0.25 0.04

360 0.68 2.08 0.29 1.45 0.38 0.08 0.43 0.06 0.37 0.07 0.2 0.02 0.14 0.02

580 1.55 4.71 0.67 3.29 0.87 0.17 1 0.15 0.87 0.16 0.46 0.06 0.32 0.05

790 1.17 3.56 0.5 2.49 0.65 0.13 0.74 0.11 0.62 0.12 0.33 0.04 0.22 0.03

20 0.206 0.511 0.064 0.270 0.067 0.018 0.076 0.012 0.077 0.015 0.045 0.006 0.040 0.006

30 0.249 0.618 0.078 0.336 0.081 0.020 0.090 0.014 0.087 0.017 0.052 0.007 0.044 0.007

240 0.304 0.772 0.094 0.391 0.093 0.022 0.101 0.016 0.099 0.019 0.058 0.008 0.051 0.008

360 0.156 0.416 0.054 0.236 0.058 0.014 0.064 0.010 0.061 0.012 0.035 0.005 0.028 0.004

580 0.407 1.084 0.143 0.639 0.162 0.038 0.179 0.027 0.167 0.033 0.096 0.013 0.078 0.012

790 0.233 0.610 0.080 0.350 0.087 0.022 0.096 0.015 0.092 0.018 0.054 0.007 0.042 0.006

20 17.4 38.2 4.13 19.8 3.89 1.03 3.86 0.63 4.64 0.8 2.57 0.4 2.2 0.38

30 18 39.4 4.26 20.4 4.02 1.06 3.99 0.65 4.79 0.82 2.65 0.41 2.27 0.39

240 15.4 33.9 3.71 18.6 3.61 0.95 3.46 0.63 4.52 0.8 2.58 0.4 2.32 0.4

360 17.4 38.1 4.19 20.5 4.08 1.17 3.89 0.68 4.77 0.81 2.64 0.36 2.11 0.34

580 17.5 38.1 4.25 21.3 4.11 1.17 4.07 0.71 5.12 0.86 2.7 0.42 2.28 0.35

790 18.2 39.8 4.42 22.8 4.3 1.21 4.23 0.72 5.33 0.9 2.82 0.44 2.37 0.37

organic matter

Royal 

Trough

Grytviken 

Flare

total

Royal 

Trough

Grytviken 

Flare

detrital apatite

Royal 

Trough

Grytviken 

Flare

µg/g

dithionite

acetate

Royal 

Trough

Grytviken 

Flare

Royal 

Trough

Grytviken 

Flare
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Figure A3.11: bulk Al versus bulk REE content for South Georgia sediments 
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ABSTRACT 

 The dissolved rare earth element (REE) concentrations in natural waters are often 

useful as geochemical tracers due to the unique patterns and signatures imparted by 

various geochemical processes. The REE concentrations (ng/mL) of natural waters, 

however, are often several orders of magnitude lower than other constituents such as 

dissolved salts (mg/mL) and accurate quantification of the REEs by mass spectroscopy 

can be difficult due to signal suppression and isobaric interferences on the REEs. Waters 

associated with natural gas operations on black shale plays are characterized by high 

salinities and high total dissolved solids (TDS) contents >150,000 mg/L. Methods used to 

isolate and quantify dissolved REEs in seawater were adapted in order to develop the 

capability of analyzing REEs in waters that are high in TDS. First, a synthetic fluid based 

on geochemical modelling of natural brine formation fluids was created within the 

Marcellus black shale with a TDS loading of 153,000 mg/L. To this solution, 1,000 

ng/mL of REE standards was added based on preliminary analyses of experimental fluids 

reacted at high pressure and temperature with Marcellus black shale. These synthetic 

fluids were then run at three different dilution levels of 10, 100, and 1,000–fold dilutions 

through cation exchange columns using AG50-X8 exchange resin from Eichrom 

Industries. The eluent from the cation columns were then sent through a seaFAST2 unit 

directly connected to an inductively coupled plasma mass spectrometer (ICP-MS) to 

analyze the REEs. Percent recoveries of the REEs ranged from 80–110% and fell within 

error for the external reference standard used and no signal suppression or isobaric 

interferences on the REEs were observed. These results demonstrate that a combined use 

of cation exchange columns and seaFAST2 instrumentation are effective in accurately 

quantifying the dissolved REEs in fluids that are >150,000 mg/L in TDS and have Ba:Eu 

ratios in excess of 380,000. 
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INTRODUCTION 

