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Abstract 
Terrestrial carbon-isotope stratigraphy has proven a promising tool for stratigraphic correlation 
between the different exchangeable carbon-isotope reservoirs, as well as a powerful approach to 
reconstructing the evolution of δ13C of atmospheric CO2, which is closely associated with the 
evolution of palaeoenvironment and palaeoclimate. However, the limited understanding of pitfalls in 
specific application potentially restricts the method’s utility for stratigraphic correlation and 
palaeoenvironmental reconstruction. This thesis takes advantage of three case studies at two vital 
geological intervals which are both characterized by the significant carbon-isotope perturbation in the 
exchangeable reservoirs, to explore the nature of terrestrial carbon-isotope stratigraphy.  

Two of the case studies focus on the late Early to Middle Miocene, the period of the so called 
Monterey Event that is marked by remarkable positive carbon-isotope excursions in benthic and 
pelagic marine carbonate records. There are few terrestrial carbon-isotope records for the Monterey 
Event. In the present study, shallow marine sediments were collected from boreholes in the New 
Jersey margin, USA (IODP, Expedition 313) and North Sea Basin, Denmark. Phytoclasts are 
concentrated from palynological residues as the basis for a terrestrial carbon-isotope stratigraphy from 
the two locations. The carbon-isotope curves obtained can be correlated in detail locally, and 
correlated crudely on a global scale. However, there are no definite positive carbon-isotope excursions 
observed in the terrestrial isotopic stratigraphic records through the biostratigraphically determined 
Langhian interval equivalent to the Monterey Event. The reasons for the absence of relatively positive 
carbon-isotope excursions in terrestrial carbon-isotope stratigraphy might be caused by the reworking 
deposits of woody phytoclasts from older strata or some other process related to reworking. 

Another case study centres on the Triassic-Jurassic boundary and Early Jurassic fluvial and lacustrine 
succession in the Kuqa section, Tarim Basin, NW China. Macrofossil wood samples were collected to 
generate the terrestrial carbon-isotope stratigraphy. On the basis of the biostratigraphy and potential 
Stage/Age (sub-) boundaries implied by biological overturns, the terrestrial carbon-isotope 
stratigraphy in the Kuqa section can be well correlated with both terrestrial and marine carbon-isotope 
stratigraphic records from UK through the Early Jurassic. For the Triassic-Jurassic boundary, more 
precise correlation was made globally and an exact the position of Triassic-Jurassic boundary is 
proposed in the Kuqa section. In light of the biostratigraphy and the carbon-isotope stratigraphy 
obtained in the present study, an updated age assignment of the lithostratigraphic units is proposed to 
Age/Stage level in the Early Jurassic across the Northern Tarim Basin. The carbon-isotope 
stratigraphy thus significantly improves the terrestrial stratigraphic resolution.  

Terrestrial carbon-isotope stratigraphy is a powerful tool for global stratigraphic correlation and 
unifies stratigraphic correlation over marine and non-marine strata in cases when potential biasing 
factors are excluded. 
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Extended Abstract 
The emergence and development of carbon-isotope stratigraphy is reviewed and the general historical 

lines of advancement in carbon-isotope stratigraphy described. After the fundamental basis of global 

correlation was confirmed by many empirical records derived from the inorganic marine reservoirs, 

the application of terrestrial carbon-isotope stratigraphy became possible, allowing a novel approach 

to establishing links between marine and non-marine time-equivalent strata. This integrated 

understanding of global carbon-isotope reservoirs is also significantly useful to reconstruct the δ13C 

fluctuation of atmospheric CO2, which is closely associated with the evolution of palaeoenvironment 

and palaeoclimate.  

The primary aim of this thesis is to explore the strengths and weaknesses in specific application of 

terrestrial carbon-isotope stratigraphy and thus improve the practical utility in the stratigraphic 

correlation and palaeoenvironmental reconstruction. Three case studies were undertaken for two 

different geological ages, the late Early to Middle Miocene, and the Triassic-Jurassic boundary to the 

Early Jurassic, which are both characterized by the significant carbon-isotope perturbation of the 

exchangeable reservoirs.  

The marine carbon-isotope stratigraphy during the late Early to Middle Miocene is marked by 

remarkable relatively positive carbon-isotope excursions, which have been unambiguously 

documented by foraminiferal carbonate in numerous oceanic settings. These records suggest a carbon-

isotope fluctuation in the whole marine reservoirs and thus were inferred to represent changes in the 

atmospheric carbon-isotope reservoir that should also be evidenced by terrestrial carbon-isotope 

stratigraphic signals. However, very few terrestrial carbon-isotope stratigraphic records for the 

carbon-isotope fluctuation during the Monterey Event are reported. In the present thesis, the 

siliciclastic shallow marine sediments collected from boreholes in the New Jersey margin, USA 

(IODP Expedition 313) and North Sea Basin, Denmark are intensively investigated.  

Through density separation applied to the raw woody palynological residues, phytoclasts were 

concentrated and separated from the mixed terrestrial and/or marine organic matter such as pollen, 

spores, dinoncysts and algae. Hand-picked individual woody phytoclasts were also obtained to 

generate the carbon-isotope stratigraphic data in high confidence. Coherent stratigraphic trends and 
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short-term isotopic excursions are observed consistently in palynological preparation residues, 

concentrated woody phytoclasts, and individually picked woody phytoclasts obtained from the New 

Jersey sediments. A bulk organic matter carbon-isotope curve shows somewhat different stratigraphic 

trends but, when corrected for mixing of marine-terrestrial components on the basis of measured C/N 

ratios, a high degree of conformity with the woody phytoclast record is observed. However, assuming 

that the correlations based on strontium-isotope values and biostratigraphy are correct, the carbon-

isotope record from the New Jersey margin contrasts with that previously documented from oceanic 

settings (i.e. lack of positive excursion of carbon-isotope values in terrestrial organic matter through 

the Langhian Stage).  Factors that may potentially bias local terrestrial carbon-isotope records include 

reworking from older deposits, degradation and diagenesis, as well as environmental factors affecting 

vegetation in the sediment source areas.  These possible factors are assessed on the basis of pyrolysis 

data, SEM observations, and comparison to palynological indices of environmental change. Some 

evidence is found for localised degradation and/or reworking of older woody phytoclasts, but where 

such processes have occurred they do not readily explain the observed carbon-isotope values. It is 

concluded that the overall carbon-isotope signature for the exchangeable carbon reservoir is distorted, 

to the extent that the Monterey Event excursion is not easily identifiable. The most likely explanation 

is that phytoclast reworking has occurred in clinoform toe-of-slope facies, but the reason for the 

resulting relatively heavy carbon-isotope values produced remains obscure. 

For the shallow marine sediments in the North Sea Basin, Denmark, the carbon-isotope stratigraphic 

data were generated both from the concentrated phytoclasts and the raw palynological residues. The 

potential influence of diagenetic alteration and of changes in ecosystem were examined and largely 

excluded. A carbon-isotope stratigraphy was obtained and consistent carbon-isotope stratigraphic 

trends were presented between two local boreholes on the basis of composite age control, including 

biostratigraphy, sequence stratigraphy and the strontium-isotope stratigraphy. The carbon-isotope 

stratigraphic records from New Jersey, USA and North Sea Basin, Denmark can be broadly correlated 

on the basis of biostratigraphy through the late Early to Middle Miocene. However, there are no 

definite relative positive carbon-isotope excursions observed through the biostratigraphically 

identified Langhian interval equivalent to the Monterey Event at either location. The precise reasons 

for the absence of relatively heavy carbon-isotope excursions during the Monterey Event in terrestrial 

carbon-isotope stratigraphic records in the two specific case studies remain obscure. According the 

data from these two case studies, a notable phenomenon of glauconite occurrence and associated 

abnormally heavy carbon-isotope values was consistently observed in both locations. The relatively 

low sedimentation rate (~26 to 33 mm/Kyr during the Aquitanian interval on the New Jersey margin 

and ~4 to 5 mm/Kyr during the Serravallian interval in the North Sea Basin, assuming no hiatus in the 

calibrated intervals) is closely related with the glauconite occurrence, both in the New Jersey and 

North Sea Basin records, and the intervals at such low sedimentation rate show the abnormally heavy 

carbon-isotope signals. The reworking of woody phytoclasts from older strata might account for the 
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abnormal carbon-isotope values, but this interpretation needs further verification and identification of 

the precise mechanism that leads to concentration of the phytoclasts with heavy values.  

The third case study focused on the Triassic-Jurassic boundary and Early Jurassic fluvial and 

lacustrine sediments in the Kuqa section, Tarim Basin, NW China. The terrestrial carbon-isotope 

stratigraphic records are generated primarily on basis of macrofossil wood. The macrofossil wood 

samples were largely collected from alluvial conglomerate, associated braided-fluvial sandstone and 

siltstone. The samples comprising bulk organic matter were collected from coal seams, organic-rich 

mudstone and the laminated shales as supplements. All the available literature about the 

biostratigraphy and lithostratigraphy around the Kuqa section, N Tarim Basin and other relevant 

regions are reviewed. In light of the previous results, the present study combines newly compiled 

biostratigraphy and newly generated carbon-isotope stratigraphy. On the basis of the biostratigraphic 

age control and the potential Stage/Age (sub-) boundaries implied by biological overturns, the 

terrestrial carbon-isotope stratigraphy in the Kuqa section, N Tarim Basin can be coherently 

correlated with the carbon-isotope stratigraphic records based on the fossil wood in England, and also 

well correlated with the marine carbon-isotope records on the biological carbonates in mostly UK 

sections through the Early Jurassic. On the basis of the newly updated biostratigraphy and the carbon-

isotope stratigraphy obtained in the present studies, an updated age assignment for the 

lithostratigraphic units in the Kuqa section is proposed. It is the first time that the lithostratigraphic 

division can be broken down into the Age/Stage level for the Early Jurassic across the Tarim Basin. 

The new age assignment identifies the Yangxia Fm as more than 10 Myr older than previously 

recognised. The ages for other formation involved in this study at the Kuqa section are updated as 

well, and the carbon-isotope stratigraphy thus significantly improves the resolution of stratigraphic 

correlations. Of course, it is likely that on a broad scale the formation will be diachronous. Further 

work could focus on this possibility.  

For the Triassic-Jurassic boundary, more intensive and extensive carbon-isotope stratigraphic 

correlation is made between the Kuqa section and other various locations worldwide. The positive and 

negative carbon-isotope excursions at the Kuqa section through the Triassic-Jurassic boundary could 

be also found at those other nearly synchronous strata across the world. The accurate correlation 

among these positive and negative shifts around the Triassic-Jurassic boundary is attempted, although 

the biostratigraphic resolution is not sufficient to strongly support this correlation. An exact position 

of the Triassic-Jurassic boundary is discussed and suggested on the basis of the new results. A bed 

with the character of soft-sediment deformation and its occurrence at the Triassic–Jurassic boundary 

recalls the similar phenomena in NW Europe, where the strata are marked by the uniquely widespread 

(across > 250,000 km2 in the shallow marginal marine strata in UK) seismites inferred by some 

authors as the evidence for bolide impacts.   
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The success of the stratigraphic correlation in these three case studies verifies that terrestrial carbon-

isotope stratigraphy is a powerful tool for stratigraphic correlation in the local ranges, over a long 

distance, and particularly useful as a bridge to link marine and non-marine strata. However, caution 

needs to be exercised when the method is used in settings characterised by prolonged marine 

reworking, such as those containing abundant glauconite.  

An extra method of carbon-isotope stratigraphy based on terrestrial-derived biomarkers has also been 

tried, but due to the availability of instruments and the contamination of samples, the experimental 

data were not useful. A theoretical discussion has been completed and included as one of the 

appendixes. The mechanism by which the individual biomarkers in high molecular weight can 

faithfully maintain the original carbon-isotope signals registered during plants’ growth, regardless of 

the degree of degradation by bacteria, or other chemical or physical processes during diagenesis, is 

also described in Appendix A. 
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1.1 The early history of carbon-isotope stratigraphy  

1.1.1 Onset of carbon-isotope stratigraphy based on marine carbonates  

 

From the work of Craig (1953, 1957), the routine experimental measurements of the stable 

carbon-isotope values for geological samples were possible in 1950s. However, it still took 

more than ten years for the knowledge of carbon isotopes to be applied to the stratigraphic 

realms. In brief, after the success of oxygen isotope stratigraphy (Emiliani, 1955, 1966), a 

number of works of oxygen isotope stratigraphy based on the planktonic and benthic 

foraminifera (Imbrie et al., 1973; Shackleton and Opdyke, 1973; Emiliani and Shackleton, 

1974) were completed. Nearly at the same time, pioneers launched carbon-isotope studies as 

well (Savin and Douglas, 1973). The fruitful results inspired more exploration of carbon-

isotope records in strata and the concept of 'carbon-isotope stratigraphy' gradually emerged in 

the geological literature, making use of both 'radiocarbon' and stable carbon isotopes (e.g. 

Erlenkeuser et al., 1974; Savin et al., 1975; Berger et al., 1978a, 1978b; Shackleton and 

Vincent, 1978).  

 

At that time, the biggest debate focused on whether the carbon-isotope values represented 

equilibrium between biological carbonate skeletons and their environments, or was at least 

quantifiable on basis of empirical correction factors. This was a vital stage of research, as it 

set up the foundation of using carbon-isotope proxies to reconstruct palaeoenvironment and 

stratigraphic correlation globally.  

 

Under simple chemical equilibrium, the temperature coefficient for carbon-isotope 

fractionation between calcite and dissolved bicarbonate ion was determined in the early days 
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(Emrich et al., 1970). The chemical equilibrium experimental data and theoretical calculation 

were consistent and illustrated that 13C is enriched in CaCO3 (shell carbonate) by (1.85±0.23)‰ 

at 20°C  with respect to HCO3
- (seawater) and the degree of 13C enrichment (equilibrium 

offset) only slightly affected by temperature at (0.035±0.013)‰/°C  (Emrich et al., 1970). 

 

The variations of carbon-isotope values in sediments were witnessed in empirical data. 

According to the empirical data, a tentative conclusion was reached that the carbon-isotope 

variations were insensitive to changes in temperature and the δ13C (δ Cଵଷ ൌ ሾሺ Cభయ

Cభమ ሻୱୟ୫୮୪ୣ/

ሺ Cభయ

Cభమ ሻୱ୲ୟ୬ୢୟ୰ୢ െ 1ሿ ൈ 1000‰ ) of foraminifera was largely determined by δ13C of dissolved 

carbon in seawater, although biological (nonequilibrium) fractionations could occur during 

the secretion of the test (Savin and Douglas, 1973).  

 

Foraminiferal tests precipitated from the seawater and were supposed to be in chemical 

equilibrium with the carbon-isotope composition of that reservoir. However, this turned out 

to be far from the case, since the so called ‘vital effect’ that favours the isotopically light 

carbon during metabolic processes (e.g. Williams et al., 1977; Berger et al., 1978a; 

Shackleton and Vincent, 1978). Coccoliths can be even farther from carbon isotopic 

equilibrium precipitation than foraminifers (Berger et al., 1978b). Nevertheless, the carbon 

isotopic offsets derived from the physiological processes seemed to be consistent enough to 

largely document the values of δ13C in seawater and thus the isotopic variations in oceanic 

carbon reservoir could be inferred in time series (Margolis et al., 1975; Kroopnick et al., 

1977; Arthur 1979; Keigwin, Jr., 1979). Up to the early 1980s, some authors (Savin et al., 

1981, pp. 423) had unequivocally summarized: ‘foraminiferal carbon-isotope ratios at most 

of the sites varied quasi-sympathetically throughout the Miocene and these variations must 
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reflect comparable variations in the mean 13C/12C of marine HCO3
- ’. This conclusion can be 

also extended to other geological times under the principle of uniformitaranism. Since then, 

the utility of carbon-isotope stratigraphic records as a tool of stratigraphy with global 

significance has been established.   

 

Later, the further detailed culture experiments confirmed the conclusions in the previous 

studies. Both carbon isotopic composition of seawater and physiological effects (Grazzini, 

1976; Kahn, 1979; Erez and Honjo, 1981; Killingley et al., 1981; Deuser, 1987) influence the 

δ13C of foraminiferal calcite, but the physiological vital effect can be regressed by empirical 

correction factors derived from the systematic culture experiments (Erez, 1978; Zimmerman 

et al., 1983; Spero and Williams, 1988; Spero et al., 1991; Sepro, 1992; Spero and Lea, 1996).  

