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„Freudig ging ich durch die kühl gewordene Nachte meinen weiten Heimweg. Da und dort 
lärmten und schwankten heimkehrende Studenten durch die Stadt. Oft hatte ich den 
Gegensatz zwischen ihrer komischen Art von Fröhlichkeit und meinem einsamen Leben 
empfunden, oft mit einem Gefühl von Entbehrung, oft mit Spott. Aber noch nie hatte ich so wie 
heute mit Ruhe und geheimer Kraft gefühlt, wie wenig mich das anging, wie fern und 
verschollen diese Welt für mich war. Ich errinerte mich an Beamte meiner Vaterstadt, alte, 
würdige Herren, welche an den Erinnerungen ihrer verkneipten Semester hingen wie an 
Andenken eines seligen Paradieses und mit der entschwundenen «Freiheit» ihrer 
Studentenjahre einen Kultus trieben, wie ihn sonst etwa Dichter und Romantiker der Kindheit 
widmen. Überall dasselbe! Überall suchten sie die «Freiheit» und das «Glück», irgendwo hinter 
sich, aus lauter Angst, sie könnten ihrer eigenen Verantwortlichkeit erinnert und an ihren 
eigenen Weg gemahnt werden. Ein paar Jahre wurde gesoffen und gejubelt, und dann kroch 
man unter und wurde ein seriöser Herr im Staatsdienst. Ja, es war faul, faul bei uns, und diese 
Studentendummheit war weniger dumm und weniger schlimm als hundert andere.“ 

Hermann Hesse (1919) „Demian. Die Geschichte von Emil Sinclairs Jugend“ 
 
 
“Are there really laws of nature, or do we believe them only because of our innate love of order? 
Is man what he seems to the astronomer, a tiny lump of impure carbon and water impotently 
crawling on a small and unimportant planet?” 

Bertrand Russell (1945) „A History of Western Philosophy“ 
 
 
“I’ve often wondered how science gets done and I’m quite convinced most of it happens as a 
result of accidents and chance meetings and looking in the wrong book or reading the wrong 
paper.” 

Geoffrey Eglinton (2013) “An Island Origin – Leaf Wax Alkanes of Tenerife in 1960” at 26th 
International Meeting on Organic Geochemistry 

 
 

“… as for me, I am tormented with an everlasting itch for things remote. I love to sail forbidden 
seas, and land on barbarous coasts” 

Herman Melville (1851) “Moby Dick” or “The Whale” 
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Abstract 

Organic matter in northeastern South China Sea deep ocean sediments is primarily 

comprised of a binary mixture of inputs from ocean primary productivity and from petrogenic 

(rock-derived) organic carbon from eroded Taiwanese bedrock. Based on distinct aluminum-

radiocarbon relationships in deep-sea suspended sediments, pedogenic (soil-derived) organic 

carbon initially associated with terrigenous aluminosilicates is lost and replaced by marine 

organic carbon during transport. Mineralogical analyses reveal that terrestrial organic carbon 

of pedogenic origin is stripped from smectite mineral surfaces and upon its dispersal in distal 

ocean settings is subsequently followed by repopulation with marine organic carbon. The 

observed desorptive behavior of smectite with respect to its loss of pedogenic organic carbon 

in the marine realm, represents a new mechanism by which terrestrial biospheric productivity 

is decoupled from the geological carbon sink. This implies that marine primary productivity 

serves as the only effective “pump” for atmospheric carbon drawdown in smectitic sediments. 

In contrast, petrogenic organic matter is tightly associated with mica and chlorite together 

with quartz and rutile – an assemblage typical for shale-derived lithoclasts – and an association 

that endures into the marine realm. The source terrain of this petrogenic organic matter, 

Taiwan, is characterized by pronounced chemical weathering of pyrite, which is oxidized to 

sulfuric acid. Approximately two-thirds of the dissolved ion load of the Gaoping River derives 

from sulfuric acid-mediated chemical weathering of silicates and carbonates. Over geological 

timescales, chemical weathering on Taiwan releases carbon dioxide to the atmosphere 

primarily due to the dissolution of carbonates by sulfuric acid. This work provides new 

quantitative constraints on the carbon fluxes from chemical weathering of an orogeny and 

reveals how the global carbon cycle is modulated by organic matter-mineral interactions. 
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Zusammenfassung 

 Organische Materie in Tiefseesedimenten aus dem nordöstlichen Südchinesischen 

Meer besteht hauptsächlich aus einer binären Mischung von Einträgen einerseits aus mariner 

Primärproduktion und andererseits aus petrogenem (Gesteinsursprung) organischen 

Kohlenstoff von erodiertem taiwanesischen Gesteinsuntergrund. Basierend auf ausgeprägte 

Aluminium-Radiokarbon Beziehungen in tiefmarinen suspendierten Sedimenten, pedogener 

(Bodenursprung) organischer Kohlenstoff, der ursprünglich mit terrigenen Aluminosilikaten 

assoziert ist, geht verloren und wird während des Transportes durch marinen organischen 

Kohlenstoff ersetzt. Mineralanalysen zeigten, dass terrestrischer organischer Kohlenstoff 

pedogenen Ursprungs von Smektitmineraloberflächen entnommen wird und letztere bei 

darauf folgender Verteilung in ferngelegenen Ozeangebieten durch marinen organischen 

Kohlenstoff neu besetzt werden. Das beobachtete desorptive Verhalten von Smektit in Bezug 

auf den Verlust von pedogenem organischen Kohlenstoff im marinen Milieu, stellte einen 

neuen Mechanismus dar, wobei die terrestrische biosphärische Primärproduktion von der 

geologischen Kohlenstoffsenke entkoppelt ist. Dies bedeutet, dass marine Primärproduktion 

die einzige effektive «Pumpe» für atmosphärischen Kohlenstoffentzug in smektitreichen 

Sedimenten darstellt. In Kontrast dazu steht petrogener organischer Kohlenstoff, der eng mit 

Glimmer und Chlorit assoziiert ist. Zusammen mit Quarz und Rutil ist dies ein Verbund, der 

typisch ist für Lithoklasten aus Schiefer und ein Verbund, der im marinen Milieu weiterbesteht. 

Die Bezugsquelle von diesem petrogenen organischen Kohlenstoff, Taiwan, ist gekennzeichnet 

von ausgeprägter chemischer Verwitterung von Pyrit, welcher zu Schwefelsäure oxidiert wird. 

Etwa Zweidrittel der Ladung an gelösten Ionen im Gaoping Fluss stammt von Schwefelsäure 

ausgelöster chemischer Verwitterung von Silikaten und Karbonaten. Über geologische 

Zeitfenster, setzt die chemische Verwitterung in Taiwan Kohlendioxid an die Atmosphäre frei; 

primär durch die Auflösung von Karbonate durch Schwefelsäure. Die vorliegende Arbeit bietet 

neue quantitative Abschätzungen der Kohlenstoffflüsse durch die chemische Verwitterung 

eines Gebirges und zeigt wie der globale Kohlenstoffkreislauf durch Wechselwirkungen 

zwischen organischer Materie und Mineralien beinflusst wird. 
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1 Introduction 

 

1.1 Organic matter-mineral interactions 

The preservation of organic matter in marine sediments depends on sedimentation 

rate (Müller and Suess, 1979), oxygen exposure time (Hartnett et al., 1998), and mineral 

surface area (Hedges et al., 1999; Hedges and Keil, 1995). The importance of organic matter-

mineral interactions in soils began to emerge in the mid 20th Century (Beutelspacher, 1955; 

Jung, 1943). Hypotheses emerged that organic matter-mineral interactions must also be 

important in marine sediments (Weiler and Mills, 1965) with growing appreciation into the 

70s and 80s (Hedges, 1978; Hedges and Hare, 1987; Premuzic, 1980; Weliky, 1983). The 

importance of mineral surfaces for the stabilization of organic matter in recent sediments 

became fully apparent in the 1990s (Keil et al., 1994; Mayer, 1993, 1994) and later work also 

showed the importance of mineral surface area in the preservation of organic matter in the 

geologic past (Kennedy et al., 2002; Kennedy and Wagner, 2011). The chemistry of the 

interactions and mode of stabilization of organic matter by minerals include ligand exchange, 

ion exchange, cation bridging, van der Waals forces, hydrogen bonding, hydrophobic 

interactions, and combinations thereof (Beutelspacher, 1955; Keil and Mayer, 2014). 

Additional modes of protection come from intercalation of organic matter in expanding 

phyllosilicates, occlusion in biominerals, and occlusion in iron oxyhydroxides (Beutelspacher, 

1955; Keil and Mayer, 2014; Lalonde et al., 2012; Theng et al., 1992). While organic matter is 

known to be tightly associated with mineral surfaces, the ratio of organic carbon amount to 

mineral surface area is highly variable indicating an overlay of additional effects and processes 

that modify surface area loading (Blair and Aller, 2012; Hedges et al., 1999). One such process 

includes the transition of sediment from freshwater to marine environments where terrestrial 

organic matter is shed from mineral surfaces and replaced with marine organic matter (Keil et 

al., 1997), a process also observed on a molecular level (Keil and Fogel, 2001). Understanding 

the remineralization or continued protection of terrestrial organic matter by mineral surfaces 

may hold the key to understanding the preservation of terrestrial organic carbon in the marine 

realm. Organic carbon burial is focused around continental margins (Hedges and Keil, 1995; 

Premuzic et al., 1982) with an unclear proportion of terrestrial organic carbon that is 

ultimately buried (Blair and Aller, 2012; Hedges, 1992; Hedges et al., 1997). Beyond simple 

mineral surface control of organic matter preservation, the idea has arisen that the mineralogy 
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plays a central role in the process of (selective) organic carbon preservation (Keil, 2011; 

Kennedy and Wagner, 2011; Ransom et al., 1998). It is here where this thesis picks up its main 

research work. 

 

1.2 The South China Sea 

The South China Sea, one of the world’s largest marginal seas, is enclosed by the 

Philippines, Borneo, Sumatra, Indochina, mainland China, and Taiwan. Seafloor spreading in 

the South China Sea initiated in the mid-Oligocene (approximately 32 million years ago) and 

was followed by collision in the second half of the Miocene (approximately 12 million years 

ago) with the Luzon arc overriding the Asian continental margin (Taylor and Hayes, 1980; Teng, 

1990). Globally, southeast Asia stands out as one of the hotspots of erosion and fluvial 

sediment and associated terrestrial organic matter export to the oceans (Milliman and 

Farnsworth, 2011; Schlünz and Schneider, 2000). Winter and summer monsoon winds blow in 

opposite directions and lead to changes in ocean circulation. An overview of the geological 

and oceanographic setting is provided in Fig. 1 and 2 by Liu et al. (2016). 

 

 

Figure 1: Left: The South China Sea and bedrock geology of surrounding land masses. Right: 

Circulation patterns of the South China Sea. Figures from Liu et al. (2016). 
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The abyssal South China Sea is characterized by clay-rich sediments (<2 µm 

generally >40 weight %) and low carbonate contents (generally <10 weight %) (Chen, 1981). 

The bulk mineralogy of the sediments reveals that terrigenous sediments are the main source 

for sediments in the abyssal South China Sea (Chen, 1981; Schroeder et al., 2015). The 

terrigenous fluxes of sediments entering the South China Sea are sourced from Sumatra (498 

Mt/yr), Borneo (459 Mt/yr), Taiwan (176 Mt/yr), Mekong River (166 Mt/yr), Red River (138 

Mt/yr), Pearl River (102 Mt/yr), Malay Peninsula (35 Mt/yr), Thai rivers (>19 Mt/yr), and Luzon 

(>13 Mt/yr) (Liu et al., 2016). Large terrestrial sediment inputs are also evident in sedimentary 

organic matter, which shows mixing between terrestrial and marine organic matter (Liu et al., 

2007a). The northeastern South China seafloor is characterized by a pronounced phyllosilicate 

mineral gradient, with Luzon, Taiwan, and the Pearl River shedding sediments rich in smectite, 

mica and chlorite, and kaolinite, respectively (see Fig.2; Chen, 1978; Liu et al., 2010b). Taiwan 

stands out for its extreme denudation rates (3-6 mm/year) (Dadson et al., 2003; Willett et al., 

2003) of metamorphosed shales, which is responsible for the micaceous and chlorite-rich 

phyllosilicate mineral assemblage delivered to the northeastern South China Sea (Chen, 1973; 

Liu et al., 2008). In addition, as a result of these high denudation rates and bedrock lithology, 

Taiwanese rivers deliver, relative to catchment area, disproportionately high sulfate from the 

oxidative weathering of pyrite to the ocean (Das et al., 2012). Sedimentary organic matter 

exported from Taiwan contains abundant amounts of reworked kerogen (Hilton et al., 2011; 

Kao and Liu, 1996). This reworked kerogen is millions of years old and thus bears a 

radiocarbon-dead signature, which is reflected in marine surface sediment radiocarbon 

signatures adjacent to Taiwan (Bao et al., 2016; Kao et al., 2014; Van der Voort et al., 2018). 

The Pearl River of mainland China is characterized by kaolinite and illite-rich phyllosilicate 

assemblages, which forms due to a combination of tectonic stability and tropical climate (Liu 

et al., 2007b). Sedimentary organic carbon in the Pearl River contains a mixture of recent and 

old deep soil organic carbon (Wei et al., 2010). The phyllosilicates of the rivers of Luzon are 

dominated by smectite, which is weathered from the predominantly volcanic bedrock (Liu et 

al., 2009). Luzon is also a source of magnetite to the South China Sea (Kissel et al., 2017), which 

is reflected by elevated magnetic susceptibility around the surrounding seafloor (Liu et al., 

2010a). The distinct end member characteristics, particularly with respect to phyllosilicate 

mineralogy, of the three source terrains lends itself to quantitatively assessing the provenance 

of recent South China Sea sediments (Liu et al., 2010c; Liu et al., 2016). The end members of 
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this mixing ternary are modified back in time due to exposure of shelf sediments (interglacials) 

that subject minerals to further weathering (Clift, 2016). Additional inorganic geochemical 

tracers that can be used to exploit natural geochemical gradients in this region include 

neodymium isotopes, argon-argon signatures in muscovite, and uranium-lead signatures in 

zircons (Clift, 2016). 

 

 

Figure 2: Phyllosilicate end member gradient in the South China Sea, an ideal natural 

laboratory for studying organic matter-mineral interactions. Figure modified after Liu et al. 

(2016). 

 

1.3 Objectives and thesis overview 

Interactions between organic matter and minerals are considered to play a key role in 

myriad biogeochemical processes taking place in soils and sediments (Keil and Mayer, 2014; 

Kleber et al., 2015), yet the precise nature of these interactions remains uncertain. Here, 

relationships between natural organic matter and mineral surfaces in sediments were 

investigated asking the questions (i) How, and to what extent, does mineralogy control the 

amount and composition of organic matter stabilized in sediments? and (ii) Is intrinsically 

labile organic matter amenable to long-term stabilization through association with minerals? 

The goal is to: (a) assess the effects of mineral surface area and if mineralogical 

composition effects the amount and type of organic matter stabilized in sediments and (b) 

develop insights into mineralogical controls on organic matter evolution and turnover along 

sedimentary source-to-sink pathways in natural systems. This study harnessed a natural 
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laboratory, the South China Sea, that exhibits “end member” characteristics in terms of 

mineralogy and organic matter type. It is in the northeastern South China Sea where the 

world’s, perhaps, most pronounced megascale phyllosilicate mineral gradients resides. 

Among silicates, phyllosilicates (also referred to as sheet silicates) exhibit high surface area 

(Kennedy et al., 2002; Ransom et al., 1998) and, for some, high cation exchange capacity 

(Carroll, 1959) making them the most reactive major mineral constituents found in 

sedimentary environments. If mineralogy does play a role in controlling (terrestrial) organic 

matter preservation in marine sediments, the ternary mixing triangle spanned by Luzon, 

Taiwan, and mainland China shedding distinct phyllosilicate mineral assemblages to the South 

China Sea, would provide the best possible natural laboratory for observing this natural order. 

This thesis is structured as follows. Chapter 2 discusses the fate of terrestrial organic 

carbon in marine systems based on observations from South China Sea sediment trap 

observations. Chapter 3 proceeds with illustrating the differential behavior stemming from 

different phyllosilicate minerals in seawater with regards to retaining or losing associated 

terrestrial organic carbon. Chapter 4 describes a new method for the extraction and 

measurement of amino-acid specific radiocarbon isolated from sediments. This approach is 

hypothesized to have the potential to shed new light on the interactions between organic 

matter and minerals on a molecular level. Fundamental to the study of organic matter-mineral 

interactions are mineral properties and their connection to mineralogy. In three parts, chapter 

5 discusses the relationship between minerals and their mineral properties including cation 

exchange capacity and different measures of mineral surface area. Using inorganic 

radiocarbon geochemistry, chapter 6 discusses the chemical weathering of minerals on 

Taiwan. Based on the river chemistry and the natural radiocarbon isotopic composition of 

dissolved inorganic carbon, a non-traditional tracer in chemical weathering studies, a new 

approach for quantitatively deconvolving contributions from different mineral weathering 

pathways is introduced. Before looking into the future, we take a look into the past. Chapter 

7 provides a historical review of the research of petrogenic organic carbon cycling and 

provides a speculative synthesis on the processes governing the dispersal and behavior of 

different types of petrogenic organic carbon. Petrogenic organic carbon is a recurring theme 

in this thesis (Chapters 2 and 3) as Taiwan is one of the most extreme study sites of 

sedimentary petrogenic organic carbon supply to the surrounding ocean and its distinction is 
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of utmost relevance for organic matter-mineral interactions. Chapter 8 provides a summary 

and points towards future research directions. 
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Abstract 

First-order relationships between organic matter content and mineral surface area 

have been widely reported and are implicated in the preservation of organic matter. However, 

the nature and stability of organo-mineral interactions and the connection with mineralogical 

composition, has remained uncertain. Here, a clear link between mineralogy and organic 

carbon provenance is demonstrated. The relationship indicates that terrestrial organic carbon 

of pedogenic origin is stripped from smectite mineral surfaces upon discharge and dispersal 

to distal ocean settings. In contrast, organic carbon sourced from ancient rocks is tightly 

associated with muscovite and chlorite, and endures into the marine realm. These results 

imply that terrestrial organic carbon preservation within the sedimentary record is controlled 

by phyllosilicate mineralogy. 

 
Introduction 

Phyllosilicates are dispersed across the ocean floor with vastly different relative 

abundances reflecting their terrestrial provenance, which in turn is controlled by climate and 

bedrock lithology of surrounding land masses as well as hydrodynamic properties of mineral 

particles (Chamley, 1989; Fagel, 2007). The major detrital phyllosilicates in ocean sediments 

(smectite, chlorite, illite, and kaolinite) differ in the configuration of their tetrahedral and 

octahedral sheets, giving rise to differences in physicochemical properties such as interlayer 

expansion ability, surface area (SA), and cation exchange capacity (CEC) (Chamley, 1989). Due 

to the high reactivity of phyllosilicates, much research attention has focused on their 

interactions with organic matter (OM) in soils and sediments in order to understand OM 

stabilization and preservation in modern environments (Ransom et al., 1998; Torn et al., 1997) 

and in the geologic past (Kennedy et al., 2002). OM-mineral interactions appear to serve as 

the dominant control on OM preservation in modern and ancient continental margin 

sediments, which account for ~90% of organic carbon (OC) burial in the ocean, as evidenced 

by strong coupling of sedimentary OC contents with mineral SA (Keil et al., 1994; Kennedy and 

Wagner, 2011; Mayer, 1994). The latter is considered to provide physical protection of 

associated OC from microbial (Pinck and Allison, 1951) and oxidative attack (Eusterhues et al., 

2003; Eusterhues et al., 2005). The precise nature and dynamics of these interactions, 

including the significance of different high-surface-area phyllosilicates as agents for OM 

sequestration, raises questions concerning the influence of minerals on biogeochemical 
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cycling of carbon and associated elements in the modern ocean, as well as their role in 

modulating OM burial over geologic time. 

The loss efficiency of terrestrial OM, expressed as diminished loadings on mineral 

surfaces, and its exchange with marine OM as sediments are exported via rivers from land to 

ocean varies markedly between fluvio-deltaic systems, suggesting that mineral SA is not the 

only control (Keil et al., 1997). Previous work in the South China Sea (SCS) has shown that OC 

derived from terrestrial productivity (plant detritus, soil or pedogenic OC), is stripped from 

aluminosilicate minerals and replaced by marine OC upon fluvial export and sedimentation 

(Blattmann et al., 2018). In contrast, co-transported petrogenic OC (OC of rock origin, i.e. 

kerogen) exhibits much more conservative behavior, appearing impervious to this land-ocean 

transition (Blattmann et al., 2018). 

To investigate potential mineralogical controls on OC stabilization, sedimenting 

particles in the abyssal SCS were collected during a one-year deployment of four sediment 

traps located across three bottom-tethered moorings and were analyzed for OC content, 

stable and radiocarbon isotopic composition of OC, quantitative mineralogy, mineral SA, and 

CEC. The northeastern SCS exhibits one of the most pronounced spatial gradients in natural 

phyllosilicate mineral compositions in the world, with Taiwan shedding illite and chlorite-rich 

sediments, Luzon characterized by smectite-dominated river sediments, and the Zhujiang 

(Pearl River) draining mainland China that serves as the primary source of kaolinite to the SCS 

basin (Liu et al., 2015). The phyllosilicate mineral assemblage present in SCS sediments reflects 

the proximity to and influence of the respective source terrains, and thus provides a means 

for quantitative source apportionment from the three end-member provinces (Liu et al., 2010). 

 

Methods 

In the South China Sea, settling particles were intercepted using bottom-tethered 

sediment traps from three moorings from four traps in a setup described elsewhere (Zhang et 

al., 2018; Zhang et al., 2014). Sediments recovered from this system were split and rinsed on 

47 mm diameter 0.2 µm pore size polycarbonate filters and oven dried. In preparation for 

mineral SA and CEC measurement and mineral phase quantification, OM was removed using 

the sodium bicarbonate buffered sodium persulfate wet chemical oxidation method (Meier 

and Menegatti, 1997; Menegatti et al., 1999) followed by two overnight exchanges with 

calcium chloride and subsequent washing by centrifugation and oven drying at 65°C. Mineral 
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SA was measured on a Quantachrome NOVA 4000e instrument using nitrogen gas isotherms 

following the BET theory (Brunauer et al., 1938). These SA measurements were preceded by 

degassing using a Quantachrome FLOVAC degasser at 150°C under vacuum overnight. SA were 

normalized to degassed sediment masses. Measured SA was within error of consensus values 

of standards 2007 (Alumina) and 2009 (82% aluminum oxide, 18% silicon oxide) supplied by 

Quantachrome. CEC was measured photometrically using copper triethylenetetramine 

following methods described elsewhere (Meier and Kahr, 1999). The CEC method was 

modified to suit small sample sizes by scaling the volume of the copper exchange solution 

down to one-fifth of the original method description. CEC quantities were routinely monitored 

using in-house Montigel 39856 standard with a consensus value of 69±2 meq/100g (measured 

73.0±2.2 meq/100g n=16). Quantitative mineralogical content was assessed using X-ray 

diffraction (XRD) and Rietveld refinement using BGMN® Autoquan (Bergmann et al., 1996; 

Bish and Plötze, 2011). Samples were prepared as described elsewhere (Blattmann, 2013; 

Freymond et al., 2018; Usman et al., 2018). In brief, samples were sequentially milled in 

ethanol using a McCrone mill until all sample material was < 20 µm. Randomly oriented 

powdered samples were measured on a Bruker AXS D8 Theta-Theta X-ray diffractometer using 

Co-Kα radiation. Samples were spiked with corundum as internal standard to quantify x-ray 

amorphous content. As previous workers in the South China Sea area have preferred the term 

illite (Chen, 1978; Liu et al., 2015), and here, the XRD identification would favor muscovite, 

both names muscovite and illite are used interchangeably. 

 

Results and discussion 

OC contents and carbon isotopic compositions range between 0.6-6.1 wt% OC, -24.1 

to -21.8 δ13C, and 0.40 to 1.03 Fraction modern (Fm; unit for radiocarbon isotopic 

composition). Based on the Fm values, the proportion of OC which is of marine and petrogenic 

OC is calculated, which range between 0.2-5.9 wt% and 0.05-0.5 wt%, respectively. These data 

and their corresponding methods are reported and discussed in detail elsewhere (Blattmann 

et al., 2018). For TJ-A-DOWN, mineral SA and CEC averaged 32±3 m2/g and 11±1 meq/100g, 

and major minerals include smectite (10±2%), muscovite (18±3%), calcite (15±3%), quartz 

(14±2%), and x-ray amorphous material (26±3%) (n=18). For TJ-C-DOWN, mineral SA and CEC 

averaged 39±4 m2/g and 20±2 meq/100g, major minerals included calcite (11±5%), muscovite 

(13±2%), smectite (20±3%), and x-ray amorphous material (26±2%) (n=19). For TJ-C-MID, 
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mineral SA and CEC averaged 38±7 m2/g and 20±3 meq/100g, major minerals include calcite 

(16±4%), smectite (16±5%), and x-ray amorphous material (32±8%) (n=12). For TJ-G-DOWN, 

mineral SA and CEC averaged 14±1 m2/g and 8±1 meq/100g, major minerals include muscovite 

(27±3%), quartz (24±1%), and x-ray amorphous material (23±2%) (n=9). See also supplemental 

Fig. S13-17 in appendix for representative X-ray diffraction patterns. 

The weathering of volcanic bedrock on Luzon gives rise to pedogenic smectite (Liu et 

al., 2009), and upon formation these phyllosilicate minerals rapidly associate with OM on their 

surfaces (Theng, 2012), with interlayer intercalated components surmised to be stabilized and 

afforded greatest protection against microbial or enzymatic attack (Theng et al., 1992). 

However, a plot of radiocarbon content (as Fm) of OC as a function of smectite content 

indicates increasing marine OM with increasing smectite content implying extensive loss of 

pedogenic OC from this pedogenic mineral (see Fig. 1; compare with supplemental Fig. S1 in 

appendix). This bulk-level observation is also consistent with biomarker-level insights with the 

loss of terrestrial lipids from water column suspended sediments in the same study area 

(Selvaraj et al., 2015). Similarly, marine surface sediments from the Californian, Washington, 

and Taiwanese margins have also indicated mineralogical overlay on the type of OM with 

smectite-rich sediments loaded with marine OC, while illite and chlorite-rich sediments retain 

higher amounts of terrestrial OC (Ransom et al., 1998; Wang et al., 2016). Mineral-ballast has 

long been considered a key mechanism by which OC is exported to the deep ocean by 

accelerating sinking velocity and increasing export efficiency of particulate matter (Honjo et 

al., 2008; Ittekkot et al., 1990). Besides biogenic minerals such as opal and carbonates 

synthesized in surface waters, aluminosilicates of terrigenous origin also provide high density 

vectors by which aggregates can undergo expedited removal from the water column (Honjo 

et al., 2008; Ittekkot et al., 1990). Within the aluminosilicate mineral family, these findings 

indicate that smectite readily sheds the terrestrial OM it originally hosts, and becomes 

populated with OM derived from marine productivity. The dominance of a marine OC 

signature above 10 wt% smectite content appears related to the high mineral-specific SA of 

this phyllosilicate. Mineral surface properties of bulk sediment become increasingly 

dominated by smectite for contents exceeding a mere 5 wt.% (Fig. 1a, compare with Fig. S2 

and S3 in appendix). 
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Figure 1: On previous page. a) Relationship between the proportion of marine OC, as inferred 

from radiocarbon content (Fm values) and smectite abundance. Fraction modern values of 0 

and 1.04 correspond to petrogenic and marine OC inputs, respectively (Blattmann et al., 2018). 

b) Relationship between the abundance of petrogenic OC and the proportion of chlorite and 

muscovite (relative to total phyllosilicate mineral abundance). The linear increase in 

petrogenic OC content with relative abundance of muscovite and chlorite indicates a strong 

physical association between the two. 

 

This efficient loss of terrestrially-derived biospheric OM from smectite, might be 

explained by differing OM-mineral bonding mechanisms. These include ligand exchange, ion 

exchange, cation bridging, van der Waals interactions, hydrogen bonding, hydrophobic 

interactions, intercalation, occlusion in oxide precipitates, and combinations of these 

mechanisms (Keil and Mayer, 2014). Notably, among the phyllosilicates, smectite exhibits a 

CEC that is nearly an order of magnitude greater than other phyllosilicates as well as the 

unique ability to intercalate OM in its expanding interlayer (Carroll, 1959; Keil and Mayer, 

2014). Thus, changes in ionic composition and concentration along with changes in dissolved 

OM type associated with freshwater to sodium-rich seawater transitions may serve to strip 

smectite of its associated pedogenic OC (see model in Fig. 2). Loss of such pedogenic OC 

observed in laboratory desorption experiments (Butman et al., 2007), modern environments 

(Keil et al., 1997) and geological record (Kennedy et al., 2014; Kennedy and Wagner, 2011) is 

consistent with such a process. Upon transitioning from fluvial to marine domains, the 

accompanying changes in salinity causes calcium to be exchanged with sodium, leading to 

differential delamination of smectite stacks (Brockamp, 2011). While some smectites retain 

calcium and flocculate, others escape this transitioning environment as small exfoliated 

particles, which may reassemble into smectite stacks in more distal marine settings (Brockamp, 

2011). In addition to their small size, the exfoliation properties unique to smectite (Nadeau et 

al., 1984) leads to differential settling and their enrichment in distal sea sediments (Brockamp, 

2011; Chamley, 1989; Gibbs, 1977; Keil and Mayer, 2014). Smectite which undergoes 

complete exfoliation results in exposure of its interlamellar surfaces to biological and chemical 

attack and cation exchange, cleansing it of associated terrestrial OM. These surfaces become 

populated with fresh marine OM and eventually reassemble into sinking stacks. 
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Figure 2: On previous page. Evolving OM-phyllosilicate mineral associations across the fluvial-

marine transition with terrestrial OM loss and replacement with marine OM. 