 The rare earth elements (REEs) are the 14 elements of the lanthanide series on the 

periodic table that are chemically similar and are often utilized as tracers of geochemical 

reactions and processes.  The REEs share similar valence electron configurations and 

ionic radii gradually contract as atomic numbers increase, leading to predictable 

fractionations of the REEs by mass during physiochemical processes (Byrne and 

Sholkovitz, 1996; Elderfield et al., 1988).  These relative fractionations of the REEs have 

been utilized to diagnose diverse geochemical processes such as groundwater flow (e.g., 

Johannesson et al., 1997a, 1997b), depositional environment in chert and shale lithologies 

(e.g., Murray et al., 1990), and pedogenetic processes (e.g., Laveuf and Cornu, 2009).  

The potential also exists for the REEs to be useful as geochemical tracers of hydraulically 

fractured systems in unconventional natural gas operations.  In recent years, the 

accelerated production of natural gas from black shale formations using directional 

drilling and hydraulic fracturing techniques has driven the need to document the fate of 

the water that returns from the well to the surface.  The hydraulic fracturing process 

typically employs several million liters of water containing approximately 1% by volume 

of sand and chemical additives which are injected under high pressure into the well to 

fracture the shale formation and allow natural gas to flow to the surface (Haluszczak et 

al., 2013; Hayes, 2009).  A portion of this water flows back to the surface, with 

compositions that can be highly altered compared to the waters at the time of injection 

(Blauch et al., 2009; Haluszczak et al., 2013; Hayes, 2009).  Waters that return the 

surface of the well, designated as flowback waters, are often enriched in salinity and total 

dissolved solids (TDS) and can reach TDS contents as high as 350,000 mg/L (Blauch et 

al., 2009; Dressel and Rose, 2010; Hayes, 2009).  Growing concerns over the fate and 

handling of these returning waters highlight the need to understand the chemical 

composition of the waters and the potential for the release of contaminants from the shale 

formation into the returning flowback waters (Vidic et al., 2013).  Using the REEs to 

trace geochemical processes occurring in flowback waters may help to address these 

ongoing issues in hydraulically fractured systems.  However, the high TDS loadings of 

the flowback waters present significant analytical challenges to measuring dissolved 
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REEs by mass spectroscopy (measured on an inductively coupled plasma mass 

spectrometer, ICP-MS).  This report presents one method using ion chromatography and 

online pre-concentration to accurately measure REEs in solutions that are high in TDS.  

The value of TDS that is considered “high” for flowback waters is not well-defined, but 

this report refers to high TDS loadings as those approximate to average flowback fluids 

(350,000 mg/L) (Blauch et al., 2009; Dressel and Rose, 2010; Hayes, 2009). 

 High concentrations of major cations (e.g., 1,000’s mg/L) relative to 

concentrations of trace elements (e.g., 10’s µg/L) reduce the ability of an ICP-MS to 

accurately detect the trace elements (Figure A4.1) due to low signal to noise ratios.  This 

suppression of trace element signals is evident by monitoring an internal standard added 

to every standard and sample analyzed on the ICP-MS. In typical applications of REE 

analysis, indium (In) is chosen as the internal standard both because of a low natural 

abundance in environmental samples and an atomic mass of 115 amu that is close to the 

atomic mass range of the REEs.  In samples that are high in TDS, signal suppression is 

evident by the abrupt decrease in the 115In signal of the samples from the signal in the 

blanks and standards (Figure A4.1).  While some variability is expected, values that fall 

outside of a heuristically defined ~10 % deviation from the 115In signal in blanks and 

standards are considered to be unreliable data (Figure A4.1).  At those signals outside of 

the ~10 % window of the blanks and standards, accurately quantifying concentrations is 

less certain, since the signals of the standard curves and the samples are widely different 

(Figure A4.1).  
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Figure A4.12 Signal suppression of high-TDS solutions on Thermo X-SeriesII. The 

shaded region marks the heuristically defined operating envelope of the 1 % HNO3 

blanks and standards. The average 115In signal of the 1 % HNO3 blanks and standards is 

shown as the dotted line. 