 

1.1.2 A (very) brief review of the applications  

 

At the early stage, carbon-isotope 'excursions' from 'background' values were observed in 

stratigraphic sequences, but it was poorly known whether these represented a local isotopic 

fluctuation or a global event (Savin et al., 1975). The confidence in the utility of carbon-

isotope stratigraphy was gradually established on the basis of marine biological carbonate 

shells (primarily foraminiferal tests) by the end of 1970s. Later, the variations of δ13C from 

biological and non-biological carbonates were employed to interpret geological events, for 

instance, the tectonic event altering the conditions at one site of deep-water formation 

(Bender and Keigwin, Jr., 1979), upwelling intensity (Berger et al, 1987b), carbon-isotope 

difference in the different level of water column (Berger et al., 1987a), the global events of 

carbon-isotope excursions (Haq et al., 1980), and carbon-isotope fluctuations in the 
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Cretaceous pelagic limestones which were applied as a potential stratigraphic and petroleum 

exploration tool (Scholle and Arthur, 1980).  

 

Furthermore, carbon-isotope stratigraphy was widely employed to address the 

paleoceanographic, paleoclimatologic and paleoecologic problems, such as collapse of the 

photosynthetic system in the oceans, so called ‘Strangelove’ at Ocean the Cretaceous/Tertiary 

boundary (Shackleton, 1986; Zachos et al, 1989; Kump, 1991), negative excursions close to 

the Paleocene/Eocene boundary (e.g. Shackleton, 1986; Aubry et al., 1996), the records both 

in marine and continental carbon reservoirs at the Paleocene/Eocene boundary (Koch et al., 

1992), perturbations of carbon reservoirs at the end of Permian (e.g. Baud et al., 1989), and 

Toarcian OAE (e.g. Jenkyns, 1985; Hermoso et al., 2012). More importantly, these major 

carbon-isotope excursions further proved to be globally synchronous events and thus 

confirmed carbon-isotope stratigraphy as a fundamental tool for global stratigraphic 

correlation.    
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1.2 Terrestrial carbon-isotope stratigraphy  

 

The confidence of marine carbon-isotope stratigraphy is established primarily on the basis of 

biological shell carbonates. Similarly, the major advancements of terrestrial carbon-isotope 

stratigraphy are based on terrestrial plant fossils, both as macrofossils and microfossils. This 

is because the specific proxies are relatively easy to look into from both empirical and 

theoretical approaches together. The discussion about terrestrial carbon-isotope stratigraphy 

in this section (also in whole thesis) will primarily focus on the materials derived from C3 

plants.   

 

The terrestrial plants uptake atmospheric carbon dioxide to compose their tissues and thus the 

changes in the carbon isotopic composition of atmosphere register in the plants, which can be 

employed to reconstruct the atmospheric δ13C values through geological history. In addition, 

a relatively rapid atmospheric circulation provides the basis for synchronous global 

stratigraphic correlation in light of terrestrial carbon-isotope stratigraphy. However, 

interpretation of the terrestrial carbon-isotope stratigraphy has proven challenging in three 

primary aspects: 1) how to determine the quantifiable relationship between δ13C value in a 

plant fossils (if without influence of diagenetic alteration) and that of the contemporary 

atmosphere, 2) how to decipher the potential influence of diagenetic alteration, and 3) how to 

situate the data in an accurate geological context. 

 

1.2.1 Relationship between δ13C values in plant fossils versus atmosphere 

All discussions in the Section 1.2.1 assumed no effect of diagenetic alteration. The diagenetic 

factors will be separately discussed in the Section 1.2.2. 
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Carbon-isotope variations of C3 plants in nature and sampling representative 

The relationship between the δ13C value of atmospheric CO2 and the δ13C value of plant 

fossils is complicated by the multi-path nature of photosynthesis. The modern C3, C4 and 

CAM plants are characterized by the distinct ranges of carbon-isotope signatures, due to their 

different photosynthetic pathway (C3 plants: -23 to -34‰; C4 plants: -8 to -16‰; CAM 

plants have intermediate signatures but occur in a lower percentage in ecosystems; e.g. 

Bender 1971; Smith and Epstein 1971; Farquhar et al., 1982, 1989). C4 plants have not been 

considered to primarily occupy biological niches in global significance unit the Late Miocene 

based on carbon-isotope data (Cerling et al., 1997) and phylogenetic evidence (Edwards et al., 

2010), although some compound-specific carbon-isotope evidence from phytoplankton 

chlorophyll, leaf-wax and steranes (e.g. Kuypers et al., 1999) is used to imply C4 plant 

temporarily booming around Cenomanian–Turonian boundary during the Late Cretaceous. 

Therefore, the systematic carbon-isotope stratigraphic variations led by vegetation ratio 

changes C3 and C4 plants in can be basically excluded, if the age of samples is older than the 

Late Miocene.   

 

However, even if only C3 plants are focused on, the processes of carbon-isotope fractionation 

during CO2 diffusion and fixation in plants are not yet fully understood (Schleser, 1999). It 

was thought that ‘the basic fractionations take place at the leaf level which, in a broader sense, 

determines the carbon-isotope level within a tree’ (Schleser, 1999, pp. 307). However, the 

empirical data show that this is far from true, because the carbon-isotope fractionations are 

not only taking place at leaves during the photosynthesis, but also any biochemical reaction 

(metabolic processes) commonly under the effect of enzymes. Actually, even without 

enzymes, the carbon-isotope fractionations occurs as well between reagents and products; and 
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the isotopic fractionation is not necessarily small (Clayden et al., 2001). Therefore, it is no 

wonder that carbon isotopes commonly vary in quite large ranges (up to 4‰) in plant organs 

within a single C3 plant, between individuals, or between different species.  

 

For example, leaves are consistently lighter than branches by about 3‰ (Leavitt and Long, 

1991; Schleser, 1999). There is also carbon-isotope discrimination between twigs and 

branches (up to 2–3‰, Leavitt and Long, 1986; Schleser, 1999). For the trunk of trees, the 

rings in their radial direction shows annually recurring pattern of carbon isotopic variation up 

to 2.5‰ (Leavitt and Long, 1982; Loader et al., 1995). Even tissues from single rings but at a 

different height document variable carbon isotopes by 0.5–4‰ (Schleser, 1999). These 

variations could be accounted for by changes in the relative humidity, temperature, vapour 

pressure or moisture and precipitation (Leavitt and Long, 1991; Ogle and McCormac, 1994; 

Loader et al., 1995). Among the different species, deciduous trees are typically depleted by 

about 3‰ relative to coniferous trees at a site. Inter-tree variations in the same locations can 

shift by 2–3‰, among the same or between different species (Schleser, 1999). 

 

Because of these isotopic variations exemplified above, the present thesis takes an approach 

advocated by some earlier authors (e.g. Schleser, 1999; Robinson and Hesselbo, 2004), that 

the reconstruction of atmospheric δ13C and application of carbon-isotope stratigraphy should 

be based on consistent plant organs (trunk is preferred) and only the independently 

reproducible results can be in confidence of reflecting reliable geological records.  

 

However, do those samples necessarily document the reliable geological information, if the 

identical plant organs are consistently sampled through a stratigraphic sequence? 

Unfortunately, it would be not true according to logical inference, because the even trunk 
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materials themselves show quite variable carbon-isotope ratios in a single tree, vertically and 

horizontally. Nevertheless, as the results from just random sampling through a stratigraphic 

sequence exhibit the comparable carbon-isotope curves with different locations (e.g. 

Hesselbo et al., 2002; Gröcke et al., 2005; Nunn et al., 2010; Hesselbo and Pienkowski, 

2011), even in the totally different carbon-isotope reservoirs, i.e. marine reservoirs, on both 

long-term scales (e.g. Gröcke et al., 1999; Robinson and Hesselbo, 2004) and short-term 

scales (e.g. Hasegawa, 1997, 2003; Hesselbo et al., 2000, 2002, 2007). These empirical data 

unambiguously illustrate that the results have a reliable geological signal. All these studies 

follow essentially a random sampling strategy. Why does random sampling so commonly 

faithfully represent the isotopic stratigraphy so well?  

 

Most likely these results are due to some kind of statistical effect on the stratigraphic 

sampling, which remains unknown. It is common sense that the simple statistical effect is a 

fundamental principle of the natural world, but the boundary conditions for the carbon-

isotope stratigraphic sampling remain poorly known. Up to now, the quantifiable relationship 

between the δ13C value of atmospheric CO2 and the δ13C value of C3 plant fossils is 

established on an empirical basis.  

 

Laboratory experiments and the meta-analysis of modern plants  

The relationship between the δ13C value of atmospheric CO2 and the δ13C value of C3 plants 

is quantified by laboratory experiments (Jahren et al., 2008; Lomax et al., 2012). These 

results illustrate an excellent quantifiable correlation between δ13C value of C3 plants and 

that of atmospheric CO2.  However, Lomax et al., (2012) pointed out that the environmental 

factors which alter stomatal opening (e.g. extreme aridity or high altitude) can critically 
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impact on this correlation and applying the correlation to interpret data should be done with 

caution. Jahren et al. (2008) contended that a few cubic centimetres of many terrestrial rocks 

comprised statistically adequate C3 plant materials for reconstructing the δ13C value of 

atmospheric CO2. Arens et al. (2000) argued that most organic matter was buried under mesic 

or seasonally moist conditions and so presumably reducing the variability from the 

environmental effects.    

 

In addition, the meta-analysis of modern plants growing in natural environments also 

indicates a similar relationship as the laboratory experiments and an inverse prediction 

solution was proposed (Arens et al., 2000). This empirical inverse prediction solution is 

thought to be more suitable for applying to geological records than experiments based on the 

individual model C3 plants such as Raphanus sativus L. (Jahren et al., 2008) and Arabidopsis 

thaliana (Lomax et al., 2012), because the meta-dataset better represents the average mixed 

assemblage of C3 plants, which is more likely to be sampled from sedimentary sequences. 

 

Therefore, the quantifiable relationship has been established by empirical geological data and 

laboratory culture experiments. Terrestrial carbon-isotope stratigraphy based on C3 plants 

fossils has proven to reliably reconstruct the evolution of the palaeo-atmospheric δ13C values 

and to correlate globally sedimentary sequences as a chemostratigraphic tool.   

 

1.2.2 The influence of diagenetic alteration  

 

The published data in the previous examples (cited in the Section 1.2.1) have already 

empirically demonstrated that the C3 fossil wood is resistant enough to variations in post-
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depositional alternation that it can faithfully record the geological information over hundreds 

of millions of years. Below the more general situations about diagenetic alternation are 

discussed and tentatively go beyond the case-by-case basis.  

When a piece of C3 fossil wood is collected as a geological sample, its initial fresh wood 

could have gone through one of two different routes to altering its carbon-isotope values: 

route A in the phase from A1 to A2, and route B (Figure1.1). Thus, the potential changes in 

carbon-isotope values relative to the initial wood are discussed below. 

  

 

 

 

 

 

 

Figure 1.1. Schematic diagram on the alteration of carbon-isotope values in C3 plants 
relative to their initial values (Vi) during geological processes. There are two main routes to 
alteration of the initial carbon-isotope values in C3 woody plants when fossil wood is 
formed. The routes are represented by A1, A2 and B in the diagram. A1 = wood decayed or 
peat formed, A2 = coals formed in various advanced ranges, and B = charcoal yielded.  In a 
summary, δ13Cdecayed wood~= δ13Ccoal~= δ13Ccharcoal (texts in Section 1.2.2 illustrate the values’ 
origin) and hence there is no significant alteration against carbon-isotope values of fossil 
wood in the different preserved types. 

 

Route A1 of A (Figure 1.1) is that the initial wood deposits in a normal setting in which the 

wood is mainly decomposed by bacteria and chemical solutions. All hemicelluloses, cellulose 

and lignin of the C3 wood simultaneously undergo the decomposition, but the hemicelluloses 

and cellulose are more easily decayed than lignin (Benner et al. 1987; Spiker and Hatcher 

A2

A1 

        Initial wood 
 (let δ13Cinitial wood= Vi) 

  Decayed wood/peats 
(δ13Cdecayed wood ≈ Vi‐1‰)

           Charcoals 
(δ13Ccharcoal ≈ Vi‐0.5‰) 

Coals  
(δ13Ccoal ≈ δ

13Cdecayed wood  
+0.5‰ = Vi‐0.5‰) 

A

B 
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1987). Moreover, the wood lignin (accounting for 17–31% of the fresh biomoss) is depleted 

in 13C by 2–3‰ relative to the whole plant δ13C value, whereas cellulose and hemicelluloses 

(accounting for 57–76% of the fresh biomass) is enriched in 13C by 1–2 ‰ relative to whole-

plant tissue (Benner et al., 1987) and proteins (accounting for little) are isotopically relatively 

heavy as well (Deines, 1980).  

Integrated preferential preservation of lignin and the isotopic offset between hemicelluloses 

and cellulose, and lignin, the carbon-isotope alteration can be estimated as 1‰ lighter than 

that of initial wood (Figure 1.1).  This estimation is also based on the statistically empirical 

data that initial wood is primarily composed by on average 2/3 cellulose and hemicelluloses, 

and 1/3 lignin (the ratio more or less subject to different plant species and plant organ) but 

after decomposition, the ratio of lignin to cellulose and hemicelluloses becomes around 2 to 1 

(Benner et al., 1987). The above selective preservation also involves bacterial decomposition. 

The bacterial reaction cannot much impact on the carbon-isotope ratios of the C3 plant tissues 

(see details in Appendix A).  

 

Route A2 of A (Figure 1.1) is that the decayed wood after suffering preferential 

decomposition goes through coalification. Actually, there is not a distinct boundary between 

decayed wood and peat, or there is not a sharp starting point for coalification.  

Coalification can be divided into three stages.  First, aerobic degradation occurs on the 

ground surface and at a few centimetres depth. Active aerobic bacterial degradation 

significantly reduces wood volume, often as much as 50 % to 80 % (Harmon et al., 2000). 

With continuous burial, the second stage is dominant in anaerobic degradation due to a rapid 

decline of oxygen level with increasing depth (little oxygen at a few centimetres depth, e.g. 

Greenwood and Goodman, 1967). These anaerobic bacteria go on decomposing wood and 
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reducing the volume, but they do not much change carbon-isotope values in the decayed 

wood (see details in Appendix A). Once depth is beyond ~1500 m (assumed geothermal 

gradient at 2.5°C /100 m), thermal alteration will take over, arriving at the third stage. With 

rising temperature, coals are yielded in an ascending range from peat, brown coals/lignite, 

bituminous coals to anthracite, and eventually graphite (not coal any more).  

The carbon-isotope changes during the thermal alternation in coals has been intensively 

studied by modelling and empirical data (Berner et al., 1992; Berner et al., 1995; Cramer et 

al., 1998; Cramer et al., 2001). Cramer et al. (1998, 2001) used a mathematical model 

adapted from Berner (1992, 1995) that fundamentally relies on the first-order reaction 

kinetics for primary parallel reactions with a common preexponential factor. According to the 

model, carbon-isotope fractionation in any point can be indexed by thermal maturity 

expressed as vitrinite reflectance (Ro). In addition, Cramer’s model fits very well with the 

experimental data that are obtained from Palaeozoic coal (Ro=0.72%), Mesozoic coal 

(Ro=0.43%) and Miocene coal (Ro=0.36%) (Cramer et al., 2001). The pyrolyzed coals 

become slightly isotopically heavier, by <0.6‰, relative to the original value, with only one 

exception turning heavier by ~1.5‰, probably due to inhomogeneity of sampling. In other 

experiments (Cramer et al., 1998), final coals become just 0.3‰ heavier relative to the initial 

peat.  

In short, the carbon-isotope values become heavier, when coalification makes the decayed 

wood (or peat, as ratio of lignin to cellulose is broadly equal to peat) into coals in the various 

ranges. However, even if the wood reached the end of the extreme thermal alternation, the 

maximum alteration value is just about 0.6‰ (Cramer et al., 2001). 
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Route B (Figure 1.1) is charcoalification. Charcoal is yielded by pyrolysis (charring) of plant 

material during the palaeo-wildfire without adequate oxygen. Although the precursor of 

charcoal can be from a range of vegetation materials, charcoal is commonly derived from 

wood. As mentioned above, the fresh wood is primarily composed by about 2/3 cellulose and 

hemicellulose, and 1/3 lignin. Interestingly, celluloses are preferentially removed during 

pyrolysis ahead of the lignin decomposition. This phenomenon is witnessed by SEM 

observation physically (Beall et al., 1974, Cutter et al., 1980; Jones and Chaloner, 1991) and 

the preference is inferred by the simulated experiments based on Pinus sylvestris (Phase 2, 

Table 1) and result in ≈0.5‰ isotopically lighter values relative to original wood samples. By 

around 1.0‰ isotopically lighter, if charcoal is yielded over about 340-600°C (Phase 3, 

Table1), however, the charcoal yielded at Phase 3 is fragile and hard to be preserved in pieces 

Table 1. Physical and chemical parameters of pyrolysis of xylem tissue of (Jones and Chaloner, 1991) 

Phase 1 Phase 2 Phase 3 

Charred wood Charcoal Charcoal breaking-up 

Experimental chars‘180-220°C ’  Experimental chars‘230-340°C’  Experimental chars‘340-600°C’  

Internal cell wall structure seen 
Cell walls apparently 
homogenised 

Cracking along site of middle 
lamella 

Preservation potential moderate, 
usually compressed 

Preservation potential excellent. 
Anatomic preservation of high 
fidelity 

Preservation potential poor. 