 

In stark contrast to the fate of smectite-hosted terrestrial biospheric OC, OC of 

petrogenic origin associated with illite and chlorite undergoes efficient transmission to the 

abyssal ocean (Blattmann et al., 2018; Zheng et al., 2017), indicating that ion exchange does 

not lead to a desorption of this type of terrestrial OC from these phyllosilicates. Further 

indication of this is provided by the negative relationship between petrogenic OC abundance 

and mineral SA along with CEC, which stands completely opposite to OC-mineral SA 

relationships observed in this study and previous case studies (Blair and Aller, 2012; Keil et al., 

1994; Mayer, 1994) and common thought that SA and OC content should generally show 

positive relationships, which is however the case for biospheric OC (see supplemental Fig. S11 

and S12 in appendix). The close physical association between petrogenic OC and these 

lithogenic phyllosilicates is evident since differential hydrodynamic sorting processes would 

otherwise undermine the strong basin-wide correlation apparent in Fig. 1. Additionally, the 

association between petrogenic OC extends beyond illite and chlorite and includes the 

lithogenic minerals quartz and rutile as well (see supplemental Fig. S8-10 in appendix). All of 

these are common constituents in shales indicating that petrogenic OC may in fact be 

transported embedded within lithoclasts. Fissile shale or other impermeable rock fragments 

would likely afford greatest protection to petrogenic OC contained within, providing an 

effective physical barrier against microbial and oxidative attack. 

The close relationship between proportional abundances of petrogenic OC and of illite 

and chlorite, in conjunction with quartz, suggests that this phyllosilicate mineral quantity may 

serve as a proxy for petrogenic OC content in modern and ancient sediments. In the case of 

the northern SCS, disentangling the OC sources is straightforward given the binary mixing of 

marine and petrogenic OC inputs (Blattmann et al., 2018). However, such binary mixing is 

generally the exception due to more complex carbon isotopic patterns arising from modern 

and pre-aged OM inputs reflecting myriad sources and delivery and translocation processes. 

Examples include sediment entrainment in deposition-resuspension loops (Bao et al., 2016), 

post-depositional processes within the sediment mixed-layer (Griffith et al., 2010), and 

complex mixtures of terrestrial OC composed of fresh plant debris, surface and deeper (older) 

soils (Meyers, 1994), and modern carbon pools incorporating aged radiocarbon signatures 
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(Guillemette et al., 2017) all superimposed on a background of petrogenic OC inputs (Galy et 

al., 2015). Disentangling these sources requires multiple approaches, each with their own 

assumptions and limitations. The physical association between illite and chlorite and 

petrogenic OC may provide new constraints on petrogenic OC contributions to bulk 

sedimentary OC, although this approach is accompanied by several uncertainties including (i) 

enhanced degradation of petrogenic OC in passive margin settings (Blair and Aller, 2012), (ii) 

post-depositional illitization due to diagenetic and microbial processes in deeply buried 

sediments (Kim et al., 2004), (iii) occurrence of discrete or mineral-encapsulated graphite 

particles (Galy et al., 2008; Sauramo, 1938) and (iv) dilution of terrigenous input with marine 

authigenic mineral mass. However, the abundance of quartz seems to provide an independent 

measure that is resistant to diagenetic overprint and may correct for the input of marine 

mineral mass diluting the terrestrial phyllosilicates. 

The recycling of petrogenic OC, from bedrock exhumation and erosion to its 

subsequent return to and sequestration in ocean sediments, essentially decouples this 

reservoir of carbon from active carbon cycle (Sauramo, 1938) as it neither releases CO2 nor 

consumes O2 upon its oxidation (Galy et al., 2008; Hedges, 1992). Episodes in Earth’s history 

of extreme orogenic activity such as during supercontinent formation are inferred to have 

been accompanied by increases in atmospheric oxygen content (Campbell and Allen, 2008). 

Another characteristic of advanced phases of orogeny is increased supply of illite and chlorite 

to the oceans as a consequence of enhanced erosion of metamorphosed bedrock (Chamley 

and Deconinck, 1985), which we now show is tightly coupled with petrogenic OC supply. 

Enhanced petrogenic OC reburial by way of such phyllosilicate-bound kerogen (possibly 

embedded within lithoclasts) likely contributed towards the increase of atmospheric O2 over 

such tectonic cycles by reducing O2 consumption from petrogenic OC weathering. In contrast, 

release of smectite-associated pedogenic OC during land-ocean transfer and subsequent 

repopulation of these mineral surfaces with marine OC leads to a decoupling of terrestrial 

biospheric activity from the geological carbon sink, while rendering marine primary 

productivity as the primary plumbing mechanism for CO2 drawdown, thereby rerouting the 

primary locus of CO2 drawdown from land to ocean. From a geological signal processing 

perspective, OC in smectitic sediments likely record changes in atmospheric CO2 with much 

higher fidelity as they are likely clean of pedogenic OC, which is subject to extensive changes 

in its signature over source-to-sink routes (Freymond et al., 2018; Usman et al., 2018) resulting 
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in temporal lag and loss in resolution. Past intervals of Earth history such as within the 

Cretaceous (Chamley and Deconinck, 1985; Kennedy and Wagner, 2011), and modern source-

to-sink systems (e.g., Luzon (Liu et al., 2009)), proximal to volcanic bedrock terrains that 

promote smectite formation in soils are particularly prone to such decoupling of production 

and export of pedogenic OC from OC burial, also erasing the legacies of their terrestrial 

biospheres from deep-sea geological archives. 

Phyllosilicate mineral composition has been invoked as a critical determinant for the 

preservation, and hence detection, of OM in sedimentary deposits on Mars, with lacustrine 

deposits draining smectite-rich catchments generating conditions conducive to long-term 

preservation of mineral-protected OM (Ehlmann et al., 2008). Given these findings that 

smectite exchanges its associated OM when subjected to changes in salinity, understanding 

the mechanisms and kinetics of these exchange may prove crucial for interpreting any 

potential geochemical vestiges of life in Martian sediments. It is thus increasingly apparent 

that phyllosilicates or “clays” are not only key agents in driving OC sequestration through deep 

time (Kennedy et al., 2006; Kennedy and Wagner, 2011), but phyllosilicate mineralogy plays a 

key role in governing the type of OM which is ultimately preserved in ocean sediments and, 

potentially, on extraterrestrial bodies. 
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Appendix for Chapter 3 

Comments regarding kaolinite 

Compared to smectite, the CEC of illite and chlorite is generally less than half with the CEC of 

kaolinite only a fraction of the latter (Carroll, 1959). With decreasing CEC, the role of OM-

mineral interactions such as hydrophobic interactions likely become more dominant relative 

to cation bridging and direct association by cation exchange. Following this line of thought, 

terrestrial OC associated with kaolinite may persist in the marine environment as suggested 

previously (Holtvoeth et al., 2005), however entrapment of kaolinite emanating from the 

Zhujiang on the continental shelf (Liu et al., 2015) resulted in low kaolinite abundances (<6 

wt.%) in the sediment trap samples, precluding assessment of the fate of associated 

pedogenic OC based on bulk carbon isotopic compositions in this case study. 

Supplementary figures 

If no legend is given, see figure S1 for legend. 

 

Figure S1: Left: Radiocarbon isotopic composition of bulk organic carbon versus organic carbon 

content from data reported previously (Blattmann et al., 2018). Right: Radiocarbon isotopic 

composition versus relative abundance of muscovite and chlorite. By using the binary mixing 

model reported previously (Blattmann et al., 2018), the absolute abundance of petrogenic OC 

is calculated, which is used to generate the data shown in Figure 1b of Chapter 5. 
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Figure S2: Cation exchange capacity versus smectite content in South China Sea sediment trap 

samples. The deviation from the upward trend for TJ-C samples appears related to the 

presence of zeolites, which exhibit very large cation exchange capacities of several 100 

meq/100g (Carroll, 1959). The ideal cation exchange capacities of laumontite and clinoptilolite 

(both present at site TJ-C)  are given as 425 meq/100g and 216 meq/100g, respectively 

(Inglezakis, 2005). Given the presence of 3.2±0.6 wt% of summed zeolites present in these 

samples, the upward deviation is easily explained. It is however likely, that the measured CEC 

is a slight underestimate because of steric hindrances of copper ions used to measure the CEC 

into the zeolite channels (Meier and Kahr, 1999). For samples from sites TJ-A and TJ-G, no 

zeolites were present in XRD detectable quantities. 
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Figure S3: Mineral surface area versus smectite content showing a strong increase in surface 

area for smectite contents exceeding 5 wt%. 

 

Figure S4: Petrogenic OC content versus mineral surface area as determined using the 

nitrogen-based BET method (R2=0.77). 
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Figure S5: Petrogenic OC content versus mineral surface area, which has been corrected for 

carbonate inputs removing calcite, aragonite, and dolomite, as determined using the nitrogen-

based BET method (R2=0.75). 

 

Figure S6: Petrogenic OC content versus cation exchange capacity as determined using the Cu2+ 

triethylenetetramine method (R2=0.84). 
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Figure S7: Petrogenic OC content versus cation exchange capacity, which has been corrected 

for carbonate inputs removing calcite, aragonite, and dolomite, using the Cu2+ 

triethylenetetramine method (R2=0.88). 

 

Figure S8: Petrogenic organic carbon-quartz content relationship (R2=0.88). On a side note, 

Similar relationships between quartz (or sand) and radiocarbon content and quartz and 

sediment age resulting from petrogenic organic carbon admixture and sediment maturation 

along source-to-sink trajectories have been observed in the Rhone River system (Cathalot et 
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al., 2013), Lake Constance (Blattmann, 2013) and inferred in the Amazon River system 

(Johnsson and Meade, 1990), respectively, suggesting that quartz content and organic carbon 

“age” relationships may be common with different reasons behind the trend. 

 

 

Figure S9: Petrogenic organic carbon versus muscovite (absolute weight percentage) content 

(R2=0.88). 

 

 

Figure S10: Petrogenic organic carbon content versus rutile content. 

0.0

0.1

0.2

0.3

0.4

0.5

0 5 10 15 20 25 30 35

TO
C 

Pe
tr

og
en

ic
 w

t%

Muscovite content [wt.%]

0.0

0.1

0.2

0.3

0.4

0.5

0.00 0.25 0.50 0.75 1.00 1.25 1.50

TO
C 

Pe
tr

og
en

ic
 w

t%

Rutile content [wt.%]



  68 

 

 

Figure S11: Biospheric organic carbon content versus mineral surface area. 

 

 

Figure S12: Biospheric organic carbon content versus cation exchange capacity. 
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Figure S13: Representative X-ray diffraction pattern from trap TJ-C-MID. (TJ-C-MID 10) 
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Figure S14: Representative X-ray diffraction pattern from trap TJ-C-DOWN. (TJ-C-DOWN 3) 

 

 

 

Figure S15: Representative X-ray diffraction pattern from trap TJ-G-DOWN. (TJ-G-DOWN 17) 
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Figure S16: Representative X-ray diffraction pattern from trap TJ-A-DOWN. (TJ-A-DOWN 15) 
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Figure S17: Representative X-ray diffraction pattern spiked with corundum for quantifying X-

ray amorphous content from trap TJ-A-DOWN. (TJ-A-DOWN 15) 
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Figure S18: Comparing different measures of OC loadings on mineral surfaces, distinguishing 

between biospheric (left) and petrogenic (right) organic carbon. Water-based BET surface 

areas are introduced in Chapter 5. 
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4. A method for analyzing amino acid-specific radiocarbon from sediments 

 

Abstract 

In this chapter, a method is introduced for the extraction, isolation, and measurement 

of radiocarbon from individual amino acids from natural sediments. Data generated from this 

pilot study from fluvial sediments from the Cagayan River (Philippines) and Pearl River 

(southern China) is introduced and discussed. The chapter begins with a discussion on the 

motivation behind this method development and provides a short overview of previous work 

relevant to this topic. 

 

4.1 Amino acids – An introduction 

Amino acids are one of the largest pools of characterizable organic matter found in 

sedimentary environments (Hedges et al., 2001; Lee et al., 1983). In addition to amino acids of 

biogenic origin, some can even form abiotically under “primordial/prebiotic soup” primitive Earth 

conditions (Miller, 1953; Miller, 1955; Miller and Urey, 1959) and exist on extraterrestrial bodies 

such as meteorites (Kvenvolden et al., 1970) and possibly the moon as well (Eglinton et al., 1974). 

The “building blocks of life”, as they are often referred to as, form a necessary component for 

the origin of life with 20 proteinogenic amino acids serving as the foundation that all life on Earth 

shares and depends on (Kitadai and Maruyama, 2018). In contrast to other biomarkers where 

source specificity is a key attribute for gaining new understanding of biogeochemical cycles (e.g. 

lignin from the terrestrial biosphere (Hedges and Parker, 1976), lipids from the marine biosphere 

(Volkman et al., 1980)), amino acids are arguably among the least specific “biomarkers” as the 

molecules themselves are omnipresent in all life forms and occur across most of geologic space 

and time (Hare, 1969). 

Despite this non-uniqueness in source, the isotopic composition of carbon and nitrogen 

of amino acids has provided insights into a variety of biogeochemical studies. Carbon and 

nitrogen isotopic compositions of amino acids in terrestrial and aquatic organisms reflect the 

isotopic composition of carbon and nitrogen sources in the food web with superimposed effects 

of metabolic processes within organisms (Carstens et al., 2013; Hare et al., 1991). This allows 

amino acid carbon and nitrogen isotopic compositions to be used as excellent proxies for 

determination of trophic level in recent and paleo studies (Ohkouchi et al., 2017). Following land-

ocean transition, amino acids in sediments undergo differential microbial processing and loss-
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and-replacement of terrestrial with marine amino acids as revealed by carbon isotopes (Keil and 

Fogel, 2001). Radiocarbon measurements of collagen-derived amino acids are relevant for dating 

of archeological studies which rely on specific amino acids to reduce effects of extraneous carbon 

contamination (McCullagh et al., 2010). Radiocarbon isotopic composition from high molecular 

weight dissolved organic matter indicates that different amino acids undergo different rates of 

turnover and microbial utilization (Quan, 2005). 

 

4.2 Introducing a hypothesis 

Here, the utility of proteinogenic amino acids as natural in-situ molecular tools for 

studying organic matter-mineral interactions in natural sedimentary environments is 

hypothesized. Their (1) intrinsic lability, (2) environmental omnipresence and abundance through 

geologic space and time, and (3) variety of organic geochemical behaviors as a function of their 

functional group compositions (including alcohol-, amide-, amine-, carboxylic acid-, thiol-, ring-, 

nitrogen-, and sulfur-bearing side chains), provide a unique platform for studying organic matter-

mineral interactions. One of the greatest uncertainties in studying the stabilization effects of 

minerals on organic matter in nature is the longstanding and ongoing discussion whether organic 

matter is stabilized by minerals or if organic matter is intrinsically stable due to its structural 

characteristics or by other factors (compare Eusterhues et al., 2005; Hedges et al., 2001; Keil and 

Mayer, 2014; Kleber, 2010; Kleber et al., 2015; Schmidt et al., 2011). In the case of amino acids, 

their sustained existence is unlikely due to their intrinsic lability (Kirchman, 1990; Pantoja and 

Lee, 2003) leaving stabilization by mineral surfaces as the likeliest explanation. Amino acids 

compose one of the largest characterizable organic matter fractions in the water column and 

marine sediments (Eglinton and Repeta, 2014; Hare, 1969; Lee et al., 1983) and thus associations 

between amino acids and minerals are expected to exist everywhere without biases due to a lack 

of occurrence. 

In sorption experiments, different amino acids and structurally related compounds 

exhibit very different affinities for phyllosilicate mineral surfaces (Hedges, 1978; Hedges and 

Hare, 1987). Amino acid-mineral interactions go well beyond the simple stabilization effect 

emphasized here. For example, mineral surfaces may act as catalysts that act to polymerize 

amino acids into peptide chains (Degens et al., 1970). Sorption experiments have 

demonstrated the strong participation of basic amino acids in forming phyllosilicate-amino 

acid/protein complexes (Ensminger and Gieseking, 1941; Hedges, 1978; Hedges and Hare, 
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1987), an effect which may be consistent with the abundance of basic amino found in 

continental margin sediments (Keil et al., 1998). Amino acids and proteins associated with 

phyllosilicates and natural sediments have revealed irreversible desorption behavior (Ding 

and Henrichs, 2002; Henrichs and Sugai, 1993; Wang and Lee, 1993), which has been 

hypothesized to be an important process in the formation of recalcitrant organic nitrogen 

(Henrichs and Sugai, 1993; Müller, 1977). Ultimately, the evidence points towards the 

preservation of labile compounds, such as amino acids, in marine sediments due to the 

association of these with mineral surfaces (Hedges et al., 2001; Keil et al., 1994). 

Assuming the hypothesis to be true, amino acids stabilized by mineral surfaces would 

exhibit very slow turnover rates. This would mean that they could be relatively old, giving rise 

to depleted radiocarbon fingerprints borne by mineral-stabilized amino acids. It is thus 

hypothesized, that radiocarbon isotopic composition of individual amino acids isolated from 

sediments can provide a measure for the degree of stabilization. 

 

4.3 Previous methods 

4.3.1 Amino acid extraction techniques 

Protein hydrolysis is the process of freeing individual amino acids by cleaving peptide 

bonds. The standard method, developed for food and biochemical applications, involves 

exposure of sample material to 6 M HCl at 110°C for 24 hours (Otter, 2012). These conditions 

are known to partially degrade the amino acids tryptophan, cysteine, and methionine (Otter, 

2012) and cause deamination of asparagine and glutamine to aspartic acid and glutamic acid, 

respectively (Hunt, 1985). Under vacuum and 6 M HCl 100°C 24 hour hydrolysis conditions, no 

significant stable carbon isotopic fractionations are observed for individual amino acids (Jim 

et al., 2003). In geosciences, hydrolysis of proteins in dissolved organic matter, particulate 

organic matter, and sediments is commonly carried out using hydrochloric acid of different 

concentrations (6-12 M HCl), temperature (100-150°C), and time (70 minutes-24 hours) 

(compare Keil et al., 1998; Lang et al., 2013; McCarthy et al., 2004; Priotto and Lara, 2013). 

Additional variants of amino acid extraction includes vapor phase hydrochloric acid treatment 

of seawater dissolved organic matter (Keil and Kirchman, 1991) and combinations of 

hydrofluoric and hydrochloric acid treatments and non-hydrolytic amino acid recovery 

techniques from marine sediments (Nunn and Keil, 2005, 2006). However, yields of amino 

acids extracted from mineral matrices are significantly enhanced by treatment of sample 
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material with hydrofluoric acid prior to hydrochloric acid hydrolysis (Cheng, 1975; Cheng et 

al., 1975; Stevenson and Cheng, 1970). Some amino acids are strongly associated with silicate 

minerals, precluding their extraction with HCl hydrolysis alone (Cheng, 1975; Stevenson and 

Cheng, 1970). 

 

4.3.2 Amino acid chromatographic techniques 

This section focuses on the chromatographic separation of underivatized amino acids. 

In the case of adding a derivative to an amino acid, the carbon isotopic influence of the added 

carbon needs to be subtracted from the indigenous amino acid carbon to calculate the true 

radiocarbon isotopic composition. In the case of derivatization (e.g. ethyl ester) the resulting 

propagated error would quickly balloon to unacceptably large values for radiocarbon isotopic 

composition apparent from back-of-the-envelope calculations analogous to stable carbon 

isotopic composition corrections reported elsewhere (Chikaraishi and Ohkouchi, 2010). 

Additional complications arise with derivative stability and fractionation effects. Therefore, 

only underivatized amino acid preparation approaches are considered here and therefore a 

liquid chromatographic preparation approach with offline amino acid-specific radiocarbon 

measurement must be pursued. For measurement of stable carbon and nitrogen isotopic 

composition, amino acids may be derivatized and introduced to a stable isotope mass 

spectrometer coupled to a gas chromatograph (Chikaraishi and Ohkouchi, 2010) or 

underivatized amino acids can be separated and measured offline by sealed-tube combustion 

followed by mass spectrometry (Hare et al., 1991) or on an elemental analyzer-mass 

spectrometer setup (Broek et al., 2013; Takano et al., 2015). Alternatively, stable carbon 

isotopic composition of underivatized amino acids can be measured directly on a liquid 

chromatograph-isotope ratio mass spectrometer (Smith et al., 2009). 

Early work demonstrated the feasibility of using cation exchange resins (Hirs et al., 

1952; Partridge and Westall, 1949) and two-dimensional paper chromatography (Bremner, 

1950) for separating underivatized amino acids. Later, the separation of underivatized amino 

acids was achieved using reversed phase liquid chromatography using ion pairing agents 

(Petritis et al., 1999). Today, liquid chromatographic separation for preparative 

chromatography is achieved using three column chemistries including reversed phase C-18 

together with the ion pairing agent trifluoroacetic acid (McCullagh et al., 2010; Quan, 2005), 

using cation exchange columns with a buffer gradient (Bour et al., 2016), or by using a mixed 
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mode reversed phase-cation exchange column (Broek et al., 2013; Fernandes et al., 2017; 

Nalawade-Chavan et al., 2013). In the case of the latter, using the ion pairing agent 

trifluoroacetic acid (Broek et al., 2013), a buffered aqueous solution (Fernandes et al., 2017), 

or by simply using pure water (Nalawade-Chavan et al., 2013) in the mobile phase succeed at 

separating select amino acids. 

 

4.3.3 Amino acid detection in liquid chromatography 

Underivatized amino acids are frequently detected using ultraviolet light absorption. 

Detection wavelengths are typically set at 190-214 nm (Petritis et al., 2002). Fluorescence 

detection succeeds at detecting phenylalanine, tryptophan, and tyrosine, which exhibit 

emission maxima at 282, 384, and 303 nm, respectively (Teale and Weber, 1957). Detection 

by fluorescence and ultraviolet light absorption is non-universal and or insensitive, especially 

for small amounts. Using an aerosol detector such as an evaporative light scattering detector 

(ELSD) (Broek et al., 2013; Petritis et al., 2002) or a charged aerosol detector (CAD) (Ishikawa 

et al., 2018) offers significant advantages. These are considered universal detectors because 

they succeed in detecting all non-volatile compounds that are eluted during a 

chromatographic run, including contamination. Mass spectrometry represents the most 

sensitive and information-rich detection method (Petritis et al., 2002). In the case of ELSD, 

CAD, and mass spectrometry, these detection methods are destructive and are only used for 

monitoring chromatography. For preparative chromatography, flow must be diverted from 

these detectors. The reader is also referred to Petritis et al. (2002) for less commonly used 

detection methods for amino acid analysis. 

 

4.3.4 Additional considerations 

Amino acid solubility is key for (1) avoiding in-column precipitation of compounds 

during a run, (2) for designing a liquid chromatographic solvent gradient suitable for eluting 

the amino acids of interest, and (3) extraction and transfer of amino acids. Amino acids in 

water display a large range of solubilities covering three orders of magnitude from L-tyrosine 

<50 mg to glycine with over 14,000 mg per 100g of water at 25°C (Dalton and Schmidt, 1933; 

Dunn et al., 1933). The solubility of amino acids in water strongly depends on pH with higher 

solubility at low and high pH values (Needham et al., 1971a; Tseng et al., 2009). In the case of 

phenylalanine, solubility can increase by a factor of four from a pH of 6 to 1 (Needham et al., 



  82 

1971a). The solubility of amino acids is not sensitive to pH if within one pH unit of the 

isoelectric point. Beyond this, solubility increases greatly (Tseng et al., 2009). Amino acid 

solubility also depends on temperature. In the case of glycine and L-tyrosine, solubility 

approximately doubles from 0 to 25°C. Other amino acids like DL-valine do not show strong 

differences in solubility over this temperature range (Dalton and Schmidt, 1933; Dunn et al., 

1933). The solubility of amino acids in organic solvents and water-organic solvent mixtures 

display similar pH-dependent solubility patterns with greater solubility at low and high pH 

values (Needham et al., 1971b). Interestingly, the solubility of certain L or D-amino acids in 

water can vary by over a factor of 2 from that of the corresponding racemate such as is the 

case for glutamic acid and leucine (Dalton and Schmidt, 1933; Dunn et al., 1933). Amino acids 

are non-volatile and their decomposition temperatures range from 180 to nearly 320°C 

bracketed by glutamine and tyrosine, respectively (Olafsson and Bryan, 1970). 

 

4.4 Designed method 

The methodology recommended for amino acid radiocarbon isotope analysis from 

sediments takes place over three main steps which include 1) amino acid extraction, 2) amino 

acid isolation, and 3) final amino acid purification and measurement of its radiocarbon isotopic 

composition. An overview of the procedure is provided in Figure 1. 
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Figure 1: Overview of designed procedure recommended for extraction and preparation of 

amino acids from sediments for measurement of radiocarbon isotopic composition. 
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4.4.1 Analyzed samples 

The samples analyzed in this pilot study include one procedural blank, one procedural 

standard amino standard mixture with known concentrations and amino acid-specific 

radiocarbon isotopic compositions, and two sediments. The two natural riverbed sediments 

included one sample from the mouth of the Pearl River in southern China (kindly collected by 

Pengfei “Phil” Hou from Ocean University of China in Qingdao), hitherto referred to as sample 

“PO3” and one from the mouth of the Cagayan River from the Philippines, hitherto referred 

to as sample “LZ31TB”. Both samples are from the termini of large southeast Asian rivers 

under freshwater conditions, with phyllosilicates in the Pearl River generally enriched in 

kaolinite (Liu et al., 2010) and the Cagayan rich in smectite (Liu et al., 2009). Upon sampling, 

samples were kept cool and frozen as soon as possible. Upon arrival in the laboratory, samples 

were stored at -20°C until they were freeze-dried. The sediments were dry-sieved to less than 

200 µm to remove coarse discrete organic matter particles and reduce sample heterogeneity. 

Dry sieving was chosen over wet sieving to not risk effects of desorption and adsorption in 

water, thus reorganizing and partitioning amino acids between grain size fractions. At the time 

of writing, the four samples are at various stages of completion. 

 

4.4.2 Extraction 

The four samples were demineralized with hydrofluoric acid and hydrolyzed with 

hydrochloric acid following procedures modified after (Cheng, 1975; Cheng et al., 1975). 

Samples were introduced in 300 ml Savillex Teflon beakers and were spiked with 700 µl 

norleucine standard (841 µg/ml). Slowly, ≈280 ml 38-40% hydrofluoric acid (Merck 

1.000329.1000) was added to each beaker to allow controlled release of carbonate-bound 

CO2. Beakers were heated on hotplates with heat conducting racks (Analab) controlled at a 

temperature of 40°C for two days under acid reflux conditions. After 2 days, samples were 

agitated and pelleted sample material was crushed with a metallic spatula to promote further 

demineralization and the temperature was increased to 50°C to begin drying. Samples were 

dried over the course of 35 days. Upon reaching complete dryness, which was assessed 

visually, the demineralized sample mass was transferred to 60 ml Savillex Teflon hydrolysis 

vessels. 30 ml of 6 M HCl, which was prepared from a 12 M HCl stock solution (37% AnalaR 

NORMAPUR Reag. Ph. Eur. 20252.290), was added to vessel and the headspace was purged 

with nitrogen gas. After 16 hours buried in a sand bath at 110°C (+/- 5°C), the samples were 
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cooled and transferred to glass centrifuge tubes where the hydrolysates were washed three 

times with MilliQ water to separate them from the solid residue. The supernatants were 

collected and dried on a solvent evaporator system (Büchi Multi-vapor P12 unit coupled to 

Büchi V-700 vacuum pump and Büchi F-105 recirculating chiller) with NaOH pellets in the 

solvent trap of the vertical condenser to reduce hydrochloric acid vapor exposure to the 

membrane pump. Dried hydrolysates were then dissolved in MilliQ water and passed through 

a 47 mm diameter polyethersulfone (PES) membrane filter with 0.2 µm pore size (Sterlitech 

Lot: 7009828). These filtered hydrolysates were then again dried on solvent evaporator 

system (see Fig. 2a). 

Using cation exchange resin, inorganic salts were removed following methods 

modified after previously published procedures (Cheng, 1975; Rubino et al., 2014; Takano et 

al., 2010). A column was packed with a bedload volume of 60 ml of 200-400 mesh Dowex 50W 

X8 cation exchange resin (Fluka 44519-100g Lot# BCBC9071 Pcode 101026470). Both ends 

were capped with glass wool (11 µm diameter) and mobile phases were passed through the 

resin with the help of a Teflon-tape wrapped stopper with tubing introducing nitrogen gas 

flowing at 2-4 ml/second (see Fig. 2b). The ammonia was prepared from a 25% stock solution 

(VWR AnalaR NORMAPUR 1133.1000), the sodium hydroxide solution was prepared from 

pellets (Reg. Ph. Eur. VWR 28244.295), the hydrochloric acid was prepared from a 37% stock 

solution (37% AnalaR NORMAPUR Reag. Ph. Eur. 20252.290), and sulfuric acid was prepared 

from a 95.0-98.0% stock solution (Sigma-Aldrich 258105-500ML). The resin was conditioned 

for desalting following Takano et al. (2010): (1) 180 ml of 1M HCl, (2) 180 ml of water, (3) 180 

ml of 1M NaOH, (4) 180 ml of water, (5) 180 ml of HCl, and (6) 180 ml of water. Once 

conditioned, 10 ml of sample solution (redissolved in 80 ml of 0.1 M HCl; see Fig. 2c) was 

transferred to the column. The column was washed with MilliQ water until eluent approached 

a neutral pH as monitored using pH strips (typically required 500-1500 ml)1. Once near neutral 

(pH≈6), amino acids were eluted with 240 ml 10% NH3. The desalted amino acid fraction was 

then dried on the solvent evaporator system. Following sediment samples, pronounced grey 

and black discoloration of the cation exchange resin was observed, which was nearly or 

entirely impossible to remove by rinsing with the eluents introduced previously. These 

strongly retained substances were eluted by using 0.5 M oxalic acid solution modified after 

                                                           
1 As a side note, the large volumes of water needed to elute the hydrochloric acid was characteristic of real 
samples and was otherwise not observed for standard solutions and blanks where typically four bedload 
volumes sufficed to bring the eluent to neutral; the reason for this behavior was unclear to the analyst. 
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the recommendation by Rubino et al. (2014). Approximately 3-6 bed loads sufficed in 

removing these strongly retained impurities by acting as a complexing agent and releasing 

cations in a flocculent brine in the eluent. The column could then be regenerated fully using 

the method recommended by Takano et al. (2010). Despite this, some discoloration became 

apparent after several runs, which appeared not to affect column performance. However, in 

between samples, enhanced column regeneration was carried out by rinsing with 0.5 M 

sulfuric acid (Small et al., 1975) and allowing the cation exchange beads to rest for a few hours 

in this mobile phase. After the treatment, the cation exchange resin is filled with gaseous voids 

and returns to its factory-original golden hue. The gas that evolves from the reaction indicates 

that organic matter irreversibly retained by the cation exchange resin is oxidized, which seems 

to be present in the hydrolysate. 