 

 A high abundance of Ba2+ ions in solution can also create isobaric interferences 

on the REEs, and europium (Eu) in particular when analyzing solutions on an ICP-MS 

(Figure A4.2).  The formation of barium oxides in the plasma creates a molecule that has 

a mass of 153 amu, the same isotopic mass that is typically measured for Eu.  A similar 

interference is also present for 151Eu, the other naturally occurring isotope of Eu.  In 

general, the formation of oxides in the plasma is relatively low, and the ICP-MS is tuned 

to minimize oxide formation to below 2 % of elemental concentrations.  With high 

concentrations of Ba and low concentrations of Eu, however, the formation of oxides can 

greatly impact the measured values of Eu (Figure A4.2).  Evidence for barium oxide 

interferences can be qualitatively assessed through the appearance of a strong Eu 

anomaly, where Eu is greatly enriched in concentrations above that of the neighboring 

REEs (Figure A4.2).   
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Figure A4.13 An example of isobaric Ba interference on Eu. Peaks in Eu are 4,000–6,000 

times higher than the true values and show a drastic difference from neighboring 

elements. Ba:Eu ratios (wt/wt) are on the order of 17,000 at the time of analysis on the 

ICP-MS. Values of REEs are normalized to PAAS. 

 

 In order to obtain accurate measurement of the REEs in fluid phases, the REEs 

must be selectively isolated from the major constituents that cause signal suppression and 

isobaric interferences.  In natural fluids such as seawater and sedimentary pore waters 

that are high in salinity (S ~ 35), common methods to effectively isolate the REEs include 

iron co-precipitation (e.g., Bayon et al., 2011), ion exchange chromatography (e.g., Haley 

and Klinkhammer, 2003), and chelating ligands (e.g., Abbott et al., 2015; Zhu et al., 

2005).  Fluids from hydraulically fractured systems, however, present a unique challenge 

in that concentrations of major cations and other dissolved constituents can be greatly 

elevated compared to seawaters (up to 350,000 mg/L) (Haluszczak et al., 2013; Hayes, 

2009).  For analyzing the REEs in such hypersaline solutions (2.0 m NaCl, 40 ppm Fe, 

200 ppm dissolved organic carbon), Noack et al. (2015) presented a method using liquid-

liquid extraction to isolate and analyze the REEs.  This method proved successful at 

recovering a median value of 106 % for all the REEs, with an initial loading of 500 parts-

per-trillion (ppt) (Noack et al., 2015).  Here we pursue a method of accurately 

quantifying the dissolved REE content of fluids from hydraulically fractured systems 
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using a combination of ion exchange chromatography techniques and engineered 

technologies for ICP-MS analysis.  To test these methods, an artificial saline solution was 

created that was based on geochemical modelling of formation fluids from the Marcellus 

black shale formation.  Certified REE standards were added to this saline solution.  The 

experimental solutions were then sent through cation exchange columns before going 

through a seaFAST2 unit attached to the ICP-MS.  When using the online pre-

concentration seaFAST2 unit (described below), Ba and other alkali and alkaline earth 

cations are typically washed out and eluted from the columns before the elution peak of 

the REEs.  In cases of high Ba and other matrix ion concentrations, however, the Ba 

signal can extend into the elution peak for Eu and cause isobaric interferences (Figure 

A4.3).  In the particular example shown in Figure 3, the concentration of Ba in the 

sample is 170 μM and the Ba signal on the ICP-MS is nearly 3 orders of magnitude 

higher than the signal of Eu.  Thus, the importance of removing Ba before ICP-MS 

analysis is further highlighted in order to obtain an accurate quantification of Eu. 