Very fragile, typically smashed 
to minute pieces. 

Pit membranes intact 
Pit membranes usually 
disappeared 

Pit membrane disappeared 

Attacked and oxidised by 
Schultze’s solution within a few 
hours 

High resistant to oxidation by 
Schultze’s solution 

Highly resistant to oxidation by 
Schultze’s solution 

Reflectance Ro ≤ ‘0.4%’ Reflectance Ro = ‘0.4-1.2%’ Reflectance Ro ≥ ‘1.2%’ 

Stable carbon isotopes same as 
parent plant whole tissue 

Stable carbon isotopes 
fractionated. In exp’ chars ≈  
‘0.5‰’ lighter 

Stable carbon isotopes 
fractionated. In exp’ chars ≈ 
‘1.0‰’ lighter 

Seen in fossil record as 
semifusinite 

Seen in fossil record as fusain, 
fusinite and semifusinite 

Seen in fossil record as fusain, 
inertodetrinite 
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of block in sediments (Jones and Chaloner, 1991). This varying range of δ13C  values  is 

consistent with laboratory charring data based on wood Eucalyptus spp., Quercus robur and 

Pinus radiate (Turney et al., 2006). Thus, δ13C  values of  the block charcoal samples collected 

in sediments is about 0.5‰ lighter than initial wood, i.e. δ13Ccharcoal ≈ Vi‐0.5‰ (Figure 1.1). 

 

Table 1 summarizes the physical and carbon-isotope values of charcoalified wood. Moreover, 

a detailed pyrolysis experiment that quantitatively monitored the changes in composition has 

been reported (Yang et al., 2007) and shown very good consistency with the critical points for 

pyrolysis of wood (process of charcoalification) in the work of Jones and Chaloner (1991). 

Above 230°C, hemicelluloses dramatically pyrolyze (Figure 1.2) and hence cell walls are 

apparently homogenised due to reduction of hemicelluloses and the wood becomes charcoal. 

Above 340°C, cellulose sharply loses its stability and dramatically pyrolyzes (Figure 1.2). This 

result leads to the charcoal becoming very fragile. Although the lignin is the most resistant 

composition in wood from the perspective of the whole pyrolysis, lignin begins to decompose 

as early as hemicelluloses and earlier than cellulose does (Figure 1.2). The composition of 

 

 

 

 

 

 

 

 
 
Figure 1.2. Pyrolysis curves of hemicellulose, cellulose and lignin in Thermogravimetric 
Analyzer (Yang et al., 2007) 
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lignin at an early stage also contributes to the carbon-isotope changes. Therefore, carbon-

isotope values in charcoal get heavier by about 0.5‰ (easily calculated from changes in ratio 

of cellulose/hemicelluloses to lignin, according to curves in Figure 1.2) relative to the decayed 

wood/peat, but lighter by about 0.5‰ relative to initial wood (Figure 1.2).  

 

In conclusion, carbon-isotope values of the decayed wood, coals in various ranges, and 

charcoal are not significantly different. If the decayed wood, coal and charcoal are derived 

from the same fresh C3 plants in a consistent organ, their carbon-isotope values would be 

very similar (varying less than 1‰). These plant fossils preserved in different types can all be 

used for terrestrial carbon-isotope stratigraphy. 

 

1.2.3 Age and Geological Context 

 

Even where C3 fossil wood is concentrated, determination of the accurate geological contexts 

is still very necessary to interpret terrestrial carbon-isotope stratigraphy. This is because 

hiatuses can frequently occur in terrestrial or marginal marine sedimentary successions. In 

addition, a number of depositional processes (e.g. reworking), ecosystem changes, drainage 

changes, etc. could influence the interpretation of carbon isotopes generated from terrestrial 

strata. For instance, a significant proportion of terrestrial organic matter is reworked from 

older deposits along shallow-marine margins (e.g., McCarthy and Mudie, 1998) or lacustrine 

margins, during lowstand periods. All these potential pitfalls derived from geological 

contexts will be intensively discussed in the case studies in Chapter 2, Chapter 3 and 

Chapter4. Additionally it is necessary to know at least an approximate geological age in order 

to compare a terrestrial carbon-isotope stratigraphy with its marine equivalent.  
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1.3 Reviews and motivations for terrestrial carbon-isotope stratigraphy 

1.3.1 Reviews  

 

The scientific significance of terrestrial carbon-isotope stratigraphy is briefly generalized in 

Figure 1.3. Overall, the character of synchronous carbon-isotope shifts between the marine 

and terrestrial carbon-isotope stratigraphic curves is an essential key to the establishment of 

terrestrial carbon-isotope stratigraphy and raises further scientific topics. 

 

Since the 1980s marine carbon-isotope stratigraphy based on biogenic carbonates has been 

established, owning to both the culture experiments in the laboratory and globally 

comparable stratigraphic data from deep and shallow oceans (see Section 1.1). Thus, the 

global signature is recognisable and generally well documented from marine carbonate 

carbon-isotope reservoirs. The major carbon-isotope fluctuations occurring in marine 

reservoirs are also documented synchronously by those of C3 plant fossils (e.g. Hasegawa, 

1997, 2003; Gröcke et al., 1999; Jahren et al., 2001; Ando et al., 2002; Heimhofer et al. 2003; 

Robinson and Hesselbo, 2004; Hesselbo et al., 2000, 2002, 2003, 2007; Korte and Hesselbo, 

2011). Importantly, the key breakthrough took place when it was observed that terrestrial 

carbon-isotope stratigraphic curves shifted synchronously with the well-studied marine 

carbon-isotope stratigraphic ones. This means the terrestrial carbon-isotope stratigraphic 

records register global signatures. The various factors that potentially bias the reliable 

stratigraphic records were primarily excluded in many studies published to date. These 

biasing factors for interpretation of the geological data include diagenesis, a relatively large 

range of carbon-isotope variations within an individual plant, between plants and between 
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species, changes in ecology, changes in aridity, unrepresentative sampling, and more (Figure 

1.3, right charts). 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3. Schematic diagram of significance of terrestrial carbon-isotope stratigraphy 
based on the C3 plant fossils. The observation of synchronous carbon-isotope excursions 
from both marine and non-marine reservoirs raises questions in three important scientific 
areas (left charts) and can primarily exclude potential bias factors (right charts).  

 

The observation that synchronous carbon-isotope shifts occur in both marine and terrestrial 

settings also raises scientific questions in three aspects: 1) why does δ13C value retain a 

(nearly) constant offset between C3 Plants and atmospheric CO2? 2) does terrestrial carbon-

isotope perturbation at a global scale help to model global carbon cycling? and 3) does the 

atmosphere-ocean coupled carbon-isotope evolution always last over geological timescales 

and what are the dynamic mechanisms (Figure 1.3, left charts)?  

 

The scientific topics above lead to the corresponding points of novel studies and hypotheses: 

1) a quantifiable relationship between δ13C of plant fossils and that of atmosphere are 

explored (Arens et al., 2000; Jahren et al., 2001, 2008); 2) the simulations of global carbon 

cycles are proposed (Hayes et al., 1989; 1999; Kump, 1991; Hedges, 1992; Kump and Arthur, 
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1999); and 3) the coupled situations between terrestrial and marine carbon-isotope 

stratigraphic curves are reported by many case studies (e.g. Hasegawa, 1997; Gröcke et al., 

1999; Hesselbo et al., 2000; Ando et al., 2002; Robinson and Hesselbo, 2004; Korte and 

Hesselbo et al., 2011), but the decoupled ones have been little investigated (Hasegawa et al., 

2003; Hasegawa, 2003). 

 

1.3.2 Motivations  

 

Terrestrial carbon-isotope stratigraphy is a promising approach to reconstruction of 

atmospheric δ13C (Arens et al., 2000; Gröcke, 2002; Jahren et al., 2008) in time series, and 

thus it is particularly useful to study the evolution of atmospheric CO2. The method also 

potentially allows correlation between coeval marine and non-marine carbon-cycle related 

paleoenvironmental events (Koch et al., 1992; Hasegawa, 1997; Gröcke et al., 1999; Gröcke, 

2002; Hesselbo et al., 2000, 2007; Hasegawa et al., 2003; Bacon et al., 2011; Hesselbo and 

Pienkowski, 2011). 

 

The terrestrial carbon-isotope stratigraphy provides a promising chemostratigraphic tool that 

is potentially able to correlate between different terrestrial basins, between terrestrial and 

marine sedimentary successions, as well as marine sediments within the same or between 

different ocean basins which both contain the fossil wood or other terrestrial carbon-isotope 

proxies, e.g. terrestrial-derived biomarkers (Pancost and Boot, 2004). More promisingly, 

when the carbon-isotope stratigraphic correlations are applied constrained by a 

biostratigraphic or other chronostratigraphic framework, carbon-isotope stratigraphy can 

potentially permit much more accurate correlation than the biostratigraphy, because of the 

rapid atmospheric circulations and distinctive isotopic excursions.   
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Terrestrial carbon-isotope stratigraphy is critical to understanding of long-term global carbon 

cycling, because it provides a vital parameter to model global carbon cycles through Earth 

history. The geological records are often incomplete, whereas modelling can fill this gap and 

be helpful to explore the dynamic processes (Ridgwell et al., 2007). In order to model global 

carbon cycles, both the organic and inorganic carbon-isotope reservoirs in nature need to be 

taken into account (Kump, 1991; Kump and Arthur, 1999). The coeval photosynthetic carbon 

fixation by marine and terrestrial organisms has to be studied, as this process involves a large 

carbon-isotope fractionation (Hayes et al., 1989; 1999; Hedges, 1992). Therefore, to properly 

understand the global carbon cycle, it is logical to reconstruct the evolution of every carbon-

isotope reservoir, e.g. both the organic and inorganic carbon reservoirs. The terrestrial 

carbon-isotope stratigraphy was pioneered by study of carbonate nodules in paleosol and 

mammal’s teeth (Koch et al., 1992). Furthermore, terrestrial carbon-isotope stratigraphy 

based on the C3 plants can be applied more broadly, as the fossil C3 plant materials 

(phytoclasts) are widely preserved in both non-marine and marine sediments. 
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1.4 Thesis outline 

 

Chapter 1 has introduced the history of carbon-isotope stratigraphy and its developing trends 

including: the pioneering work primarily based on marine biological carbonates; the progress 

of terrestrial carbon-isotope stratigraphy; the associated three primary challenging aspects for 

successful application of terrestrial carbon-isotope stratigraphy; and the three major 

motivations for its development. 

 

Chapter 2 investigates a case study on the Miocene terrestrial carbon-isotope stratigraphy 

from the Atlantic Ocean margin, offshore New Jersey, USA (IODP Expedition 313). This 

chapter presents the specific New Jersey depositional setting, sampling, carbon-isotope data, 

and discussion and interpretation to these data. In addition, the global correlations of carbon-

isotope fluctuations in the atmosphere-ocean reservoirs during the Early to Middle Miocene 

will be discussed. However, assuming that the correlations based on strontium-isotope values 

and biostratigraphy are correct, the carbon-isotope records from the New Jersey margin lack a 

positive excursion of carbon-isotope values in terrestrial organic matter through the Langhian 

Stage. This contrasts with previous studies from oceanic settings. Factors that may potentially 

bias local terrestrial carbon-isotope records are assessed on the basis of pyrolysis data, 

scanning electron microscope observations, and comparison to palynological indices of 

environmental change. Finally, it is concluded that the overall carbon-isotope signature for 

the exchangeable carbon reservoir is distorted in this case study, to the extent that the mid-

Miocene Monterey event excursion is not easily identifiable. 
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Chapter 3 investigates a case study of the Miocene terrestrial carbon-isotope stratigraphy 

from North Sea Basin, onshore Denmark. This chapter introduces the local geological 

settings and history of sedimentary evolution. Sampling strategy is discussed and carbon-

isotope data are generated from the concentrated phytoclasts, and SEM images are used to 

investigate the diagenetic situation of the phytoclasts. Subsequently, the carbon-isotope data 

are interpreted in local and global geological contexts for the late Early to Middle Miocene. 

Finally, the long-distance correlations of terrestrial carbon-isotope stratigraphy between New 

Jersey and the North Sea Basin are tentatively made.  

 

Chapter 4 investigates a case study of the Jurassic terrestrial carbon-isotope stratigraphy from 

the Kuqa section, Tarim Basin, NW China. This chapter introduces the Jurassic plate tectonic 

history in the study area and regional geological backgrounds, including a brief evolutionary 

history of other neighbouring terrestrial sedimentary basins. The Jurassic terrestrial carbon-

isotope stratigraphy in fluvial and lacustrine deposits is described. Due to the lack of 

radiometric dating, the plant fossils and palynological stratigraphy are summarized to 

constrain the stratigraphic ages. Based on the composite biostratigraphy, the global 

correlations with both terrestrial and marine European carbon-isotope reservoirs are 

attempted. The time interval of global correlation goes through the Triassic-Jurassic boundary 

and Early Jurassic. An exact horizon of Triassic-Jurassic boundary is suggested by the new 

results. A bed with the character of soft-sediment deformation and its occurrence at the 

Triassic–Jurassic boundary is recognised and it recalls universal seismites interpreted to the 

huge bolide impacts in NW Europe. The correlation between the terrestrial carbon-isotope 

stratigraphy in the Tarim Basin and other coeval terrestrial and marine strata are first 

witnessed by both entire marine and terrestrial sedimentary successions in the Jurassic. Long-

term coupled atmosphere-ocean reservoirs are hence inferred during that time. The negative 
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excursion that characterises the Toarcian OAE in other Early Jurassic successions is not 

recognised and it is concluded that the event is either missing or else represented by strata 

higher in the Kuqa section.  

 

Chapter 5 summarizes the conclusions of the thesis and presents outlooks for terrestrial 

carbon-isotope stratigraphy.  
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Chapter 2 

 

CARBON-ISOTOPE STRATIGRAPHY FROM 

TERRESTRIAL ORGANIC MATTER  

THROUGH THE MONTEREY EVENT, MIOCENE, 

NEW JERSEY MARGIN (IODP EXPEDITION 313) 
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A reformatted version of this chapter was published as: Fang, L., C. J. Bjerrum, S. P. 

Hesselbo*, U. Kotthoff, F. M. G. McCarthy, B. Huang, and P. W. Ditchfield (2013), 

Carbon-isotope stratigraphy from terrestrial organic matter through the Monterey event, 

Miocene, New Jersey margin (IODP Expedition 313), Geosphere, doi:10.1130/GES00 

851.1. 

 

It is reproduced here in thesis format. This chapter includes the part of data and data 

interpretations contributed by co-authors as follows.  

 

C. J. Bjerrum contributed the measurement of pyrolysis parameters, bulk organic matter 

and bulk C/N ratio, and the relevant data interpretation.    

S. P. Hesselbo is corresponding author. 

U. Kotthoff contributed the palynological analysis on the evolution of terrestrial 

ecosystems.  

F. M. G. McCarthy contributed the palynological analysis on the T: M ratio (i.e. the ratio 

of terrestrial to marine material in each sample, based on the percentages of terrestrial and 

marine palynomorph).  

B. Huang contributed part of carbon-isotope data from planktonic foraminifera, single 

species Globigerina praebulloides.  