 

 

Figure 2: a) Sample appearance prior to removing salt, b) Cation exchange column with 

conditioned resin, and c) desalted sample containing dissolved amino acids. 
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4.4.3 Chromatographic isolation 

For the liquid chromatographic separation of amino acids, two columns were used. In 

the first column was a reversed-phase CAPCELL PAK C18 MG column (preparative scale, 20 

mm × 250 mm, particle size 5 μm, Shiseido, Tokyo, Japan). Chromatograms of this column are 

shown in Figure 3. This column achieved baseline separation of phenylalanine, isoleucine, 

leucine, valine, proline, and arginine from the remaining amino acids. In a second step, 

phenylalanine, isoleucine, leucine, valine, and arginine were purified using a mixed mode ion-

exchange reversed-phase Primesep A column (analytical scale, 4.6 mm × 50 mm, particle size 

5 μm, SIELC Technologies, IL, USA). For liquid chromatography, the following solvents were 

used: acetonitrile (Fisher Chemical Optima LC/MS grade A955-212) and trifluoroacetic acid 

(for HPLC ≥99.0% Sigma-Aldrich 302031-100ML). 

The mobile phases used for the preparative scale CAPCELL C18 column were MilliQ 

water with 0.1 % (v/v) TFA (solvent A), and acetonitrile with 0.1 % (v/v) TFA (solvent B). To 

protect the column, a Supelco ColumnSaver (0.5 µm filter; 55214-U) was fitted to a C18 phase 

guard column (Phenomenex Kinetex C18 5 µm). Each sample injection was set at 80 μl for each 

chromatographic separation. The column compartment was set at a constant 30°C and the 

solvent gradient for each run was linearly programmed as follows: 0 min (A: 100%, B: 0%) to 

30 min (A: 90%, B: 10%), to 80 min (A: 80%, B: 20%), to 100 min (A: 80%, B: 20%), and then 

flushed with 100% B for 20 min followed by equilibration with 100% A for 60 min for the next 

injection at a constant flowrate of 2 ml/min following the procedure described in Ishikawa et 

al., (2018). 

The mobile phases used for the analytical scale Primesep A column were MilliQ water 

with 0.05 % (v/v) TFA (solvent A), and acetonitrile with 0.05 % (v/v) TFA (solvent B). Here, 

amino acids were purified with a constant flowrate of 1.5 ml/min under isocratic conditions 

(A: 95%, B: 5%) for phenylalanine, isoleucine, leucine, and valine, After each in injection, the 

column was flushed with 100% B for 5 minutes (linearly increasing the flow from 1.5 to 2 

ml/min) followed by equilibration (A: 95%, B: 5%) for the next injection for 15 minutes at 1.5 

ml/min. The column compartment was set at a constant 20°C. For arginine, a different 

isocratic mixture was used (A: 65%, B: 35%) and the flowrate was set at a constant 2 ml/min 

with a flushing time of 5 minutes with 100% B followed by equilibration for 15 minutes (A: 

65%, B: 35%). 
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4.4.4 Final preparation and radiocarbon measurement 

Purified amino acid isolates were dried on the solvent evaporator system and dissolved 

in ≈500 µl of 0.1 M HCl. Following procedures recommended in Ishikawa et al. (2018), these 

were then introduced into Eppendorf tubes with internal filters (NANOSEP MF GHP .45 µm 

hydrophilic polypropylene membrane) to remove precipitates originating from column bleed. 

Prior to use, the Eppendorf nanosep tubes were washed and centrifuged with 0.1 M HCl twice 

in order to remove leachable contaminants. An Eppendorf Centrifuge 5418 was used to force 

the sample material past the filter. Sample materials were then transferred and dried in V-

bottom combusted glass vials (BGB 080400-XL-ML 0.9 ml) under a gentle stream of N2 with a 

heating block set at 40°C2. 1 ml of MilliQ water was then added and the amino acids were 

allowed to dissolve for several hours at 40°C. To confirm the purity of the amino acids, a small 

aliquot (1-2 µl) was injected on analytical-scale reversed-phase columns (either Phenomenex 

Kinetex core shell C18 (4.6 mm × 100 mm, particle size 5 µm) or on a Shiseido C18 CAPCELL 

PAK C18 MG column (4.6 mm × 250 mm, particle size 5 μm)) monitoring eluent with UV 

absorption and CAD. Samples that showed a single peak after the initial injection peak were 

deemed pure and were prepared for radiocarbon analysis. The origin of the initial injection 

peak is somewhat unclear as it may be due to amino acid associated chlorine or an effect of 

the solvent, which is different from the mobile phase (e.g. showing different UV absorbance). 

Isolated amino acids and blanks were introduced into tin capsules (Elementar 2.88 x 6 x 0.1 

mm; product number 03 951 620; lot number 160304), which were previously rinsed with with 

dichloromethane three times over a glass fiber filter (Whatman GF/F) held in a combusted 

glass funnel, which reduces the extraneous carbon blank from the tin capsules (Ruff et al., 

2010). Dried capsules where then set on a hotplate at 95°C and samples where added by 

syringe in the desired amounts. Tin capsules were wrapped and radiocarbon isotopic 

composition was measured on an elemental analyzer coupled to a MICADAS accelerator mass 

spectrometer in a setup described elsewhere (McIntyre et al., 2016; Synal et al., 2007). 

  

                                                           
2 At this stage, Ishikawa et al., (2018) recommend washing the amino acid sample with diethyl ether in order to 
remove hydrophobic impurities from column bleed, which is also recommended by the writer in light of the 
relatively large blank assessed here (see Discussion). 
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4.4.5 Chiral separation 

Chromatographic separation of underivatized amino acid enantiomers (L and D) for the 

purpose of quantification of L/D ratios, was carried out using a Dr. Maisch GmbH Reprosil 

CHIRAL AA column (r18.aa.s2546; 250 x 4.6 mm, 8 µm, Germany). The column compartment 

was set at a temperature of 25°C and the separation was carried out under isocratic conditions 

with 50:50 (v/v) MilliQ water:acetonitrile at a flowrate of 1.5 ml/min. A CAD chromatogram is 

shown in Figure 5. L/D ratios were quantified by their integrated CAD peak areas assuming 

that both enantiomers show equal detector response. 

 

 

Figure 3: Chromatograms showing CAD traces using the preparative scale CAPCELL C18 column. 

Top left: unprocessed 18 amino acid standard; top right: 18 amino acid standard which has 

been subject to the extraction and desalting procedure; bottom left: Cagayan River sample 

LZ31TB; bottom right: Pearl River sample PO3. 
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Figure 4: CAD trace of the processed blank with the preparative scale C18 CAPCELL column. 

Injection volume corresponds to 80 µl, as used during fraction collection. 

 

 

Figure 5: CAD trace showing the enantiomeric separation of leucine isolated from sample PO3 
using the Reprosil Chiral AA column. Injection peak at 1.4 minutes, followed by L-leucine at 3 
minutes and D-leucine at 4.4 minutes. 
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4.5 Results 

4.5.1 Procedural blanks and standard 

The procedural blank revealed no CAD-detectable extraneous compounds during the 

liquid chromatographic retention times relevant for the collection of amino acids. Clearly 

however, non-volatile contaminants were introduced during some stages of the procedure 

(e.g. hydrofluoric acid demineralization, hydrochloric acid hydrolysis, filtering, desalting, etc.). 

All of these reagents contain insoluble residues, which include salts of various kinds. The 

retention time of these non-volatile contaminants are consistent with the presence of 

inorganic salts in the blank (Ishikawa et al., 2018). In addition to these retention times varying 

from 23 to 28 minutes (see Fig. 4), the elution of an unknown substance proceeded at 33 to 

36 minutes, which did not show a signal on the CAD detector, but did register on the UV 

detector, suggesting that this substance is a volatile organic substance, possible with an 

aromatic group. This may be sourced from column bleed from the cation exchange resin 

(divinylbenzene and styrene). In the second liquid chromatographic separation by HPLC using 

the PrimesepA column, the blank for collected CAPCELL fractions corresponding to the amino 

acid retention times of valine, isoleucine, leucine, and phenylalanine show CAD traces which 

are nearly identical. These traces reveal the complete absence of co-eluting substances in the 

relevant time windows. In the case of blank for the collected CAPCELL fraction corresponding 

to the amino acid retention times of arginine on the PrimesepA column, the CAD detector 

revealed the presence of non-volatile eluents, which however elute approximately 2 minutes 

prior to the elution of arginine, which eliminates the interference of this substance from the 

final product. The origin of this interference is unknown, as there are no suspicious signals in 

the corresponding elution time window of blank with the CAPCELL column. 

Upon measurement of the size of the blank and its radiocarbon isotopic composition 

on the EA-AMS, the blanks show variable size and isotopic composition. In the case of amino 

acids collected under isocratic 95-5-0.05 water-acetonitrile-TFA conditions for the purification 

of isoleucine, leucine, valine, and phenylalanine, these blanks (n=4) average 0.23±0.08 Fm and 

2.3±1.5 µgC. Individually, these blanks and their analytical uncertainties on radiocarbon 

isotopic composition were 2.2 µgC with 0.31±0.02 Fm (corresponding to valine), 0.3 µgC 

0.29±0.04 Fm (corresponding to phenylalanine), 2.7 µgC with 0.19±0.01 Fm (corresponding to 

leucine), 3.9 µgC with 0.12±0.01 Fm (corresponding to isoleucine). From a theoretical 
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standpoint, the sizes and isotopic compositions of these blanks should be similar as they were 

subject to identical solvent conditions on the same column. 

In the case of arginine collected under isocratic 65-35-0.05 water-acetonitrile-TFA 

conditions, a larger blank may be expected due to increased column bleed of the PrimesepA 

column with increased proportions of organics in the mobile phase (Bour et al., 2016; Ishikawa 

et al., 2018). For the arginine equivalent time window, a blank of 1.7 µgC with 0.32±0.01 Fm 

was quantified by direct EA-AMS measurement, which is slightly lower than the average blank 

size mentioned previously, but within 1-σ of the four other blanks in terms of size and 

radiocarbon isotopic composition. 

Overall, the blank size is consistent with observations made by Ishikawa et al. (2018) 

who quantify the total blank as ≈2.4 µgC for samples without “post-purification”, which 

includes the steps of filtration and rinsing with diethyl ether. Here, it seems as if most of the 

extraneous carbon is removed with the diethyl ether rinsing approach, with little removed by 

the filtration step, which perhaps may also add contamination, despite acid washing of the 

Eppendorf filtration tubes prior to use. Caution should be exercised with using diethyl ether 

for washing amino acids due to the formation of peroxides in inhibitor free diethyl ether. 

These can lead to oxidation of amino acids. In order to optimize the sample recovery with the 

usage of diethyl ether for washing amino acids, drying the solvent with sodium sulfate and 

removing radicals with ferrous ammonium sulfate is recommended (Daniel Montluçon, 

personal communication). 

For correcting the data, a constant contamination of 2.2±1.3 µgC with 0.25±0.09 Fm 

was applied which folds together the samples purified with the PrimesepA column under 95-

5-0.05 and 65-35-0.05 water-acetonitrile-TFA isocratic conditions. This simplified assignment 

of constant contamination has large uncertainty, yet brings all standards processed through 

the PrimesepA column within uncertainty of their respective radiocarbon isotopic 

compositions. See Figure 6. At the time of writing, the procedural amino acid standards 

spanning the integrated method (extraction, separation, purification) were not completed. 

However, the fully processed blank demonstrates that extraneous amino acids were not an 

issue in the laboratory procedures, which is a great concern owing to their ubiquity (skin flakes, 

dust, etc.). Each step adds and removes contamination of a different nature (Ishikawa et al., 

2018) and assuming here that the history of the sample processing prior to the PrimesepA 
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column is irrelevant due to removal of contaminants inherited from previous steps, the blank 

applied here is assumed to represent the final blank correction. 

 

 

Figure 6: Radiocarbon isotopic composition of the unprocessed amino acid standards and 

amino acid processed standards corrected for constant contamination. Amounts of carbon 

measured on the EA-AMS were 20 µgC for arginine, 21 µgC for isoleucine, 38 µgC for leucine, 

8 µgC for phenylalanine (hence the very large propagated error), and 38 µgC for valine. The 

low amounts of measured phenylalanine was the result of sample loss during an unknown step 

of the final purification and preparation. 

 

4.5.2 Samples 

Amino acid-specific radiocarbon isotopic composition for the Cagayan and Pearl River 

are reported in Figures 7 and 8. Their radiocarbon isotopic compositions are compared to 

radiocarbon isotopic composition of riverine dissolved inorganic carbon (DI14C) from upriver 
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locations and the radiocarbon isotopic composition of bulk organic carbon found in the same 

sediment sample from which the amino acids were extracted. In both cases, the radiocarbon 

isotopic composition of bulk organic carbon is significantly lower than that of the amino acids. 

Amino acid-specific radiocarbon isotope composition is within 1-σ of the variability of the 

DI14C signature, with valine in the Pearl River constituting the only exception. The radiocarbon 

isotopic composition of valine is even lower than the lowest DI14C value (0.82 Fm) reported 

elsewhere for the Pearl River (Liu et al., 2017). 

 

 

Figure 7: Radiocarbon isotopic composition of dissolved inorganic carbon from the Cagayan 

River (n=19) (data from this thesis) and the bulk organic carbon from which the three amino 

acids reported here were extracted. Amount measured for isoleucine was 27 µgC, 35 µgC for 

leucine, and 39 µgC for valine. 
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Figure 8: Radiocarbon isotopic composition of dissolved inorganic carbon from the lower 

reaches of the Pearl River integrated over the seasons (n=29) (Liu et al., 2017) and the bulk 

organic carbon from which the five amino acids reported here were extracted. Amount 

measured for arginine was 19 µgC, 31 µgC for isoleucine, 37 µgC for leucine, 30 µgC for 

phenylalanine, and 51 µgC for valine. 

 

Chiral separation revealed the presence of D-amino acids contained in these samples. 

From the total amino acid amount (sum of L and D-enantiomers), D-leucine showed a 

relative abundance of 8.5% and 3.0% in sample PO3 and LZ31TB, respectively. D-valine 

showed a relative abundance of 2.2% and 1.1% in PO3 and LZ31TB, respectively. D-

phenylalanine showed a relative abundance of 9.5% in sample PO3 (D-phenylalanine was not 

analyzed for LZ31TB, due to the presence of an impurity). D-arginine and D-isoleucine where 

not present in detectable quantities. 
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4.6 Discussion 

The two liquid chromatographic isolation steps following the desalting procedure 

appear necessary given the occurrence of other compounds in fractions isolated by the first 

separation using the reversed phase column. The same conclusion was reached previously in 

complex environmental matrices (high molecular weight dissolved organic matter), which 

contained impurities including, among others, monosaccharides and deoxy sugars (Quan, 

2005). In contrast to Quan (2005), who used a cation exchange resin after reversed phase 

chromatography, a mixed mode cation exchange-reversed phase column chemistry was used. 

Aquatic biomass utilizing carbon sourced from DIC incorporates the DI14C signature of 

that water body (Broecker and Walton, 1959). The simplest interpretation of the amino acid 

radiocarbon signatures would suggest that aquatic biomass rich in proteins is added to 

sedimentary organic carbon, with these signatures reflecting the DIC isotopic signature. In 

both case studies (Cagayan and Pearl River), bulk organic carbon is significantly more depleted 

in radiocarbon than the amino acids suggesting that perhaps the hypothesis introduced 

previously is faulty or mineral-associated amino acids are strongly diluted with amino acids of 

immediate recent origin. In the case of valine from the Pearl River, the radiocarbon-depleted 

valine indicates that the cycling of amino acids cannot be as simple as aquatic biomass addition 

to sedimentary organic carbon. Different amino acids must have a different origin or are 

cycled very differently. 

The presence of D-amino acids may indicate the addition of microbial biomass or even 

from higher organisms (Corrigan, 1969; Fujii, 2002) to sedimentary organic carbon or may also 

reflect the process of racemization due to aging (Lee et al., 1976). The presence of D-amino 

acids in sediments from a similar part of the Pearl River have been reported previously and 

discussed in the context of “diagenetic alteration” (Zhang et al., 2012). 

The signal borne by amino acids in sedimentary organic carbon is relevant for the 

interpretation of amino acid signatures along the source-to-sink trajectory of these sediments 

such as in the ocean (e.g. Lahajnar et al., 2007). The presence of D-amino acids and the 

occurrence of a 14-C depleted amino acid (valine) indicates that the cycling of this biomarker 

cannot be as simple as biospheric organic matter of a homogenous radiocarbon signature 

adding amino acids to this pool. Additional forces are at play such as microbial working, which 

has previously been invoked as an explanation for anomalous carbon isotope compositions 

for valine (Keil and Fogel, 2001). 
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4.7 Concluding remarks and outlook 

To the best of the writer’s knowledge, this study reports the first radiocarbon isotope 

compositions of individual amino acids extracted from sediments. In order to improve the 

quality of the measurements (i.e. decrease the analytical uncertainty) either (i) larger amounts 

of amino acids should be prepared, and or (ii) diethyl ether rinsing of amino acids should be 

carried out to remove column impurities derived from column bleed as recommended by 

Ishikawa et al. (2018). 

While neither verifying nor falsifying the hypothesis lain out in the introduction, the 

findings of this pilot study show differences in amino acid radiocarbon signatures which 

appear to largely follow the DI14C signature of ambient water. This study reveals that valine 

bears a very different radiocarbon signature within sedimentary organic carbon likely 

reflecting the activity of microbial reworking (Keil and Fogel, 2001). Reduced analytical 

uncertainty is desirable to further elucidate if significant differences exist between other 

amino acids. The feasibility of amino acid extraction, chromatographic isolation and 

purification, and subsequent amino acid radiocarbon analysis from complex environmental 

matrices such as sediments has been demonstrated in this study. The doors are now open to 

explore amino acid-specific radiocarbon in sediments. 
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5.1 Remarks on the surface area of homoionic phyllosilicates: A possible approach for 

comparing mineral surface area across ion-chemical gradients in the environment 

 

Abstract 

Mineral surface area is a key variable for understanding controls on sorption related 

processes in the environment such as the amount of organic carbon preserved in sediments. 

In an effort to understand possible offsets in measured mineral surface area quantities across 

differences in dissolved ion chemistry as a result of natural ion exchange processes, such as is 

the case between freshwater and marine settings, the surface area of calcium and sodium-

saturated phyllosilicates and environmental mineral matrices are compared using nitrogen 

and water-based BET surface area measurements. As expected, homoionic calcium and 

sodium-saturated phyllosilicates and natural sediments reveal significant differences in their 

water-based mineral surface areas for smectite due to the effect of cation hydration and 

interlayer expansion. However, contrary to previous studies, this study reveals that nitrogen-

based mineral surface area quantities remain unaffected by cationic state, which is attributed 

to effects of sample preparation. The presented procedure produces sample material whose 

nitrogen-measured mineral surface area is independent of cationic state (sodium or calcium-

exchanged) and may serve to normalize mineral surface area of environmental mineral 

matrices to allow comparisons of sorption loadings (e.g. of organic matter) across spatial 

gradients in ion chemistry such as the freshwater-seawater continuum. 

 

Introduction 

In clay science literature, the cationic state of phyllosilicates is widely-reported to 

impart a strong effect on the measurement of nitrogen and water-based surface areas 

(Mooney et al., 1952; Orchiston, 1955a; Rutherford et al., 1997; Thomas and Bohor, 1968). 

For water, different cations cluster water molecules differently leading to differing adsorption 

behavior and thus measured surface area values. In the case of the apolar adsorbate nitrogen, 

differences surface areas between different homoionic phyllosilicates are attributed to 

microstructural, basal-spacing, and micro-porosity changes that greatly affect the accessibility 

of the nitrogen molecule to surface sites, thus also affecting measured surface area values 

(Kaufhold et al., 2010; Rutherford et al., 1997). 
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Figure 1: Nitrogen-based BET surface area comparison with organic matter removed by wet 

chemical oxidation following the approach of Meier and Menegatti (1997) using sodium 

bicarbonate buffered sodium persulfate followed by exchange with calcium (Muhammed 

Usman, unpublished data) versus organic matter removed by oxidation by thermal treatment 

at 350°C (Usman et al., 2018). Godavari catchment samples are from tributaries or from the 

mainstem of the Godavari River (freshwater) and Bay of Bengal samples are from a marine 

sediment core off of the mouth of the Godavari River (Usman et al., 2018). 

 

In earth sciences, freshwater-marine transitions are of great interest for studying 

source-to-sink transport of sediments containing minerals and organic matter. Sedimentary 

organic matter is to a large extent associated with mineral surfaces, which leads to the study 

of mineral surface “loadings” in these aquatic environments (Blair and Aller, 2012). Across 

freshwater-marine transitions, cation exchange reactions take place between seawater and 

mineral-adsorbed cations, re-equilibrating adsorbed cations with the ambient ion chemistry 

of the seawater (Lupker et al., 2016). In light of this cation exchange process and the known 

changes of measured mineral surface area values, the prospects of comparing marine and 

fluvial sediments becomes more challenging. Previous work investigating organic matter 

loading on sediments has considered mineral surface area a conservative tracer across fresh-
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water marine transitions (Keil et al., 1997). While mineral transport may be conservative, the 

mineral assemblage in any given place is greatly influenced by hydrodynamic (Russell, 1936) 

and differential settling (Gibbs, 1977) processes. This, together with expected changes in 

mineral surface area as a results of cation exchange, warrant further investigation. Previous 

work comparing mineral surface area of smectite-rich sediments from the Godavari River and 

Bay of Bengal provides insight into the role of saturating cation on BET nitrogen-based mineral 

surface area (Fig. 1; Usman Muhammed, personal communication). These data reveal that 

within the freshwater system, mineral surface area of samples prepared by wet chemical 

oxidation followed by calcium exchange are comparable and trend similarly to mineral surface 

areas of identical sample material with organic matter removed by oven combustion. 

Sediments in freshwater systems are largely saturated with divalent ions (calcium and 

magnesium) with subordinate amounts of monovalent ions (sodium and potassium) (Lupker 

et al., 2016). In the case of the freshwater sediments prepared by the two organic matter 

removal techniques, the saturating cations were and remain divalent1. In contrast, in the 

marine realm, cations occupying cation exchange sites on mineral surfaces are largely 

monovalent (especially sodium) (Lupker et al., 2016). Here, there is a stark difference between 

mineral surface area as obtained from sample material treated thermally and wet chemically 

followed by calcium exchange. The nitrogen-based mineral surface area of marine sediments 

in their calcium exchanged state is typically around 50% larger than natural ionic forms 

(furnace combustion), illustrating that not only is ionic state important for mineral surface 

area in clay science, but of utmost relevance to earth scientists seeking to study sorption 

related processes across land-ocean transitions.  

In an effort to revisit and challenge the assertion of conservative mineral surface area 

across salinity and ion chemistry gradients, this study compares mineral surface area 

measurements for homoionic sodium and calcium-exchanged phyllosilicates and natural 

sedimentary mineral assemblages. 

 

  

                                                           
1 The inverse situation with monovalent saturating ions also appears to be true. Citing unpublished results, Mayer 
(1994) reports that the nitrogen BET mineral surface area of marine sediments treated with low temperature 
plasma oven oxidation (<200°C) are similar to those obtained with wet chemical oxidation with hydrogen 
peroxide in the presence of sodium pyrophosphate, which presumably maintains the sodium-dominated state 
of exchanged cations. 
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Materials and methods 

Samples 

A range of phyllosilicate reference materials from the Clay Mineral Society (CMS) and 

from the in-house collection of the ClayLab at ETH Zurich together with three environmental 

mineral matrices (fluvial sediments) were used in this study as reported in Table 1. Sample 

LZ31TB was collected in the Cagayan River of the Philippines (collected January 2016; 18° 

7'19.57"N, 121°40'20.53"E) and corresponds in location to sample LZ31 collected previously 

and reported elsewhere (Liu et al., 2009). Sample Shuangyuan was collected in the Gaoping 

River of Taiwan (collected February 2017; 22°29'52.40"N, 120°24'58.79"E). Sample PO3 is a 

sediment from the Pearl River in southern China (collected January 2017; 23° 4'27.12"N, 

113°28'13.08"E) and was kindly collected and provided by Pengfei Hou and Meixun Zhao of 

the Ocean University of China in Qingdao. All samples were wet-sieved in ethanol to recover 

<20 µm fractions. In case of vermiculite and muscovite, prior to sieving, these were carefully 

crushed and ground in ethanol using an agate mortar and pestle to produce fine fractions. 

Sieved <20 µm fraction were then dried in porcelain bowls at 65°C overnight awaiting further 

processing. 

 

Sample preparation 

In order to measure mineral surface area of natural mineral matrices, organic matter, 

which imparts its own effect on mineral surface area (Chiou et al., 1990), is commonly 

removed, which may lead to increases or decreases in measured surface area depending on 

the nature of the specific sample (Mayer, 1994). While organic matter removal by wet 

chemical oxidation has been popular in earlier, “classic” studies where the analysts used 

hydrogen peroxide (Keil et al., 1994; Kennedy et al., 2002; Mayer, 1994; Ransom et al., 1998) 

or sodium hypochlorite (Kennedy and Wagner, 2011), more recent studies have used a 

thermal-based approach where organic matter is removed at 300°C (Keil and Cowie, 1999), 

350°C (Bao et al., 2016; Coppola et al., 2007; Leithold et al., 2005; Sobek et al., 2009; Wakeham 

et al., 2009), 400°C (Arnarson and Keil, 2000) or even 450°C (Freymond et al., 2018). The choice 

of temperature is quite tricky as there is a trade-off between effects of structural changes 

(especially for iron oxyhydroxides) (Kaiser and Guggenberger, 2003) and quantitative removal 

of thermally recalcitrant organic matter (Freymond et al., 2018). 
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In a return to the approach of the “classic” studies, the analyst chose to use the wet 

chemical oxidation technique using sodium persulfate buffered with sodium bicarbonate. This 

effectiveness for organic matter removal and procedures for method has been reported 

previously (Meier and Menegatti, 1997) along with a detailed analysis of effect of the 

treatment on mineralogy, surface area, cation exchange capacity, and other mineral 

parameters concluding that the treatment is conservative and does not destroy or alter 

minerals or their properties (Menegatti et al., 1999). However, care has to be taken to avoid 

precipitation of calcite after the reaction (Eusterhues et al., 2005). In brief, per gram of sample 

material, 5 g of sodium persulfate (Na2S2O8) and 5.5 g of sodium bicarbonate (NaHCO3) are 

added to approximately 200 ml of deionized water within which the sample material had 

previously been dispersed using an ultrasonication probe for 3 minutes. The opening of the 

beaker or flask is covered with a watch glass and a hot plate brings the dispersed sample to 

near boiling within approximately 20 minutes while stirring with a magnetic flea. Oxidant and 

buffer are checked with potassium iodide starch indicator paper and pH strips to ensure that 

the reaction is working under the desired conditions (Lorenz Meier, personal communication). 

After 1 hour, the sample is removed from the hotplate and allowed to cool for 10-20 minutes, 

after which the sample material is transferred to centrifuge tubes and washed twice to remove 

unused oxidant and dissolved salts. This wet chemical method invites a direct follow-up cation 

exchange procedure to take place, which must be done aqueously anyways. 

After treatment with sodium persulfate, minerals are (at least partly) exchanged with 

sodium (Menegatti et al., 1999). Here, this (partial) cation exchange is augmented with two 

additional sodium exchange steps with sodium chloride solutions at or near saturation, to 

push the equilibrium of adsorbed cations towards complete exchange with sodium (Steudel 

and Emmerich, 2013). After the first sodium exchange step, the sample was washed only once 

before fresh sodium chloride was added. It is well-known that smectite in its sodium-

exchanged state tends to behave increasingly colloidal in solutions with decreasing ionic 

strength rather than as a sinking particle, which is a property useful in its isolation from 

complex mineral mixtures for purposes of X-ray diffraction analysis (Gibbs, 1967) and for 

smectite quantification (Buzágh and Szepesi, 1954). Given this process, it is important to bear 

in mind that some sodium-smectite is lost during successive washing steps by centrifugation. 

For the purpose of this study, this loss was taken into account, as after washing, the sample 

was dried, crushed and split in half by using paper on a flat surface. One half was used for 
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investigation of mineral properties and the other half was used for subsequent calcium 

exchange. Calcium exchange was carried out in two steps, each adding 20 g of calcium chloride 

dihydrate to each sample followed by washing by centrifugation (after the first calcium 

exchange step, the sample was washed only once before fresh calcium chloride was added). 

In the case of calcium-exchanged clays, colloidal behavior is less prevalent allowing the 

quantitative transition from one homoionic form to the other while quantitatively preserving 

the mineral composition of the sample relative to the sodium-exchanged sample. This 

assertion is later tested by comparing the X-ray diffraction patterns of both homoionic forms. 