 

Figure A4.14 Elution window on seaFAST2 unit for 137Ba (red) and 153Eu (blue). The 

Ba signal extends into the Eu window and counts for Ba are 3 orders of magnitude 

greater than counts of Eu. Ba concentrations in this example are 170 μM. 
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Methods 

 The fluids used in this study were created by adding chloride salts (from Alfa 

Aesar) to 18.2 MΩ (MQ) water to a final TDS loading of 153,000 mg/L (Table A4.1).  

The composition of this brine was based on geochemical modelling results of natural 

brine formation waters within the Marcellus black shale formation (Marcon et al., in 

submission).  Compared to the hypersaline brines used by Noack et al. (2015) in their 

liquid-liquid extraction method, the undiluted concentration of our synthetic brine had the 

same order of magnitude for the concentrations of the major cations (Table A4.1).  The 

amount of REEs that we added to our solutions, however, were almost three orders of 

magnitude greater than the amount of REEs in the method of Noack et al. (2015); Noack 

et al. (2015) used standard amounts of 500 ppt for all the REEs, whereas we added REEs 

in the ppb range (up to 420 ppb for Ce) (Table A4.1).  Natural variability of the REEs in 

the environment, however, may vary between 2 - 4 orders of magnitude and our higher 

concentrations of the REEs should still be representative of natural brine formation 

waters (Noack et al., 2014).  We added the REEs from single element standard solutions 

(Alfa Aesar, Specpure) in a concentration distribution consistent with Post-Archean 

Australian Shale (PAAS), used as a standard reference value (Taylor and McLennan, 

1985).  The total amount of REEs added was based on preliminary results from a 

laboratory experiment of high temperature and pressure reactions between organic-rich 

black shale and hydraulic fracturing fluid where the REEs in the reacted fluids were 

measured to be below 200 ng/mL.  From this stock solution with standard additions of the 

REEs, three dilution levels were used; a 10-fold, 100-fold, and 1,000-fold series of 

dilutions.  The rationale behind running a series of dilution levels was to determine the 

capacity thresholds of the cation columns, which were only previously calibrated for 

seawater samples at much lower concentrations of major cations.  Samples to be run were 

prepared in triplicate.  Blank runs of the brine without REE addition were also prepared.  

As a standard reference material, the acid mine drainage water from Paradise Portal in the 

San Juan Islands (designated PPREE1) was also analyzed to assess the external 

reproducibility of the method (Verplanck et al., 2001). 
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Table A4.1 Composition of experimental fluids 

  

cations Rare Earth Elements 

µg/mL ng/mL 

Ba Ca Fe K Mg Na La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

undiluted 2,300 21,000 70 1,200 2,200 20,000 200 420 50 180 30 6 20 4 20 5 20 2 10 2 

10-fold 
dilution 

230 2,100 7 120 220 2,000 20 42 5 18 3 0.6 2 0.4 2 0.5 2 0.2 1 0.2 

100-fold 
dilution 

23 210 0.7 12 22 200 2 4 0.5 2 0.3 0.06 0.2 0.04 0.2 0.05 0.2 0.02 0.15 0.02 

1,000-fold 
dilution 

2 21 0.07 1 2 20 0.2 0.4 0.05 0.2 0.03 0.006 0.02 0.004 0.025 0.005 0.02 0.002 0.01 0.002 

PPREE1 0.01 348 68 0.9 35 8 80 161 21 92 20 6 24 4 22 4 12 1 8 1 
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 The experimental fluids were first sent through cation exchange columns in the 

Class100 (ISO 5) clean room of the Keck Collaboratory at Oregon State University. The 

procedure to isolate the REEs through the cation columns was initially developed to 

process seawater samples, but is adapted here to evaluate the effectiveness in processing 

samples with a higher load of TDS (Table A4.3). The resin used was the AG50-X8, 100-

200 mesh cation exchange resin from Eichrom Technologies (C8-B500-M-H). The resin 

was filled to the 1.6 mL line of standard Poly-Prep® Chromatography Columns from Bio-

Rad. Once filled with resin, the columns and resin were cleaned with aliquots of 6 M 

HCl. All acids were first distilled in a quartz still to remove trace contaminants.  The 

resin was then conditioned with 1M HCl. Samples were prepared in 1M HCl solutions, in 

a total volume of 1 mL, and loaded onto the columns.  Additional aliquots of 1M HCl and 

MQ water were loaded to gently wash the samples onto the columns.  Major cations were 

washed out with volumes of 2M HNO3.  The REEs were collected in the final step with 

6M HNO3.  After running through the cation columns, an aliquot of the fluids were 

analyzed on the Leeman Teledyne ICP-OES (inductively coupled plasma optical 

emission spectrometer) in the Keck Lab for major cations (Ba, Ca, Fe, K, Mg, Na).  