P. W. Ditchfield helped to accurately analyse the carbon-isotope derived from tiny 

amount of the individually hand-picked woody phytoclasts. 
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Abstract 

 

The stratigraphic utility of carbon-isotope values from terrestrial organic matter is 

explored for Miocene siliciclastic sediments of the shallow shelf, New Jersey margin, 

USA (IODP Expedition 313).  These shallow marine strata, rich in terrestrial organic 

matter, provide a record of deposition equivalent to the Monterey Event, a prolonged 

interval of time characterised by relatively positive carbon-isotope values recorded from 

foraminiferal carbonate in numerous oceanic settings.  Coherent stratigraphic trends and 

short-term isotopic excursions are observed consistently in palynological preparation 

residues, concentrated woody phytoclasts, and individually picked woody phytoclasts 

obtained from the New Jersey sediments.  A bulk organic matter carbon-isotope curve 

shows somewhat different stratigraphic trends but, when corrected for mixing of marine-

terrestrial components on the basis of measured C/N ratios, a high degree of conformity 

with the woody phytoclast record is observed.  However, assuming that the correlations 

based on strontium-isotope values and biostratigraphy are correct, the carbon-isotope 

record from the New Jersey margin contrasts with that previously documented from 

oceanic settings (i.e. lack of positive excursion of carbon-isotope values in terrestrial 

organic matter through the Langhian stage).  Factors that may potentially bias local 

terrestrial carbon-isotope records include reworking from older deposits, degradation and 

diagenesis, as well as environmental factors affecting vegetation in the sediment source 

areas. These possible factors are assessed on the basis of pyrolysis data, SEM 

observations, and comparison to palynological indices of environmental change.  Some 

evidence is found for localised degradation and/or reworking of older woody phytoclasts, 
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but where such processes have occurred they do not readily explain the observed carbon-

isotope values.  It is concluded that the overall carbon-isotope signature for the 

exchangeable carbon reservoir is distorted, to the extent that the Monterey Event 

excursion is not easily identifiable. The most likely explanation is that phytoclast 

reworking has occurred in clinoform toe-of-slope facies, but the reason for the resulting 

relatively heavy carbon-isotope values produced remains obscure. 
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2.1 Introduction 

 

Correlation of sedimentary successions by carbon-isotope values of organic and 

carbonate components has become a routine method in stratigraphy (e.g. Scholle and 

Arthur 1980; Jenkyns et al., 2002; Jarvis et al., 2006).  This method works on the basis 

that the measured carbon-isotope signature within a succession is representative of 

changes in the isotopic signature of the surface Earth carbon reservoirs through time.  In 

particular, distinctive trends or excursions can be matched between sections, providing 

correlative time lines.  In addition to simple analysis of bulk sedimentary organic matter 

or bulk carbonate, many studies have focussed on isolated fractions that are derived from 

individual materials making up the sedimentary carbon in order to minimise the 

overprinting or distorting effects of processes such as mixing of different sedimentary 

components with their own distinct isotopic signatures or diagenetic changes and 

additions (e.g. Veizer et al., 1999 focusing on brachiopods and belemnites). 

 

It is particularly useful that the carbon-isotope composition of terrestrial organic matter 

tracks that of atmospheric carbon dioxide (Aren et al., 2000; Jahren et al., 2008), and this 

commonly results in terrestrial carbon-isotope signatures identical to those from coeval 

marine materials, potentially allowing correlation between marine and non-marine 

palaeoenvironments.  Such correlations allow consideration of carbon-cycle related 

environmental changes taking place on land at the same time as in the oceans (Koch et 

al., 1992; Hasegawa 1997; Gröcke et al., 1999; Hesselbo et al., 2000, 2007; Gröcke, 

2002; Hasegawa et al., 2003; Bacon et al., 2011; Hesselbo and Pienkowski, 2011).  
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Although the technique of terrestrial carbon-isotope stratigraphy has shown considerable 

promise, there are a number of potential pitfalls.  One issue is the possibility that a 

significant proportions of the sedimentary organic matter is reworked from older 

deposits, a problem one might predict to be acute when sediments are resuspended from 

continental shelves and redeposited further down the margin during sea-level lowstands 

(e.g. McCarthy and Mudie, 1998). Additional complications arise because isotope 

discrimination during formation of terrestrial organic matter seems to be a function of 

temperature and soil moisture independent of pCO2, whereas isotope fractionation during 

formation of marine organic matter is a function of pCO2 for some photosynthetic species 

(e.g. Bowen et al. 2004; Jahren et al. 2008). In the present study these and other problems 

are explored with respect to sedimentary organic matter from Miocene sequences on the 

New Jersey margin drilled for IODP Expedition 313 (Figure 2.1). 
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Figure 2.1. A. Location map. B. Depth-converted seismic stratigraphic framework 

Expedition 313 boreholes.  (Modified from Mountain et al., 2010)  
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Carbon-isotope signatures for the Neogene exchangeable carbon reservoirs are well 

known based on analysis of multiple oceanic carbonate records (Zachos et al., 2001). For 

the Miocene in particular, the Monterey Event and its carbon-isotope signature is of some 

prominence (Figure 2.2; Vincent and Berger, 1985; Woodruff and Savin, 1985; Flower 

and Kennet, 1994; Zachos et al., 2001; Abels et al., 2005; Holbourn et al., 2005, 2007; 

Diester-Haass et al., 2009). This isotopic and palaeoenvironmental event was originally 

defined in the tropical Indian Ocean at DSDP Site 216 by Vincent and Berger (1985), and 

the positive carbon-isotope excursion (≥+1.5‰), was documented for the benthic 

inorganic carbon reservoir. This event is thought to coincide with a time of extensive 

burial of organic matter (Vincent and Berger, 1985; Woodruff and Savin, 1991).  

Combined benthic and planktonic foraminiferal records of the Monterey Event have also 

been published, by Cheng et al. (2004), and these data provide substantial evidence of a 

whole ocean-atmosphere carbon cycle perturbation (Figure 2.2). 

 

Studies at high-resolution from many pelagic and hemipelagic locations have shown the 

long-term carbon-isotope excursion of the Monterey Event to comprise a number of 

separate short, ~1 per mil positive excursions, superimposed on the overall positive 

carbon-isotope values (Woodruff and Savin, 1985; Woodruff and Savin, 1991; Figure 

2.2). Integration with astronomical timescales has resulted in the recognition of nine of 

these short-term excursions, each identified as having a long eccentricity 400 ky 

periodicity, and allowing by fit to the La2004 astronomical model a refined dating for the 

whole Monterey Event from 16.9 to 13.5 Ma (Holbourn et al. 2007), i.e. latest 

Burdigalian, Langhian, and very earliest Serravalian. [It is noted that the definition of the  
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Figure 2.2. Published carbon-isotope curves for the Miocene interval illustrating the long-term changes in oceanic carbon-isotope values. All 

data recalibrated to Gradstein et al. (2004) timescale. A. Data compilation from multiple sites (Zachos et al., 2001). B. High-resolution data from 

benthic foraminifers (Holbourn et al., 2007), showing previously described individual excursions within the overall Monterey Event. C. 

Combined benthic and planktonic foraminifer dataset from the South China Sea (Cheng et al. 2004). 
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event changes by author, so Holbourn et al. (2007) do not include strata at the top of the 

event that were included by Woodruff and Savin (1991).] 

 

The Miocene of the New Jersey margin makes for a particularly useful case study 

because the sedimentology, stratigraphy, and palaeontology of this marginal setting is 

now well characterised for the Cenozoic, including the interval that spans the Monterey 

Event (Browning et al. 2006, 2008, 2013; Monteverde et al., 2008; Mountain et al., 2010; 

Miller et al., 2013; Proust, 2013, personal commun.). In the present study carbon-isotope 

curves generated from a variety of substrates are presented, comprising bulk organic 

matter, bulk concentrated phytoclasts, hand-picked phytoclasts, and planktonic 

foraminifers, and these data are compared with newly generated pyrolysis datasets of 

organic matter type, atomic C/N ratios, and relevant palynological analyses.  The overall 

aim is to improve understanding of the strengths and weaknesses of using terrestrial 

materials as the basis for carbon-isotope stratigraphic correlation.  In addition, the 

analysis sheds further light on the development of Miocene depositional sequences on the 

New Jersey margin. 
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2.2 Methods 

 

Phytoclasts are components of a palynological preparation residue made up of 

recognizable fragments of plant cuticles and woody tissue (Tyson, 1995; Hasegawa et al., 

2003), and herein the woody tissue components of the phytoclast assemblages have been 

specifically studied. 

 

2.2.1 Palynological preparation and analysis 

 

Standard palynological techniques were used to extract organic matter from sediment 

samples. Preparation for the majority of samples was carried out at the National 

Oceanographic Centre, University of Southampton, UK (from 260 to 760 mbsf at Site 29 

and from 200 to 450 mbsf at Site 28).  A subordinate sample set was prepared at Brock 

University, Canada (from 600 to 760 mbsf at Site 29, from 400 to 660 mbsf at Site 28 and 

from 180 to 300 mbsf at Site 27). 

 

At Southampton, a five gram sample was placed in a plastic beaker and cold hydrochloric 

acid (30%) added to remove carbonate. After decanting, the sample was washed with 

deionized water until the pH approached 7. Hydrofluoric acid (60%) was then added with 

regular stirring until the sample was wholly broken down, and then the sample was 

decant-washed with deionized water until the pH approached 7 again. Subsequently, the 

residue was sieved at 15 micrometers, and the coarse fraction separated into a glass 

beaker. With most water removed from the sample, hydrochloric acid (30%) was added 
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into the beaker and heated until it just boiled (to take neoformed fluorides into solution). 

The boiled sample in the beaker was rapidly diluted in 500 ml of water and was sieved at 

15 micrometers; the remaining organic matter was put into vials after washing through 

with deionised water.  For each sample one standard slide was made up in Elvacite 2044. 

 

At Brock University, 5 cm3 of sample (measured by liquid displacement) was placed in 

Nalgene test tube and a very weak (0.02%) Calgon solution was added. Samples were 

then placed in a warm (not boiling) water bath until clays were disaggregated, then they 

were washed in distilled water and centrifuged at 3000 rpm for 3 minutes. Samples were 

then sieved using distilled water through a 15 micron Nitex mesh to remove clays and 

subsequently returned to the test tubes.  Weak hydrochloric acid (10%) was then added 

together with a Lycopodium tablet (Stockmarr, 1971) and samples were again placed in a 

warm water bath until reaction stops to remove carbonates. Samples were again washed 

in distilled water and centrifuged at 3000 rpm for 3 minutes, and hydrofluoric acid (60%) 

was added and test tubes returned to the warm water bath. Samples were stirred regularly 

over a period of approximately one hour, decanted and rinsed with distilled water until 

neutral. The residue was again sieved at 15 microns, and the residue was mounted on a 

glass slide using glycerine jelly. 
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2.2.2 Separation and concentration of palynological particulates, and 

the component monitoring after concentration 

 

In order to concentrate the terrestrial organic fraction (mostly phytoclasts) from 

palynological particulates, a further separation procedure was carried out. The organic 

residues produced by standard palynological preparation techniques were suspended in 

alcohol, and the microfossils (e.g. dinoflagellates, acritarchs, spores and pollen) absorbed 

a sufficient amount of the alcohol to reduce their average density relative to those of 

phytoclasts (method of Hansen and Gudmundsson, 1977). 

 

Deionized water was placed into the separating funnel and then 5 ml ethanol on to the 

water surface. A pipette was used to take and transfer the organic sample into the funnel. 

After leaving to stand for 10-15 minutes (depending on the size of the particles), the 

samples were divided into two parts as ‘top’ and ‘bottom’. The ‘bottom’ part was 

collected into 10 ml Teflon tubes, while the ‘top’ part was collected into the 50 ml 

centrifuge tubes and reclaimed by centrifuge; finally, the top and bottom parts were dried 

out in 60 °C oven for 48 hours. 

 

The technique of separation takes advantage of the difference in settling rate between the 

phytoclasts and the microfossils. After this separation, the marine fraction (dinoflagellate, 

zoomorphs and Chlorococcales) and the terrestrial pollen and spores, which tend to be 

hollow and very small, are largely excluded, leaving the phytoclasts concentrated. 

Furthermore, in order to monitor the components for the carbon-isotope measurements, a 



 Miocene, New Jersey Margin Chapter 2 

37 
 

quantitative palynofacies analysis was undertaken by identifying the components and 

counting their absolute number (N=300 per sample) under a transmitted-light microscope. 

Percentage of each component in organic matter was thus determined. The classification 

scheme (Table 2.1) for palynofacies analysis in this thesis follows Ross’s scheme and 

classification protocol (Ross, 1999), but a bit of simplification is made, as the aim of 

present study is simply to monitor the accurate components for the carbon-isotope 

measurements rather than study of the detailed palaeoenvironmental changes (Ross, 

1999).   

 

Table 2.1. Classification scheme of particulate organic matter (simplified from Ross, 1999) 

Phase 1 Phase 2 Phase 3 Phase 4  

Palynomorphys 

Sporomorphs 
Pollen 

Bisaccate Pollen 
Non Bisaccate Pollen 

Spores  
Unidentified  

Phytoplanton 

Chlorococcales 
Single Bodied (or  
Colonial) 

Prasinophytes 
e.g. Tasmanitids,  
Leiospheres 

Dinoflagellatge cysts  

Acritarchs  

Zoomorphs e.g. Foraminiferal linings (lenticular slits) 
Fungal Bodies   
Unidentified   

Discrete Fragments 
Vita Fragments 

Cuticle/ Epidermal Remains  
Definite Wood  
Vascular Bundles/tracheid  
Resin  
Plant Tissue  

Non-Vita Fragments 
Brown  
Black  

Structureless Organic 
Matter (SOM) 

 
Transparent-Yellow  
Yellow-Brown  
Brown-Black  

 



 

 

The

tran

   
    SO

    Din

        C

Cutic
 

F

ob

e various 

nsmitted-ligh

OM (Yellow

noflagellate

Chlorococc

cle or Epide

Figure 2.3. T

bservation o

component

ht microsco

w-Brown)    

e cysts         

cales            

rmal Tissue

The various c

of the micro

Mioce

ts of paly

ope observat

               Ta

              Zo

           Vas

e       Uniden

components

oscope in tra

ne, New Jers

38 

ynological 

tion (Figure

asmanitids  

oomorphs   

cular Bundl

ntified Paly

s of palynolo

ansmitted wh

sey Margin

particulate

e 2.3).  

                 

                  

les              

ynomorphs  

ogical sedim

hite light  

s are iden

             Lei

       SOM (

                 P

               A

mentary orga

C

ntified und

iospheres 

(Brown-Bla

Pollen 

Acritarchs 

anic matter u

Chapter 2 

der the 

 

 
ack) 

 

 

under 



 Miocene, New Jersey Margin Chapter 2 

39 
 

2.2.3 Carbon-isotope analysis and C/N ratios 

 

Organic matter carbon 

Bulk organic matter — Bulk organic C/N ratios and stable carbon isotope ratios were 

measured in the Stable Isotope Laboratory at Department of Geography and Geology, 

University of Copenhagen. Freeze dried samples were crushed with an agate mortar and 

pestle to <125 μm. Carbonate was removed by treating 1.2 g of sample with 30 ml 1% 

HCl, and heating on a hot plate for 1 hour. Acid treated sample was then transferred to a 

centrifuge tube, and washed with Milli-Q water and centrifuged. The sample was further 

washed until neutral pH, then freeze-dried and subsequently equilibrated to room 

temperature in eksikator. The equivalent of ~0.07 mg of pure carbon of the acid washed 

sample were weighed into a tin capsule. Stable carbon isotope composition and C/N ratio 

was measured on EuroVector elemental analyser coupled to an Isoprime dual inlet Stable 

Isotope Ratio Mass Spectrometer. Every tenth sample was run in duplicate and internal 

standards were interspersed throughout the batch of samples. Samples were single point 

calibrated toward a calibration curve made of 10 different weights of the internal 

laboratory standard, thus bracketing the pure carbon weights of the samples. The internal 

standard (AK of pure active carbon (-25.65 ‰) homogenized in mortar with clay sized 

pure quartz), has been calibrated to USGS-24 (-15.99‰), and tested by repeated random 

sampling of the homogenized mixture. Long-term reproducibility is ±0.1‰. 
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Phytoclasts — Isotope analyses of both bulk concentrated phytoclasts and hand-picked 

phytoclasts were carried out for this study.  Hand-picked phytoclasts were manually 

separated from concentrated phytoclasts by using a needle under reflected-light 

microscope, and in this case only definite woody material was collected and accumulated 

to around 20–40 micrograms for each sample (quantities of hand picked phytoclasts were 

too small to yield valid C/N ratios). For bulk concentrated woody phytoclasts, dried 

sample weights ranged from 0.2 mg to 2 mg, depending on recovered quantity. 

 

Phytoclast samples for analysis were dried, weighed and sealed in tin capsules. These 

samples were run on a Sercon Europa EA-GSL sample converter connected to a Sercon 

20-22 Stable Isotope Ratio Mass Spectrometer running in continuous flow mode with a 

Helium carrier gas with a flow rate of 70 ml per min. Carbon isotope ratios were 

measured against an internal alanine standard (δ13Calanine = -26.9 ± 0.2‰ V-PDB) using a 

single point calibration at the Research Laboratory for Archaeology and History of Art 

(RLAHA), University of Oxford, UK.  The in-house RLAHA alanine standard is checked 

weekly against USGS40, USGS41 and IAEA-CH6 international reference materials. 

Thus the reported results are traceable back to the V-PDB international standard. 