The goal of this approach allows the comparison between sodium and calcium-saturated 

mineral matrices of otherwise mineralogically identical samples. 
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Figure 2: Overview of sample preparation method and sequence of analyses. 
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Measurements 

For water-based surface area measurements 3-point desorption isotherms were used 

to calculate surface areas using the BET theory (Brunauer et al., 1938; Madsen and Kahr, 1992; 

Orchiston, 1953). Using desorption isotherms is recommended due to effects of hysteresis 

and the inability to retrace adsorption isotherms (Thomas, 1924). In contrast, desorption 

isotherms are much more reproducible (Mooney et al., 1952; van Olphen, 1970). At room 

temperature, the relative humidities used for these isotherms were 33.1%, 23.2%, and 11.1% 

relative humidity, which were established in a desiccator in the presence of corresponding the 

saturated salt solutions MgCl2, CH3COOK (potassium acetate), and LiCl (Arai et al., 1976). 

Additionally, these saturated salt solutions were chosen because their equilibrium relative 

humidities are insensitive to changes in the range of typical room temperatures (Arai et al., 

1976). Prior to starting the desorption isotherm, samples were equilibrated at 75% relative 

humidity to measure the surface area following the Keeling hygroscopicity method (Keeling et 

al., 1980). To facilitate quicker equilibration, advection of air mass in the desiccator was 

promoted with a small propeller. To monitor relative humidity, a hygrometer (testo 608-H2; 

product number 0560 6082; dynamic measuring range 2-98% relative humidity) was placed in 

the desiccator to ensure that the desiccator was tight, and that relative humidity was at the 

theoretically expected value. Water adsorption was measured gravimetrically using a Mettler 

Toledo AB54-S/FACT balance (0.1 mg precision) every 1-2 weeks and repeated at least once 

for each isotherm point, to ensure complete equilibration. Contributions of water adsorption 

on empty glass vials were subtracted from sample measurements prior to calculation of 

surface area with the BET equation to remove background water adsorption on the sample 

vials. Here, the surface area covered per water molecule was assumed as 10.8 Å2, which is the 

theoretical area that an average water occupies when they are hexagonally packed across a 

surface (Foster, 1948). Error bar estimation was conducted using a Monte Carlo (20,000 

iterations) approach by assuming a normally distributed one-sigma error of 0.5 mg on all mass 

measurements and by assuming a normally distributed one-sigma deviation of 0.5% from the 

theoretical relative humidity projected of each saturated salt solution. 

Nitrogen-based BET surface areas were measured on 5-point adsorption isotherms at 

p/p0 values of 0.0500, 0.1125, 0.1750, 0.2375, and 0.3000 assuming a cross-sectional area of 

16.2 Å2 per molecule of N2, which is the most commonly assumed value in literature. The 

measurement device used was a Quantachrome NOVA 4000e preceded by degassing using a 
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Quantachrome FLOVAC degasser at 150°C under vacuum overnight. Surface area was 

normalized to degassed sediment masses. Measured surface area was within error of 

consensus values of reference materials supplied by Quantachrome (catalog numbers 2007 

(Alumina) and 2009 (82% aluminum oxide, 18% silicon oxide)). After surface area 

measurement, samples were pulverized using a miniature planetary ball mill (Fritsch 

Pulverisette 23) for 3 minutes at an oscillation frequency of 50Hz with 3 balls. The powdered 

sample was tapped using a razor blade into sample holders for measurement of X-ray 

diffraction patterns on randomly oriented powder specimens for quantitative X-ray diffraction 

analysis (Bish and Plötze, 2011). X-ray diffraction measurements were carried out on Bruker 

D8 Advance using Co-Kα radiation equipped with a Lynxeye detector measuring from 4 to 80° 

2Θ in 0.02° 2Θ steps of 2 seconds each (internal instrument control file 

4_80_2s_002_v15.bsml). Quantitative mineral content was calculated using Rietveld 

refinement using BGMN (Bergmann et al., 1996) using the Profex graphical user interface 

(Doebelin and Kleeberg, 2015). 
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Results 

Table 1: Sample information with measured surface area quantitites and an overview of 

basal distances for montmorillonite and vermiculite. Due to overlapping and broad peaks in 

X-ray diffraction patterns, basal spacings in samples LZ31TB and PO3 were difficult to obtain. 
*) Measured basal distances after rehydration of sample at 75% relative humidity for 40 days 

**) Bimodal basal distance (expressed by dual 001 peaks in the diffraction patter) after partial rehydration of vermiculite 

after sample exposed to 75% relative humidity for 40 days. The smaller basal distance remained the same. 

Sample name Description 
Surface area 

N2 (H2O) 
Na-form 

Surface area 
N2 (H2O) 
Ca-form 

(001) Basal 
spacing [Å] 

Na-form 

(001) Basal 
spacing [Å] 

Ca-form 

Illit Le Puy-en-
Velay 

Illite 
(ClayLab; France) 82 (190±14) 81 (172±8) - - 

B18/4 1972 
Beidellite 

(ClayLab; from G. 
Lagaly) 

20 (510±11) 24 (897±39) 12.4 15.0 

SHCa1 Hectorite 
(CMS) 18 (119±14) 16 (94±7) ̴14 ̴11.5 

Kga-2 Kaolin 
(CMS) 21 (31±4) 22 (35±2) - - 

Swy-1 Montmorillonite 
(CMS) 23 (n.a.) 24 (671±59) 10.4 

(12.1)* 12.5 (15)* 

Saz-1 Montmorillonite 
(CMS) 75 (586±14) 76 (753±17) 12.1 15.1 

Santa Olalla 
Vermiculite 

Vermiculite 
(ClayLab; Spain) 25 (372±7) 29 (n.a.) 13.8 

(14.5)** 14.5 

Glimmer Aspang Muscovite 
(ClayLab; Austria) 17 (46±2) 14 (49±2) - - 

CCa-2 Chlorite 
(Ripidolite, CMS) 20 (31±3) 21 (35±5) - - 

Kga-1 Kaolin 
(CMS) 10 (n.a.) 9 (27±4) - - 

LZ31TB Sediment 
(Cagayan River) 31 (179±7) 31 (234±10) 12.6(?) 14.7 

Shuangyuan Sediment 
(Gaoping River) 8 (21±2) 8 (19±2) - - 

PO3 Sediment 
(Pearl River) 27 (87±2) 26 (98±4) ̴11.3(?) ̴14.2(?) 

 

Figure 3 shows representative H2O BET plots for different samples from which BET H2O 

surface area was calculated. For three samples the measurement was considered a failure as 

in these cases R2<0.9 (Swy-1 Na, Santa Olalla Vermiculite Ca, Kga-1 Na). For all other samples 

R2>0.9 and the calculated C-constants in the BET equation were positive. It is not known why 
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these three samples showed anomalous adsorption behavior across the monolayer relative 

humidity BET range. 

 

 
Figure 3: Representative BET plots for desorption isotherms for calculating water-based BET 

surface area. 

 

Samples with significantly different measured BET H2O surface areas between sodium 

and calcium homoionic samples included B18/4 1972, SHCa1, Saz-1, LZ31TB, and PO3. These 

are all montmorillonites or contain montmorillonite. Other minerals such as kaolinite, mica, 

and chlorite, and the smectite-poor river sediment from site Shuangyuan all show no 

significant differences in their BET H2O surface areas. Shuangyuan contains only trace amounts 

of smectite, as expected from its geological context (Liu et al., 2008). Nitrogen-based BET 

surface areas showed very similar values between sodium and calcium exchanged samples 

and are considered here to be within operational error of each other (e.g. Quantachrome 

reference material “2009” with a consensus surface area of 31.18 m2/g reports a 95% 

reproducibility limit of ±4.21 m2/g). 
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Figure 4: Left: comparison between H2O BET surface area measurements of sodium (y-axis) 

and calcium (x-axis) exchanged forms. Right: Nitrogen-based BET surface area measurements 

of sodium (y-axis) versus calcium (x-axis) exchanged samples. See table 1 for raw data. 

 

Sample X-ray diffraction patterns are shown in Figures 5-7. For samples without 

montmorillonite or vermiculite, no significant changes in X-ray diffraction patterns are evident 

with nearly complete overlap. Furthermore, wherever mineral structure files were available 

and diffraction pattern fitting was successful, a comparison of mineral quantities between 

sodium and calcium-exchanged forms was assessed using Rietveld refinement showed 

mineral quantities are very similar (within a few weight percent). The difference in basal 

spacing between sodium and calcium exchanged samples is evident for samples containing 

expandable phyllosilicates, which is consistent with a change in interlayer cation. These basal 

spacings were lower than expected in several cases. However, this problem is attributed to 

dehydration after degassing and measurement of nitrogen adsorption isotherms. After the 

samples were removed from the BET measurement cells, the samples were not given 

sufficient atmospheric exposure to allow a rehydration of the interlayer space prior to X-ray 

diffraction analysis. 
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Figure 5: Sample PO3 with quartz peak positions marked in green. The strong overlap between 

the diffraction patterns is typical for all samples without montmorillonite and vermiculite. 

 

 

Figure 6: Sample Saz-1 with calcite peak positions marked in green. The greater basal spacing 

for the calcium exchanged form (black) than that of the sodium exchanged form (red) is 

consistent with and expected from the different cationic state. 
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Figure 7: Sample LZ31TB showing a complex mixture of detrital mineral species (including 

quartz with positions marked in green) along with a change in the basal spacing of smectite 

between calcium (black) and sodium (red) exchanged forms. 

 

Discussion 

To the best of the writer’s knowledge, this is the first study that reports BET H2O 

surface areas of smectite, which is within the range of theoretically expected total mineral 

surface areas based on its theoretical unit cell parameters, in the range of 760-810 m2/g 

(Brindley, 1966). Here, 753±17 m2/g is reported for calcium-exchanged Saz-1 smectite. While 

previous workers have sometimes attributed the discrepancy between theoretical total 

mineral surface area and actual measured BET H2O surface area to a monolayer coverage of 

water in the interlayer (Mooney et al., 1952), it is presumed that the long equilibration times 

used here allowed water enough time to penetrate/escape and (de)hydrate and equilibrate 

with interlayer spaces. In conjunction with using desorption isotherms, this presumably 

favored the establishment of a water di-layer in the interlayer spaces of calcium-exchanged 

smectite, thus retrieving a full measure of the “internal” surface area. Other workers have 

typically used much shorter equilibration times encompassing tens of hours (Arthur et al., 

2014) to hundreds of hours (Keenan et al., 1951; Likos and Lu, 2002; Madsen and Kahr, 1992) 

for obtaining multi-point isotherms. In this study, isotherms were measured over time periods 
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well in excess of 1000 hours (2-3 months). The extended amount of time may have allowed 

interlayer-positioned water sufficient time for equilibrating with the ambient relative 

humidity, allowing for a more complete state of equilibrium along the desorption isotherms 

used here for calculating H2O BET surface area. 

The differences between water-based BET surface areas between calcium and sodium-

exchanged forms comes as no surprise, as water molecules cluster around cations and show 

different organization as a result of the type of cations present (Ferrage, 2016; Ferrage et al., 

2005). Differences in water sorption isotherms have long been measured for phyllosilicates 

that have been exchanged with different cations (Keenan et al., 1951; Orchiston, 1955a; 

Tarasevich et al., 1968), with recent work proposing that water sorption isotherms can be 

normalized to cation exchange capacity in order to remove the effect of the cation species 

present (Woodruff and Revil, 2011). Total mineral surface area measurements are clearly 

effected by interlayer cation, including the commonly used alternative ethylene glycol 

monoethyl ether adsorption method (Chiou and Rutherford, 1997). Other workers have 

suggested using calcium exchanged materials for total mineral surface area quantification 

(Heilman et al., 1965; Keeling et al., 1980; Kennedy and Wagner, 2011; Orchiston, 1959a), an 

opinion seconded by the writer here due to the agreement between measured and theoretical 

smectite surface area and ease of sample preparation avoiding loss of colloidal smectite during 

washing. 

A clear difference in nitrogen-based BET surface areas between sodium and calcium-

exchanged samples was also expected, due to differences in basal spacing, which affects 

nitrogen accessibility along clay mineral edges along with microstructural and porosity 

changes as discussed in the introduction. Surprisingly however, calcium and sodium-

exchanged forms showed very similar measured mineral surface areas deemed here to be 

within operation error of each other, which stands in contrast to previously reported literature. 

The success of the cation exchange process is apparent from the change in basal spacing. Then 

why should these surface area values remain the same? Here, two influences are hypothesized 

to play a role. 

Firstly, the sequence of preparation steps first involve the sodium exchange of all 

sample material followed by washing, which results in the loss of colloidal (especially smectitic) 

material. The sample material analyzed is thus base-lined by this inevitable material loss 

making both homoinic forms mineralogically identical. In the literature, homoionization 
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procedures are usually not discussed in detail and initial sample material does not undergo 

sequential homoionization. This means that segregation effects, especially of alkali-exchanged 

mineral matrices, relative to initial sample material may result in a shift in mineralogical 

composition relative to initial sample material. Such effects are presumably less important for 

earth alkali-exchanged mineral matrices, as flocculation favors more quantitative recovery of 

sample material. Ultimately however, the X-ray powder diffraction patterns measured here 

provide independent control that the calcium-exchange procedure had no effect on 

mineralogical composition. This control is usually not carried out in other studies. 

Secondly, the drying technique chosen here involves the drying of washed samples in 

wide, smooth-surface porcelain bowls. Upon recovery of dried sample material using soft-

tipped plastic spatulas, it is apparent the preferential orientation of phyllosilicates along their 

basal planes occurs. Particularly smectites showed strong cohesion along extensive lateral 

surfaces (mm-cm in scale), which stubbornly resisted pulverization using mortar and pestle 

and even a miniature planetary ball mill. Despite apparent destruction of such structures 

discernable to the naked-eye, it is presumed that these structures persist on sub-millimeter 

scales. It is perhaps this sort of microstructure which leads to diminished importance in 

nitrogen-accessible phyllosilicate edges allowing the expression of the phyllosilicate faces to 

dominate the nitrogen-measured surface area. This basal plane area could be affected by 

differences in stacking, but here it seems that the change in edge-accessible area is swamped 

by the effect of the dominating expression of the phyllosilicate basal plane area. It is surmised 

that other drying techniques (e.g. shock freezing in liquid nitrogen followed by freeze drying) 

may lead to very different expressions of mineral surfaces accessible to nitrogen as a function 

of the microstructural arrangement of the mineral grains. 

 

Concluding remarks 

While the analyst initially sought to bridge and understand changes in mineral surface 

projected to occur across freshwater-seawater transitions, the procedure here produces 

calcium and sodium-exchanged mineral matrices, which are mineralogically identical and 

exhibit identical nitrogen-based mineral surface areas. The procedure here seems to produce 

sample material with a nitrogen BET surface area, which is independent of simulated marine 

or freshwater state and may provide a stepping stone towards unbiased comparison of 

mineral surface area across salinity and ion chemical gradients in the environment (c.f. Fig. 1). 
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Such comparisons would be useful to revisit organic matter loss-and-replacement hypotheses 

across land-ocean transitions (Keil et al., 1997) and test these with a sample preparation 

method, which conservatively transforms nitrogen-based mineral surface area between 

sodium and calcium-exchanged states. 
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5.2 Water sorption-based surface area of environmental mineral matrices: A century of 

research in progress 

 

Abstract 

In an effort to quantify total mineral surface area, water adsorption behavior on clays, 

sediments, soils, and related geomaterials has been studied for a century. While mineral 

surface area quantification using nitrogen has become widespread using the BET approach, 

water-based surface area measurements are not widely used. To date, interlaboratory 

comparison of results using water-based methods for mineral surface area quantification are 

hampered by disparate methodologies for conducting measurements. However, water is 

arguably the most common adsorbate in many natural systems and may penetrate interlayer 

spaces of expandable phyllosilicates to quantify total mineral surface area, providing a 

complementary approach to nitrogen adsorption. In order to shed light on these differences, 

a short review and intercomparison of water and nitrogen-based BET surface areas for 

environmental mineral matrices is presented. Mineral surface area still faces basic questions 

regarding the exact meaning of their measured quantities. Additionally, a bridge between 

nitrogen and water-based BET mineral surface area, traditionally interpreted as measures of 

external and total mineral surface area, is still being sought. 

 

Introduction 

Mineral surface area is a fundamental parameter important for a wide range of fields 

and disciplines. To name a few examples, it is related to soil water retention (Arthur et al., 

2013), chemical weathering rates of minerals (Hodson et al., 1998), uptake of pollutants (Feng 

et al., 2006), geotechnical studies (Stengele and Plötze, 2000; Zumsteg et al., 2013), mineral 

reactivity (Delmelle et al., 2005), and studies of organic matter-mineral interactions (Hedges 

and Keil, 1995). 

In carbon cycle studies, mineral surface area plays a fundamental role in governing the 

adsorption of organic matter (Feng et al., 2005) and thereby protecting organic matter from 

microbial decay (Pinck and Allison, 1951) and oxidative stress (Coppola et al., 2007). These 

organic matter-mineral interactions take place in soils (Beutelspacher, 1955) and play a key 

role in the stabililzation of organic matter in recent sediments (Blair and Aller, 2012) and exert 
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strong control over the amount of organic matter preserved in geological sedimentary 

archives (Kennedy and Wagner, 2011). 

Most commonly, mineral surface area is measured using nitrogen adsorption following 

the theory of Brunauer, Emmet, and Teller (BET) (Brunauer et al., 1938). In a simplified sense, 

nitrogen is commonly considered to represent “external” mineral surface area (Farrar, 1963), 

which means that the area of interlayer spaces is not measured. However, this is not entirely 

true, as nitrogen can partly penetrate this space along the edges (Kaufhold et al., 2010) and 

may even fully enter if exchanged with suitable cations that “pillar” the interlayer opening 

wide enough (Thomas and Bohor, 1968). Other surface area measurement methods that 

employ polar compounds such as ethylene glycol monoethlyl ether (Cihacek and Bremner, 

1979; Kennedy et al., 2002; Środoń and McCarty, 2008) and water (Kraehenbuehl et al., 1987; 

Madsen and Kahr, 1992; Środoń and McCarty, 2008; Tuller and Or, 2005) are considered to 

provide a measure of the total mineral surface area, as they fully penetrate the interlayer 

space. Some literature suggests that the mineral surface areas obtained with water and 

ethylene glycol monoethlyl ether should be comparable or show strong correlation (Akin and 

Likos, 2014; Arthur et al., 2013; de Jong, 1999; Keeling et al., 1980; Newman, 1983), while 

others report that this isn’t the case (Churchman et al., 1991; Grismer, 1987b). The discussion 

of external versus internal versus total surface area is longstanding and many different 

approaches and ideas have been devised with no consensus reached in the literature. In earth 

sciences, the question of internal versus external surface area is relevant because of where 

organic matter is adsorbed. It is sometimes assumed that interlayer adsorbed organic matter 

is afforded highest protection from degradation (Theng et al., 1992) and organic matter 

adsorption in interlayer spaces under anoxic conditions has been invoked as the mechanism 

for organic carbon burial during supercarbon deposition events in the Cretaceous (Kennedy et 

al., 2002; Kennedy and Wagner, 2011). Discriminating between and quantifying these surface 

types will help assess if and how important intercalation is as a process in nature, not only for 

organic matter, but other natural and anthropogenic adsorbates as well. Here, a focus is lain 

on water-based surface area measurements. Data is compiled from the literature together 

with newly generated results comparing water and nitrogen-based surface areas in an effort 

to bridge our understanding between the surface areas measured with these two very 

different adsorbates. 
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A short review 

Single point-based approaches using water-vapor adsorption 

Perhaps the earliest work discussing water adsorption data with the objective to 

quantify mineral surface area came from a doctoral student under the auspices of Eilhard 

Mitscherlich (Scheeffer, 1909). Franz Scheeffer (1909) contrasted the adsorption behavior of 

water, carbon tetrachloride (CCl4), and chloroform (CHCl3), with the former providing a 

measure of total mineral surface area and the latter two providing a measure surmised to 

represent the external mineral surface area. This measure was criticized as the surface areas 

were considered unrealistically large. Instead of having a monomolecular coating of water, it 

was argued that the partial pressure of water investigated by Scheeffer (1909) formed 10 

(Ehrenburg, 1914) or even 100-400 (Bageler-Königsberg, 1912) layers of water on the 

investigated soils. Despite a shifting consensus, Mitscherlich continued to use high relative 

humidity (RH) to measure surface area (Mitscherlich, 1927). This was supported by a later 

assessment estimating the 1.2 water layers adsorbed at 0.955 RH (Behrens, 1935). Paul 

Ehrenburg (1914) provided the first conversion factors for directly relating the mass of 

adsorbed water to surface area of 3.5 m2/mg and 4.08 m2/mg. In the 1920s, the first extensive 

measurements of water adsorption isotherms were carried out. A variety of effects were 

observed and inferred from these data including (i) importance of particle contacts where 

wedge-shaped water may precipitate (i.e. capillary condensation) (Thomas, 1921), (ii) organic 

matter interference on mineral surface area measurement (Thomas, 1921), (iii) hysteresis of 

adsorption and desorption isotherms (Puri et al., 1925; Thomas, 1924), and (iv) water 

adsorption was observed to exhibit minor sensitivity in the 16-40 °C temperature range 

for >0.40 RH (Puri et al., 1925). In addition, Puri et al. (1925) also remark on the strong effect 

of “disintegrative” sample pretreatments on the adsorption behavior including washing with 

distilled water, hydrochloric acid, hydrogen peroxide or sulfuric acid treatment. 

Upon development of the BET theory, a more sophisticated understanding entered the 

awareness of researchers aiming to find the RH at which monolayer coverage would occur. 

Based on water isotherms of untreated soils following the BET theory, 0.21 RH was suggested 

as the partial pressure at which monolayer coverage occurs (Orchiston, 1953). Following 

observations that water adsorption strongly depends on exchanged cation, cationic specific 

RH for monolayer equivalent were assessed at 0.158, 0.172, 0.204, 0.292, and 0.336 for 

magnesium, calcium, hydrogen, sodium, and potassium-exchanged montmorillonite, 



  125 

respectively (Orchiston, 1955a). In a much-cited contribution, it was recommended using 0.20 

RH for an approximation for monolayer adsorption of water for calcium exchanged soils or 

clay (Quirk, 1955).  

Parallel to these developments, it was found that calcium-exchanged kaolinites and 

illites showed correlations in their nitrogen-based BET surface areas and water adsorption at 

0.75 RH (Keeling, 1958; Keeling, 1961). At this relative humidity, Keeling (1961) argues that 4 

layers of water are adsorbed in order to explain the amount of water adsorbed in relation to 

the nitrogen-based surface area. Surface areas of calcium-exchanged smectites showed best 

correlation with ethylene monoethyl ether based surface areas at 0.75 RH (Keeling et al., 

1980). Instead of trying to equilibrate sample material at a RH where monolayer adsorption 

allegedly takes place, Keeling (1961) and Keeling et al. (1980) knowingly relate multilayer 

adsorbed water content to surface area. 

In later decades, no literature consensus was reached on the best relative humidity for 

quantifying mineral surface area using a single point method. Much of the literature has 

focused on using single point measurements in the range of 0.19-0.21 RH following the notion 

that this represents the RH of monolayer coverage according to the BET theory (Arthur et al., 

2013; Quirk and Murray, 1999). The following other single point RH values have been reported 

useful for quantifying surface area: 0.331 RH (Akin and Likos, 2016), 0.47 RH (Newman, 1983; 

Środoń and McCarty, 2008), 0.53 RH (Puri and Murari, 1964), 0.75 RH (Kahr and Madsen, 1996; 

Madsen and Kahr, 1992), and even 1.00 RH (Butenuth et al., 2004; Grismer, 1987a; Grismer, 

1987b). The chosen conversion factors relating the amount of adsorbed water to surface area 

are also quite variable 3.31 m2/mg (Kahr and Madsen, 1996), 3.5 m2/mg (Newman, 1983), 3.6 

m2/mg (equivalent to 10.8 Å2 per water molecule) (Arthur et al., 2013; Farrar, 1963; Puri and 

Murari, 1964; Quirk, 1955), and 6.0 m2/mg (Butenuth et al., 2004). 

 

BET approach with water vapor 

The BET theory relates the adsorption behavior of gases on surfaces across the 

monolayer-range of the partial pressure of the respective gas and converts this value to 

surface area (Brunauer et al., 1938). The application of the BET theory with water as adsorbate 

has been controversial from the beginning. Harkins (1952, p. 230-231), who was, perhaps not 

surprisingly, a critic of the BET approach and a proponent of the Harkins-Jura approach for 

surface area measurement, conceded that the BET method did succeed in providing a good 
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measure of surface area using nitrogen (see also Harkins and Jura, 1944). However, he went 

on to highlight the false physical assumptions upon which the BET theory is built, including: (i) 

the lateral interaction between molecules in the first layer can be neglected, (ii) the lateral 

interactions in the other layers can also be neglected, (iii) inhomogeneities in the surface of 

the solid have a negligible effect, (iv) the energy of interaction of the second layer with the 

material underneath it does not differ from that of the nth layer with the n-1th layer where n 

is large, (v) the surface energy of the film can be neglected, and (vi) the energy of adsorption 

in a layer is independent of the amount already adsorbed in that layer (with point vi proven 

by Harkins and Jura using water as adsorbate). However, despite these fundamental concerns, 

the BET theory is applied and has become the most widely used operational approach using 

mostly nitrogen as adsorbate for determining surface area of solids. On the other hand, water, 

a polar compound, interacts with other water molecules and the charged surfaces of minerals. 

Specifically, problems include, (i) the uncertainty in the molecular area of physically adsorbed 

water, (ii) interaction between polar and ionic surfaces is far greater than between nonpolar 

and ionic surfaces, and (iii) the orientation of water ions with respect to the adsorbent surface 

and as such the packing of the water molecules depending on the underlying structure of the 

surface (Brunauer et al., 1956). An additional complication includes operationally 

distinguishing between physically adsorbed and structural water (Brunauer et al., 1956). Teller, 

the “T” in the BET (1938) research team, is reported to have been of the opinion that the BET 

theory is not valid for polar molecules such as alcohols and water (Harkins, 1952; p. 234).  

Despite much justified critique against the usage of water as adsorbate, using water 

does have its merits and also a prominent user of the water-based BET approach, namely the 

“B” in the BET, Stephen Brunauer (Brunauer et al., 1959). The BET-based water vapor 

adsorption approach was championed early on by Hector Orchiston, who published extensive 

datasets on various soils and phyllosilicates with various pre-treatment procedures (Orchiston, 

1953; Orchiston, 1954; Orchiston, 1955a; Orchiston, 1955b; Orchiston, 1959a; Orchiston, 

1959b; Orchiston, 1959c). In environmental studies, water is virtually omnipresent and 

represents a real adsorbate interacting with minerals surfaces in the environment. Water is 

also able to access surface area inaccessible or only poorly accessible to nitrogen (Brunauer et 

al., 1959; van Olphen, 1970). Its adsorption behavior and relevance to many natural and 

geotechnical studies makes water an interesting candidate for retrieving a measure of “active” 

or “natural adsorbate-accessible” mineral surface area. 
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Results and discussion 

Due to the large interlaboratory differences in acquiring single point water-based 

surface area measurements, the study focuses on comparing water and nitrogen-based 

surface areas using multiple point BET measurements. This allows the comparison of large 

datasets with a well-defined data interpretation approach. The compiled data focuses on 

measurements of “geo-materials” such as soils, “clays”, sediments, various mono-mineralic 

species, and other complex organo-mineral matrices. Unfortunately, reporting of errors is not 

“traditional” in reporting of surface area data, and no attempt is made at assigning errors here 

(see Chapter 5.1 for error assignment). Between different datasets, there are large differences 

in methodology and interpretation including (1) differences in sample pre-treatment, if any 

were carried out at all, (2) differences in drying approach (i.e. obtaining dry-weight before or 

after measuring sorption isotherms, drying temperature, etc.), (3) the usage of adsorption 

versus desorption isotherms, (4) the number of isotherm points used for calculating the BET 

surface area, and (5) the assignment of the area occupied by one molecule of water. In many 

instances, this information is not sufficiently reported, and it is thus impossible to “correct” 

previously published data to improve the comparison. Optimistically assuming however, that 

all analysts chose the method and data processing approach best-suited to quantify the 

surface area of their sample material, we proceed with a comparison of reported data, which 

is summarized in Figure 8. 
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Figure 8: On previous page. Comparison of H2O and N2 BET surface area reported in various 

studies compiled by the writer. The lines show the 1:1 (black), 1:4 (blue), 1:10 (orange), 1:100 

(grey), and 1:1000 (yellow) ratio between N2 BET surface area: H2O BET surface area. 

 

In the majority of cases, it is evident that the BETH2O ≥ BETN2. There are a few cases 

where BETH2O < BETN2, which can be the case for phyllosilicates with extensively modified 

surfaces and interlayer spaces (Zhang et al., 2015) or other synthetic surfaces (e.g. silica gel), 

which do not resemble natural materials (Raoof et al., 1998). These material types are not 

addressed further here. In a few cases, BETH2O greatly exceeds that of BETN2, with BETH2O ≈ 

1000 x BETN2. This is the case for coal (Huang et al., 2014), peat/muck (Sokołowska et al., 2004), 

and certain kinds of vermiculite (Sokołowska, 2011). The previous two cases highlight the 

effect that organic matter can have on water and nitrogen adsorption, which highlight the 

need to remove this interference if “mineral” surface area is the subject of interest. Cases 

where BETH2O ≈ BETN2 (see Fig. 9) pertains to minerals such as TiO2 (Anderson, 1946; Gans et 

al., 1942), goethite, hematite, anatase (Jurinak, 1964), attapulgite (Chessick and Zettlemoyer, 

1956), and hydroxylapatite (Rootare and Craig, 1977). In these cases, sample treatment (e.g 

thermal) does not seem play a major role (Jurinak, 1964). Cases of natural matrices where 

BETH2O ≈ BETN2 has been reported include glacial till (Kellomäki and Nieminen, 1984) and 

Indian soils (Sridharan and Venkatappa Rao, 1972). In both of these cases, low contents or the 

absence of organic matter and expanding clay minerals are assumed by the writer. For certain 

minerals, BETH2O ≈ BETN2 applies in some cases, and in other cases sometimes BETH2O > BETN2, 

which is the case for example for illite (Weissmahr et al., 1998) and kaolinite (Aringhieri et al., 

1992). 