Standard error of these measurements, based on triplicate samples, was on average less 

than 10% for all of the major cations (Table A4.2).  The samples after going through 

cation exchange columns were also measured for the REEs on a Thermo X-SeriesII ICP-

MS. 

 After cation exchange columns, the fluids were prepared to run on a seaFAST2 

unit attached as the sample introduction unit for the ICP-MS. The seaFAST2 system from 

Elemental Scientific, Inc. uses a chelation column with ethylenediaminetriacetic 

acid/iminodiacetic acid functional groups to selectively pre-concentrate transition metals 

and REEs while washing out alkali and alkaline earth matrix elements at pH 7. An 

ammonium acetate buffer, prepared as 14.5 M ammonium hydroxide (ACS reagent, 28-

30% as NH3, CAS: 1336-21-6) and 17.4 M glacial acetic acid (ACS reagent, CAS: 64-

19-7), conditions and loads the ion exchange column with the sample, washing out the 

matrix elements in the process. Following the washout of the sample matrix, quartz 
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distilled 2 M HNO3 acid with an internal standard spike of 1 ppb In elutes the REEs from 

the column and onto the ICP-MS for analysis. The method detection limits for the 

seaFAST2 unit are <400 ppq for all the REEs and blank values are below detection limits 

for every REE. External reproducibilities (1σ) are between 3-12% (n=7) for all the REEs. 

This reproducibility compares favorably to the values reported by Hathorne et al. (2012) 

of 3–11% (n=50) for seaFAST2 methodology. 

Observations 

 The concentrations of dissolved constituents in the fluids were measured both 

after the initial processing through cation exchange columns and after running through 

the seaFAST2 unit and evaluated the relative efficiencies of both steps in the procedure. 

The REEs were also measured in the fluids after processing through cation columns and 

isobaric interferences with Ba were still present. Fluids were thusly sent through 

additional separation by the seaFAST2 unit and re-analyzed for recovered REE content. 

Major cations after cation exchange columns 

 Dissolved Ba in the lowest dilution level was measured at an average of 10 

µg/mL, corresponding to approximately 45% of the initial loading (Table A4.2). 

Dissolved Ba concentrations in the middle dilution level averaged 0.8 µg/mL, 

representing nearly 300% of the initial loading and indicating a possible contamination or 

blank issues with the cation columns at this concentration level (Table A4.2). The 

amounts of dissolved Ba in the highest dilution level and in PPREE1 were below the 

detection limit of 0.6 µg/mL (Table A4.2). Dissolved Ca was measured at an average of 

30 µg/mL for the lowest level of dilution, an average of 5 µg/mL for the middle dilution 

level, and an average of 0.6 µg/mL for the highest level of dilution (Table A4.2). These 

concentrations correspond to 15%, 20%, and 30% of the initial concentrations, 

respectively, indicating that most, but not all, of the dissolved Ca is removed through 

cation exchange columns. For PPREE1, dissolved Ca was measured at 10 µg/mL, 

corresponding to 30% of the initial concentration (Table A4.2). Fe concentrations in the 

fluids varied widely among the dilution levels; for the lowest dilution level, dissolved Fe 

was measured at 0.6 µg/mL, representing nearly 90% of the initial loading values (Table 
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A4.2). At the middle dilution level, dissolved Fe was measured at 0.07 µg/mL, whereas 

the initial concentration level in the fluids was 0.007 µg/mL (Table A4.2). Dissolved Fe 

was not detected in the highest dilution level (Table A4.2). In PPREE1 fluids, dissolved 

Fe was measured at 6 µg/mL, approximately 85% of the initial loading value (Table 

A4.2). Dissolved K concentrations were below limits of detection in the fluids processed 

through cation exchange columns (Table A4.2). Mg levels in the fluids were measured at 

0.8, 0.4, and 0.75 µg/mL for the lowest, middle, and highest dilution levels, respectively 

(Table A4.2). For the middle and highest dilution levels, these values were greater than 

the initial loading concentrations, while for the lowest dilution level only about 3% of the 

initial loading was recovered (Table A4.2). For PPREE1 fluids, dissolved Mg was 

measured at 1 µg/mL, approximately 30% of the initial loading values (Table A4.2). 