 

Carbonate carbon 

Carbon-isotope data were generated from planktonic foraminifers. Two sample sets were 

combined for the present study.  One sample set was analysed in Oxford and comprised a 

subsample of planktonic foraminifers used for strontium isotope analyses (Browning et 

al., 2013) originally picked by Mimi Katz (2013, personal commun.).  A second set was 
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picked at Peking University and analysed at the University of California, Santa Cruz 

(UCSC). 

 

The foraminiferal dataset comprises two parts, single species Globigerina praebulloides 

(surface dwelling, 43 samples, analysed at UCSC) and, due to lack of sufficient numbers 

of specimens, species mixtures analysed at Oxford comprising some or all of the 

following taxa: Catapsydrax parvulus, Dentoglobigerina altispira altipira, Globigerinita 

glutinata, Globorotaloides suteri, Globigerina woodi, Globoquadrina baroemoenensis, 

Globoquadrina dehiscens, Globoquadrina. langhiana, Globorotalia (Menardella) 

archeomenardii, Globorotalia (Neogloboquadrina) continuosa, Globorotalia 

(Jenkinsella) mayeri, Globorotalia (Globigerinella) obesa, Globorotalia (Fohsella) 

peripheroronada, Globorotalia (Globoconella) praescitula, Globigerinoides obliquus, 

Globigerinoides sacculifer, Globigerinoides sicanus, Globigerinoides subquadratus, 

Globigerinoides triloba, Sphaeroidinellopsis disjuncta (16 samples).  At Oxford, species 

mixtures were gently crushed between small plastic plates to open the foraminifer 

chambers. A drop of methanol was added and each plate cleaned by ultrasonification for 

30 minutes. Methanol was removed with a 2 ml syringe under a reflected-light 

microscope to ensure minimal inclusion of clay. Finally, the cleaned foraminifera were 

transferred by brush into vials and dried in an oven at 60°C.  The typical sample weights 

were about 25-40 micrograms. Measurement was carried out on Thermo Scientific MAT 

253 Stable Isotope Ratio Mass Spectrometer (online coupled to KIEL IV Carbonate 

Device) at the Department of Earth Sciences, University of Oxford. An overall external 

precision of 0.04 ‰ for δ13C is reached for samples greater than 20 micrograms. All 
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carbon isotope ratios are expressed in per mil (‰) the internationally accepted standard 

notation, Vienna Pee Dee belemnite (VPDB). 

 

Pyrolysis parameters 

Total organic carbon (TOC, wt%) of each bulk organic matter sample was analysed by 

decarbonating the sample with HCl, whereafter 50 mg was combusted in a LECO CS-200 

induction furnace. Hydrogen index of each sample was measured by pyrolysing 100 mg 

of de-carbonated sample in a Humble Instruments and Services source rock analyzer 

(SRA) system in the source rock laboratory at the Geological Survey of Denmark and 

Greenland. The SRA have been evaluated to give S1, S2, Tmax data comparable to the 

commonly used ‘Rock-Eval’ instrument (Espitalié et al., 1977, 1985). Source rock 

screening data were quality checked and questionable data with TOC contents <0.5 wt.% 

and/or S2 pyrolysis yields <0.2 mg HC/g rock were omitted as organically lean samples 

give unreliable HI values (Peters, 1986). 
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2.3 Results 

2.3.1 Palynofacies analysis to monitor the components of carbon-isotope 

measurements 

 

After the procedure of density separation of the palynological particulates, the 

concentrated phytoclasts were obtained and checked by light microscope. The prevalence 

of woody phytoclasts was confirmed.  Some of the larger cuticle fragments were also 

sedimented with the woody phytoclasts but do not dominate the assemblages (Figure 

2.4). 
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Figure 2.4. Percentage of the each palynological component against the depth (metres 

below seafloor - mbsf) at Site M0029 (28 samples for the palynofacies analysis). Y axis 

is the depth and X axis is relative percentage (%) of palynological particulates.  
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2.3.2 Carbon-isotope records 

 

Carbon-isotope values for Site 29 are presented in Figure 2.5.  The analyses are focussed 

at this site because, of the three Expedition 313 sites, initial expedition results indicated 

that succession at Site 29 provides the most complete and continuous sedimentary record 

over the interval of the Monterey Event (Mountain et al., 2010; Browning et al., 2013). 

 

Column A in Figure 2.5 shows data from bulk organic matter, column B from planktonic 

foraminiferal carbonate, column C from phytoclast concentrates, and column D from 

individually picked phytoclasts.  The following points for these data are most noteworthy: 

 

1) The bulk organic matter data overall decrease from relatively heavy carbon-isotope 

values (-24 to -23 ‰) between 680 and 610 mbsf (Burdigalian) to lighter values up 

section.  From 610 to 450 mbsf (Langhian to early Serravalian), carbon-isotope values are 

intermediate (-24 to -25‰) with small excursions within this range, each defined by 

several data points.  Relatively light values (-26 to -25 ‰ occur above 450 mbsf 

(Serravalian).  The majority of values are in the range -23 to -26 ‰. On average the bulk 

organic matter is enriched 0.5‰ relative to phytoclast measurements. 

 

2) Data from planktonic foraminifers are quite variable and most range from 0-2 per mil. 

A few values exceed 2 per mil. They are basically pristine with being glassy cemented 

according to observation using reflected-light microscope and SEM (see images in  
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 Figure 2.5. All carbon-isotope results for Site 29 set against lithological log. A. Bulk organic. B. Planktonic foraminifers, C. Concentrated 

phytoclasts and palynological residues.  D. Picked phytoclasts (column D).  Lithological log from Mountain et al. (2010), ages from 

Browning et al. (2013), and dinoflagellate cyst zonation from McCarthy et al. (2013). For key to graphic log refer to Figure 2.6. 
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Appendix B). Disregarding individual anomalous data points there is a very weak 

stratigraphic trend towards heavier carbon-isotope values up-section.  

 

3). Data from the relatively low-resolution set of individually-picked phytoclasts show 

good conformity with data from phytoclast concentrates (as do analyses of raw 

palynological residues).  Data from phytoclast concentrates show coherent stratigraphic 

trends.  From 750 to 730 mbsf (?Aquitanian to early Burdigalian) carbon-isotope values 

become progressively lighter up-section (from -23.4 to -26.5‰).  Between 730 and 610 

mbsf (Burdigalian) carbon-isotope values are relatively heavy (-22 to -25‰).  Above 610 

mbsf (Langhian to Serravallian) carbon-isotope values are intermediate (-24 to -26‰) but 

also show coherent excursions within this approximate range. A notable positive 

excursion to -22.5‰ occurs at 475 mbsf, in the earliest Serravallian, which is not present 

in raw bulk organic matter. There is overall more isotopic variability in the phytoclast 

record relative to the bulk organic matter, as the standard deviations are 0.94 for 

phytoclast data and 0.85 for bulk data.  However the overall trends are present in both 

records. 

 

2.3.3 Correlation of phytoclast carbon-isotope curves between 

Expedition 313 Sites 

 

In Figure 2.6 a correlation panel for all three Expedition 313 Sites in shown, including the 

more limited phytoclast data for sites 28 and 27. Correlation lines between sites are based 

on best-estimates of depths of key seismic stratigraphic surfaces, which take into account 
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all relevant geophysics, biostratigraphy and strontium-isotope stratigraphy (Miller et al., 

2013).  Where data density is such that meaningful comparison is possible the same 

values and trends are apparent at different sites.  This is particularly the case for Sites 28 

and 29 for the Langhian to Seravallian interval.  Where differences occur, as for example 

concerning the narrow positive excursion 475 mbsf in Site 29, the data can be explained 

by unconformity in the up-dip, more proximal location, an interpretation fully supported 

by the seismic stratigraphy (Proust, 2013, personal commun.).  

 

Figure 2.7 shows the enlarged stratigraphic logs and carbon isotope curves from 615 m to 

610 m at Site 28 and from 745 m to 725 m at Site 29 and the correlation line of sequence 

boundary m 5.7. The lithology dramatically changes across the sequence boundary. 

Below the boundary, lithologies are clay at Site 28 and Site 29; strata immediately above 

sequence boundary are glauconite sands at both sites, and upwards turn to less glauconitic 

sands. Carbon isotope curves from Site 28 and Site 29 show generally similar trends in 

this enlarged interval. Both rapidly change from light to heavy carbon isotope values 

through the boundary. The values for the lightest points are about -28‰ at Site 27 and 

about -27‰ at Site 29.  It is concluded that the carbon-isotope signature of phytoclasts 

has value for correlation on at least the local scale of Expedition 313 sites. 

 

 

  



49 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Correlation panel and concentrated phytoclast carbon-isotope records for Sites 27, 28 and 29. Correlations and ages from Browning et al., 2013 and Miller et al., 2013. 

Dinoflagellate cyst zonation from McCarthy et al., 2013. Oligocene sequence boundaries marked with an asterisk (*) are not resolvable on seismic reflection profiles (Browning et al., 

2013). 
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Figure 2.7. Enlarged stratigraphic logs and carbon isotope curves from 615 m to 610 m 

at Site 28 and from 745 m to 725 m at Site 29.  Correlation line is sequence boundary m 

5.7 based on the integrated stratigraphy (see text). See Figure 2.6 for key to graphic 

logs. 
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2.3.4 Pyrolysis data and C/N ratios 

 

For pyrolysis, 27 samples were analysed from Site 27, 34 samples from Site 28, and 65 

samples from Site 29.  Pyrolysis data and C/N ratios show notable variation through the 

studied succession (Figure 2.8). 

 

 Hydrogen Index, Tmax, TOC and S2. 

Pyrolysis data are included as Supplemental Data Files.  Hydrogen index (HI) varies 

between 50 and 250 mg HC/g TOC (Figure 2.8), indicating the sediment is dominated by 

a type III kerogen, with some levels up to gas/oil prone (Peters, 1986, pp. 273). Tmax of 

~420 °C with only a single samples with Tmax of 450 °C (at 597.5 mbsf) indicate that 

organic matter is still immature (Petersen et al., 2011). Cross plot of TOC and the S2 

peak indicates that the majority of the samples are below good/fair source rock potential, 

but that some of the more clay rich samples have good to excellent source rock potential 

because TOC > 2% and S2 > 6 mg HC/g rock (Peters, 1986; Petersen, et al., 2011).  

 

Stratigraphically the HI is highly variable up to 595 mbsf, and progressively increases 

from 180 to 230 mg HC/gTOC up to 502 m mbsf (Figure 2.8).  HI is variable (50–200  

mg HC/gTOC) between 500 and 460 mbsf and then shows steady values (150–170 mg 

HC/gTOC) up to 364 mbsf.  Low values (~50 mg HC/gTOC) occur between 364 and 340 

mbsf, but HI recovers to 100 mg HC/gTOC between 340 and 333 mbsf. 
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Figure 2.8. Comparison of relevant organic matter parameters for Site 29 (65 samples). 

A. Hydrogen index. B. C/N ratios of bulk organic carbon (black dots) and concentrated 

phytoclasts (blue dots). C. Adjusted (vascular plant matter equivalent) bulk organic 

carbon δ13C (black dots), and concentrated phytoclast δ13C (blue squares). D. Grain 

size expressed as % clay content (from Browning et al., 2013). See Figure 2.6 for key to 

graphic log. 
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Only a weak correlation is present between HI and bulk organic C/N ratios. Only few 

samples have HI < 100 and have C/N ~20 ratios overlapping with general bulk organic 

C/N ratio. There is a tendency for high HI to be associated with enriched bulk δ13Corg 

values. A few samples plot outside the general sample field in a crossplot of HI versus 

δ13C, these with HI <80 and heavy δ13C values (-24 to -22.5‰) of both phytoclasts and 

bulk organic matter. 

 

C/N ratios of bulk organic matter and separated phytoclasts 

At Site 29, bulk organic matter C/N ratios (C/Nbulk) vary between 15 and 30, clearly 

distinguished from the C/N ratio of separated phytoclasts, which vary between 35 and 50 

(Figure 2.8).  (In the present study only C/N ratios of phytoclasts from samples processed 

in Southampton have been used to reduce the possibility of introducing artefacts related 

to processing method.)  Stratigraphically, C/Nbulk ratios between 15 and 20 are related to 

coarse grain sizes (Figure 2.8). However, C/Nbulk ratios greater than 20 in some cases 

correspond to coarser grained sediment and in other cases they do not. The C/Nbulk ratios 

are relatively low in the sandy Burdigalian, increasing to high values in the Langhian 

strata where the sediments are fine grained. The Langhian/Serravallian boundary strata 

have variable C/Nbulk ratios, whilst the remaining Serravallian is characterized by low to 

moderate C/Nbulk ratios. 
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2.4 Discussion 

 

If the dates assigned to strata from 640-725 mbsf (Browning et al., 2013) are accepted 

then it appears that the Monterey carbon-isotope excursion, which is well established 

from diverse oceanic carbonate records, is not clearly developed in the organic-matter 

fractions analysed from the New Jersey Margin.  The analysed terrestrial organic matter 

components have relatively heavy values in strata assigned to the Burdigalian, and 

relatively light values in the Serravallian, with intermediate values in the Langhian, 

somewhat contrary to expected trends of Monterey carbon-isotope excursion, especially 

with respect to the Burdigalian.  In the following sections potential explanations for this 

observation are explored. 

 

2.4.1 The δ13C of bulk organic matter adjusted to vascular plant debris 

values 

 

The δ13C of bulk organic matter may be adjusted to represent the contemporaneous δ13C 

of vascular plant debris (i.e. δ13Cvpc, where vpc refers to ‘vascular plant, corrected’), a 

value that should in theory be very similar to the measured δ13C of woody phytoclasts.  A 

modest correlation is observed between phytoclast δ13Cphy and δ13Cbulk (slope = 0.8, r2 = 

0.5), suggesting that bulk organic matter is composed of a fraction of vascular plant 

debris (i.e. phytoclasts) (Figure 2.9A). In a cross-plot of organic δ13C and C/N there is a 

clear spatial separation between bulk organic matter and phytoclasts, a pattern mimicking 
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that observed in modern deltaic/coastal-shelf sediments (Hedges et al. 1997; Figure 

2.9B). Waterborne transport of particles from the land to the ocean combined with local 

marine production results in a mixing line between end-members of terrestrial vascular 

plant debris and marine organic matter (Hedges et al., 1997). From this mixing relation it 

is common to calculate the fraction of vascular plant debris or marine organic carbon in 

the sediment. The observed C/Nbulk value between 20−30 suggests that between 60% and 

80% of the organic matter is vascular plant debris. Further, using the mixing line concept, 

each sample δ13Cbulk value is adjusted to a contemporaneous vascular plant debris δ13Cvpc 

value using the measured δ13Cbulk and C/Nbulk.  

 

Isotope composition of end-members based on modern day organic matter cannot readily 

be applied to the Miocene. For example, Miocene marine organic matter has been 

reported with isotope composition of about -24 to -26‰, depending on location, relative 

to -22‰ today (Dieter-Haas et al., 2009). However, it is no reason to suspect that C/N 

ratios of end-members have changed. In calculating an estimated vascular plant debris 

isotope composition on a point-by-point basis from bulk organic matter, the slope, α, of 

the mixing line between end-member mean compositions of vascular plant debris 

, 13Cvpcതതതതതതതതതߜ) C/Nvpcതതതതതതതത) and bulk organic matter (13ߜCbulkതതതതതതതതത , C/Nbulkതതതതതതതതത) are first identified.  (Eq 1; 

table 1; Figure 2.9B). Given the isotope composition of bulk organic matter at each point 

(δ13Cbulk), the isotope composition of the corresponding vascular plant debris (δ13Cvpc) 

can be calculated from the difference between C/Nbulk and the estimated mean vascular 

plant debris C/N composition (C/Nvpcതതതതതതതത), assuming that linear mixing can be applied and 

that α is constant (Eq. 2, table 1). The best correlation between observed phytoclast δ13C 
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and estimated vascular plant debris composition (δ13Cvpd) is obtained with end-member 

mean compositions: 13ߜCbulkതതതതതതതതത = -24 ‰; 13ߜCbulkതതതതതതതതത = 25.3 ‰; C/Nbulkതതതതതതതതത = 23; C/Nvpcതതതതതതതത = 42. 

 

 

 

Figure 2.9. A. Carbon isotope composition of phytoclasts (δ13Cphy) versus bulk organic 

matter (δ13Cbulk, triangles) and calculated vascular plant debris end-members (δ13Cvpc, 

dots). Correlation between δ13Cphy and δ13Cvpc is stronger (slope=0.92, r2=0.64) than 

between δ13Cphy and δ13Cbulk (slope = 0.78, r2 = 0.49), showing that the bulk composition 

predominantly is a result of mixing between terrestrial and marine end-members. B. 