 



  130 

 

Figure 9: Studies reporting minerals or mineral matrices with BET H2O surface area ≈ BET N2 

surface area. 

 

In all reported cases, BET H2O surface area >> BET N2 surface area applies for all 

measurements of montmorillonite (Iwata et al., 1989; Mooney et al., 1952; Weissmahr et al., 

1998). However, in all literature reported smectite BETH2O data, the surface area is < 600 m2/g, 

which stands in contrast to the theoretical total surface area of smectite of 760-810 m2/g 

(Brindley, 1966; Dyal and Hendricks, 1950). In contrast to multipoint water vapor BET methods, 

smectite surface areas within this theoretical range are achieved using single point methods 

(Środoń and McCarty, 2008). One of the merits in using water-based surface area is its ability 

to penetrate and provide a measure for interlamellar surface area. However, one of the issues 

with regards to water-based surface area measurements using the BET approach resides in 

the discrepancy between measured and theoretical surface area of montmorillonite, with the 

measured water-based surface area approximately half of its theoretical value. In light of this, 

interpretations have generally resorted to explaining this by assuming that only one layer of 

water is contained in the interlayer and as such the interlayer surface area is only counted half 
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(Mooney et al., 1952). It should be noted however that using the preparation approach 

described previously (Chapter 5.1), surface areas for smectites are greater than any previously 

reported values for BET H2O surface area and even fall within the bracket of theoretical values. 

For illite and kaolinite, BET H2O surface area and BET N2 surface area tend to be relatively close 

consistent with the general idea that nitrogen can access a great part of the mineral surface 

area. However, for specific kaolinite and illite samples, BET H2O surface area returns notably 

larger surface areas suggesting that additional effects are at play. 

 

 

Figure 10: BET surface areas of common phyllosilicates including montmorillonite (Call, 1957; 

Farrar, 1963; Iwata et al., 1989; Johansen and Dunning, 1957; Madsen and Kahr, 1992; Mikhail 

et al., 1978; Mooney et al., 1952; Weissmahr et al., 1998), illite (Farrar, 1963; Johansen and 

Dunning, 1957; Madsen and Kahr, 1992), and kaolinite (Aringhieri et al., 1992; Farrar, 1963; 

Iwata et al., 1989; Johansen and Dunning, 1957; Madsen and Kahr, 1992; Ormsby and Shartsis, 

1960; Pennell et al., 1992; Quirk, 1955; Rhue et al., 1988; Weissmahr et al., 1998) alongside 

data generated in this study. 
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A great number of environmental mineral matrices represented by soils and sediments 

show BET H2O surface area values, which are between one to ten times higher than BET N2 

surface area. These materials likely tend to be lean in organic matter owing either to removal 

of organic matter by wet chemical oxidation (this study), natural oxidation processes 

(Slabaugh and Stump, 1964), and leaching (Sokołowska and Sokołowski, 1989) or because they 

do not initially contain organics such as is the case for volcanic ash (Delmelle et al., 2005). 

While BET H2O and BET N2 surface area both trend with increasing smectite content (see 

Chapter 5.3 Fig. 15), an increased discrepancy between BET H2O and BET N2 surface area 

reflects greater contents in smectite from the Pearl River (Liu et al., 2007) to South China Sea 

suspended sediments (see also Chapter 3) to Luzon (Liu et al., 2009) and Godavari river 

sediments (Usman et al., 2018) show, which must be due to increase contributions of 

interlayer surface area in these increasingly smectite-rich mineral mixtures. 

 

 

Figure 11: Mineral matrices reported in the literature and new data presented in this work with 

BET H2O surface area between 1 and 10 times greater than BET N2 surface area. All data from 

Usman (unpublished), Blattmann (unpublished), and this thesis represent samples treated with 

the wet chemical oxidation approach followed by calcium exchange (see Chapter 5.1). 
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Previous studies have sought to quantify “internal” and “external” mineral surface area 

by sample treatment (e.g. heating to collapse interlayer surface area (Orchiston, 1955b), 

deactivation of smectite swelling (Kaufhold et al., 2011)) or measurements of nitrogen and 

polar adsorbate derived surface area values and using additive algebraic relationships to 

quantitatively separate these surface area contributions (Dyal and Hendricks, 1950; Farrar and 

Coleman, 1967). However, water, in contrast to nitrogen, is an active adsorbate and interacts 

with charged sites of minerals. Water uptake thus correlates with cation exchange capacity 

(Seemann et al., 2017; Woodruff and Revil, 2011). 

 

Concluding remarks 

Despite these complications, the compiled data shows that nitrogen and water-based 

BET measurements quantify a common property, namely mineral surface area. The merit in 

using water includes quantification of interlamellar surfaces and reflects a more “reactive” 

surface area than do nonpolar gases such as nitrogen. Additionally, water is the adsorbate 

most relevant for a variety of environmental, geotechnical, and chemical applications. Over a 

century has passed since the first attempts at quantifying mineral surface area using single 

point water vapor adsorption methods and already eight decades have passed since 

publication of the BET theory. However, basic questions still linger regarding “external” versus 

“internal” surface area. Evidently, there are clear discrepancies between water and nitrogen-

based BET surface area values, which may hold potential to quantitatively disentangle these 

types of mineral surface areas. In order to unlock the full potential of these quantities, more 

basic research is needed to understand what this quantity “mineral surface area” really means. 

Specifically, the influence of microstructure, sample preparation, sorption isotherm 

measurement approach, and mineralogical composition on measured mineral surface area 

needs to be understood. Paul Ehrenburg (1914) asked: “Wie groß ist die Oberfläche eines 

Grammes Erdboden?”2. We still owe this question a straight answer. 

  

                                                           
2 English translation: “How large is the surface area of one gram of earth?” 
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5.3 Observing relationships between mineralogy, mineral surface area, and cation exchange 

capacity of environmental mineral matrices 

 

Abstract 

Mineral properties are important for manifold interactions between mineral surfaces 

and various potential adsorbates in the environment including organic compounds, pollutants, 

and ions. Among the most commonly measured mineral surface properties are mineral 

surface area and cation exchange capacity. Despite tools available to characterize and quantify 

mineral surface properties and mineral composition, works detailing on their relationships in 

complex mineral matrices are lacking. This work seeks to relate mineralogy as determined 

using quantitative X-ray diffraction with the properties of minerals and offers a brief overview 

of observed relationships and raises new questions. 

 

Introduction 

Mineral surface area measurements have seen a long history finding its beginnings in 

the early 20th Century (see Chapter 5.2). Cation exchange capacity finds its origins even earlier, 

in the mid 19th Century (see Carroll, 1959). Carroll (1959) defines ion exchange as: “exchange 

of an ion held by a negative charge near a mineral surface with another that is present in a 

solution in contact with the mineral” and operationally defines cation exchange capacity as: 

“the amount of exchangeable cations, expressed as milliequivalents per gram or per 100 

grams of clay (soil or mineral) determined under experimental conditions at pH 7.” Ion 

exchange depends on mineralogy, replacing ion type, pH, concentration and composition of 

ions in solution, and the type of cations occupying the exchange sites (Carroll, 1959). Both 

mineral surface area and cation exchange capacity deliver a measure of mineral reactivity and 

both measures have been used avidly for characterizing materials in soil science, geotechnical 

applications, petroleum geology, and geochemical studies. See Figure 12 for a schematic 

overview comparing the different mineral surface properties and their measurement 

techniques. 

These bulk surface properties measured on mineral soils and sediments are the 

expression of the mineral fabric combining effects of grain size, microstructure, porosity, and 

mineralogy. Quantitative mineralogical information has been sought from X-ray diffraction 

techniques since the 1930s. Traditionally, studies have extracted semi-quantitative 
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mineralogical information focusing on the relative abundance of phyllosilicates using oriented 

samples (e.g. Griffin et al., 1968). More recently, advances have been made with the 

quantitation of minerals in complex mixtures using Rietveld refinement (Rietveld, 1969) with 

randomly oriented powder samples to extract reliable mineral quantities (Bergmann et al., 

1996; Bish and Plötze, 2011; Kleeberg and Bergmann, 1998). New structure models have 

opened the door to modeling and quantifying increasingly complex phyllosilicates present in 

mineral mixtures (Ufer et al., 2012; Ufer et al., 2008). 

While there is a basic understanding of the properties of individual minerals and their 

properties, the relationship between bulk measured mineral surface properties and 

mineralogy in complex environmental mineral matrices is understudied. This work seeks to 

relate mineralogical composition with measured mineral properties in complex environmental 

mineral matrices, which encompass a suite of fluvial and marine sediments. 

 

 

Figure 12: Simplified representation of measured mineral properties using the methods 

described in the text. From left to right: surface area measurement with nitrogen, surface area 

measurement with water, and cation exchange capacity measurement. In all three 

measurements, there is a different level of accessibility for the adsorbates and exchanged 

cations, based on mineralogical and microstructural effects. 

 

Methods 

Sediment trap samples have been collected and split in procedures described 

elsewhere (Blattmann et al., 2018). Sediments from rivers and river mouths were freeze-dried 

and dry-sieved to <200 µm. All samples were subject to the same organic matter removal 

treatment and calcium exchange followed by surface area measurements as described in 

Chapter 5.1. Samples were prepared for X-ray diffraction using methods and an X-ray 

diffractometer described in Chapters 3 and 5.1. Quantitation of sediment trap sample 
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mineralogy was determined using Autoquan (Kleeberg and Bergmann, 1998) and all other 

samples were assessed using Profex (Doebelin and Kleeberg, 2015), which both use BGMN as 

backend for the Rietveld refinement (Bergmann et al., 1996). Cation exchange capacity was 

measured using the copper-exchange method (Meier and Kahr, 1999) discussed in Chapter 3. 

Due to limitations in sample amount, cation exchange capacity was measured on sediment 

trap samples after X-ray diffraction analysis (i.e. after grinding). For all other samples, cation 

exchange capacity was measured on split aliquots after surface area analysis with the 

remainder used for X-ray diffraction measurement. 
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Figure 13: Relationships between mineral properties with a) comparison of BET surface area 

measurements, b) BET H2O surface area versus cation exchange capacity, and c) BET N2 

surface area versus cation exchange capacity. Lines of area-normalized equal charge density 

plotted in panels b) and c). 
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Results and Discussion 

Mineralogy of the sample set 

X-ray amorphous content is present in all samples ranging from 20-49 wt% averaging 

29±6 wt% (n=89). Calcite is present in almost all samples with a maximum of 24 wt% and 

averaging 8±7 wt%. Hornblende is common in samples from Luzon and are also found in 

suspended sediments in the South China Sea in the proximity to Luzon. They are present in 48 

samples averaging 1.7±1.5 wt% with a maximum of 8 wt%. Magnetite is also particularly 

abundant in Luzon and within its proximity. It is present in 48 samples averaging 1.1±2.7 wt% 

with a maximum content of 14 wt%. Quartz is present in all samples and averages 14±8 wt% 

with a minimum and maximum concentration of 3 and 38 wt%. Smectite is found at least in 

trace amounts in all samples and averages 14±8 wt% with a maximum content of 28 wt%. 

Feldspars (albite, microcline, orthoclase, and andesine) are present in all samples. Their 

summed quantities average 10±5 wt % with a minimum and maximum of 3 and 29 wt%. 

Various other minerals in smaller quantities are present in these samples including aragonite, 

anatase, ankerite, clinoptilolite, dolomite, gibbsite, hematite, laumontite, rutile, pyrite, 

ilmenite, epidote, diopside, and analcime. 

Among the phyllosilicates kaolinite is the least abundant. Present in trace amounts in 

most samples its abundance averages 2.8±1.4 wt% with a maximum concentration of 7 wt%. 

Muscovite is abundant and averages 15±7 wt%. Other micaceous mineral include illite and 

phengite, which average 3±1 wt% and 2±1 wt%, respectively. Chlorite is present in nearly all 

samples, averaging 5±2 wt% with a maximum of 13 wt%. In total, the summed abundance of 

phyllosilicates average 34±10 wt% with a minimum and maximum abundance of 3 and 46%. 

 

Observations and data limitations 

As a general observation, water and nitrogen-based BET surface area values trend 

positively with water BET surface area greater than or equal to nitrogen BET surface area. 

Similarly, cation exchange capacity of phyllosilicates generally increases with increasing 

mineral surface area (Mortland, 1954; Ormsby and Shartsis, 1960; Revil and Leroy, 2004). See 

Figure 13 and compare also with Chapter 5.2. 

Depending on the surface area measurement type to which cation exchange capacity 

is normalized, the charge density is different. For charge densities normalized to water-

sorption measured surface area, there is greater similarity between samples in this diverse 
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sample set. When charge density is normalized to nitrogen-sorption measured surface area, 

there are greater differences. For water-sorption surface normalized quantities, charge 

density in units charge/nm2 average 0.70±0.10 (n=55) for all South China Sea suspended 

sediment samples (TJ-ALL), 0.59±0.06 (n=18) for TJ-A, 0.75±0.06 (n=29) for TJ-C, 0.79±0.11 

(n=8) for TJ-G, 0.60±0.04 (n=8) for Pearl River samples, 0.43 and 0.61 for two samples from 

Taiwan, and 0.67±0.06 (n=19) for Luzon river samples. For nitrogen-sorption surface 

normalized quantities, charge density in units charge/nm2 average 2.9±0.6 (n=59) for all South 

China Sea suspended sediment samples (TJ-ALL), 2.1±0.2 (n=18) for TJ-A, 3.2±0.3 (n=31) for 

TJ-C, 3.2±0.3 (n=10) for TJ-G, 1.8±0.2 (n=8) for Pearl River samples, 1.6±0.8 (n=4) for Taiwan 

river sediments, and 4.4±0.8 (n=20) for Luzon river samples. There are significant differences 

in charge density for different sample suites using the two normalization approaches. 

However, there are limitations that need to be considered prior to interpreting these data. 

Firstly, the measure of cation exchange capacity is limited to exchangeable cations that 

are accessible to copper, which was the exchanging ion used here. Using this method, the 

cation exchange capacity of zeolites is underestimated due to steric hindrances in copper 

accessing zeolite pores (Meier and Kahr, 1999). Additionally, with the presence of carbonates 

(especially in the marine samples), an underestimation of sample cation exchange capacity 

may also present a (likely minor) issue due to dissolution (or overestimation if released cations 

are quantified rather than by photometric determination), which results in a competition 

between released calcium and magnesium ions with copper for cation exchange sites 

(Dohrmann and Kaufhold, 2009; Pingitore et al., 1993). From the South China Sea sediment 

trap samples, TJ-G samples contain the least amount of carbonate and the highest calculated 

charge density. On the other hand, TJ-C samples contain the greatest amount of zeolites. 

Secondly, the measure of surface area is ultimately used to normalize the charge density. 

Water and nitrogen exhibit differing levels of mineral surface area accessibility. Both have 

their (unresolved) drawbacks (i.e. interlayer accessibility and uneven distribution of adsorbate 

on mineral surface). 

Other important factors, which are not assessed here include grain size effects. For 

example, in the case of kaolinite, grain size is particularly important because the cation 

exchange sites are located mostly along the edges (Carroll, 1959; Ma and Eggleton, 1999). 

While kaolinite contents in South China Sea suspended sediments are low, these samples were 

ground to < 20 µm for X-ray analysis due to limitations in available sample amount. Similarly, 
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zeolites possess good cleavage, which favors a reduction in grain size by grinding thereby 

increasing accessibility of copper ions to cation exchange sites. Finally, any measurement of 

cation exchange capacity in the laboratory under neutral pH conditions (as done here) needs 

to consider that cation exchange capacity in nature depends on environmental pH, with 

increasing pH generally leading to an increase of cation exchange capacity with increasing 

difference to the point of isoelectric charge (Helling et al., 1964; Taubaso et al., 2004). The 

cation exchange capacity measured is a value normalized to a baseline pH value that doesn’t 

apply to actual in-situ conditions (e.g. acidic tropical soils versus slightly basic seawater). 

 

 

Figure 14: Different measures of charge density by normalization to nitrogen (y-axis) and water 

(y-axis) based surface areas. On the left are individual points and on the right the sample 

groups are summarized to show their mean and standard deviation. 
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Figure 15: Bulk measured properties (from top to bottom: nitrogen BET surface area, cation 

exchange capacity, and water BET surface area) in relationship to smectite content. 
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An attempt at quantifying mineral-specific properties 

How do mineral properties relate to mineralogical composition? Can the bulk mineral 

properties from environmental mineral matrices (Ptotal) be expressed as the linear 

combination of the mineral-specific properties (Pi) from mineral i together with their relative 

abundances (fi) of the n number of minerals present in a mineral mixture? 

 

With the sum of relative abundances equal to 1 (equivalent to 100%): 

 

Such an additive relationship has been used previously for cation exchange capacity and other 

mineral properties (Rabaute et al., 2003). In the case of mineral surface area of complex 

mineral mixtures, such an assumption would seem questionable (Pennell, 2005) due to 

microstructural effects (Greene-Kelly, 1964; Kaufhold et al., 2010). In the case of nitrogen-

based BET surface areas, such non-linear changes in mineral surface area has been observed 

with varying mineral composition in defined mineral mixtures (Greene-Kelly, 1964). In the case 

of water-based BET surface areas, previous work has suggested that this measure of surface 

area behaves in an additive fashion (Likos and Lu, 2002). 

With total disregard for previous work and theoretical shortcomings, quantitative 

information on the mineral-specific surface area properties are interpreted from the data set 

using the assumptions of the aforementioned two equations. Quantitative mineral-specific 

properties are inverted using an equation in the form of: 

 

 

where 

 

 

and f represents the relative abundances of different minerals (A to Z) in different samples (1 

to n). The vector b of length n contains measured bulk properties corresponding to each of 

the samples. Mineral-specific-properties represented by vector x was calculated using 

MATLAB. The solver lsqnonneg(A,b) was applied in order to solve for a constrained least-
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squares fit, which generates strictly positive solutions for all entries in x. In order to quantify 

the sensitivity of the model output to analytical uncertainties, a Monte Carlo approach was 

applied. For 20,000 iterations, matrix entries A and vector entries in b were produced with 

each entry randomly generated by assuming the reported value as the mean and using the 

analytical uncertainty as one sigma and assuming a normal distribution. Thus, 20,000 sets of 

solutions were generated, from which their mean values and standard deviations were 

extracted for the final result. The minerals were binned into 12 groups, which are 1) smectite, 

2) kaolinite, 3) chlorite, 4) “mica” (which comprises the sum of illite, muscovite, and phengite), 

5) feldspars (which comprises the sum of microcline, albite, orthoclase, and andesine), 6) 

zeolite (which comprises the sum of laumontite, clinoptilolite, and analcime), 7) carbonates 

(which comprises the sum of ankerite, calcite, dolomite, and aragonite), 8) quartz, 9) “Other 

silicates” (which comprises the sum of hornblende, epidote, and diopside), 10) the sum of 

ilmenite and magnetite, 11) Accessory minerals (anatase, gibbsite, hematite, rutile, and pyrite), 

and 12) X-ray amorphous content. To form these groups, an effort was made to group similar 

minerals together and reduce the degrees of freedom that the best-fit solution has in order 

to avoid generating false results. For nitrogen BET surface area and cation exchange capacity, 

a data set with 87 entries was used, while for water BET surface area the data set comprised 

82 entries. The calculated solutions (vector x) are reported in table 1. 

For smectite, the calculated cation exchange capacities and mineral surface areas 

agree with expectations (Kaufhold et al., 2010; Meier and Kahr, 1999), although both cation 

exchange capacities and water-based surface areas could also be higher (Carroll, 1959)(c.f. 

Chapter 5.1). For kaolinite, all inverted parameters appear much too high. For cation exchange 

capacity, values 3-15 meq/100g are common (Carroll, 1959), and may exceed 20 meq/100g 

for very fine grained kaolinite (Ormsby and Shartsis, 1960). For chlorite, mineral-specific 

estimates of nitrogen surface area (c.f. chapter 5.1) and cation exchange capacity (Carroll, 

1959) seem realistic, however the water surface area estimate seems far too high. In the case 

of “mica”, binning together illite, muscovite, and phengite, the cation exchange capacity for 

illite and muscovite can be around 20-40 meq/100g (Carroll, 1959; Osman and Suter, 2000), 

thus the estimated cation exchange capacity appears too low here. In terms of the surface 

area estimates, the results are possible (c.f. Chapter 5.1). For feldspars, very low surface areas 

and cation exchange capacities are expected (Carroll, 1959). For zeolites, the estimated 

quantities are realistic for cation exchange capacity (Carroll, 1959; Inglezakis, 2005) and 



  144 

surface area (Sokołowska, 2011). For carbonates, which are dominated by the occurrence of 

calcite, the inverted quantities seem unrealistically high. Even for biogenic calcite, such as in 

foraminiferal sand and calcareous ooze, nitrogen BET surface areas have been reported as <40 

m2/g (Laurence Kulp and Carr, 1952). In the case of quartz and “other silicates” binning 

together hornblende, diopside, and epidote, the low surface areas and cation exchange 

capacities broadly agree with measured values on pure minerals (Allard et al., 1983). The 

water based surface area and cation exchange capacity appears much too high for magnetite 

(c.f. Allard et al., 1983). The “accessory minerals” are more or less a dump bin to accommodate 

minerals present in minor amounts (in total <5 wt%), which serves to minimize the degrees of 

freedom of the model to fit measured results, and the results here are meaningless. 

Surprisingly, the X-ray amorphous content, which is generally quite large (29±6 wt%), seems 

to have very low surface area and cation exchange capacity. 

 

Table 2: Results from least-squares inversion for mineral-specific properties. Each column 

represents vector x solved using the method of least squares. See text for critical discussion of 

results. 

 Modeled BET N2 SA Modeled CEC Modeled BET H2O SA 

Smectite 86±5 52±3 555±32 

Kaolinite 236±22 37±9 206±97 

Chlorite 3±6 29±6 310±53 

Mica 18±3 3±2 11±16 

Feldspar 0±0 3±2 1±4 

Zeolite 112±28 159±12 448±147 

Carbonate 70±4 17±2 152±17 

Quartz 0±0 0±0 0±0 

Other Silicates 0±0 1±2 0±0 

Magnetite+Ilmenite 0±0 11±4 252±74 

Accessory 114±16 5±11 35±97 

Amorphous 0±0 0±0 18±13 

 



  145 

 

Figure 16: Modeled versus measured mineral properties. Modeled mineral properties using the 

best-fit least squares inversion approach. 
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Figure 16 shows the relationships between modeled and measured mineral surface 

properties for the bulk mineral matrices using the results reported in table 1. Overall, the 

results should be viewed skeptically as several of the mineral-specific properties quantified by 

the inversion approach are highly questionable. However, as expected, the modeled and 

measured nitrogen-based surface areas show the poorest agreement, which aligns with the 

general understanding that microstructure imposes a strong effect on the measurement 

(Kaufhold et al., 2010; see also discussion in Chapter 5.1). Cation exchange capacity 

(theoretically) behaves conservatively and is unaffected by the ionic state and microstructural 

arrangement of any given mineral matrix (Rutherford et al., 1997; Steudel and Emmerich, 

2013). The entire measurement is conducted in an aqueous environment, which disrupts 

aggregates (either natural or laboratory formed) by dispersion with ultrasonication. 

Surprisingly however, comparison between modeled and measured water-based surface 

areas show a better slope and R2 value than for cation exchange capacity, suggesting that this 

measurement type is less effected by matrix effects supporting the idea that water-based 

surface area can be treated as an additive property (Likos and Lu, 2002). Interestingly, the 

strong relationship between water adsorption and smectite content was also proposed as a 

method to quantify smectite content in bentonite (Kahr, 1998) (c.f. Figure 15c). The additive 

behavior of water sorption is surprising because of the influence of i) capillary condensation, 

ii) pore geometry, and (iii) contact angles between surfaces (Woodruff and Revil, 2011). 

Conceivably, flocculation induced by the cation exchange procedure using copper, may lead 

to steric hindrance for some cations far from the edges and within smectite interlayers, and 

may lead to some sort of matrix effect, which would result in a lower than expected cation 

exchange capacity. Similarly, formed aggregates could also create microenvironments, 

shielding minerals from the exchange reaction. 

As an interesting side note, X-ray amorphous content as determined by spiking sample 

material with corundum revealed no correlation with any of the mineral surface parameters 

measured here (R2<0.04 for all). Amorphous mineral content has previously been invoked as 

an important player in organic matter stabilization owing to their surface chemistry (Schneider 

et al., 2010; Torn et al., 1997). Here, X-ray amorphous material appears to possess very low 

specific surface area and cation exchange capacity. 
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Concluding remarks 

The idea of enriching specific minerals, for example by isolating clay-sized (<2 µm) 

material and other more sophisticated means to isolate specific minerals (Gibbs, 1967), may 

seem tempting in order to measure mineral properties of individual phyllosilicates such as 

smectite. However, the very purity of a such a mineral, may exacerbate matrix effects (e.g. 

microstructural arrangement), so that a mineral property like nitrogen-based mineral surface 

area, no longer delivers a “true” result (Greene-Kelly, 1964). From the results, here however, 

such enrichment appears to be promising to characterize enriched minerals for BET H2O 

surface area and cation exchange capacity. 

Extracting mineral-specific surface area and cation exchange capacity quantities from 

complex environmental mixtures in the future might want to consider grain size effects. 

However, the incorporation of grain size into these equations presents unique challenges 

owing to the generally unknown mineral-specific grain size distributions in environmental 

mineral mixtures. Generally, specific minerals reside in distinct grain size pools and these may 

be particularly tedious to ascertain (Gibbs, 1977; Russell, 1936).  
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The chemical composition of the Gaoping River in Taiwan reflects the weathering of both 

silicate and carbonate rocks found in its metasedimentary catchment. Major dissolved ion 

chemistry and radiocarbon signatures of dissolved inorganic carbon (DIC) reveal the 

importance of pyrite-derived sulphuric acid weathering on silicates and carbonates. Two-

thirds of the dissolved load of the Gaoping River derives from sulphuric acid-mediated 

weathering of rocks within its catchment. This is reflected in the lowest reported 

signatures DI14C for a small mountainous river (43 to 68 percent modern carbon), with 

rock-derived carbonate constituting a 14C-free DIC source. Using an inverse modelling 

approach, we provide quantitative constraints of mineral weathering pathways and 

calculate atmospheric CO2 fluxes resulting from the erosion of the Taiwan orogeny over 

geological timescales. The results reveal that weathering on Taiwan releases 0.31±0.12 

MtC/yr, which is offset by burial of terrestrial biospheric organic carbon in offshore 

sediments. The latter tips the balance with respect to the total CO2 budget of Taiwan such 

that the overall system acts as a net sink, with 0.24±0.13 MtC/yr of atmospheric CO2 

consumed over geological timescales. 

 

Taiwan is one of the most rapidly uplifting orogens, with erosion rates in the order of 3-6 

mm/yr exposing a high supply of fresh minerals for chemical weathering 1, 2. Together with 

volcanic activity, metamorphic degassing, and the organic carbon cycle, chemical 

weathering of minerals exerts a key control on atmospheric chemistry over geologic 

timescales 3. Orogenies sustain high rates of physical erosion and are classically invoked as 

major CO2 sinks due to the weathering of silicates by carbonic acid 4, 5. While carbonic acid 

as a weathering agent is widely considered the most important, recent work has highlighted 

that sulphuric acid weathering of carbonates plays an important role in catchments that 

contain abundant pyrite 2, 6, 7, 8 and acts as a major source of CO2 to the atmosphere over 

geological timescales 9, 10. Pyrite oxidises to sulphuric acid giving rise to river dissolved 

sulphate 6, 8 following the weathering pathway 9: 

4FeS2 + 15O2 + 14H2O → 4Fe(OH)3 + 8H2SO4     (1) 

Together with carbonic acid and sulphuric acid stemming from weathering reaction (1), 

silicate and carbonate mineral weathering proceeds as follows: 

CaSiO3 + 2H2CO3 + H2O → Ca2+ + H4SiO4 + 2HCO3
-    (2) 

CaSiO3 + H2SO4 + H2O → Ca2+ + H4SiO4 + SO42-    (3) 



 

158 

CaCO3 + H2CO3 + H2O → Ca2+ + 2HCO3-     (4) 

CaCO3 + ½H2SO4 → Ca2+ + HCO3- + ½SO42-     (5) 

The trails of evidence of these weathering reaction pathways (2)-(5) lead to unique 

signatures in the dissolved ion load (see Table 1). The theoretical radiocarbon composition 

of DIC (hereafter DI14C) arising from these pathways are characteristic for different 

weathering mechanisms. In reaction (2), carbon is sourced from the atmosphere or from 

respired soil organic matter, which exhibits a modern signature, expressed as 100 % modern 

carbon (pMC). Reaction (3) does not involve carbon and only adds sulphate to the dissolved 

river load. In reaction pathway (4), 50% of bicarbonate carbon is sourced from the 

atmosphere and the other half from the radiocarbon-dead lithosphere, hence characterised 

by a pMC=50 fingerprint, while in the case of (5), bicarbonate is entirely derived from the 

radiocarbon-dead lithospheric source (i.e., pMC=0). Radiocarbon has considerable 

advantages over stable carbon isotopic compositions of DIC by incorporating a correction 

for fractionation and exhibiting lower end-member uncertainty 11, 12. Additionally, the 

weathering of silicates and carbonates release characteristic assemblages of major cations 

(calcium, magnesium, and sodium) to the river dissolved load that are further indicative of 

the mineral species undergoing chemical weathering 5. 

Globally, the reaction pathway of silicates and carbonates dictates the net effect of 

weathering on atmospheric CO2, with the dissolution of carbonates by sulphuric acid acting 

as a CO2 source over geological time scales 9. Using a novel approach, we quantitatively 

disentangle the inputs of silicate and carbonate weathering via carbonic and sulphuric acid 

dissolution by determining DI14C and dissolved ion compositions within the Gaoping River 

catchment of Taiwan, leading to new quantitative estimates on the effect of the Taiwan 

orogeny on atmospheric chemistry. 