Dissolved Na was measured at an average of 0.1 µg/mL at the lowest dilution level 

(<0.05% of the initial loading) and was below detection levels in the middle and highest 

dilution levels as well as in PPREE1 (Table A4.2). 
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Table A4.2 Dissolved major constituents after cation column processing. <DL represents values below the reported detection limits 

  
  
  
  

Ba Ca Fe K Mg Na 

µg/mL µg/mL µg/mL µg/mL µg/mL µg/mL 

initial after 
cation 

initial after 
cation 

initial after 
cation 

initial after 
cation 

initial after 
cation 

initial after 
cation 

10-fold dilution 23 10.1 210 29 0.7 0.6 12 <DL 22 0.8 200 0.1 

100-fold dilution 0.2 0.8 2 5 7.E-03 7.E-02 0.1 <DL 0.2 0.4 2 <DL 

1,000-fold dilution 2.E-03 <DL 2.E-02 0.6 7.E-05 <DL 1.E-03 <DL 2.E-03 0.8 0.02 <DL 

PPREE1 7.E-04 <DL 35 10 7 6 9.E-02 <DL 3 1 0.8 <DL 

detection limits 0.6 0.1 0.05 0.6 0.3 1.4 
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 At the highest concentration loaded onto the columns (corresponding to the 

lowest dilution level), the columns effectively remove 56% of the dissolved Ba. For high 

dilution levels, the relative removal of Ba was less, probably as a consequence of 

relatively high blank levels (Table A4.4). However, even at these levels and considering 

that the amounts of REEs were also lowered due to the higher dilution factors, dissolved 

Ba still impinged an isobaric interference on Eu (Figure A4.4). For the other major 

cations, however, the cation columns appear to remove the amounts of K and Na very 

effectively, recovering < 5% of the initial K and Na amounts with the REE fraction. 

Dissolved Ca is reduced by approximately 70% (Table A4.2). Mg appears to be 

effectively removed when loaded at higher concentrations (>22 µg/mL), recovering < 4% 

of the initial Mg with the REE fraction. At lower concentrations of Mg in the initial 

fluids, the columns appear to have relatively high blank levels of approximately 0.7 

µg/mL that mask the ability to detect lower concentrations (Table A4.4). Similarly, 

dissolved Fe appears to have issues with blank levels in the cation column resin (Table 

A4.4).  

 Besides Eu, which was affected by the levels of dissolved Ba, the remainder of 

the REEs displayed good recoveries after the cation columns, typically between 85–115% 

of the initial loadings (Table A4.5). The highest dilution levels, however, were recovered 

at an average of 200% for all of the REEs (Table A4.5). The REE concentrations of the 

acid mine drainage water (PPREE1) used as an external reference standard were 

recovered at values in good agreement with reported values from Verplanck et al. (2001) 

(Table A4.3).  
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Figure A4.15: Recoveries of the REEs after cation column procedure. 

 

REEs after seaFAST2 

 Dissolved REEs in the fluids analyzed through the seaFAST2 unit attached to the 

ICP-MS generally showed good recoveries of the initial loadings, averaging between 90–

105% for all of the REEs, except for the middle dilution level which showed lower 

recoveries of the light REEs and greater recoveries of the heavy REEs (Figure A4.5). 

This deviation is attributed to the ruptured peri-pump tubing during sample uptake of the 

middle dilution level samples, where the signal of the internal standard (115 In) was lost. 