Atomic C/N ratios versus δ13C of marine and terrestrial organic matter. Measured 

composition of phytoclasts (green dots) and bulk organic matter (green triangles) from 

marine sediments at Site 29.  Light blue boxes represent modern end-members of 

vascular plant debris and marine organic matter, where shallow marine sediment 

samples exhibit a linear mixing between end-members (Hedges et. al., 1997). Model 

average mixing line between Miocene end-members (dark blue) resulting in the best fit 

between observed phytoclast composition and corrected bulk composition calculated 

from bulk organic matter. Model mixing line uses end-member composition of 

phytoclasts (C/N = 42, δ13C = -25.3 ‰) and bulk organic matter (C/N = 23, δ13C = -24.5 

‰) (see text for equations governing correction).  The projected Miocene marine 

organic matter carbon-isotope value is inferred to have been significantly lighter than 

for the modern case. 
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The resulting correlation slope and r2 between calculated vascular plant debris end- 

member and phytoclast composition is 0.9 and 0.7, respectively (Figure 2.9A). This 

correlation is better than the correlation between bulk organic matter and phytoclasts, 

suggesting that a mixing line indeed describes the bulk organic matter composition from 

two end-member compositions.  The method is not perfect, because the mixing line is 

assumed to have a constant slope and fixed C/N ratio of the vascular plant debris end- 

member. C/N ratios can vary depending on the plant assemblage and average terrestrial 

degradation before the particles enter the marine realm. Bacterial decay of phytoclasts 

would result in relative N enrichment (Hedges et al., 1997) impacting smaller particles 

more than the larger phytoclasts extracted and analysed here. Significant bacterial decay 

during transport and after deposition most likely would obscure the mixing line relation 

and the correction of bulk organic matter. Thus, the correlation between δ13Cphy and 

δ13Cvpc suggests that most of the primary stratigraphic trends in δ13C of phytoclasts and 

bulk organic matter remain unobscured by transport and post-depositional bacterial 

degradation or diagenesis.  These observations do not rule out significant alteration of 

chemical signatures over limited stratigraphic intervals. 

 

2.4.2 Relationship between grain-size, glauconite content, and organic 

matter parameters  

 

Stratigraphically there does seem to be a relationship between grain size and δ13Cphy and 

δ13Cvpc (Figure 2.8). Coarser grained sediments have organic matter more enriched in 

δ13C, while finer grained sediments tend to be relatively 13C depleted.  However, there are 
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fine-grained intervals with well-defined intermediate δ13Cphy values, and stratigraphic 

trends in δ13Cphy that are not reflected in grain-size trends (e.g. 380−410 mbsf).  

 

Coarser grained sediments with HI = 50−100, in general have the most positive δ13Cphy 

(473, 491−500, 602−617, 625−637, 649, 665−672 mbsf). These low HI values are 

associated with low C/Nbulk ratios, both potentially a result of bacterial degradation, with 

accompanying N enrichment at discrete stratigraphic horizons (e.g. Meyers, 1997, and 

references therein).  It is particularly noteworthy that these low HI, low C/Nbulk values 

occur in strongly glauconitic sediments, the glauconite pointing towards prolonged 

reworking close to the seafloor prior to final burial.  On the other hand, it is also 

noteworthy that intercalated muddy horizons have heavy carbon-isotope values that are 

combined with high HI (e.g. 650−665 mbsf).  Thus, although terrestrial organic matter in 

the glauconitic sands may be strongly degraded by bacterial processes, this does not seem 

to have affected the carbon isotopic composition and, in any case as discussed below, 

degradation would not be expected to lead to heavier carbon-isotope values. 

 

2.4.3 Degradation and diagenesis - general considerations 

 

Because the various plant biopolymer components have different carbon-isotope values, 

change of the overall carbon-isotope values of terrestrial organic matter may take place 

during transport and deposition as chemical alteration takes place.  Specifically, plant 

lipids and lignin (accounting for 22−36% of fresh biomass) are depleted in δ13C by 2−5 ‰ 

relative to the whole plant δ13C value, whereas cellulose and hemicelluloses (accounting 
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for 57−77% of the fresh biomass) are enriched in δ13C by 1−2 ‰ relative to whole-plant 

tissue (Benner et al., 1987), and proteins, accounting for a very small proportion of the 

biomass, are also isotopically relatively heavy (Deines, 1980).  Compositional changes of 

plant matter continuously occur during transport from the source terrestrial plants through 

to eventual burial. 

 

Generally, the biopolymer components in order of increasing degree of preservation 

potential are: proteins, cellulose, lipids, and lignin, in which the cellulose and lignin take 

up a large percentage, although depositional environment and history influence this order 

in some extent (Meyers, 1997; Gröcke, 1998, and references therein). Thus lignin is 

preferably preserved in sediments after undergoing early degradation and diagenesis 

(Stout et al., 1988; Hatcher et al., 1989a, 1989b). As a result of loss of cellulose, 

degradation and diagenesis will lead to a two- to three-fold increase in lignin content 

(Tyson, 1995, and references therein). As a result, the original δ13C values of fresh wood 

undergo alteration towards lighter carbon-isotope values. 

 

Alteration in δ 13C values seems to occur mostly at very shallow burial depths of < 1−4 m 

(Hatcher et al., 1983; Spiker and Hatcher, 1984).  Consistent shifts in δ13C values are not 

commonly observed in thermally immature organic matter subject to deeper burial 

(Sackett, 1964; 1989; Hunt 1970; Dean et al., 1986; Jasper and Gagosian, 1990). 

 

In the present case it is observed that isotopically heavy phytoclast carbon-isotope values 

occur preferentially in the coarser (i.e. sandy) strata.  It is in these coarser sediments that 
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stronger oxidation of organic matter might be predicted (e.g. Meyers, 1997) and, as 

discussed above, likely reflected in the low HI and low C/Nbulk. Therefore, if degradation 

and early diagenesis were responsible for the observed stratigraphic patterns in carbon-

isotope values, these sandy sediments should contain isotopically lighter rather than 

heavier phytoclasts.  In other words, the observed positive carbon-isotope excursions 

where it would be expected negative excursions if degradation were the principal control 

on isotopic values. 

 

Preservation state of woody phytoclasts 

Observation with a light microscope (both reflected and transmitted) reveals no 

significant difference in the appearance of phytoclasts recovered from different 

lithologies, such as sand versus mud (associated with the heavy and light carbon-isotope 

signature, respectively).  

 

However, scanning electron microscope (SEM) observations do reveal some structural 

differences. A suite of samples from a range of lithologies at Site 29 were selected from 

the Early Miocene to Middle Miocene. The samples were chosen from lithologies 

representing lowstand and highstand (or transgressive) depositional environments. For 

each sample, three to four phytoclasts were randomly chosen and consistent ultrastructure 

were observed for these different pieces within each sample. 
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Figure 2.10. Scanning electron micrographs of selected woody phytoclasts.  Some 10-20 

phytoclast pieces were randomly selected from each sample.  The fragments illustrated 

here are representative of those assemblages examined. A. Phytoclast showing good 

wood ultrastructural preservation, from mud 581.45 mbsf, δ13C = -26.16. B. Phytoclast 

showing good ultrastructural preservation, from mud at 666.00 mbsf, δ13C = -24.61.  C. 

Phytoclast showing poor ultrastructural preservation, from sand at 500.71 mbsf, δ13C = 

-23.47.  D. Phytoclast showing poor ultrastructural preservation, from sand at 663.00 

mbsf, δ13C = -22.30.  According to palynological analysis (Figure 2.11) the type of wood 

in the hinterland has not changed significantly through this stratigraphic interval and 

so the SE micrographs likely (but not definitively) show differences in preservation 

state for different species of wood. 
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Phytoclasts in the mud retain more structure than those in sand (Figure 2.10A, B), but 

eroded and coarse surfaces are dominant in the phytoclasts obtained from the sand 

(Figure 2.10C, D). This kind of selective preservation goes through the Early Miocene 

and the Middle Miocene, although there are obviously different sedimentary 

environments for the Early Miocene and the Middle Miocene in Site 29.  The contrasting 

appearances of phytoclasts may be interpreted as reflecting differential degradation prior 

to burial. 

 

However, the difference of preservation does not necessarily lead a bias of carbon-isotope 

values in phytoclasts if all the observed phytoclasts have lost most of their cellulose 

components.  Furthermore, again, selective degradation of cellulose should lead to 

systematically lighter isotope values rather than the heavier values observed in the sands. 

 

2.4.4 Carbonate carbon-isotope records in comparison to organic 

carbon isotope records 

 

Whilst the carbon-isotope data for single species analyses and multiple species analysis 

are in close agreement, the overall dataset shows considerable scatter at closely adjacent 

stratigraphic levels. The scatter, taken together with the uneven stratigraphic distribution 

of data points, means that comparisons to the detailed structure of the organic carbon-

isotope record is difficult (Figure 2.5).  It is noted that throughout the Langhian interval 

the carbon-isotope values are similar but slightly lighter to those for the Monterey Event 

reported by Cheng et al. (2004) from the South China Sea. One apparently anomalous 
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isotopically light data point occurs at 730 mbsf (Figure 2.5). Although this value is < -4 ‰

, and could therefore be entirely the result of diagenetic alteration, it corresponds 

stratigraphically to isotopically light values in the concentrated phytoclast fraction as 

well.  Thus, this stratigraphic horizon may indeed also be recording an interval of 

isotopically light carbon in the whole exchangeable atmosphere-ocean reservoir. 

 

2.4.5 Relation of carbon-isotope values to palynological indicators of 

environmental change 

 

Changes in hinterland vegetation 

Changes in hinterland vegetation might have occurred due to climate change.  If different 

biomes were established through the Miocene interval in the sediment source areas, and 

these plant communities occupied environments that differed in key attributes such as soil 

moisture (e.g. Poole et al., 2004), then contrasting carbon-isotope compositions might 

have resulted. As well as influencing the carbon-isotope compositions of organic matter 

from the same taxa, such environmental changes may also be characterised by changing 

dominance of plant groups with intrinsically different isotopic values such as 

gymnosperms (relatively heavy) versus angiosperms (relatively light) (e.g. Bechtel et al., 

2007; Holdgate et al., 2009), or ferns with their even lighter carbon isotope values (e.g. 

Watkins et al., 2007; Brearley, 2010). Contrasts in carbon-isotope compositions can also 

be caused by changes in the ratio between C3 and C4 plants with their different 
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photosynthetic systems, the latter mainly consisting of members of the Cyperaceae and 

Poacea families of sedge and grass. 

 

The hypothesis of shifting biomes can be tested by analysis of palynological components 

throughout the interval in question with taxonomic composition translated into 

environmental preference (Figure 2.11). In this section any possible relationships 

between carbon-isotope values and palynological indices are examined according to the 

studies of Kotthoff (see Supplemental Data File) and McCarthy et al. (2013).  Note that 

the data in Figure 2.11 are particle counts and are not equivalent to mass ratios; most 

mass is represented by the phytoclasts and on this basis mass ratios would be expected to 

be greater than indicated.  However, some finer marine organic matter particulates may 

have been lost during sieving.  Therefore T:M ratios derived from palynological counts 

cannot be linearly compared to mixing ratios derived from isotope and C/N values. 

 

Eventual alteration of the pollen record through transport effects (e.g., over-

representation of bisaccate pollen) can to a high degree be identified via the content of 

marine components (dinoflagellate cysts and foraminifer test linings) within the 

palynological samples: higher values of marine components indicate a longer site to 

shoreline distance and thus stronger over-representation of bisaccate taxa.  In light of this, 

the high values of conifer forest pollen (dominated by bisaccate pollen) in the lowermost 

part of the examined interval from ~500 to ~740 mbsf at Site 29 are probably partly 

caused by transport effects, while other increases and the decrease at ~400 mbsf are true 

signals of vegetation change (Figure 2.11; McCarthy et al., 2013). 
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Figure 2.11. Key palynological indices for Site 29 (35 samples for palynological analysis, and 112 samples for T:M ratio). T:M is the ratio 
of terrestrial to marine components (McCarthy et al., this volume). Nonsaccate/Bisaccate ratio: ratio between pollen without sacci and 
with sacci (thus more effective airborne and/or floating transport). Pollen-percentages for conifer forest taxa (including bisaccate pollen), 
high-altitude forest taxa, swamp forest taxa, deciduous-evergreen mixed forest taxa, understorey plants, and combined sedges and 
grasses, are based on the total amount of nonsaccate pollen. See Supplemental data file for taxa and counts included in the respective 
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The non-saccate pollen percentages reveal no significant change in the hinterland 

vegetation: in some cases, deciduous-evergreen mixed forest pollen (dominated by oak 

and hickory) show small decreases which are paired with increases in swamp and/or 

understory vegetation (Figure 2.11). These environmental changes, as well as a notable 

expansion of conifer forests may be tied to climate changes but, if so, these are probably 

not of major impact.  

 

Spores are very rare in most of the samples, generally less than 1.5 % of combined spores 

and pollen grains, except for two samples from ~733 and ~605 mbsf which have spores 

reaching ~5% of the terrestrial palynomorphs. This indicates that ferns and other spore-

producing plants played a very minor role in the hinterland vegetation for the interval 

analysed, and phytoclasts analysed in this study must have been only rarely derived from 

ferns. 

 

Percentages of Cyperaceae remain relatively stable over the whole interval, and Poacea 

pollen is virtually absent (combined as ‘sedges and grasses’ in Figure 2.11). Therefore, it 

can be excluded that changes in the carbon isotope values are mainly altered by changes 

in the C3/C4 plant ratio. 

 

In summary, there are no overwhelming changes in palynomorph content that could 

explain the observed carbon-isotope ratios through major environmental changes in the 

sediment source areas. 
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Reworking of terrestrial organic matter from older deposits 

Seismic stratigraphic evidence shows that there has been considerable erosion and re-

deposition of siliciclastic sediments through successive relative sea-level cycles, and this 

may particularly have been the case during the Burdigalian (Figure 2.1).  Both seismic 

stratigraphy and core sedimentology indicate a period of strong erosional degradation of 

recently deposited clinoform sediment bodies from about 19-18 Myr ago (Proust, 2013, 

personal commun.).  The possibility therefore needs to be considered that older 

phytoclasts with heavier isotopic values have been reworked into sediments deposited at 

this time. 

 

If reworking were a significant factor in explaining the observed carbon-isotope profiles, 

then it follows that Burdigalian deposits contain phytoclasts reworked from a period of 

overall relatively heavy carbon-isotope values, and/or that Langhian sediments contain 

phytoclasts reworked from a period of overall relatively light carbon-isotope values.  

 

If it is assumed that reworking of recently deposited sediments then Langhian sediments 

may be predicted to contain an abundance of reworked Burdigalian pollen and spores, 

and Burdigalian sediments may be predicted to contain an abundance of reworked 

Aquitanian pollen and spores. Unfortunately there is little stratigraphic discrimination 

possible for Early to Middle Miocene pollen and spores, but at some horizons there is 

evidence from corroded palynomorphs that points to some degree of reworking, 

particularly in the interval between ~696 and ~642 mbsf (Burdigalian), with some 

samples showing relatively high rates of broken/corroded pollen grains. The thick mud-
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dominated Langhian succession at Site 29 from 600-500 mbsf shows no similar direct 

evidence of incorporation for reworked terrestrial palynomorphs. Indeed, reworking 

during these times of relative sea-level rise and transgression, leading to a mud-

dominated succession, would be very unlikely (cf. McCarthy et al., 2003).  It is 

concluded that reworking is unlikely to explain the observed stratigraphic patterns in 

phytoclast carbon-isotope values in the Langhian strata, although the possibility remains 

that reworked phytoclasts concentrated in the clinoform toe-of-slope facies may be 

affecting the Burdigalian carbon-isotope record. 
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2.5 Conclusions 

 

Coherent stratigraphic trends and excursions in carbon isotope values are observed for a 

variety of sedimentary organic matter components of the Miocene from the New Jersey 

Margin, specifically: concentrated phytoclast separates, individually picked woody 

phytoclasts, and bulk organic matter adjusted on the basis of C/N ratios to be equivalent 

to vascular plant debris. 

 

Assuming that the ages assigned to the analysed strata are correct, the terrestrial carbon-

isotope stratigraphy for the New Jersey margin does not match well that previously 

described for the mid-Miocene Monterey Event, a positive carbon-isotope excursion, 

based on mainly benthic foraminifers from oceanic settings.  Notably the Burdigalian 

sediments of the New Jersey margin yield a relatively heavy isotopic signature compared 

to Langhian sediments. 