 

Methods 

Surface water samples from the Gaoping River catchment were collected in 12 ml glass 

exetainer vials without head-space and pre-poisoned with 12 µl of dried HgCl2 saturated 

solution in February, June, and October 2017 and February 2018, with February within the 

dry season and June and October in the wet season. One and six millilitre aliquots were 

purged with He, acidified with 150 µl 85% H3PO4, and measured for their DI13C and DI14C 

isotope compositions, respectively, using online CO2 sparging-mass spectrometry setups 
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described elsewhere 13, 14. Radiocarbon values are reported in units pMC 15. Concentrations 

of major cations and anions were measured by ion chromatography with details reported in 

the appendix. Bicarbonate concentrations where calculated by charge balance 2. Inputs from 

rainwater were removed by assuming all chlorine is sourced from the atmosphere and by 

subtracting ions using ratios typical for rainwater (Ca/Na=0.023; Mg/Na=0.11; Cl/Na=1.15; 

S/Na=0.06; HCO3/Na=0.004) 5, 7. 

 

Table 1. Theoretical stoichiometries of weathering reactions and their DI14C fingerprints. 

Bicarbonate and sulphate concentrations normalised to one silicate or carbonate mineral 

unit (Ca,Mg,2Na,2K)SiO3 or (Ca,Mg,2Na,2K)CO3 following equations (2)-(5). The theoretical 

average major anion molar concentration-normalised sodium, calcium, and magnesium 

concentrations are given for the different minerals types and their weathering pathways. 

Mineral 

type 

Weathering 

Pathway 
HCO3 SO4 pMC 

Na/ 

(HCO3+SO4) 

Ca/ 

(HCO3+SO4) 

Mg/ 

(HCO3+SO4) 

Silicate 

Carbonic 

acid 
2 0 100 0.42 0.15 0.11 

Sulphuric 

acid 
0 1 Undef. 0.85 0.30 0.21 

Carbonate 

Carbonic 

acid 
2 0 50 0.006 0.33 0.17 

Sulphuric 

acid 
1 0.5 0 0.007 0.44 0.22 

 

Using a constrained linear least-squares approach with the Matlab solver lsqlin, 

contributions from weathering reactions (2)-(5) are assessed from the mineral unit-

normalised stoichiometries, DI14C fingerprints, and ionic ratios characteristic for different 

weathering reactions listed in Table 1. Here we use α to denote the relative contributions 

stemming from the carbonic acid weathering of silicate (αSilicate,H2CO3) and carbonate 

(αCarbonate,H2CO3) and sulphuric acid weathering of silicate (αSilicate,H2SO4) and carbonate 

(αCarbonate,H2SO4). The model output is bound by three equality constraints including (1) the 

sum of the weathering contributions αi for the mineral-normalised ion concentrations for 
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the four reactions equals 100%, (2) measured and modelled mineral unit-normalised SO4 

must be equal, and (3) the measured and modelled DI14C must be equal. Additional 

constraints are included to find the best least-squares fit between modelled and measured 

dissolved major ion composition based on ratios between calcium, magnesium, and sodium 

and the sum of sulphate and bicarbonate, which are indicative of different weathering 

pathways from silicates and carbonates (see Table 1). Within each silicate and carbonate 

mineral unit, calcium is interchangeable with charge balance equivalent amounts of 

magnesium, sodium, and potassium. Here, we define a “mineral unit” as 

(Ca,Mg,2Na,2K)SiO3 for silicates and (Ca,Mg,2Na,2K)CO3 for carbonates. For silicates, the 

relative molar abundances of these cations are typically 0.35±0.25 for Ca/Na and 0.25±0.2 

for Mg/Na. For carbonates, Ca/Na and Mg/Na are 60±30 and 30±15, respectively 5, 7, with 

the uncertainties taken to represent 2-σ uncertainty in the model. Potassium is also present 

in carbonate mineral lattices in minor quantities (Ca/K≈250-350) 16, besides its presence in 

micas and potassic feldspars. Based on these ratios and the ideal mineral unit definition 

introduced here, the average formula for carbonates and silicates is 

Ca0.66Mg0.33Na0.011K0.0055CO3 and Ca0.30Mg0.21Na0.85K0.14SiO3, respectively. Model output 

uncertainty was quantified by applying a Monte Carlo approach (10,000 iterations) 

propagating analytical uncertainties from measured ionic ratios (5% relative 1-σ uncertainty 

assigned), measured DI14C uncertainty (≈1% 1-σ uncertainty based on analytical 

uncertainty), uncertainty in the cation composition of the weathered minerals, and 

uncertainty in the radiocarbon signature of the carbonic acid weathering agent. Based on 

the measured DI13C values, contributions from soil-derived CO2 are considered to be less 

than 30% of the DIC pool. In light of the range of observed radiocarbon isotopic 

compositions of bulk soil organic carbon in Taiwanese forests 17, 18, the radiocarbon isotopic 

composition of the modern carbonic acid end member was assigned 100±5 (1-σ uncertainty) 

pMC. Used equations are reported in the appendix. 

 

Results and discussion 

Over the sampled time interval, pH averaged 7.9±0.2 (n=13) and bicarbonate represented 

the major anion (2.3±0.6 mmol/l) followed by sulfate (0.9±0.4 mmol/l) and chloride (0.2±0.3 

mmol/l) (Supplemental Table 1). For the cations, calcium was the most abundant (1.4±0.4 

mmol/l n=13) followed by magnesium and sodium (both 0.5±0.2 mmol/l), and potassium 
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(0.2±0.2 mmol/l). Carbon isotopic compositions were centred at -5.3±1.3‰ for DI13C (n=13), 

while DI14C values ranged from 43 to 68 pMC (average 54±8 pMC n=20) (Supplemental Table 

1). One sample contained 0.02 mmol/l of ammonium that was presumably sourced from 

anthropogenic inputs and was thus not considered further in this study. 

 

 
Fig. 1 | Mineral weathering end-member mixing. a, Mineral unit-normalised sulphate 

versus bicarbonate abundance. The Gaoping River data collected over multiple years in 

relation to the quaternary end-member mixing line. Literature data points where ionic 

compositions reflect incursion of seawater plot away from the quaternary mixing line. One 

data point from this study (datapoint with highest mineral unit normalised sulphate) 

deviated from the mixing line due to high ammonium amounts that are attributed to 

anthropogenic inputs and therefore wasn’t considered further in this study. Removing these 

anomalies, the data from this study correlates with R2=0.99, and for all studies with R2=0.99. 

b, Mineral unit-normalised sulphate versus pMC of DIC. The three mineral weathering 

reactions producing bicarbonate span a ternary mixing triangle. All of the data lie outside of 

this mixing ternary due to the addition of sulphate from sulphuric acid weathering of 

silicates. The latter process, which leaves DI14C on the x-axis unaffected, adds sulphate until 

a theoretical maximum of one mole per weathered mineral unit, representing 100% silicate 

weathering by sulphuric acid. 
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Fig. 2 | Fluxes of atmospheric CO2. Net total CO2 balance of Taiwan in MtC/yr with positive 

and negative values representing an atmospheric source and sink, respectively. The effects 

of CO2 drawdown and release by mineral weathering (this study) and organic geochemical 

cycles 19, 20, 21 are compared. 
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Following the theoretical outline provided in the introduction, rainwater-corrected river 

data from the Gaoping River are plotted in Fig. 1a showing the mixing of the four end 

members. Due to the absence of evaporites in the catchment 6, the results adhere to 

theoretical expectations in the case of quaternary mixing of solute derived from silicate and 

carbonate weathering via sulphuric and carbonic acid weathering agents as demonstrated 

by data collected in this and previous studies (Fig. 1a). Sulphur isotopes demonstrate the 

predominately pyrite origin of sulphate 6. Fig. 1b shows the effect of ternary mixing between 

reactions (2), (4), and (5). Excess sulphate is introduced into the system via reaction (3), 

which has no effect on the DI14C composition, yet causes the data points to lie outside the 

boundaries for ternary mixing. By applying the equations outlined in the methods and using 

the stoichiometric constraints summarised in Table 1 on the data reported in Table S1, the 

relative contributions stemming from mineral weathering pathways are calculated. These 

calculations deconvolve the excess sulphate contributions in order to allow quantification of 

the weathering contributions controlling DI14C under the constraint of ionic composition 

adhering to the quaternary mixing line. The weathering apportionment did not reveal any 

clear patterns as a function of sampling season or location. Averaged over the catchment 

and the seasons, and based on molar mineral unit-normalised weathering, αSilicate,H2CO3 and 

αCarbonate,H2CO3 averaged 34±5% and 0.5% (-0.5/+2%) respectively, while αSilicate,H2SO4 and 

αCarbonate,H2SO4 averaged 14±9% and 53±8%, respectively (see also supplemental Fig. S13). 

Integrated over the Gaoping River catchment, the total weathering effect of carbonic acid 

(αSilicate,H2CO3 + αCarbonate,H2CO3=33±6%) and sulphuric acid (αSilicate,H2SO4+ αCarbonate,H2SO4=67±6%) 

account for one-third and two-thirds of the weathering, respectively. Total weathered 

silicates (αSilicate,H2CO3 + αSilicate,H2SO4) contribute 46±8% and carbonates 

(αCarbonate,H2CO3+αCarbonate,H2SO4) contribute 54±8% to the total dissolved ion load. The results 

reveal that carbonates are almost exclusively weathered by sulphuric acid, most likely owing 

to the limited abundance of sedimentary carbonates, which are sparsely distributed in the 

catchment of the Gaoping River, a high supply of sulphuric acid, and the rapid reaction 

kinetics of sulphuric acid weathering of carbonates. The excess sulphuric acid continues to 

weather silicates. 

In the case of Taiwan and major orogenic phases (e.g. Himalayan orogeny), meta-sediments 

are uplifted bearing the mineral ingredients to remove and also release CO2 to the 

atmosphere 4, 9, 19. Based on Taiwanese long-term discharge (4.98 x 1013 l/yr 1), the average 
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mineral-unit equivalent normalised dissolved ion loads (2.5±0.9 mmol/l n=63) observed for 

the Gaoping River catchment (this study; 2, 22, 23), and the calculated mineral weathering 

apportionment with propagated uncertainty, 0.50±0.19 MtC/yr is removed from 

atmosphere as a result of carbonic acid weathering of silicates following carbonate 

precipitation in the oceans. In contrast, 0.40±0.16 MtC/yr is released long term as a result of 

sulphuric acid weathering of carbonates. While sulphuric acid weathering of silicates does 

not involve carbon in its reaction pathway directly, for each silicate mineral unit weathered, 

≈0.45 mineral units of carbonate can be precipitated using the dissolved cations generated 

(based on the ideal mineral unit formula, 0.30 moles of calcium are released upon 

weathering of one silicate unit and 0.66 moles of calcium are needed for one carbonate 

unit), which then releases CO2 to the atmosphere. Over geological timescales, sulphuric acid 

weathering of silicates on Taiwan may thus result in the release of 0.09±0.07 MtC/yr, which 

shows a truncated uncertainty. In comparison, the weathering of kerogen (CO2 source) 

results in the release of 0.27-0.47 MtC/yr and the burial of terrestrial biospheric carbon in 

adjacent ocean sediments removes 0.5-0.6 MtC/yr 19, 20, 21. In total, the long-term 

weathering effect of silicates, carbonates, and kerogen on land, together with offshore 

burial of terrestrial biospheric organic carbon, results in a carbon balance estimate of 

0.24±0.13 MtC/yr removed from the atmosphere. However, the overall weathering effect 

on land acts as a net source of CO2 to the atmosphere, releasing 0.31±0.12 MtC/yr (see Fig. 

2). These quantities illustrate the fine balance between weathering mechanisms, and the 

need to disentangle underlying processes for accurate assessment of the net effects of 

weathering budgets on atmospheric chemistry. The Taiwan orogeny shows that the 

weathering of metasedimentary catchments rich in pyrite and kerogen significantly 

influence the carbon budget of an orogenic entity. In the case of Taiwan, the tipping point of 

this balance is determined by the export and preservation efficiency of terrestrial biospheric 

organic carbon in offshore sediments – a particularly dynamic component that is responsive 

to tectonic 24, climatic 25, 26 and anthropogenic 27 influences. 

Major ionic composition coupled with the additional resolution of DI14C data succeed in 

quantitatively disentangling the individual contributions of weathering by carbon and 

sulphuric acid on silicate and carbonate rocks. In metasedimentary catchments such as 

those of the Gaoping River on Taiwan, weathering by sulphuric acid may contribute 

significantly to mineral dissolution. In the case of the Gaoping, this process accounts for 
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approximately two-thirds of the total mineral dissolution, and due to the widespread 

occurrence of pyrite, carbonates are almost entirely dissolved by the activity of sulphuric 

acid. In total for the Taiwan orogeny, the combined net effect of mineral and kerogen 

weathering, together with terrestrial biospheric organic carbon burial in adjacent marine 

sediments results in the net long-term atmospheric CO2 consumption of 0.24±0.13 MtC/yr. 

Since the rise in atmospheric oxygen in the Precambrian, pyrite oxidation and sulphuric acid 

evolved therefrom has affected ocean chemistry, biologic activity, and atmospheric oxygen 
28, 29, 30. Additionally, the weathering of minerals by the activity of sulphuric acid has 

important implications for atmospheric CO2 inventories over geologic time 9, with CO2 

uptake and release governed by the fine balance between organic carbon burial in 

sediments and silicate, carbonate, and kerogen weathering controlled by the activity of 

oxygen, carbonic acid, and sulphuric acid. The total effect of orogenic activity on 

atmospheric chemistry remains a matter for discussion 31, yet it is clear that the presence of 

sulphuric acid and its involvement in carbonate and silicate mineral weathering acts as a 

strong buffer on atmospheric CO2 uptake. 
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Supplementary information for: Sulphuric acid-mediated weathering on Taiwan buffers 

geological atmospheric carbon sinks 

 

Catchment lithology 

Outcropping lithologies in the Gaoping River catchment are summarised in Table S2. No 
evaporitic lithologies are reported in the catchment of Gaoping River in SW Taiwan based on 
1:50,000 local geologic maps (Chen et al., 2001; Chen and Hsieh, 2016; Lin et al., 2011; Lin and 
Hong, 2012; Lin, 2013; Sung and Lin, 1993; Sung et al., 2000) and the 1:500,000 geologic map 
of Taiwan (Chen, 2000). 

Table S2: Lithologies in the Gaoping River catchment 

Name (Epoch) Description 
Toukoshan Conglomerate 
(Pleistocene) 

Conglomerate with mudstone interbeds, intercalated with sheet or 
lenticular sandstone. Also known as Linkou Conglomerate. 

Kueichiulin Formation 
(Pleistocene -Pliocene) 

Also known as Tashe Formation and Tangenshan sandstone. The 
former is mainly composed of thick mudstone with fine to coarse-
grained sandstones and conglomerate interbeds. The latter is thick-
bedded muddy sandstone, intercalated with alternated sandstone 
and shale. 

Nanchuang Formation 
(Pliocene -Miocene) 

Thick beds of sandstone alternating with thin beds of shale. Also 
known as Wushan Formation. 

Nankang Formation 
(Miocene) 

Alternating shale and sandstone, occasionally intercalated with 
thick beds of shale and sandstone. Also known as Changchihkeng 
Formation. 

Lushan Formation 
(Miocene) 

Mainly composed of slate, argillite, alternations of metasandstone 
and slate and thick-bedded metasandstone. Also known as 
Chaochou Formation. 

Chiayang Formation 
(Eocene) 

Slate with few thin-bedded metamorphosed sandstone. 

Tachien Sandstone 
(Eocene) 

Thick-bedded, coarse grained to fine pebbly quartzose (meta-) 
sandstone, intercalated with argillite and slate. 

Shihpachungchi Formation 
(Eocene) 

Thin alternations of slate and thin-bedded metamorphosed 
sandstone or siltstone, or diabase dike. 

Pilushan Formation 
(Eocene) 

Slate, argillite, and metasandstone, occasionally intercalated with 
thin limestone. Also known as Gulo Formation. 

Mesozoic black schist Mainly black schist, green schist with few metachert. 
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Ion chemistry 

Water pH and conductivity was measured in the laboratory using a WTW pH-electrode SenTix 

21 and WTW TetraCon325 conductivity probe. Ionic concentrations were measured on Dionex 

DX-120 ion chromatographs equipped with conductivity detectors. For separating and 

measuring cation concentrations, an isocratic mobile phase of 17 mM methanesulfonic acid 

at a flow rate of 1.3 ml/min on a Dionex IonPac CS12A 4x250 mm column with 25 µl sample 

injection volume was used. For separating and measuring anion concentrations, an isocratic 

mobile phase containing 2.7 mM NaHCO3 and 0.3 mM Na2CO3 at a flow rate of 1.3 ml/min on 

a Dionex IonPac AS12A 4x250 mm column with 25 µl sample injection volume was used. Blanks 

and in-house standards were measured to determine ion retention times and for calibration 

of detector response. 

 

Constrained linear least-squares approach 

The Matlab solver (lsqlin) for constrained linear-squares was used to deconvolve the 

contributions of carbonic acid weathering of silicate (         ,     ) and carbonate 

(          ,     ) and sulphuric acid weathering of silicate (         ,     ) and carbonate 

(          ,     ). Their relative contributions are expressed in the vector . 

        ,             ,              ,              ,      

The elements of vector  are constrained by being equal to or greater than 0 and less than or 

equal to 1, corresponding to 0 and 100%, respectively. 
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Three sets of linear equality constraints are imposed on the model output : (1) the sum of 

the elements in  must equal 1, (2) measured and modelled mineral unit-normalised sulphate 

concentrations (SO4m) must be equal so that the model output conforms to the quaternary 

model mixing line, and (3) modelled and measured radiocarbon isotopic composition of 

dissolved inorganic carbon must be equal. Here, the measured radiocarbon isotopic 

composition of dissolved inorganic carbon is given as PMCm. This is related to PMCmodern, which 

is the radiocarbon isotopic composition of the carbonic acid involved in the weathering 

reactions. 

 

                 

The solution space spanned by  with the imposed constraints, is solved following the least-

squares method using the equations: 

 

  

On the left-hand side of this equation, from top to bottom is the molar ratio of calcium, 

magnesium, and sodium normalised to the molar sum of sulphate and bicarbonate. These are 

related in a linearised fashion to the relative abundance of calcium released by silicates (ws) 

and carbonates (wc), magnesium by silicates (xs) and carbonates (xc), and sodium by silicates 

(ys) and carbonates (yc) normalised to the sum of anions released by the four weathering 

reaction pathways. The relative abundance of the cations are calculated using the ideal 

mineral units of (Ca,Mg,2Na,2K)SiO3 for silicates and (Ca,Mg,2Na,2K)CO3 for carbonates. In 
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both silicates and carbonates, the charge balance of the summed cations must equal 2. 

Mineral formulas are generated to test model output uncertainty as a function of uncertainty 

in the chemistry of weathered mineral species modified after Gaillardet et al. (1999) and Burke 

et al. (2018). The calculated stoichiometries for silicates and carbonates are then normalised 

to the molar sum of major anions (sulphate and bicarbonate) generated for each mineral unit 

weathered for each reaction pathway as given in Table 1. 

Table S3: Silicate and carbonate major chemistry used to generate the ideal mineral unit 
formula and the major anion amount generated from each reaction pathway. 

 Ca/Na (µ±σ) Mg/Na (µ±σ) K/Na (µ±σ) HCO3+SO4 

        ,      

0.35±0.125 0.25±0.1 0.16±0.032 

2 

        ,      1 

         ,      

60±15 30±7.5 0.5±0.1 

2 

         ,      1.5 
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Figure S1: Model output for the Ailiao River (2017JuneSDM) with 10000 simulations displaying 
model uncertainty. From top left to top right percent: contributions from         ,     ,         ,     ,          ,     , and          ,     . From bottom left to bottom right: 

summed contributions from silicate, carbonate, carbonic acid, and sulfuric acid weathering. 

 

Figure S2: Model output for the Laonong River (2017JuneLR) with 10000 simulations 
displaying model uncertainty. From top left to top right percent: contributions from         ,     ,         ,     ,          ,     , and          ,     . From bottom left to 

bottom right: summed contributions from silicate, carbonate, carbonic acid, and sulfuric acid 
weathering. 
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Figure S3: Model output for the Ailiao River (2017JuneAR) with 10000 simulations displaying 
model uncertainty. From top left to top right percent: contributions from         ,     ,         ,     ,          ,     , and          ,     . From bottom left to bottom right: 

summed contributions from silicate, carbonate, carbonic acid, and sulfuric acid weathering. 

 

Figure S4: Model output for the Laonong River (2017June181) with 10000 simulations 
displaying model uncertainty. From top left to top right percent: contributions from         ,     ,         ,     ,          ,     , and          ,     . From bottom left to 

bottom right: summed contributions from silicate, carbonate, carbonic acid, and sulfuric acid 
weathering. 
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Figure S5: Model output for the Laonong River (2017OctLR) with 10000 simulations displaying 
model uncertainty. From top left to top right percent: contributions from         ,     ,         ,     ,          ,     , and          ,     . From bottom left to bottom right: 

summed contributions from silicate, carbonate, carbonic acid, and sulfuric acid weathering. 

 

Figure S6: Model output for the Laonong River (2017Oct181) with 10000 simulations 
displaying model uncertainty. From top left to top right percent: contributions from         ,     ,         ,     ,          ,     , and          ,     . From bottom left to 

bottom right: summed contributions from silicate, carbonate, carbonic acid, and sulfuric acid 
weathering. 
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Figure S7: Model output for the Ailiao River (2017OctAR) with 10000 simulations displaying 
model uncertainty. From top left to top right percent: contributions from         ,     ,         ,     ,          ,     , and          ,     . From bottom left to bottom right: 

summed contributions from silicate, carbonate, carbonic acid, and sulfuric acid weathering. 

 

Figure S8: Model output for the Ailiao River (2017OctSDM) with 10000 simulations displaying 
model uncertainty. From top left to top right percent: contributions from         ,     ,         ,     ,          ,     , and          ,     . From bottom left to bottom right: 

summed contributions from silicate, carbonate, carbonic acid, and sulfuric acid weathering. 
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Figure S9: Model output for the Laonong River (2018FebLR) with 10000 simulations displaying 
model uncertainty. From top left to top right percent: contributions from         ,     ,         ,     ,          ,     , and          ,     . From bottom left to bottom right: 

summed contributions from silicate, carbonate, carbonic acid, and sulfuric acid weathering. 

 

Figure S10: Model output for the Laonong River (2018Feb181) with 10000 simulations 
displaying model uncertainty. From top left to top right percent: contributions from         ,     ,         ,     ,          ,     , and          ,     . From bottom left to 

bottom right: summed contributions from silicate, carbonate, carbonic acid, and sulfuric acid 
weathering. 
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Figure S11: Model output for the Ailiao River (2018FebSDM) with 10000 simulations displaying 
model uncertainty. From top left to top right percent: contributions from         ,     ,         ,     ,          ,     , and          ,     . From bottom left to bottom right: 

summed contributions from silicate, carbonate, carbonic acid, and sulfuric acid weathering. 

 

Figure S12: Model output for the mainstem of the Gaoping River (2018FebLG) with 10000 
simulations displaying model uncertainty. From top left to top right percent: contributions 
from         ,     ,         ,     ,          ,     , and          ,     . From bottom left 

to bottom right: summed contributions from silicate, carbonate, carbonic acid, and sulfuric 
acid weathering. 
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Figure S13: Model output for summed 12 Gaoping River samples with 10000 simulations 
displaying model uncertainty. From top left to top right percent: contributions from         ,     ,         ,     ,          ,     , and          ,     . From bottom left to 

bottom right: summed contributions from silicate, carbonate, carbonic acid, and sulfuric acid 
weathering. 
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Comparisons to other Taiwanese rivers 

 

Figure S14: Sulphate versus bicarbonate mineral-unit normalised concentrations corrected for 

cyclic salt input using methods described. The observations are in concordance with simple 

carbonic and sulphuric acid weathering of silicate and carbonate minerals, with sulphuric acid 

weathering of silicates exhibiting an endmember of (0,1), sulphuric acid weathering of 

carbonates exhibiting an end member of (1,0.5), and carbonic acid weathering of silicates and 

carbonates both sharing the same end member at (2,0). Contributions of evaporitic minerals 

such as halite or sylvite, would divert the dissolved ion chemistry in the direction of the origin 

of the plot. The data shown here includes 182 observations from the Liwu River (Calmels et 

al., 2011) and 107 observations from the Tamaili and Chenyoulan drainage basins (Emberson 

et al., accepted). The Emberson et al. (accepted) dataset include 2 anomalous observations 

(one from a hot spring, and one from a landslide seepage), which calculated negative values, 

which could not be shown here. 

The relationship of mineral unit-normalised sulphate to bicarbonate concentrations in the 

Liwu, Chenyoulan, and Taimali Rivers illustrate that similar weathering patterns are active with 

those of the Gaoping River. Values of <1 HCO3 and >0.5 SO4 mineral unit normalised 
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concentrations show that sulfuric acid weathering of silicates must be operating in this 

catchment as well. Additionally, the many observations centred around ~1 HCO3 and ~0.5 SO4 

suggest that sulfuric acid weathering of carbonate is likely important. The overwhelming 

number of observations from Taiwanese rivers adhere to the quaternary weathering mixing 

line that can be theoretically expected from silicate and carbonate mineral weathering. For 

the Liwu River data from Calmels et al. (2011), the observations during Typhoon and under 

normal conditions shows all data points adhering to the quaternary mixing line (R2=1.00; y=-

0.52x+1.02) also indicate that seasonal and hydrological variations do not induce divergence 

from this simple mineral weathering behaviour. Albeit DI14C data is unavailable for these river 

systems, the dissolved ion patterns are consistent with similar chemical weathering behaviour. 

Thus, supporting the extrapolation of findings from the Gaoping River to the entire island of 

Taiwan. 
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Other Weathering Plots 

 

Figure S15: Mixing diagram sensu Gaillardet et al. 1999 showing the contributions of silicate 

and carbonate weathering to dissolved ion load in the Gaoping River. Concentrations given as 

molar ratios without correction for cyclic inputs. 

Figure S15 shows the mixing between silicate and carbonate end members based their typical 

endmember ranges. The relative contributions of silicate and carbonate-derived ion 

composition indicated by the Gaillardet plot are consistent with the results generated using 

the new model as shown in figure S13. 
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ABSTRACT. Weathering, erosion, and redeposition of exhumed rock-derived or “petrogenic” 

organic carbon (OC) co-occurs with the burial of biospheric OC within sediments, 

modulating atmospheric CO2 and O2 over geologic time. Disentangling the geochemical 

fingerprint of petrogenic OC from biospheric OC in sedimentary organic matter, as well as 

quantifying the influence of its remineralization and burial on atmospheric CO2/O2, has 

been the focus of numerous observational and geochemical modeling studies. In 1938, 

Matti Sauramo recognized that petrogenic OC is entrained in a “simple carbon” cycle 

operating alongside the “complicated” greater rest of the carbon cycle. Sauramo’s 

achievements were preceded by Charles Lyell’s thoughts on the subject a century earlier, 

and by observations of reworked palynomorphs in the modern environment made by 

palynologists in the 19th Century. Towards the present, palynologists, organic petrologists, 

and geochemists have all made key advances, while their impact often did not radiate 

beyond their respective bodies of literature. This highlights the importance not only of 

further investigations focused on the continued pursuit of new information, but also on 

studies of the history of relevant disciplines in order to place new findings in appropriate 

context. Petrogenic OC cycling has emerged as a key process for constraining global carbon 

budgets, long-term biogeochemical cycles and associated variations in atmospheric 

chemistry. While petrogenic OC is now recognized as a significant component of bulk 

sedimentary OC in modern systems, its cycling throughout Earth’s history - including during 

pivotal episodes such as supercontinent amalgamation and late Proterozoic Snowball Earth 

events followed by greenhouse conditions - remains largely unexplored. 

Keywords: Kerogen, fossil, recalcitrant, organic, palynology, recycling, glacier, Snowball Earth, 

carbon cycle, history of geology, vitrinite, inertinite 

 

INTRODUCTION 

The cycling of carbon has exerted fundamental control on the level of oxygen in the 

Earth’s atmosphere and on climate over geological timescales, with the weathering of rock-

derived or “petrogenic” OC and subsequent release of carbon dioxide back into the 

atmosphere serving as the closure of this loop (Berner, 1989; Berner, 1990). Here, we use the 

term petrogenic OC to broadly refer to carbon originally of biological origin in reduced state 

that is found in sedimentary and metamorphic rocks. In literature, petrogenic OC is also 

referred to as fossil carbon, geogenic carbon, rock(-derived) carbon, ancient carbon, relic 



  188 

carbon, detrital carbon, and kerogen. Petrogenic OC exhibits a spectrum of physical and 

chemical properties as a function of organic matter origin, as well as burial and uplift history 

(Durand, 1980; Vandenbroucke and Largeau, 2007). Upon exposure, mobilization, and 

redeposition of petrogenic OC on the Earth’s surface due to tectonic activity and bedrock 

exhumation, petrogenic OC mixes with OC of recent biospheric origin. Petrogenic OC exhibits 

higher stability than biospheric OC, allowing it to resist remineralization and thus evade 

reentry into the active carbon cycle. Remobilization of petrogenic OC from bedrock and 

subsequent reburial in sediments represents neither a sink of oxygen nor a source of carbon 

dioxide from/to the atmosphere, whereas its oxidation constitutes a net CO2 source to the 

atmosphere. Although not strictly petrogenic OC, graphite formed from the reduction of 

carbonates under metamorphic conditions (Galvez and others, 2013) is operationally included 

in this budget. The balance between oxidation and sedimentary reburial exerts a crucial 

control on atmospheric carbon dioxide and oxygen levels over geological timescales (Hedges, 

1992; Galy and others, 2008; Hilton, 2017), motivating studies to understand the factors that 

modulate this balance. 