Once the peri-pump tubing was replaced, however, internal standard recoveries returned 

to stable values and normal operation resumed. The middle dilution samples, however, 

were not revisited because the sample volume was consumed. Percent recoveries of the 

REEs in PPREE1 ranged from 80–110% and generally fell within error for reported 

values in Verplanck et al. (2001) (Table A4.6). The percent recoveries across the REEs 

are stable, varying no more than 2.5% from the average recovery of 100% for the lowest 

dilution level and no more than 4% from the average recovery of 95% for the highest 

dilution level. The relative flatness of the percent recovery trend indicates that no 

fractionation of the REEs occurs during the cation exchange and seaFAST2 process. The 

overall conclusion drawn from these results are that the combined use of cation columns 
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and the seaFAST2 unit are effective in accurately quantifying the REEs in a high TDS 

(153,000 mg/L) solution where the ratio of Ba:Eu (wt:wt) is approximately 38,000 

initially. Samples that exhibit higher Ba:Eu ratios and/or higher TDS loadings may 

require additional runs through cation columns to effectively isolate the REEs prior to 

analysis by seaFAST2 and ICP-MS.  

 

Figure A4.16 Recoveries of the REEs after processing through both cation columns and 

the seaFAST2 unit. 

Conclusions 

 The cation exchange column procedures appear to be effective in removing the 

majority of the major cations in a synthetic fluid designed to mimic natural formation 

brines at 150,000 mg/L TDS. The exceptions are Ca, for which only approximately 70% 

of the initial loading is removed, and Ba, for which only approximately 56% of the initial 

loading is removed in the lowest dilution level. Despite the undetectable levels of 

dissolved Ba in the middle and highest dilution levels, the amount of dissolved Ba still 

present in solution proportionate to the REEs is enough to cause an isobaric interference 

on the ICP-MS. This suggests that the relative ratio of dissolved Ba and other major 

cations to the dissolved REE concentrations is the major determinant in accurately 

quantifying REE contents rather than absolute amounts. The initial ratio of Ba:Eu in the 

investigated fluids was approximately 380,000:1 on a mass basis. Once further removal 

of dissolved Ba was accomplished through the seaFAST2 unit, isobaric interferences on 
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the REEs were not observed. The thresholds of the Ba:REE ratio that is needed for 

accurate measurement of the REEs is an area that will need further work, but fluids with 

ratios >380,000:1 and TDS loadings greater than 150,000 mg/L will likely require 

multiple runs through cation exchange columns in order to accurately isolate the REEs. 

Percent recoveries from using cation exchange in conjunction with seaFAST2 online pre-

concentration range from 80–110%, and together appear to be effective at removing 

dissolved Ba and other major cations to the point where the REEs may be accurately 

determined. Fractionation of the REEs from this method is minimal; percent recoveries 

do not vary more than 2.5% for the lowest dilution level, and no more than 4% for the 

highest dilution level.  Successful recovery of dissolved REEs using this coupled cation 

column/seaFAST2 method in an acid mine drainage reference water verifies that this 

method can accurately recover the REEs. 
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Table A4.3: Cation Exchange Column Procedure 

Step Volume Notes 

Load resin 1.6 mL 
 

6M HCl 2 x 3 mL clean column 

1M HCl 2 x 3 mL condition column 

SAMPLE 1 mL load sample 

1M HCl 3 x 1 mL wash sample in 

MQ 2 x 3 mL 
 

2M HNO3 4 mL 
 

2M HNO3 7 mL 
 

6M HNO3 10 mL elute REEs 
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Table A4.4: REE blank levels of the cation column/seaFAST2 procedure 

 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

  

pg/

mL 

pg/

mL 

pg/

mL 

pg/

mL 

pg/

mL 

pg/ 

mL 

pg/

mL 

pg/

mL 

pg/

mL 

pg/

mL 

pg/

mL 

pg/

mL 

pg/

mL 

pg/

mL 

Cation 

Blank (n=5) 
1.9 6.8 0.2 1.1 0.1 0.016 0.1 0.0 0.1 0.1 0.2 0.04 0.03 

0.0

2 
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Table A4.5: Dissolved REE concentrations of fluids after cation columns 