 

Explanations for the observed patterns of stratigraphic change may lie with reworking, 

degradation or diagenetic alteration, or floral change in the hinterland.  However, there is 

little or no observational support for these explanations.  Although degradation can be 

demonstrated on the basis of HI and SEM observation at certain limited horizons 

(especially characterised by the occurrence of glauconitic sand), these levels are notable 

for their relatively heavy carbon-isotope values, the opposite of what would normally be 

expected from selective removal of labile biopolymers.  The most likely explanation for 

the observations is that phytoclast reworking has occurred in clinoform toe-of-slope 
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facies, but the reason for the resulting relatively heavy carbon-isotope values produced 

remains obscure. 
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EARLY TO MIDDLE MIOCENE,  
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3.1 Introduction  

 

The late Early to Middle Miocene is a vital step in the climatic transition from greenhouse 

into the icehouse during the Cenozoic (Flower and Kennett, 1994; Zachos et al., 2001). This 

climatic transition is associated with a series of geological events, including: multiple global 

cooling events indicated by oxygen-isotope records derived from benthic foraminifera (Miller 

and Katz, 1987; Miller et al., 1991; 2005) and the inferred East Antarctic ice sheet variations 

(Flower and Kennett, 1994; Kocsis et al., 2009); closure of the eastern Tethys Ocean (Hsü, 

1978) and restriction of the Indonesian Seaway (Kennet et al., 1985); deep ocean circulation 

changes (Woodruff and Savin, 1989, 1991; Wright et al., 1992); the Monterey Carbon 

Excursion Event (or the Monterey Event, in Zone N8-N11, 16.9-13.5 Ma) (Vincent and 

Berger, 1985; Woodruff and Savin, 1985; Flower and Kennet, 1994; Holbourn et al., 2005, 

2007; also see Section 2.1); Middle Miocene Climatic Optimum (MMCO) (in Zone N8, 

~17.0-15.0 Ma) (Cifelli, 1969; Jenkins, 1973; Buchardt 1987; Miller et al., 1987; Zachos et 

al., 2001) and its influence on the evolution of Neogene terrestrial environments and biota 

(Flower and Kennet, 1994, and therein; Utescher et al., 2000; Turco et al., 2001).   

 

In addition, a significant global redistribution of biogenic silica and carbonate deposition 

between ~18 Ma and ~12 Ma took place in the North Atlantic Ocean, the North Pacific, and 

Indian Oceans, so called ‘silica switch’ (Keller and Barron, 1983; Woodruff and Savin, 1989; 

Barron and Baldauf, 1990).  The silica deposits significantly decreased in the North Atlantic 

Ocean but enhanced in the North Pacific and Indian Oceans, and the critical phase of this 

redistribution occurred in the Zone N8-11 (Flower and Kennett, 1994) equivalent to the 

period of the Monterey Event.  
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The Columbia River flood basalt province (CRB) represents the latest large continental flood 

basalt events in the Phanerozoic and coincides with a number of geological events, as 

previously stated. The huge volcanic episode yielded approximately 230,000 cubic kilometres 

of total eruptive volume through the late Early to Middle Miocene. Three primary eruption 

phases occurred from 16.6 Ma to 15.0 Ma, and two secondary eruptions took place about 

14.5 Ma (Reidel and Hooper, 1989; Hooper et al, 2007). The large igneous provinces (LIPs) 

could have enormous potential environmental and climatic influences in Earth’s history 

(Coffin and Eldholm, 1994; Olsen, 1999; Wignall, 2001). Therefore, the CRB likely played 

an important role in impacting environments and climate during the Early to Middle Miocene, 

although it is a relatively small LIP in term of total volume and emplacement rate (Coffin and 

Eldholm, 1994).   

 

Given the geological background, can carbon-isotope stratigraphy based on terrestrial organic 

components be used for a stratigraphic correlation at both local and global scale? To address 

this question, the present chapter is a case study to explore the method of terrestrial carbon-

isotope stratigraphy and to test correlation on the basis of terrestrial carbon-isotope curves 

from North Sea Basin with those from the New Jersey margin during the equivalent time 

intervals. A high-resolution biostratigraphy of the Miocene succession has recently become 

available (Dybkjær & Piasecki, 2010), primarily based on dinocyst zones but also combined 

with foraminifera zones and nanoplankton zones. In addition, absolute ages for these 

biostratigraphic subdivisions were proposed, in light of correlation from international 

zonations, and partly based on the strontium-isotope stratigraphy of mollusc shells (Dybkjear 

& Piasecki, 2010). 
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Moreover, climatic evolution during the Early to Middle Miocene has been recently 

investigated on the basis of palynological analysis of the materials derived from the Sønder 

Vium borehole (Larsson et al., 2011). The results provide a good constraint on the source 

input which potentially influences interpretation of carbon-isotope data mainly derived from 

either palynological residues or the concentrated phytoclasts that are dominated by the 

fragments of terrestrial woody higher plants. 
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3.2 Geological setting in the North Sea Basin 

3.2.1 Tectonic history  

 

The North Sea Basin was initially formed by active rifting in the Triassic (Ziegler, 1990; 

Vejbæk, 1997). The active rifting resumed during the Middle-Late Jurassic and Early 

Cretaceous but then died down, leaving the North Sea Basin as a failed rift-system (Ziegler et 

al., 1995; Møller and Rasmussen, 2003). During the Late Cretaceous and Palaeogene, basin 

inversion took place and the previous grabens were elevated. The tectonic inversion and 

present framework of the basin were led by two primary drives: 1) collisions between the 

African and the European tectonic plates characterized by the rise of Alpine Orogeny and 

numerous large structural changes around the North Sea Basin (e.g. Ziegler, 1990), and 2) the 

opening of the North Atlantic marked by increasing spreading rates of both the Aegir Ridge 

and the Kolbeinsey Ridge (Mosar et al., 2002; Rasmussen, 2004a, 2009; Doré et al., 2008). 

Subsequently, the subsidence of the northern North Sea chiefly resulted from relaxation due 

to a following rifting (Donato and Tully, 1981; Dimitropoulos and Donato, 1982).  

 

Since 22 Ma the North Sea has been a silled basin connected with the Atlantic Ocean only by 

a narrow strait between Shetland and Norway (Figure 3.1). Thus the North Sea Basin became 

an epicontinental basin surrounded by landmasses, including the Fenno-Scandian Shield 

around the north-east, the Rheinish- Bohemian Massif to the south, and landmasses probably 

covering most or all of present day England, Scotland, Northern Ireland and the Shetland 

Isles, towards the west (Ziegler, 1990; Knox et al., 2010) (Figure 3.1).  
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Figure 3.1. Location of the onshore Rødding and Sønder Vium wells in Jylland, Denmark 

and the reconstruction of the Early to Middle Miocene coastline and rivers (compiled from 

Rasmussen, 2004b; Rasmussen et al., 2010) and the reconstructed palaeo-coastline and 

faults (simplified from Michelsen et al., 2003; Dybkjær and Rasmussen, 2007; and 

Rasmussen et al, 2010, pp. 80-87).  
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3.2.2 Sedimentology and stratigraphy  

 

Both worldwide and local tectonism influenced the Miocene sedimentation succession in the 

North Sea Basin (Rasmussen, 2004a, 2009; Potter and Szatmari, 2009). During the Miocene, 

fluvio-deltaic depositional system dominated at the study area in the vicinity of Jylland. 

Based on a combination of seismic data, geophysical logs, sedimentary facies analysis and 

biostratigraphy (primarily on dinocysts) from both onshore and offshore materials, the 

Miocene succession is divided into six sequences, A to F (Rasmussen, 2004b) (Figure 3.2) .  

 

From the topographically elevated Fennoscandian Shield sediments were shed southward into 

the eastern North Sea Basin. Marked uplift of modern Norway commenced in the late 

Tertiary and thus formed an important source area for the eastern North Sea Basin during the 

Miocene. The margins of the Fennoscandian Shield noticeably uplifted during the early 

Neogene based on apatite fission track dating (Rasmussen, 2009). Sediments were 

transported to the North Sea Basin from the present Norway. The large rivers and delta 

systems of the earliest Miocene developed around northern and central present Jylland (e.g. 

Rasmussen, 2009; Rasmussen et al., 2010). The depositional sources were supplied by the 

two or three major river systems in the study area through the Early to Middle Miocene. 

There rivers were running generally from the NNE to SSW (Figure 3.1). The sedimentary 

architecture of the fluvial-delta system was built up around the coast which was aligned 

northwest-southeast.   

 

The enhanced sediment supply was partly caused by the tectonic uplift on the Fennoscandian 

Shield margins and subsidence around the basin central area, and partly by the warm climate, 
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i.e. the MMCO (Zachos et al., 2001), although there were at least two high-frequency cooling 

events in period of the MMCO.   

 

The Miocene succession in the study area comprises several transgrassive and regressive 

cycles, resolved into five depositional sequences which were driven by effects of both global 

sea level change and local tectonic activity. These sedimentary sequences are presented in 

Figure 3.2. The earliest Miocene deposits are transgressed by organic-rich, restricted marine 

clays (Larsen and Dinesen, 1957; Sorgenfrei, 1958; Rasmussen et al., 2010) and then fluvio-

deltaic sands in the Aquitanian (Rasmussen, 2004a, b; Rasmussen et al., 2010). Afterwards, a 

minor transgression accumulated the Aquitanian marine clay and prodelta sediments 

(Rasmussen, 1961; Rasmussen et al., 2010) and followed sedimentary wedge (Rasmussen et 

al., 2010), which represents a second progradation of a delta complex in the Early Miocene. 

This sequence was overlain by the marine, clay-rich deposits in the Burdigalian (Sorgenfrei, 

1958; Rasmussen et al., 2010). The third and final prograding shoreline led by uplifting the 

hinterland took place at the Early to Middle Miocene transition (boundary between the 

Burdigalian and the Langhian) and is characterized by coal-bearing strata (Rasmussen, 1961; 

Koch, 1989; Rasmussen et al., 2010).  



 Miocene, North Sea Basin Chapter 3 

80 
 

 

Figure 3.2. Lithostratigraphy of the onshore Danish Miocene succession. The age of the 

succession is indicated at the left and the sequence stratigraphy is shown at the right (after 

Rasmussen et al., 2010).   

 

Large areas of the North Sea Basin underwent an increased subsidence (Koch 1989; Ziegler 

1990; Clausen et al., 1999; Rasmussen, 2005) during the middle Middle Miocene to early 

Late Miocene (the late Langhian to Tortonian), and thus fully marine deposition dominated 

by clays widely occurred (Rasmussen, 1961; Piasecki, 1980, 2005; Rasmussen, 2004a, 2005; 

Rasmussen et al., 2010). Synsedimentary normal faults were associated with tectonic 

subsidence and these normal faults largely controlled the sedimentary architecture along the 

Jylland coast in the North Sea Basin. Specifically, sediments are thinned in the footwall of 

synsedimentary normal faults, while thickened in the hanging wall (Figure 3.1 and Figure 

3.8). Both the Rødding and Sønder Vium wells are located on the footwall of synsedimentary 
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normal faults (summarized form Figure 3.1 and correlation panel in Plate 1 to Plate 8, in 

Rasmussen et al., 2010). Therefore, the sediments in the late Langhian to Tortonian are 

conformable but very condensed in both the Rødding and Sønder Vium wells. 

 

3.2.3 Rødding and Sønder Vium wells 

 

The locations of the Rødding and Sønder Vium wells during the Miocene varied in the 

marine or marginal-marine environment through time, but the Rødding well has a relatively 

proximal setting. The palaeocoastline is inferred to be north of Jylland and south of the 

present Norwegian coast (Figure 3.1; Michelsen et al., 2003; Dybkjær and Rasmussen, 2007; 

and Rasmussen et al, 2010, pp. 80-87). Marine clay and clayey silt occurs in the latest 

Oligocene (the late Chattian). In the overlying strata, Aquitanian sediments are also 

dominantly clay and clayey silt, but with intermittent interbeds of fine-grained sand and rare 

medium-grained sand. Upwards, the Burdigalian sediments are primarily clay and clayey silt 

in the lower parts and medium-grained sand, gravel and coal in the upper parts. In the 

Langhian, the regressive facies succeeded from former very shallow deposits. The sediments 

are fine-grained sand and upwardly coarsen into the gravel and medium-grained sand. At the 

upper most parts of the Burdigalian, sediments turn into transgressive marine clays and 

clayey silt from gravel and fine-grained sand. From the Serrevallian onwards, the study area 

was located in the footwall of synsedimentary normal faults when undergoing a regional 

reactive subsidence. Although global eustatic sea level was rapidly falling during this epoch, 

relative sea level was rising in the Rødding well area due to regional subsidence, and thus 

marine clay and clayey silt was deposited. However, deposits in the Rødding well during the 

Serrevallian and Tortonian tended to bypass, because of the footwall setting. Therefore,  
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Figure 3.3. Local correlation of carbon-isotope stratigraphy between the Rødding and Sønder Vium wells, based on biostratigraphy (primarily 

on the well established dinocysts zonation) 
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sediments in the Serrevallian and Tortonian both are very condensed marine clay and clayey 

silt (Figure 3.3).  

 

The Sønder Vium well is also located in a proximal part of the basin, but more distal than the 

Rødding well (Figure 3.1). The Burdigalian sediments are primarily clay and clayey silt in the 

lower parts with common inter-bedded fine-grained sand, and grading into fine-grained sand 

in the upper part. In the upper most Burdigalian, sediments are transgressive marine clay and 

clayey silt. In the Langhian, Serrevallian and Tortonian, the Sønder Vium well was located in 

the footwall of synsedimentary normal faults due to the regional tectonics. Therefore, the 

sediments in the Langhian are condensed marine clay and clayey silt in the lower parts and 

fine-grained sand in the upper parts; while the Serrevallian and Tortonian both are 

characterized by very condensed marine clay and clayey silt (Figure 3.3).  
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3.3 Biostratigraphy  

 

The Miocene dinocyst biostratigraphy in the North Sea Basin has recently been intensively 

refined and correlated with the North Atlantic and revised Northwest European zonations, 

based on a combination of new data from onshore boreholes, offshore boreholes and outcrops 

around the eastern North Sea Basin, Denmark (Dybkjær and Rasmussen,2007; Dybkjær and 

Piasecki, 2010). The refined zonations have been also independently calibrated with 

foraminifer and nannoplankton biostratigraphy (Dybkjær and Piasecki, 2010).  

 

The biostratigraphy and chronology of the Rødding and Sønder Vium wells in this study are 

provided and examined by our collaborator Karen Dybkjær who is following the most 

updated biostratigraphic work for the Danish Miocene successions (Dybkjær and Piasecki, 

2010).  Therefore, the carbon-isotope stratigraphic correlations in this chapter are referred to 

the most updated chronologic and biostratigraphic schemes. 
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3.4 Materials and palynological methods 

3.4.1 Materials 

 

The samples studied here were collected from the onshore Rødding and Sønder Vium wells 

on the Danish peninsula of Jylland (Figure 3.1). A total of the 62 core samples from the 

Rødding well were processed. The 19 samples concentrated by the density separation from 

raw palynological residues (Figure 3.3, black diamond) and the 43 samples of raw 

palynological residues (Figure 3.3, red diamond) were analysed. A total of 49 core samples 

from the Sønder Vium well were analysed, comprising the 30 samples of concentrated 

phytoclasts (Figure 3.3, black diamond) processed by density separation from raw 

palynological residues, and the 19 samples (Figure 3.3, red diamond) of raw palynological 

residues (see the detailed procedures of density separation in Section 2.2).  

 

The phytoclasts are components of palynological preparation residues made up of 

recognizable fragments of plant cuticles and woody tissue (Tyson, 1995; Hasegawa et al., 

2003), and herein the concentrated phytoclasts primarily consist of woody tissue components 

(also called woody phytoclasts) derived from the raw palynological assemblages. The 

technique of separation takes advantage of the difference in settling rate between the 

phytoclasts and the microfossils.  After this concentration, the marine fraction (dinoflagellate, 

zoomorphs and chlorococcales) and the terrestrial pollen and spores, which tend to be hollow 

and very small, are largely excluded, leaving the terrestrial phytoclasts (more see Section 

2.2.2). 
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3.4.2 Palynological preparation   

 

Samples were prepared at the Geological Survey of Denmark and Greenland (GEUS) by 

Karen Dypkjaer in Copenhagen, Denmark. Standard palynological techniques were used to 

extract organic matter from sediment samples, including treatment HF (60%) and HCL (30%) 

to dissolve silicates and heavy liquid separation to remove the undissolved mineral matter. 

The residues were sieved using an 11 μm mesh, and mild oxidation with dilute nitric acid was 

carried out (method in Larsson et al., 2010).   

 

3.4.3 Carbon-isotope measurement 

 

Phytoclast samples for analyse were dried, weighed and sealed in tin capsules 5 x 8 mm. 