The study of petrogenic OC and its cycling has garnered increasing interest in recent 

decades. Here, we take a step back to look at these new developments from a historical 

perspective, revisiting major milestones of this sub-field with its roots tracing back to the 19th 

Century. Throughout its research history, the field has received attention from various 

vantage points and scientific approaches, albeit from disparate and largely separate scientific 

communities. By viewing these developments under an historical lens, we seek to offer an 

integrated perspective of the evolution of the field that provides context for future 

investigations of petrogenic OC. 

 

THE EARLIEST PIONEERS 

Charles Lyell (1797-1875) was undoubtedly one of the most influential Earth scientists. 

Whilst neither the first nor the only early advocate of the actualistic and uniformitarian 

principles in geology, his epoch-making opus magnum “Principles of Geology” (1830-1833) 

constituted the most comprehensive - and certainly most eloquent - approach to explain the 

geological record by reference to processes seen now in operation (see for example Hooykaas, 

1963). In the second volume of his Principles, Lyell (1833, p. 197–198) countered in a 
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theoretical conjecture from his scientific opponent Adam Sedgwick concerning the role of 

vegetation in balancing erosion with the following words: 

“[…] it is certainly possible that a fraction of the organic matter which is 

intermixed with the mud and sand deposited in alternate strata in the delta of 

the Ganges, may have been derived by the leaves and roots of plants from such 

aqueous vapour, carbonic acid, and other gases, as had ascended into the 

atmosphere from lower regions, and which were not, therefore, derived from 

the waste of rocks and their organic contents, or from the putrescence of 

vegetables previously nourished from these sources. This fraction, and this 

alone, may then be deducted from the mass of solid matter annually 

transported into the Bay of Bengal, and what remains, whether organic or 

inorganic, will be the measure of the degradation which thousands of torrents 

in the Himalaya mountains, and many rivers of other parts of India, bring down 

in a single year.” 

This excerpt is truly surprising in that Lyell recognizes that fresh organic matter from 

recent biological activity (“leaves and roots from plants”) is in many cases a subordinate 

constituent when compared to that derived from soil organic matter (“putrescence of 

vegetables”) and even recognizes the significant presence of petrogenic OC (“waste of rocks 

and their organic contents”) in recent sediments. Lyell then states that the fraction of recent 

biological origin (“leaves and roots from plants”) if subtracted from the total mass of the 

sediment, yields a quantity that reflects erosional intensity in the Himalayas. The idea of 

quantitatively distinguishing between a biospheric (this is, recent terrestrial and aquatic 

productivity) and non-biospheric component was subsequently taken up again by researchers 

who then also had the analytical means to do so. His conclusions were drawn based solely on 

field observations and on imaginative thinking rather than hard analytical evidence, rendering 

his insights all the more remarkable. Charles Lyell demonstrated incredible foresight and 

instinct with regards to the behavior of specific pools of carbon in a time when many 

fundamental concepts of the carbon cycle were still in their infancy (Galvez and Gaillardet, 

2012). 

The first hard-evidence based observation of recycled petrogenic OC in the modern 

environment was reported by Johnson and Thomas (1884). These authors investigated the 

drinking water supply of the city of Chicago sourced from Lake Michigan, and noticed the 
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occurrence of Devonian-age microspores suspended in the drinking water. From their 

observations of Sporangites in the drinking water supply (referred to as discs in the following 

quote), Johnson and Thomas (1884) prophetically hypothesized about Lake Michigan: 

“It will be seen that the discs are evidently not the product of their 

present location. They have been in some far-off age imbedded in the shales, 

and subsequently these shale deposits have been broken up and most of it 

ground to clay, and with other material constituting the “Bowlder Clays” have 

been redeposited beneath the lake and the adjacent shores. They are now 

undergoing another dispersion, for they are being washed from their present 

position in the Chicago clays and are mixed with the sands and alluvium to be 

carried by the currents and winds to some new resting place. Consequently our 

water-supply is now full of these products of probably some millions of years 

ago.” 

In addition to the occurrence of these palynomorphs, Johnson and Thomas (1884) also 

described the “Bowlder Clays” - boulders of various sizes with “well-defined ice markings” 

and pieces of shale that have not been “ground down”. They remark: 

“These masses of shale, so far as we can ascertain are identical with the 

shales of the upper Devonian formation, and, like the black shales of Ohio, burn 

with a clear, bright flame, giving out a strong petroleum odor.” 

Although they interpreted signs of ice-markings and a process grinding the sediment, 

they do not elude to glaciers as the agent of such forcing. Remarkable, however, is the insight 

that they identify the Sporangites, which they knew to be made of organic material, were 

sourced from Devonian shale, and that the shale itself also contained OC in the form of 

burnable hydrocarbons. 

Later, Hough (1934) having investigated spores in Lake Michigan surface sediments, 

found that Sporangites huronensis are widely distributed on the lake floor, verifying the 

dispersion hypothesis put forth half a century earlier by Johnson and Thomas (1884). Hough 

(1934) refers to the plant fossils to be “deposits of the third generation” given their deposition 

and remobilization history, being sourced from glacial till, which in turn is sourced from 

Devonian shales. Hough additionally remarks that “Sporangites, because of its tough, resinous, 

water-resisting qualities, is unusually fitted to withstand the physical and chemical process of 

destruction which it has encountered in more than one cycle of sedimentation …” and 
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describes the Sporangites as “fresh as those separated from the pebbles of the original black 

shale”. Hough (1934) was thus one the first to recognize that petrogenic OC, in the form of 

palynomorphs, exhibits a highly recalcitrant character allowing redeposition of ancient OC in 

recent sediments. 

In 1938 and 1939, Matti Rufus Sauramo (1889-1958) published two articles on the 

occurrence of graphite in Quaternary sediments. Using an elegant and extensive combination 

of methods, including optical microscopy, wet chemical oxidation, dissolution of mineral 

matter, organic matter extraction, flotation, sieving, density separation, streak color analysis, 

electrical conductivity measurement, carbon content determination, and specific weight 

determination, Sauramo developed several profound insights, including that (1) graphite is 

present in modern sediments, (2) graphitic carbon behaves in a recalcitrant manner as it is 

mobilized and transported from source-to-sink, and (3) the cycling behavior of graphite is 

largely decoupled from the rest of the modern carbon cycle. Sauramo (1938, 1939) lists 

various graphite, shale, and shungite outcrops that may serve as sources of petrogenic OC to 

recent sediments. In the closing statement of his 1938 publication he identifies processes for 

the mobilization and dispersal of petrogenic OC and enunciates the significance of his findings 

for the carbon cycle: 

“It is therefore probable that graphite has its own fate in the geological 

processes. Chemical and mechanical weathering decompose the earth’s rocky 

crust containing, among other constituents, also graphite, but they cannot 

destroy this mineral completely. In most cases it escapes the only dangerous 

chemical change, the oxidation through burning, but not the common 

mechanical disintegration and other geological processes on the earth’s 

surface. Derived from solid rocks by land ice and “refined” by this agency into 

powder, it has been carried away by water and re-deposited in aqueous 

sediments. This is a simple cycle besides the more complicated common 

circulation of carbon.” 

Many decades prior to Sauramo’s achievement, Jacques Ebelmen (1845) already made 

the first steps towards identifying earth surface processes controlling atmospheric oxygen 

and carbon dioxide levels, which among a suite of processes included the destruction of 

organic matter in sedimentary rocks. Ebelmen recognized that this process leads to an 

increase in carbon dioxide and decrease in oxygen in the atmosphere (Berner and Maasch, 
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1996). With Ebelmen’s early work, the basic inner workings of carbon cycle had been 

assembled (compare historical perspectives by Berner and Maasch (1996) and Galvez and 

Gaillardet (2012)). In the last decade of the 19th Century, Svante Arrhenius, Arvid Högbom, 

and Thomas Chamberlin pioneered in developing a more sophisticated understanding on the 

relationships and geological feedbacks between atmospheric carbon dioxide, chemical 

weathering reactions, and organic geochemical cycles, with a growing appreciation for the 

relevance of these factors on global climate (Arrhenius, 1896; Chamberlin, 1899a; Berner, 

1995 and references therein). The “complicated” behavior of the carbon cycle had thus 

become increasingly apparent. Sauramo (1938) recognized that in this context, the petrogenic 

OC cycle represented a relatively “simple” sub-cycle, whereby petrogenic OC preferentially 

escapes the effects of weathering and is redeposited in sediment, ultimately resulting in 

limited communication with other carbon reservoirs. After Sauramo’s 1938 and 1939 

publications, his research focus shifted back towards understanding the geologic history of 

the Baltic Sea and the interplay between global sea level fluctuations and glacio-eustatic uplift 

(see Wegmann (1969) for a concise discussion of his major achievements in this area of 

research) and he discontinued his investigations of graphite in modern-day sediments. 

However, Sauramo’s findings were included as part of the carbon cycle presented in the 

influential geochemistry textbook by Rankama and Sahama (1950; p. 535-542), which is 

reproduced in figure 1. Rankama and Sahama were students at the time of Sauramo’s 

professorship and both became professors at the University of Helsinki, hence his influence 

on their understanding. Their depiction of the carbon cycle shows the biospheric, atmospheric, 

and aquatic carbon pools and their sources and sinks and their connections to the rock cycle. 

The “simple carbon cycle” (referring to the cycling behavior of graphite on the Earth’s surface) 

is depicted by the reintroduction of graphite into rock cycle, thus bypassing the “more 

complicated common circulation of carbon”. 

The insights stemming from this early phase of research into petrogenic OC have 

mostly been lost from the modern consciousness. Lyell’s (1833) foresight concerning OC of 

different provenance, including petrogenic OC, make him the earliest to express thoughts on 

the topic. With Johnson and Thomas (1884), Hough (1934), and Sauramo (1938, 1939), it 

became evident that petrogenic OC sourced from bedrock millions of years of age in the form 

of palynomorphs and graphitic carbon is being reworked and redeposited in modern-day 

sediments with their recalcitrance allowing them to evade degradation. 
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Fig. 1. The carbon cycle as depicted in Rankama and Sahama (1950). Once generated, graphite 

can be entrained within a closed cycle encompassing diagenesis, metamorphism (“anatexis”), 

erosion, and redeposition until it is remineralized to be once again introduced into the “more 

complicated common circulation of carbon” as enunciated by Sauramo (1938, 1939). 
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A PERIOD OF REDISCOVERY 

Geochemical Observations – The Dawn of Radiocarbon 

Before radiocarbon was introduced as a dating technique, its possible application to 

trace, and distinguish between, modern biospheric and ancient carbon was already 

enunciated by Willard Libby in 1946 who wrote: 

“It will be particularly desirable to examine C13 concentrates for C14 if 

they are prepared from the atmosphere or biosphere carbon compounds, and 

it is hoped that future C13 concentration plants will use plant life carbon, when 

possible, rather than oil, coal, or limestone in which the abundance of C14 

should be very low.” 

Shortly thereafter, radiocarbon would emerge as an invaluable tool for geochemists. 

The earliest studies where geochemical evidence of the reworking of petrogenic OC from 

ancient into recent sediments was first found are those of Emery (1960) and Bray and Burke 

(1960). Emery and Bray (1962) combined the data from their 1960 publications, noting the 

discrepancies between measured and expected radiocarbon ages of carbonate and organic 

materials in California Basin sediments. In a reinterpretation of the radiocarbon data from the 

two 1960 publications, Emery and Bray (1962) stated: 

“Reworking of ancient organic carbon and mixing with modern carbon 

during deposition of the sediments can produce ancient radiocarbon ages. As 

already indicated, the greater age of extract carbon than of total organic 

carbon may have been caused by deposition of tar in the sediments particularly 

of Santa Barbara and Santa Monica basins.” 

During the early days in radiocarbon research, many lessons regarding sample 

handling and laboratory contamination were still being learnt, an issue raised by Bray and 

Burke (1960). However, these initial studies successfully yielded some of the earliest insights 

and quantitative constraints on the complex mixtures of OC disseminated in sediments. 

Emery and Bray (1962) continued: 

“Deposition of organic carbon from land also occurs, as witnessed by 

the frequent observation of leaves, twigs, and seeds from land plants floating 

on the sea surface after rainstorms and by their presence deep in cores of the 

basin sediments; these materials may serve to produce a lesser age in 

nearshore than in offshore basins, but they can not yield ancient ages in either. 
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Another possibility is that erosion and redeposition of land outcrops may 

contribute older carbon to cause the older ages.” 

Emery and Bray (1962) cited examples of eroding Cretaceous outcrops and concluded 

by stating: 

“The old age of surface sediment is as yet incompletely explained. Partly 

it may be due to reworking of organic carbon from ancient deposits and mixing 

with modern carbon in the present sediments.” 

The Emery and Bray (1962) publication, while expressing uncertainty in the confidence 

of their interpretation, shows a remarkable evolution of ideas from the sparsely commented 

upon dataset originally presented by Bray and Burke (1960) and in Emery’s (1960, p. 249) 

textbook, with the latter (referring to the Santa Barbara Basin), merely stating: 

“Conceivably some reworked organic carbon is present in the form of 

bits of tar carried by currents from oil seeps near Point Conception; however, 

since the age discrepancy is not great, it probably can be neglected in the 

problem of rate of deposition.” 

Numerous uncertainties at the time of publication involving basic questions of 

sediment source, mixing, depositional cycles, laboratory contamination, and even 

fractionation behavior of radiocarbon made Emery and Bray’s interpretation quite a leap. 

Three decades later, taking advantage of innovations in radiocarbon measurement by 

accelerator mass spectrometry, Bauer and others (1990) assessed the biogeochemical 

impacts of hydrocarbon inputs from the seeps in the same area investigated by Emery, Bray, 

and Burke by using radiocarbon as a natural tracer to monitor the incorporation of petrogenic 

OC into the modern marine food web. Thus, while the early research efforts and 

interpretations of Emery, Bray, and Burke in the early 1960s were hindered by methodological 

uncertainties, the ensuing discussions succeeded in launching renewed interest in petrogenic 

OC cycling in marine-based petroleum and geochemical research. 

Parallel to developments in research in the California Basins, research focusing on 

Quaternary geology in Fennoscandia was also making headway. In Sweden, Brotzen (1961) 

noticed that radiocarbon dating of bulk OC was returning inverted ages in a marine sediment 

core. Brotzen (1961) realized that “this can be caused by redeposition of older, possibly 

interstadial material, and therefore both contemporaneous and older organic matter occur 
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together in the sediments”. On varved sediments, Hörnsten and Olsson (1964) later stated 

that 

“One must always pose the question if the sample really contains carbon 

only from the current time. This present study shows that selection of samples 

and interpretation of the results must always happen with great caution. 

Samples that may be suspected of containing allochthonous carbonaceous 

material should be avoided because the material may have been transported 

long ways, as is the case with varved clay, in which carbonaceous material can 

be derived from different geological deposits from different times.”1 

By comparing humus and insoluble organic matter, they concluded that, within the 

insoluble OC fraction, petrogenic OC was mixed with OC of contemporaneous origin. A similar 

conclusion was reached by Østrem (1965) who studying Scandinavian moraines attempting 

to correct for their age found: 

“In some cases, however, a part of the rock fragments contains carbon 

of a very great age in the form of graphite or in the form of a semi-

metamorphosed compound. It is most probable that these two forms of old 

carbonaceous material are both present in the samples from areas where 

carbon-containing rocks exist in the bedrock, not too far from the sampling site”. 

In early Holocene Finnish marine clays through combined radiocarbon and pollen 

analysis, Donner and Jungner (1973) demonstrated intermixing of contemporaneous organic 

matter with reworked OC from the last interstadial. They calculated that 90% of the OC must 

have been of reworked origin. Using palynological information, showing that pollen grains 

from the last interglacial were present in Early Holocene deposits, the provenance and age of 

the petrogenic OC was ascertained in more detail. Beyond demonstrating a successful 

marriage of methods, the palynological insights revealed the relative geologic youth of the 

petrogenic OC in this case study. In lake research, inputs of petrogenic OC in recent sediments 

were hypothesized from continuously observed offsets between expected deposition ages 

and older measured radiocarbon ages of bulk OC (for example Donner and Jungner, 1974; 

King and others, 1976; Fowler and others, 1986; Blystad and Selsing, 1989). In a study of 

Finnish lake deposits, Donner and Jungner (1974) concluded that many of the radiocarbon 

                                                           
1 Swedish-English translation courtesy of Lisa Bröder 
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dates were too old due to redeposition of old organic matter, hard-water effects, and the 

presence of graphite. Donner also happened to be a former doctoral student of Professor 

Sauramo, and later succeeded him as chair of geology and paleontology at the University of 

Helsinki. 

 

Palynological, Petrographical, and Geochemical Evidence Mounts 

In the early second half of the 20th Century, palynologists continued to discover 

examples of the reworking of ancient pollen and spores into younger and recent deposits in 

both terrestrial (for example Heinonen, 1957; Davis, 1961) and marine domains (for example 

Muller, 1959; Wilson, 1964 and references therein; Streel and Bless, 1980 and references 

therein). In the 1967 doctoral dissertation of David Horn, the relevance of petrogenic OC 

(referred to as detrital carbon in the quote) came to light in his case study of the Sverdrup 

Islands in the Canadian Arctic where he states: 

“Organic rich shales and coal constitute a major part of the rocks which crop 

out on the Ringnes Islands. Gravel- and sand-sized black shale and coal are 

common constituents of the fluvial sediments on the islands. Although it has 

been reported that plankton are the main source of organic carbon in the 

Recent sediments with terrigenous material being far less important 

(Bordovskiy, 1965), the writer suggests that the reverse is true in the Sverdrup 

Islands area. Here there is an abundant source of detrital carbon, but a limited 

planktonic source. Presumably large contributions of organic carbon by coastal 

drainage accounts for the relatively high concentration of this material in 

Recent sediments of the study area.” 

Horn (1967) reached this conclusion based on naked-eye observations and on the 

elevated OC content he found in his sediments, relative to other Arctic sites, which could not 

be explained by a planktonic source alone. Additionally, this OC content exhibited some 

correlation with clay content suggesting a level of association between OC and clay. Horn 

(1967) concluded contributions of petrogenic OC to recent marine sediments could constitute 

the major source of OC. 

In the proceedings of the 6th International Meeting on Organic Geochemistry held in 

France in 1973, two groups reported similar observations: Gadel and Ragot (1974) and Sackett 

and others (1974a). Gadel and Ragot (1974) described recent sediments from the Gulf of Lyon 
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using density separation, microscopy, and the stable carbon isotopic compositions of 

macerals of varying maturity from lignite to graphite. These petrogenic components were 

shown to have a relatively 13C-enriched carbon isotopic composition relative to that of the 

bulk sedimentary OC. In the ensuing discussion at the conference, Ragot stated that about 

20-80% of the organic matter in the Gulf of Lyon sediments was of petrogenic origin. The 

finding that the Rhone River exports petrogenic OC to the Gulf of Lyon was later confirmed, 

and the quantities refined by using radiocarbon and wet chemical techniques to characterize 

this carbon fraction (Cathalot and others, 2013). Sackett and others (1974a,b) demonstrated 

the importance of petrogenic OC contributions to OC in contemporary sediments from the 

Ross Sea, Antarctica. Using optical microscopy and stable carbon isotope measurements of 

different grain size fractions, Sackett and others (1974b) demonstrated that up to 90% of OC 

in these sediments was in fact from glacier-mobilized bedrock. The parallels between the 

ideas and conclusions drawn by Sackett and others (1974b) and Sauramo (1938, 1939) are 

quite stunning: both recognize glaciers as major agents by which petrogenic OC is mobilized 

and later redeposited in modern sediments. 

In the organic petrology and palynology communities, the occurrence of reworked 

petrogenic OC and palynomorphs in the geologic record continued to be reported without 

much fanfare (for example Dow, 1977; Streel and Bless, 1980; Guy-Ohlson and others, 1987). 

Pollen, spores, and certain other palynomorphs are composed of sporopollenins, which are 

organic polymers that have been described as “probably the most resistant organic materials 

of direct biological origin found in nature and in geological samples” (Brooks and Shaw, 1978) 

and “practically undestructable” (Streel and Bless, 1980). Within the organic petrographic 

body of literature driven mainly by coal and petroleum geologists, the sedimentology of 

reworked petrogenic OC was summarized by Jones (1987), who described the spatial 

distribution of petrogenic OC in modern terrestrial and marine sedimentary environments. In 

what Jones (1987) classifies as “organic facies D”, macerals are mainly of the inertinite group 

which includes “reworked organic matter that was highly altered in a previous thermal cycle, 

and residual organic matter from which most of the energy has been stripped by bacteria 

and/or other scavengers”. In referring to reworked organic matter specifically, Jones (1987) 

states that its usual area of deposition is in 

“[…] non-marine to shelf deposits adjacent to mountain ranges 

primarily composed of highly altered sedimentary rocks. Due to an often larger 
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particle size and a higher density than most other organic matter, reworked 

organic matter is preferentially found in the coarser-grained or poorly sorted 

sediments. Such sediments can occasionally be removed into deeper water by 

slumps and turbidites. Fine-grained reworked organic matter can be deposited 

in fine-grained rocks anywhere, including deep water. Transportation can be by 

water or by air.” 

Within the classification scheme after Jones (1987), reworked petrogenic OC is also a 

typical constituent in “organic facies CD” found in “marine foredeeps in front of rising 

mountain ranges”. The Jones (1987) classification scheme illustrates how frequently 

petrogenic OC particles are observed by organic petrologists in terrestrial and marine 

sedimentary sequences. Later research into the distribution of reworked petrogenic OC 

through geologic space and time in marine sediment continued to report frequent 

observations of reworked petrogenic OC in the form of recycled vitrinite and intertinite. For 

example, Littke and Sachsenhofer (1994) investigated marine sediments spanning from 

Triassic to Recent, and found that reworked petrogenic OC is particularly abundant in 

hemipelagic sediments. From palynological investigations, it has become apparent that the 

supply of petrogenic OC in the form of reworked palynomorphs trends with latitude and may 

emanate from a point-source (for example, Orinoco River: Muller, 1959) and is influenced by 

sea level, glacial phase, and orogenic activity (Stanley, 1966; Streel and Bless, 1980; Eshet and 

others, 1988; Tyson, 1995, p. 281-284). 

Besides employing the radiocarbon isotope technique, geochemical evidence using 

biomarker organic compounds, such as lipids, yielded further evidence that petrogenic OC 

leaves an appreciable footprint on the bulk organic geochemical signature of recent 

sediments (for example Kemp and Johnston, 1979; Rowland and Maxwell, 1984; Rosell-Melé 

and others, 1997). Similar findings emerged from case studies using stable carbon isotopes 

(for example Kennicutt and others, 1987; Tyson, 1995, p. 414-415). 

 

MODERN ERA RESEARCH INTO PETROGENIC ORGANIC CARBON 

Continued Geochemical Observations Worldwide 

In a case study from a Taiwanese river using radiocarbon as a natural tracer, Kao and 

Liu (1996) showed that >70% of OC was of petrogenic origin. This study demonstrated that 

abundant export of sedimentary petrogenic OC was not restricted to high latitude regions 
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such as Antarctica (Sackett and others, 1974a,b), but could also be an important carbon cycle 

component in low latitude regions characterized by high biospheric activity. In the 2000s, 

consensus on the pervasive delivery to and presence of redeposited petrogenic OC in the 

world’s oceans grew (Blair and others, 2003; Dickens and others, 2004; Galy and others, 2007, 

2008). Dickens and others (2004) used a combination of chemical and thermal techniques to 

isolate graphitic carbon in marine sediments, reminiscent of the isolation methods used by 

Sauramo (1938), and subsequently demonstrated its petrogenic origin through radiocarbon 

analysis. Galy and others (2008) examined Himalayan sediments in the Ganges-Brahmaputra 

and Bengal fan - the very same area Lyell (1833) had used to illustrate his thoughts on 

(petrogenic) carbon cycling. These authors used a combination of transmission electron 

microscopy, Raman spectroscopy, and radiocarbon analysis to show that highly ordered 

graphitic carbon is preserved and ultimately finds its way back into marine sediments, while 

the lower grade metamorphic forms are partly oxidized and lost during transport. Additionally, 

studies on degradation and alteration upon exhumation of bedrock have provided 

quantitative constraints on processes feeding this sedimentary petrogenic OC supply (Bolton 

and others, 2006; Petsch, 2014). Petsch and others (2001) and Hemingway and others (2018) 

demonstrated the incorporation of petrogenic OC into modern microbial biomass during the 

weathering of shale, underlining the role of microbes in utilizing petrogenic OC and providing 

an alternative means for petrogenic OC degradation besides abiotic oxidation. This biospheric 

uptake of petrogenic OC either directly or from dissolved organic matter released from 

petrogenic OC allows carbon to circumvent inorganic atmospheric and aquatic carbon pools, 

introducing this carbon into the modern food web directly (for example Longworth and others, 

2007; Schillawski and Petsch, 2008; Caraco and others, 2010). While Sauramo (1938) showed 

the persistence of graphitic carbon, he was unable to further resolve less mature forms of 

petrogenic OC using the tools he had at his disposal. Scientific consensus on the widespread 

occurrence of petrogenic OC in modern-day sediments has led to routine corrections of OC 

contents to distinguish between biospheric OC representing modern-day productivity and 

petrogenic OC (for example Galy and others, 2008; Hilton and others, 2015). 

 

Pushing Analytical Frontiers for Tracing Petrogenic Organic Carbon 

Already in the early days of radiocarbon analysis, it became apparent that bulk OC 

signatures in sediments needed to be complemented by measurements on well-constrained 
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components because of diverse inputs and processes that influence the former. A lone 

forerunner in his field, Smith (1952) seeking to answer the question of the origin of petroleum, 

became the first to report on radiocarbon isotopic composition of hydrocarbon extracts on 

marine surface sediments. He then went on to become the first to conduct radiocarbon 

measurements on individual liquid chromatographic fractions of hydrocarbon extracts (Smith, 

1954). In another pioneering study, Giger and others (1984) succeeded in gas 

chromatographic isolation and radiocarbon dating of hydrocarbons by gas chromatography 

from Lake Constance sediments, the results demonstrating clear contributions from a 

petrogenic OC source. Giger and others (1984) interpreted these results in the context of 

environmental pollution stemming from petroleum or petroleum-derived substances. 

Eglinton and others (1996, 1997) applied a novel instrumental approach that paved the way 

for more routine compound-specific radiocarbon measurements, and established the 

presence of individual biomarkers of petrogenic origin in recent marine sediments. 

Alternatively, analytical approaches have emerged using the biophilic elements iodine and 

rhenium associated with petrogenic OC to trace their sedimentary pathways and degradation 

behavior. Moran and others (1998) demonstrated that the long-lived radioisotope of iodine 

(129I) allows detection of sedimentary petrogenic OC contributions because it can be traced 

back tens of millions of years into the past. Based on their observations, they hypothesized a 

widespread occurrence of reworked petrogenic OC in recent marine sediments. In a different 

approach, rhenium dissolved in river water has been used as a tracer for petrogenic OC 

remineralization within a catchment due to the tight association between this element and 

petrogenic OC (Dalai and others, 2002; Jaffe and others, 2002; Hilton and others, 2014; Horan 

and others, 2017). Given this, the amount of carbon dioxide respired by petrogenic OC 

weathering can be calculated and compared with the amount of petrogenic OC exported to 

the ocean (Hilton and others, 2014). 

Today, radiocarbon measured using accelerator mass spectrometry is the workhorse 

method of choice for disentangling petrogenic OC from bulk OC in sediments (for example 

Galy and others, 2007; Drenzek and others, 2007; Hilton and others, 2008; Hilton and others, 

2015; Hilton, 2017). In addition, Raman spectroscopy and transmission electron microscopy 

have been established as insightful tools for characterizing the degree of graphitization 

resulting from metamorphism (Buseck and Beyssac, 2014), which provide detailed 

information on petrogenic OC provenance (Nibourel and others, 2015) and structural 



  202 

ordering (Beyssac and Rumble, 2014). Galy and others (2015) and Hilton (2017) ring the dawn 

of a new age where large global datasets and computational approaches are poised to set the 

stage for obtaining new insights into processes controlling petrogenic OC erosion, 

remineralization, and reburial and quantitatively disentangling petrogenic OC admixture from 

biospheric OC contributions. We have come a long way since Sauramo (1938, 1939) who used 

streak color and conductivity to identify reworked graphite in recent sediments. However, 

both the modern and sophisticated, as well as the traditional and elegant approaches have 

succeeded in contributing to our growing understanding of the distinctive behavior of 

petrogenic OC on the Earth’s surface. 

 

Constraining Sedimentary and Weathering Fluxes 

As a prerequisite for geochemical modeling, fluxes must be constrained to assess the 

ramifications of petrogenic OC cycling on Earth’s surface. One such flux is sedimentary 

petrogenic OC as the product of erosion, which is transported and redeposited in the 

sedimentary record and has no effect on atmospheric chemistry. For the modern 

environment, Meybeck (1993) made the first step towards deriving global fluvial land-ocean 

petrogenic OC fluxes and estimated that 80 TgC is exported annually. This flux estimate was 

amended to 100 TgC/a (Di-Giovanni and others, 2002), while Blair and others (2003), studying 

the Eel River along the North American west coast highlighted the role of “short mountainous 

rivers” as major conduits of petrogenic OC export to the oceans, arrived at a global petrogenic 

OC flux estimate of >40TgC/a. The most recent estimate ( TgC/a) based on a global river 

dataset (Galy and others, 2015) corresponds to approximately 20% of global total OC export 

to the oceans. 

Complementary to the study of the export of sedimentary petrogenic OC as a product 

of erosion, other studies have constrained the fraction of petrogenic OC that is degraded, 

which diverts carbon into the active carbon pools either by direct release of carbon dioxide 

to the atmosphere, addition of dissolved inorganic carbon in the hydrosphere, or biospheric 

uptake directly or indirectly by consumption of petrogenic OC-derived dissolved organic 

matter. Currently, the relative importance of the different pathways of how degraded 

petrogenic OC is reintroduced into the active cycling carbon pools remains a matter of debate. 