 La Ce Pr Nd Sm Eu Gd 

 pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL 

 

initi
al 

afte
r 

cati
on 

initia
l 

after 
catio

n 

initi
al 

afte
r 

cati
on 

initi
al 

after 
catio

n 

initi
al 

afte
r 

cati
on 

initi
al 

afte
r 

cati
on 

initi
al 

afte
r 

cati
on 

10-fold 
dilutio

n 

2,0
00 

2,35
8 

4,16
8 

4,21
4 

461 457 
1,77

0 
1,83

7 
293 404 58 

2,28
9 

246 301 

100-
fold 

dilutio
n 

200 254 417 444 46 47 177 195 29 44 6 298 25 31 

1,000-
fold 

dilutio
n 

20 41 42 78 5 7 18 31 3 7 0.6 32 2 5 

PPREE
1 

8,0
40 

8,09
3 

16,1
00 

16,8
41 

2,12
0 

1,84
7 

9,23
0 

10,2
19 

2,03
0 

2,03
1 

595 671 
2,38

0 
1,88

2 

detecti
on 

limits 
2.E-04 0.9 0.3 1.0 0.4 0.04 0.1 

 

 Tb Dy Ho Er Tm Yb Lu 

 pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL 

 

initi
al 

after 
catio

n 

initi
al 

after 
catio

n 

initi
al 

after 
catio

n 

initi
al 

after 
catio

n 

initi
al 

after 
catio

n 

initi
al 

after 
catio

n 

initi
al 

after 
catio

n 

10-fold 
dilution 37 41 246 259 52 52 152 147 21 20 147 134 21 21 

100-
fold 

dilution 4 4 25 27 5 5 15 17 2 2 15 13 2 2 

1,000-
fold 

dilution 0.4 0.8 2 4 0.5 0.9 2 2 0.2 0.3 1 2 0.2 0.3 

PPREE1 
365 346 

2,20
0 

2,42
7 443 412 

1,19
0 

1,07
0 148 161 820 806 112 121 

detecti
on 

limits 0.02 0.5 0.1 0.1 0.01 0.5 0.03 
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Table A4.6: Dissolved REE concentrations after cation columns and seaFAST2 unit 

 La Ce Pr Nd Sm Eu Gd 

 pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL 

 

ini
tia
l 

seaFA
ST2 

initi
al 

seaF
AST2 

init
ial 

seaF
AST2 

init
ial 

seaF
AST2 

init
ial 

seaF
AST2 

init
ial 

seaF
AST2 

init
ial 

seaF
AST2 

10-fold 
dilution 

2,
00
0 1,731 

4,16
8 3743 

46
1 426 

1,7
70 1,721 

29
3 297 58 61 

24
6 249 

100-fold 
dilution 

20
0 131 417 308 46 34 

1,7
7 146 29 25 6 5 25 25 

1,000-
fold 

dilution 20 18 42 41 5 4 18 16 3 3 0.6 1 2 2 

PPREE1 
8,
04
0 8,121 

16,1
00 

15,95
1 

2,1
20 1,820 

9,2
30 9,595 

2,0
30 1,787 

59
5 591 

23
80 2014 

detectio
n limits 2.E-04 0.9 0.3 1.0 0.4 0.04 0.1 

 

 Tb Dy Ho Er Tm Yb Lu 

 pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL 

 
init
ial 

seaFA
ST2 

init
ial 

seaFA
ST2 

init
ial 

seaFA
ST2 

init
ial 

seaFA
ST2 

init
ial 

seaFA
ST2 

init
ial 

seaFA
ST2 

init
ial 

seaFA
ST2 

10-
fold 

diluti
on 37 36 

24
6 245 52 52 

15
2 150 21 21 

14
7 144 21 20 

100-
fold 

diluti
on 4 4 25 25 5 7 15 16 2 3 15 14 2 2 

1,000
-fold 
diluti

on 0.4 0.4 2 2 0.5 0.5 2 1 0.2 0.2 1 1 0.2 0.2 

PPRE
E1 

36
5 308 

22
00 2142 

44
3 377 

11
90 1132 

14
8 162 

82
0 686 

11
2 124 

detec
tion 

limits 0.02 0.5 0.1 0.1 0.01 0.5 0.03 

 

 