Despite this uncertainty, by constraining petrogenic OC degradation, first-order carbon 

dioxide fluxes to the atmosphere have been calculated. Using riverine dissolved rhenium 



  203 

concentrations as a quantitative tracer, Hilton and others (2014) assessed the impact of 

petrogenic OC oxidation and biospheric OC export on the net carbon budget of Taiwan and 

its influence on atmospheric CO2 concentrations, and concluded that, within the OC cycle, the 

Taiwan orogeny represents a net sink of atmospheric carbon dioxide. In contrast to active 

orogenic systems such as Taiwan and the Himalayas, where significant amounts of exhumed 

petrogenic OC is exported and reburied in marine sediments (Galy and others, 2007, 2008; 

Hilton and others, 2011; Kao and others, 2014), petrogenic OC appears to undergo extensive 

degradation during transit through extensive floodplains such as the Amazon that are 

developed on passive margins. However, in the case of the active margin setting of Taiwan, 

characterized by a high flux of eroded petrogenic OC to the ocean (Hilton and others, 2011; 

Blattmann and others, 2018), the area-normalized flux of carbon respired to the atmosphere 

stemming from oxidized petrogenic OC exceeds that of the Amazon River case study (compare 

Clark and others (2017) and Hilton and others (2014)). The rapid supply of fresh petrogenic 

OC in Taiwan is controlled by high exhumation rates driving both high oxidation rates and 

pronounced leakage of petrogenic OC back into the sedimentary sink. Oxidized petrogenic OC 

reintroduced into the modern cycle may effect atmospheric carbon chemistry on the same 

order of magnitude (or greater) and quicker than consumption by silicate weathering 

(Bouchez and others, 2010; Clark and others, 2017; Horan and others, 2017). 

Investigations thus far have provided rudimentary constraints on land-ocean fluxes of 

petrogenic OC and first-order assessments of impacts on carbon dioxide budgets on regional 

and global scales. While much remains to be understood with respect to specific fluxes and 

underlying processes, both in terms of spatial and temporal variability, recent work has 

allowed us to inch closer towards a quantitative overview of the nature and dynamics of 

petrogenic OC and its role in the global carbon cycle. 

 

Petrogenic Organic Carbon Cycling Through Geologic Space and Time 

John Hedges (1946-2002), one of the most influential organic geochemists and 

oceanographers in modern times, raised the question: “Is kerogen completely remineralized 

during the weathering of sedimentary rocks?” in his 1992 synthesis and review of unanswered 

biogeochemical problems. This question foreshadowed the wave of petrogenic OC research 

in the geochemistry community that has continued until the present day. 
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In the current state of research, the importance of petrogenic OC reworked into 

modern sedimentary environments with regards to its presence and recalcitrance relative to 

biospheric OC is now generally agreed upon (Galy and others, 2008; Blair and Aller, 2012). 

Additionally, petrogenic OC exhibiting more graphitic properties as a result of metamorphic 

overprint exhibits increasing resistance to weathering and remineralization (Galy and others, 

2008). Their quantitative fluxes are being amended and regional effects on atmospheric 

carbon dioxide and oxygen budgets are emerging. The impact of petrogenic OC on 

geochemical signatures of modern fluvial and marine sediments has been demonstrated time 

and again, suggesting a global footprint. The picture in the geologic past is much more 

incomplete with little known about the fluxes of petrogenic OC subject to weathering versus 

sedimentary reworking. However, atmospheric chemistry is hypothesized to have controlled 

petrogenic OC remineralization in the geologic past with lower oxygen levels (Bolton and 

others, 2006), particularly during the Proterozoic, corresponding to lower weathering 

efficiency and thus to a “simpler” OC cycle (Derry, 2014; Daines and others, 2017). Direct 

observations of such reworked petrogenic OC on the organic geochemical signatures of 

sediments extending back to the Early Cambrian have been reported (Jiang and others, 2012) 

and palynological studies commonly document the presence of reworked palynomorphs in 

sediments throughout the Phanerozoic (for example Streel and Bless, 1980; Guy-Ohlson and 

others, 1987). Streel and Bless (1980) meticulously compiled data on the age of reworked 

palynomorphs and the age of the host rocks piecing together a picture of the occurrence and 

age of petrogenic OC reworked through geologic time. In this distribution of ages, Streel and 

Bless (1980) connect the most pronounced maxima of sediments hosting reworked 

palynomorphs to major orogenic episodes. The sedimentological behavior of reworked 

palynomorphs may be quite distinct from that of rock-disseminated petrogenic OC forms (for 

example Hough, 1934), nevertheless the patterns illuminated by Streel and Bless (1980) 

provide an overview on the residence time of petrogenic OC in the lithosphere. Reworking of 

petrogenic OC, and particularly the leaching of soluble organic matter from coal deposits into 

the ocean, are hypothesized to have had important roles in carbon cycling during the 

Paleocene-Eocene transition (Boucsein and Stein, 2009) with reworked macerals exhibiting 

isotopic fingerprints distinct from that of indigenous OC (Bataille and others, 2013). With the 

renewed onset of glaciation, palynological, petrographic and geochemical studies have 

revealed increased sedimentary inputs of reworked palynomorphs (Stanley, 1965, 1966; 
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Streel and Bless, 1980) and pronounced ice-rafted petrogenic OC delivery to Pliocene and 

Quaternary marine sediments (Hölemann and Henrich, 1994; Wagner and Hölemann, 1995; 

Rosell-Melé and others, 1997; Hefter and others, 2017). 

Throughout the history of petrogenic OC research, the role of glaciers and ice as major 

agents of petrogenic OC mobilization and dispersal have been highlighted in various case 

studies (Johnson and Thomas, 1884; Hough, 1934; Sauramo, 1938; Sauramo, 1939; Sackett 

and others, 1974b; Bischof and others, 1990; Hölemann and Henrich, 1994; Wagner and 

Hölemann, 1995; Rosell-Melé and others, 1997; Herman and others, 2015; Hefter and others, 

2017). This comes as no surprise as physical erosion exerts a primary control on petrogenic 

OC supply to modern-day rivers (Galy and others, 2015) and glaciated regions are subject to 

stronger physical erosion than non-glaciated regions (Hallet and others, 1996). The most 

pronounced phases of glacial activity in Earth history occurred during the “Snowball Earth” 

periods of the late Neoproterozoic when at least two widespread (perhaps even global) 

glaciations of the Earth’s surface have been inferred from the geological record (Harland, 

1964, Hoffman and others, 1998, Hoffman and others, 2017). It is during these phases of 

extreme global glaciation that geochemical clues have emerged on possible admixture of 

reworked petrogenic OC with bulk OC (Johnston and others, 2012). In the Cenozoic with the 

onset of glaciation in the Pliocene, increased petrogenic OC delivery in the form of coal and 

shale has been established in northern high latitude marine sediments (Hölemann and 

Henrich, 1994; Wagner and Hölemann, 1995). Additional effects of glacial grinding of 

sediment has been proposed to create easily weatherable substrate, which in the case of 

silicate weathering, leads to enhanced consumption of carbon dioxide during interglacial 

periods (Chamberlin, 1899b; Vance and others, 2009). On a more speculative note, it is 

conceivable that petrogenic OC in glacially-ground rocks also exhibits enhanced reactivity and 

susceptibility to oxidation, counteracting the effects of silicate weathering, and possibly 

contributing to greenhouse conditions (Hoffman and others, 1998) immediately after 

Snowball Earth periods. Along a similar line of thinking, illustrated by a case study of modern 

landscapes in the Southern Alps of New Zealand, the weathering of petrogenic OC accelerated 

by glaciation and frost shattering has been hypothesized to counteract Cenozoic cooling 

(Horan and others, 2017). The action of glaciers and ice thus on the one hand appear to both 

promote conservative mobilization and dispersal of petrogenic OC, and on the other, increase 

its reactivity as a result of grinding and shattering. As argued by Horan and others (2017) and 
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references therein, the faster kinetics of petrogenic OC weathering relative to that of silicate 

weathering is the key driver for net carbon emissions from glacier-impacted landscapes. 

Additional questions arise concerning the cycling and impact of petrogenic OC during 

periods of intensified tectonic activity. Differences between active and passive continental 

margin systems with regards to petrogenic OC remineralization and land-ocean export 

efficiency in modern systems (Blair and Aller, 2012) imply that tectonics must also exert an 

important control on the fate of petrogenic OC and on associated feedbacks on atmospheric 

chemistry. Building on the findings of Galy and others (2015), where sedimentary petrogenic 

OC fluxes are expected to be higher during times of heightened sediment delivery from 

continents, such episodes can be expected during continental break-up, opening and closing 

of ocean basins, and particularly during the formation of supercontinents (Campbell and Allen, 

2008 and references therein). Reconciling supercontinent-driven increases in atmospheric 

oxygen might not be as difficult to achieve if the cycling of petrogenic OC is accounted for, as 

conjectured by Campbell and Allen (2008): 

“On the other hand, orogenic episodes are also periods when sediments 

are eroded from mountain belts, which leads to the oxidation of contained 

organic C and pyrite and consumes atmospheric O2. Atmospheric O2 will 

increase during orogenic events only if the mass of buried organic C exceeds the 

mass eroded. Both sedimentary and igneous rocks are eroded during orogenic 

events and the eroded material is redeposited as sediments. Recycling of 

sediments produces no net change but erosion of igneous rocks, which includes 

new igneous material added during crustal growth since the previous orogenic 

event, produces new, first-cycle sediments that increase the sedimentary mass. 

The amount of sediment deposited during a cycle of orogenesis and erosion 

must therefore exceed the amount eroded. As a consequence, each successive 

supercontinent cycle must produce more sediment than the previous one. If the 

fraction of organic C in sediments remains the same, or increases with time as 

a result of evolution, each orogenic cycle should produce a step increase in 

atmospheric O2 and each step should take atmospheric O2 to a higher level.” 

The link between orogenic episodes and increased occurrences of reworked 

palynomorphs in the sedimentary record does suggest that tectonic activity linked with high 

erosion rates led to enhanced petrogenic OC reburial (Streel and Bless, 1980), which is also 
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observed in the modern case study of Taiwan (Hilton and others, 2011; Kao and others, 2014). 

However, studies have barely scratched the surface of the rich information contained in the 

form of lithospheric petrogenic OC residence times provided by reworked palynomorphs 

(Streel and Bless, 1980). 

It is clear that a more comprehensive understanding of the behavior of petrogenic OC 

cycling is necessary to more precisely understand organic geochemical signatures archived in 

sediments, as well as to constrain atmospheric oxygen levels over geological timescales 

(Bolton and others, 2006). Petrogenic OC which escapes remineralization and is reburied in 

sediments exerts no net effect on atmospheric oxygen, yet is often mistaken for, or binned 

together with, OC of recent biospheric origin. Atmospheric models have struggled to 

incorporate this aspect due to the many uncertainties associated with petrogenic OC 

remineralization and reburial fluxes today and through geologic time (for example, Hayes and 

Waldbauer, 2006; Berner, 2006). Over geologic timescales, atmospheric carbon dioxide levels 

are considered to be mainly driven by silicate weathering, while oxygen levels are largely 

controlled by biospheric OC burial, its thermal decomposition in the Earth’s interior, and 

remineralization of petrogenic OC by weathering (Berner, 2006). The degradation and 

delivery of petrogenic OC to the Earth surface depends on the initial petrogenic OC content 

of bedrock, erosion rate, atmospheric oxygen content, and a suite of soil and bedrock 

properties such as oxygen diffusion and particle size effects as modeled by Bolton and others 

(2006). Such modeling results lay the groundwork for understanding quantitative controls on 

the amount of petrogenic OC that is subject to remineralization and sedimentary reworking. 

Our understanding of modern-day petrogenic OC fluxes have approached a point where these 

effects are now being modeled to its first order over geologic time (Daines and others, 2017; 

Lenton and others, 2018). Daines and others (2017) proposed co-evolving modes of 

petrogenic OC cycling and atmospheric O2 levels from the Archean to the modern day. In this 

first full implementation of a recycled petrogenic OC component in a global geochemical 

model, they propose that exhumed petrogenic OC was predominantly reworked back into the 

sedimentary record during the Archean under conditions of low oxygen levels. After the Great 

Oxidation Event in the Proterozoic, the majority of petrogenic OC continued to be reworked 

into the new sediments with a small fraction oxidized. Under modern levels of atmospheric 

oxygen, the majority of petrogenic OC is oxidized, consuming oxygen, while only a small 

fraction is reburied. As discussed in Daines and others (2017), the incomplete oxidation of 
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petrogenic OC has profound implications for carbon isotope records and raises the possibility 

of a suppressive feedback mechanism on atmospheric oxygen during the Proterozoic. In the 

modeling results of Lenton and others (2018), incomplete petrogenic OC oxidation is needed 

to maintain atmospheric oxygen levels above zero. It has thus become evident that petrogenic 

OC reburial is a key control in maintaining favorable atmospheric oxygen levels. 

 

A Speculative Synthesis 

The cycling of petrogenic OC at the Earth’s surface appears controlled by multiple 

factors including the (1) erosional and transport regime, (2) remineralization intensity, and (3) 

properties of petrogenic OC upon which these processes are exerted (fig. 2). Glacial regimes 

drive exhumation and mobilization of petrogenic OC, dispersing it across land and ocean 

waters, via ice rafting. These regimes appear to mobilize and redeposit petrogenic OC with 

apparently little bias with respect to petrogenic OC type, such that both fossil palynomorphs 

and disseminated forms of petrogenic OC in sedimentary rocks are subjected to grinding while 

exhibiting relatively conservative transport behavior (for example Sauramo, 1938; Wilson, 

1964; Herman and others, 2015; Hefter and others, 2017). Under glaciofluvial conditions, 

glacial grinding is augmented by freeze-thaw cycles that induce rock shattering and 

production of high surface area substrates, exposing petrogenic OC to microbial and chemical 

oxidation (Horan and others, 2017). Additionally, the presence of water introduces the 

possibility of petrogenic OC release in dissolved aqueous form, which can then be assimilated 

in biomass (Schillawski and Petsch, 2008). In this glaciofluvial weathering “sweet spot”, 

petrogenic OC thus appears to be subject to far greater degradation than in the absence of 

liquid water under strict glacial conditions. Under conditions conducive to soil formation, 

“critical zone” related processes lead to a variety of physicochemical changes in the bedrock 

and soil development affecting subsurface petrogenic OC weathering and its microbial uptake 

(Petsch and others, 2001; Petsch, 2014). In fluvial regimes, particularly those with extensive 

floodplains, petrogenic OC is subject to more aggressive chemical and microbial attack and 

remineralization. Under these conditions, the degradation of petrogenic OC can proceed to 

(near) completion (Bouchez and others, 2010). However, even fossil palynomorphs may 

persist and undergo sedimentary export in low-latitude, passive margin settings, 

demonstrating exceptional resilience to oxidative and microbial stress (Muller, 1959; Brooks 

and Shaw, 1978). The sedimentary supply of eroded petrogenic OC is increased in active 
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margin settings where source-to-sink transport pathways are truncated and more direct, 

providing minimal time for oxidation (Hilton and others, 2011). Fluvially-modulated transport 

of petrogenic OC is also influenced by the type of petrogenic OC, with low-density fossil 

palynomorphs subject to more widespread dispersal than rock-bound petrogenic OC 

(Johnson and Thomas, 1884). Across this glacial-fluvial continuum, the pathway by which 

degraded petrogenic OC is reintroduced into the greater carbon cycle likely varies, primarily 

experiencing abiotic oxidative stress under strict glacial conditions and assimilation into the 

biosphere occurring under conditions where liquid water is present and soil is formed. 

Petrogenic OC exhibits a spectrum of reactivities, with highly ordered graphitic carbon 

displaying more refractory behavior than disordered forms of petrogenic OC during sediment 

transport (Galy and others, 2008). Well-crystallized graphite is particularly resistant to 

degradation and is thus enriched during source-to-sink sediment transport. Additionally, 

petrogenic OC encapsulated within minerals such as calcite and quartz are also particularly 

persistent, remaining shielded from degradation in the absence of intense physical grinding 

and abrasion (Galy and others, 2008). Insights into petrogenic OC degradation rates and 

energies are emerging (Chang and Berner, 1999; Hemingway and others, 2018; see also 

discussion in Petsch, 2014). Within this complex continuum of petrogenic OC with various 

rock-disseminated and textural forms (for example shale versus coal), and ranging from 

diverse structures such as sporopollenin and graphite (see also Bernard and others, 2015), 

palynomorphs clearly occupy a special place due to the direct biopolymeric origin of this 

petrogenic OC type and its distinct sedimentological behavior. 

On large spatial and temporal scales, petrogenic OC cycling is controlled by a multitude 

of factors, and manifests itself in myriad processes that intersect different earth science sub-

disciplines. Nevertheless, a quantitative understanding of the impact of petrogenic OC on 

atmospheric chemistry and the carbon cycle through geologic time is yet to be explored. 

Despite its rich history, petrogenic OC research remains as a grand challenge for future earth 

scientists. 
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Fig. 2. Schematic depicting hypothetical behavior of petrogenic OC as a function of erosional 

and transport regime (y-axis) and remineralization intensity (x-axis). With increasing oxygen 

exposure and microbial processing, the proportion of reburied petrogenic OC decreases. 

Additionally, the relative abundance of recalcitrant petrogenic OC increases, with poorly 

ordered OC and palynomorphs preferentially remineralized. Certain fossil palynomorphs 

exhibit pronounced resistance to remineralization. Under glacial conditions, petrogenic OC is 

mobilized, dispersed, and redeposited with relatively little remineralization. Remineralization 

extent generally increases towards glaciofluvial and fluvial conditions and in passive margin 

settings. The amount of petrogenic OC reburied in marine sediments is greater in active 

margin systems. Glacial grinding and abrasion exposes mineral encapsulated petrogenic OC, 

whereas such carbon may be less affected under fluvial conditions. Degraded petrogenic OC 

is reintroduced into the different active carbon cycle pools as a function of the degradation 

agents at play. 
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CONCLUSIONS AND OUTLOOK 

Research into the cycling and fate of petrogenic OC has enjoyed a long history with 

key discoveries forgotten and later rediscovered. Earth scientists with various backgrounds 

including palynology, organic petrology, and geochemistry have each made key advances 

while their impact often did not radiate beyond their respective bodies of literature. The 

repeated discovery (based on different lines of evidence or reasoning) of a simple petrogenic 

OC cycle by Lyell, Sauramo, and subsequently by more recent workers provides a striking 

example of the cyclical nature of (re-)discovery of important concepts in the earth and other 

sciences, adding to other such cases where completely independent investigations have 

arrived at identical ideas (Menard, 1986; Şengör, 2003; Letsch, 2015). Moreover, it is quite 

possible that in our investigation we have failed to uncover addition examples, possibly even 

preceding those highlighted here. Nevertheless, these examples provide further arguments 

to counter the belief of many post-modernist philosophers of science (compare the literature 

distillates presented by Şengör 2003) that objective evidence in science is merely an illusion 

and scientific concepts essentially social constructions. Charles Lyell (1833) first surmised the 

presence of petrogenic OC in river sediments and also linked it to bedrock erosion. Johnson 

and Thomas (1884) recognized the remobilization and redeposition of ancient spores in lake 

sediments, with Hough (1934) noting the resistance of spores to degradation. Sauramo (1938) 

then described the relatively simple cycling of petrogenic OC in the form of graphite that is 

decoupled from the rest of the carbon cycle. This distinctive behavior of petrogenic OC was 

not readdressed until geochemists and modelers returned to this issue in the later part of the 

20th Century. Despite Sauramo’s seminal work, his contributions have remained largely 

uncited and apparently forgotten. Subsequent studies have demonstrated the widespread 

occurrence of petrogenic OC in the modern environment (soils, rivers, lakes, and oceans), as 

reflected by palynological and maceral assemblages and geochemical signatures. 

The work synthesized here indicates that the cycling of petrogenic OC on the Earth’s 

surface is controlled by multiple factors including (1) the erosional and transport regime, (2) 

exposure to degrading agents such as oxygen and microbes, and (3) properties of petrogenic 

OC (e.g., poorly ordered versus graphitic carbon versus fossil palynomorphs). The role of 

biogeochemical and physical processes (e.g., glacial movement, freeze-thaw, degradation, 

and sedimentary dispersal) controlling the fate of petrogenic OC in terrestrial and marine 

realms bears strong relevance for atmospheric chemistry today and in the geologic past. To 
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date, a picture has emerged on sedimentary and weathering fluxes of petrogenic OC in the 

modern-day Earth system. Through the vantage point of this historical review, refinement of 

this picture seems most promising by researching the geological behaviors along the 

continuum of petrogenic OC types spanning palynomorphs, poorly ordered petrogenic OC, 

and graphite. In addition, the role of glaciers in the sedimentary dispersal and catalysts of 

petrogenic OC weathering deserves further attention. The combined analytical strengths of 

organic petrology, palynology, and geochemistry appear best geared towards providing the 

most holistic insight into these questions. Ultimately, the grand challenge of how the cycling 

of petrogenic OC has operated and its quantitative effect on atmospheric chemistry over the 

geologic ages remains unmet. 
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8. Synthesis and future directions 

 

 Across geologic space and time, phyllosilicate mineral assemblages delivered to the 

world’s oceans vary as a function of lithology, climate, and tectonics (see Fig. 1; Chamley, 

1989). Available mineral surface area exerts strong control on the amount of organic carbon 

stabilized and preserved in marine sediments (Keil et al., 1994; Mayer, 1994). The main work 

of this thesis has been to investigate the effect of mineralogical overlays on organic matter-

mineral associations. 

 

 
Figure 1: Changes in phyllosilicate mineralogy co-varying and dictating organic matter-mineral 
associations and interactions, thereby controlling the flow of carbon between the atmosphere 
and lithosphere and the dominant type of organic matter preserved in sediments. Figure 
modified after figures originally presented by Chamley and Deconinck (1985) and reproduced 
in Chamley (1989). 
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Synthesis 

It is therefore probable that organic matter associated with different phyllosilicates 

meets different fates in the geological processes (see Fig. 1). Petrogenic organic carbon 

entombed within lithoclasts in association with mica and chlorite is efficiently exported from 

land and reburied in marine sediments (Fig. 1 stage 6; Chapters 2 and 3). Orogenic episodes 

rapidly exhume pyrite-bearing metasedimentary rocks, driving the enhanced release of 

carbonate-bound carbon dioxide to the atmosphere by the activity of sulfuric acid, thereby 

buffering the effects of carbon dioxide uptake by silicate weathering (Fig.2 stage 6; Chapter 

6). Sedimentary petrogenic organic carbon exported from land finds itself encapsulated within 

minerals such as quartz or detrital carbonates, as discrete particles of graphite, and 

recalcitrant palynomorphs. Its dispersal is particularly prevalent under glacial conditions. 

Under increasingly quiescent tectonic conditions, bedrock exhumation decreases, thus also 

decreasing the supply of sedimentary petrogenic organic carbon exported to the ocean, 

thereby increasing the ratio of petrogenic organic carbon that reenters the “complicated 

circulation” of carbon sensu Sauramo by oxidation or assimilation into the biosphere (see 

literature distillates in Chapter 7). Pedogenic organic carbon associated with smectite in the 

terrestrial domain is desorbed in distal ocean settings thereby introducing this terrestrial 

biospheric organic matter into the dissolved organic matter pool in the ocean where it is 

subjected to intensified oxidation and biological attack. Smectite mineral surfaces become 

repopulated with marine organic matter thereby enhancing the preservation of marine 

organic matter in marine sediments and strengthening the direct flow of carbon along the 

atmosphere-ocean-sediment trajectory while disconnecting the flow of carbon along the land-

ocean-sediment pathway (Fig. 1 stages 2 and 4; Chapters 2 and 3). Consistent with and adding 

to this conclusion: In the geological past, the superposition of smectite supply and anoxic 

conditions during Cretaceous oceanic anoxic events have led to the “supercarbon burial” of 

massive amounts of marine organic matter (Kennedy and Wagner, 2011). 

 

Testing the conclusions drawn here with sorption experiments 

Are the conclusions drawn in Chapters 2 and 3 reproducible and consistent with 

laboratory-based sorption experiments? The writer suggests conducting desorption 

experiments on natural freshwater sediments containing monomineralic and polymineralic 

phyllosilicate assemblages and subjecting these to artificial or natural seawater containing 
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dissolved organic matter. By varying time, dissolved organic matter concentration, liquid to 

solid phase ratios, and possibly water oxygen content, monitoring the partitioning and 

possible degradation of organic matter would provide a quantitative understanding on the 

sorption behavior of organic matter and would serve as a strong test of the hypotheses lain 

out in this thesis. 

 

What role does kaolinite play in organic matter-mineral interactions across land-ocean 

transitions? 

Within this framework, the role of kaolinite in modulating organic matter preservation 

remains poorly understood (Fig. 1 stage 3; and see discussion in Chapter 3). Kaolinite typically 

occurs in low latitude, tectonically quiescent, passive margin settings, thus precluding 

significant export of this phyllosilicate to the abyssal ocean in the South China Sea (Liu et al., 

2016), and its sedimentary behavior generally facilitates deposition in land-proximal settings 

(Chamley, 1989). Additionally, sediments entrained on continental shelves undergo a myriad 

of processes that extensively modify sedimentary organic matter (Bao et al., 2018; Van der 

Voort et al., 2018), thereby obscuring the role of kaolinite in organic matter-mineral 

associations. However, in the eyes of the writer, the west African margin at the outflow of the 

Congo holds the greatest promise to shed light on the mineralogical overlays on organic 

matter preservation in the case of kaolinite. Previous work points toward sustained 

associations between pedogenic organic carbon and kaolinite mineral surfaces (Holtvoeth et 

al., 2005), which would provide a mechanism for enhanced pedogenic organic carbon 

preservation in marine sediments. 

 

Molecular-level understanding of organic matter-mineral interactions 

 Chapter 4 introduces a recommended methodology for extracting information on 

molecular-level in-situ organic matter-mineral interactions in the environment. The writer 

would suggest targeting well-oxygenated deep sea sediments rich in terrigenous 

aluminosilicates (Müller, 1977), to get best possible amino acid-specific radiocarbon data for 

a strong test of this hypothesis. Additionally, to deconvolve effects of sedimentation rates and 

mixed layer processes from the measurements (Griffith et al., 2010), careful site selection and 

corrections would further maximize potential scientific gain. Variations of the extraction 

procedure (e.g. omission of demineralization step, introduction of an oxidation step to remove 
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labile and organic matter weakly associated with mineral surfaces, and other amino acid 

extraction variants (Nunn and Keil, 2006)) holds potential to provide detailed information on 

different levels of stabilization of organic matter by (different types of) minerals. If the 

hypotheses outlined here are rejected, amino acid-specific radiocarbon is bound to provide 

answers to a different set of questions. While, compound specific radiocarbon in geosciences 

has increasingly focused on compounds present in very small abundances, it is quite 

astounding that amino acids, which are among the most abundant characterizable organic 

matter fractions in natural environments, are as of yet, entirely unexplored. The data from the 

pilot study in Chapter 4 paint a promising path ahead. 

 

Enantiomer ratios and enantiomer-specific radiocarbon 

Chapter 4 demonstrates the chromatographic feasibility of potentially isolating specific 

enantiomers of underivatized amino acids. Beyond being never done before, enantiomer-

specific radiocarbon on amino acids holds promise to reveal basic insight into intra-compound 

heterogeneity that can otherwise only be obtained indirectly by modeling approaches (e.g. 

French et al., 2018). In the event where a specific amino acid comprises a mixture of two or 

more distinct age pools, individual enantiomers can allow disentangling these pools. Also, 

coupling amino acid-specific radiocarbon information with enantiomeric ratios, also holds 

promise to cross-check and “calibrate” the enantiomer molecular clock and could be useful in 

other specific questions regarding temperature reconstruction (Bada et al., 1973; Bada and 

Schroeder, 1975). 

 

Mineral surface area 

In the opinion of the writer, bold new approaches are needed to push the frontier of 

mineral surface analysis to the next level. A century of surface area measurements using water 

and nitrogen seems to have reached its limit (Chapter 5). In conversations with M. Plötze, the 

writer’s attention was also drawn to the potential for using carbon dioxide as adsorbate, which 

has the ability to also measure interlayer space if hydrated at the onset of BET measurement, 

and remains collapsed if fully dehydrated (Busch et al., 2016). Using a single adsorbate to 

quantify long-sought “external” and “internal” mineral surface area seems promising given 

that calculating these areas with mixed adsorbates (e.g. nitrogen and ethylene glycol 

monoethylether) has never led to fully satisfying results. Alternatively, exploring approaches 
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for pillaring clays (e.g. with cesium (Thomas and Bohor, 1968) or engineered cations (Meier et 

al., 2001)) also may be a way forward to using the conventional nitrogen BET approach for 

quantifying total mineral surface area. The carbon dioxide approach however would seem 

more attractive, as sample preparation would not require two different sample preparation 

approaches, simply hydrated and dehydrated. 

 

Is sulfuric acid involved in kerogen weathering/maturation? 

The strong chemical weathering effects of sulfuric acid on Taiwan (Chapter 6) raises 

the question whether this weathering agent may be involved in other reactions, particularly 

in redox reactions. While chemical weathering of kerogen is commonly attributed to the effect 

of oxygen and microbial processes (Hemingway et al., 2018; Petsch, 2014), sulfuric acid also 

acts as a strong oxidant of organic matter leading to the formation of both lower molecular 

weight (SO2, CO2, CO, and H2O) and condensed/polymerized products that incorporate sulfur, 

in a process previously described by chemists as “Verkohlung” (German for “coalification”) 

(Schwab and Neuwirth, 1957). Observations support that the oxidation of pyrite precedes or 

occurs simultaneously with the weathering of kerogen (Petsch et al., 2000), suggesting a 

possible link between the two processes (Chi Fru et al., 2016). Such weathering processes 

would also leave behind no signature in the dissolved ion load, as sulfur would either be 

emitted as SO2 or assimilated in the vestigial kerogen structure. Possible sulfuric acid-driven 

oxidation of organic matter remains unconstrained by approaches based on either rhenium 

concentrations (Hilton et al., 2014) or those introduced in Chapter 6, and hence deserves 

further investigation, also from the perspective of petrogenic organic maturation and 

stabilization before it reembarks on its journey. 
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