These samples were run on a Sercon Europa EA-GSL sample converter connected to a 

Sercon 20-22 Stable Isotope Ratio Mass Spectrometer running in continuous flow mode with 

a Helium carrier gas with a flow rate of 70 ml per min. Carbon isotope ratios were measured 

against an internal alanine standard (δ13Calanine = -26.9 ± 0.2‰ V-PDB) using a single point 

calibration at the Research Laboratory for Archaeology and History of Art (RLAHA), 

University of Oxford, UK.  The in-house RLAHA alanine standard is checked weekly against 

USGS40, USGS41 and IAEA-CH6 international reference materials. Thus the reported 

results are traceable back to the V-PDB international standard. 
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3.5 Results 

 

Carbon-isotope analyses of the present study are summarized in Figure 3.3 where they are set 

against the lithological and downhole geophysical log data from the Log Report of Rødding 

Well and the Log Report of Sønder Vium Well, GEUS, Copenhagen. In addition, the long-

distance correlation between the North Sea Basin and New Jersey are presented in the Figure 

3.4, the trends of carbon-isotope stratigraphy are marked by arrows, and the intervals rich in 

glauconite occurrence are highlighted by the green shadows.  

 

3.5.1 Local correlation in the North Sea Basin  

 

In Figure 3.3, the dashed correlation lines follow boundaries of biostratigraphy, primarily 

based on dinocysts. The carbon-isotope stratigraphy from the two boreholes shows basically 

coherent trends and similar characters: 1) carbon-isotope values in the Langhian are lighter 

than those in the Burdigalian in the Rødding Well and the only two points in the Sønder 

Vium Well during the Langhian are not heavier than the average values in the Burdigalian; 2) 

in the Serravallian and Tortonian intervals, the carbon-isotope values are relatively heavy and 

the maximum δ13C values of approximate by -22‰ in the Rødding and Sønder Vium wells 

both occurring in the Serravallian; and 3) the maximum heavy carbon-isotope values in both 

wells coincide with the peak of high gamma values and both occur in the condensed interval 

during the Serravallian. 

 

By contrast, some differences between two boreholes are observed as well. The lightest δ13C 

value from Rødding is about -28‰ in the L.t. dinocysts zones, but the counterpart records in 

Sønder Vium are absent probably because of only two data points. In the local context, the 
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carbon-isotope stratigraphy from two boreholes shows basically correlatable characteristics. 

However, for the Early Miocene Burdigalian interval, the δ13C values from Rødding are 

consistently heavier than those in Sønder Vium by about 1-2‰. Additionally, in this interval, 

the systematic fluctuation (probably cyclostratigraphic cycles) of carbon-isotope values is 

documented on the higher frequency and amplitude in Rødding than in Sønder Vium. 

 

3.5.2 Correlation between the North Sea Basin and New Jersey 

 

The long-distance correlations are principally based on biostratigraphy (Dybkjær and 

Piasecki, 2010), which has been already calibrated to the seismic stratigraphy and strontium-

isotope stratigraphy. Although correlations are based on the integrated dataset, in practice the 

priority order of correlation lines is as follows: the defined Epoch boundaries, 

biostratigraphic zone boundaries and local sequence boundaries. Therefore, the long-distance 

correlation between boreholes from New Jersey and North Sea Basin are established based on 

their Series and Stage boundaries with the highest priority. That is why some inconsistency 

can be seen, if correlation lines are only examined by biostratigraphic zone boundaries or 

sequence boundaries. This kind of discrepancy often derives from the of biostratigraphic 

correlation over large area based on comparable biozonation but not on the exactly same 

fossil species. 

 

In the Aquitanian strata, δ13C values from all the studied boreholes rapidly fall approximately 

from -23‰ to -25‰ when approaching the Aquitanian-Burdigalian boundary (red arrows, 

Figure 3.4). The intervals through the entire Burdigalian in Site 28, Rødding, and Sønder 

Vium wells, all show a broad trend to become isotopically heavier upwards; about two or 

three cycles of isotopic fluctuation can be recognized (purple arrows, Figure 3.4).  



89 

 

 

 

 

 

 

Figure 3.4. Long-distance correlation of carbon-isotope stratigraphy with counterpart of sedimentary sequence from New Jersey margin, USA, IODP Expedition 313. See more detailed legends of Site 27, Site 28 

and Site 29 in Figure 2.5 and Figure 2.6. The green shades on Site 29, Rødding and Sønder Vium indicate the glauconite intervals with notably heavy carbon-isotope values.  
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Immediately above the Burdigalian-Langhian boundary, the distinct stratigraphic signals drop 

down to around -26‰ in almost all boreholes (horizontal pink arrows, Figure 3.4). Although 

there are no adequate data from Site27 or Sønder Vium, the limited data still suggest the 

same trends as other three boreholes with a negative excursion. Subsequently, δ13C values 

present a carbon-isotope trend of gradually becoming relative heavy to around -24‰, and 

then turning back to relative light δ13C values passing upwards (pink arrows, Figure 3.4).  

 

The Langhian corresponds largely to the period of the Monterey Event, which is defined by 

the remarkably positive carbon-isotope excursions derived from benthic foraminifera as fully 

described in Chapter 2 (Figure 2.2). However, records from all the five boreholes seem not 

show more significant positive carbon-isotope records in the Langhian than those in the 

Burdigalian interval (Figure 3.4). 

 

The Serravallian interval in the Site 27, Site 28 and Site 29 boreholes is characterized by 

remarkably light carbon-isotope values (highlighted by the dashed line circles, Figure 3.4). 

The isotopic signature shows a good and consistent correlation among the three New Jersey 

boreholes in the Serravallian. However, the Serravallian intervals from both Danish boreholes 

are characterized by significantly heavy δ13C values, as much as -22‰. Interestingly, this 

interval is associated with occurrence of noticeable glauconite reflected by high gamma 

records (Figure 3.3). More interestingly, at the Burdigalian interval from Site 29, the similar 

phenomenon that the notably heavy δ13C values are associated with much glauconite 

(highlighted by green shadows, Figure 3.4) is observed once more. Actually, the carbon-

isotope stratigraphic trend of the Burdigalian interval from Site 29 unambiguously differs 

from all other data from available boreholes time equivalent parts in Site 28, Rødding, and 

Sønder Vium, where their isotopes turn heavy periodically up-section (purple arrows, Figure 

3.4). The Burdigalian of Site 29 neither resembles the inorganic carbon-isotope reservoir 

where presents definitely relative light isotopic signatures during that interval (see Figure 2.2). 
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3.6 Discussion 

3.6.1 Diagenesis examined by Scanning Electron Microscope (SEM)  

 

Diagenesis often occurs in phytoclasts of sedimentary organic matter during transport or 

deposition. Potentially, diagenesis can influence δ13C values of phytoclasts. Therefore, the 

preservation state of phytoclasts has been examined.  

 

Two sets of samples (3 samples in the Rødding well and 4 samples in the Sønder Vium well) 

were collected for SEM observation (Figure 3.5 and Figure 3.6). These were selected to be 

representative of both heavy and light extremes of carbon-isotope values and also average 

values in each well (see sampling horizons in Figure 3.3). 

 

For the Rødding well, broadly similar preservation of phytoclasts is observed at 64.00 m and 

215.00 m where they show quite different carbon-isotope values. Samples at these two depths 

show the preserved original biological structures of the plants (Figure 3.5). However, at 64.00 

m, the preservation of the original structure is especially good. This observation suggests a 

good preservation potential for organic matter, for example phytoclasts, under a rapid 

deposition and/or reduced depositional environment. The sample at 33.00 m is associated 

with heavy carbon-isotope values and its original biological structure is rather ambiguous.  
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33.00m                      64.00m                                       215.00m 

Figure 3.5. SEM images of phytoclasts from the Rødding Well 

 

 

47.08m      67.00m 

 

219.98m     263.48m 

Figure 3.6. SEM images of phytoclasts from the Sønder Vium Well 
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Similarly, although carbon-isotope values vary through the Sønder Vium well, a broadly 

similar preservation of phytoclasts is observed. All SEM images from the Sønder Vium well 

reveal a preserved original biological structure of plants (Figure 3.6). In general, the best 

preservation is observed at 64.00m in the Rødding well and at 263.48m in the Sønder Vium 

well. Samples at other depths show an intermediate quality of preservation.  

 

Enough pieces of phytoclasts from palynological materials were randomly selected to 

observe under SEM for each depth to enable an overview of preservation quality. At 33.00 m 

at Rødding and 47.08 m at Sønder Vium with the heavy extremes of δ13C values, poorly 

preserved structure in the woody phytoclasts are associated with glauconite enrichment, 

although some small pieces of organic matter in a good preservation (e.g. the selected pieces 

at 47.08 m in Figure 3.7).   

 

3.6.2 Carbon-isotope values vs. changes of input sources 

 

As discussed in Chapter 2, significant changes in terrestrial source input by evolution of river 

systems or fluctuations of vegetation types can potentially lead to changes in carbon-isotope 

values in stratigraphy, such as gymnosperms (relatively heavy) versus angiosperms 

(relatively light) (e.g. Bechtel et al., 2007; Holdgate et al., 2009), ferns with their even lighter 

δ13C values (e.g. Brearley, 2010; Watkins et al., 2012), or changes in a ratio between C3 

(relatively light) and C4 (relatively heavy) plants that are characterized by distinctively 

different carbon isotopes. Around the study area, evolution of river systems and climate 

changes did take place during the Miocene. However, in light of palynological analysis, the 

Miocene coast around the study area was consistently dominated by swamp forests, 

associated with a deciduous-evergreen mixed forest e.g. a hard-wood forest (Larsson et al., 
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2011). The source of woody phytoclasts deposited at Sønder Vium did not fundamentally 

change, even though the rivers evolved (Rasmussen et al., 2010) and climate underwent 

warming or cooling (Larsson et al., 2011). In addition, there is no evidence for significant 

changes in the source of woody phytoclasts deposited at Rødding. Therefore, carbon-isotope 

records derived from terrestrial woody phytoclasts from Rødding and Sønder Vium represent 

carbon-isotope stratigraphic signatures that were not affected by changing source vegetation.   

 

3.6.3 Glauconite and abnormal carbon-isotope values – caused by 

reworking of terrestrial organic matter from older deposits? 

 

The occurrence of glauconite, with high gamma values, typically indicates a slow 

sedimentary rate due to relative sea level rise or sedimentary starvation due to some reasons, 

e.g. eustatic sea level rising, or tectonic subsidence in the basin (Amorosi, 1997; Hesselbo 

and Huggett, 2001).  

 

In the case study of the North Sea Basin the Rødding and Sønder Vium wells are both located 

on the footwalls of synsedimentary normal faults which were active during the late Middle 

Miocene regional subsidence (during the Serravallian and Tortonian) (Figure 3.1). The 

deposits in the footwall of a synsedimentary normal fault tend to bypass and then ultimately 

accumulate in the hanging wall of the fault where subsidence is greater (Figure 3.7). 

Therefore, sediments in the Rødding and Sønder Vium locations accumulated at very low 

sedimentary rates during the Serrevallian and Tortonian. 

 

In the case study of IODP 313, New Jersey, Site 29 exhibits low sedimentary rates during the 

Burdigalian, when that location was a distal end of the sediment transport path according to 
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seismic profile and sequence stratigraphy (Browning et al., 2013). This interval is associated 

with the notable glauconite and high gamma-ray signatures (Miller et al., 2013). 

 

 

 

 

 

 

 

 

 

Figure 3.7. A schematic diagram of the synsedimentary normal faults and the relevant 

locations of the Rødding and Sønder Vium well 

 

During a period of very low sedimentary rates, sediments tend to accumulate reworked 

materials because of inadequate sedimentary supplies. Therefore, there are four potential 

origins of the notably heavy carbon-isotope values during the period of low sedimentary rates: 

1) isotope values changed by bacterial effects, 2) selective preservation due to the different 

resistance of lignin and cellulose, 3) mixture with the marine components which with light 

carbon-isotope values, and 4) carbon-isotope signatures from reworked sources.  

 

Indeed, we can see relatively poor preservation at the interval associated with the notably 

heavy carbon-isotope values, but reason 1), reason 2) and reason 3) can be excluded. Plant 

lignin are depleted in 13C by 2–5% relative to the whole plant δ13C values but cellulose and 

hemicelluloses-structural carbohydrates is enriched in 13C by 1–2 ‰ relative to whole-plant 

tissue (Benner et al., 1987). Thus, the different degradation of lignin to cellulose 



 Miocene, North Sea Basin Chapter 3 

96 
 

characterized by different δ13C signatures could impact the δ13C values documented in the 

terrestrial organic matter. The significant bacterial decay during transport and after deposition 

most likely would be accompanied with the selective preservation of lignin over cellulose 

(Kirk and Cowling, 1984; Benner et al., 1984; Kirk, 1987). Therefore, bacterial effects and/or 

selective degradation of cellulose could enable systematically lighter isotope values rather 

than the heavier values observed in the glauconite intervals. With regard to possible reason 3, 

the data from the hand-picked individual woody phytoclasts in Site 29 (Figure 2.5), also show 

consistent anomalously heavy isotope values. Thus, it can be excluded that the abnormally 

heavy carbon-isotope values originated from mixture with marine components.  

 

In summary, the possible reason 4, that these abnormally heavy carbon-isotope values 

represent the carbon-isotope signature from the reworked sources is most likely explanation 

for the observations. However, potential reasons for the origin of notably heavy carbon-

isotope values should still be critically tested by more work in future. For example, the 

carbon-isotope stratigraphic records from single pollen in a given species, which can provide 

certain age constraints, could be used to compare with the results obtained from current 

methods. The carbon-isotope records from the compound-specific molecules is also useful to 

further test the selective preservation; and the Rock Eval parameters can be used to test the 

whether these phytoclast underwent thermal alteration, which could indicate reworked 

deposits from weathered older sedimentary rocks.     

 

3.6.4 Assessment of long-distance correlation    

 

The terrestrial carbon-isotope stratigraphic correlation over the North Sea Basin and New 

Jersey shows a good result at the Aquitanian-Burdigalian boundary, because the trends and 
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values are both consistent in all data available from boreholes (i.e. Site 28, Site 29, Rødding 

and Sønder Vium). The correlation at the Burdiganlian–Langhian boundary gives a fair 

confidence as well, although the boundary values are not perfectly correlated, as the carbon-

isotope values and trends around the Burdiganlian–Langhian boundary are generally coherent 

(also see Section 3.5.2). The correlation at Langhian–Serravallian boundary is placed with 

relatively less confidence, since the depositional records at low sedimentation rate from 

North Sea Basin do not permit adequate records of sedimentary sequences due to structural 

activities and depositional effects of synsedimentary normal faulting. 

 

3.6.5 The Monterey Event  

Not matching correlation of carbon-isotope stratigraphic records from Mediterranean 

The recent work (Brandano et al., 2010) compares several carbon-isotope stratigraphic curves 

dated to the period of the Early to Middle Miocene (~21 to ~11 Ma). These curves are from 

four successions around the Mediterranean, where sedimentary processes tend to be 

influenced by local tectonic (Lustrino et al., 2009) or volcanic activities (Beccaluva et al., 

2005). Therefore, some of these carbon-isotopic curves that look unusual if correlated to 

global curves of the classic Monterey Carbon Isotope Excursion (MCIE) (Zachos et al., 2001; 

Holbourn et al., 2007) are attributed to regional controlling factors by the authors (Brandano 

et al., 2010). 

 

However, the explanation of attribution to regional factors for these inorganic carbon-isotope 

curves is questionable. First, the basic character of the MCIE is the inorganic positive carbon-

isotope excursion of ~1.5‰ with superposed nine eccentricity 400 ky cycles (Holbourn et al., 
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2007) with periodic positive and negative peaks. However, the authors (Brandano et al., 2010) 

cited a very low resolution mean curve after Zachos et al. (2001) and missed the significantly 

important carbon-isotope stratigraphic information of periodic peaks during the MCIE. 

Obviously, the authors (Brandano et al., 2010) failed to point out that the carbon-isotope 

curves derived from bulk carbonate in the Malta section (Jacob et al., 1996; John et al., 2003) 

can be well correlated with those from benthic foraminifers in the deep ocean (Zachos et al., 

2001; Holbourn et al., 2007) when plotted against the age axis. In particular, there are three 

well-correlated positive carbon-isotope peaks at ~16.3 Ma, ~14.5 Ma and 13.7 Ma (Zachos et 

al., 2001; Holbourn et al., 2007), and one well-correlated negative carbon-isotope peak at 

~15.3 Ma (Zachos et al., 2001) or ~ 15.1 Ma (Holbourn et al., 2007) where the slight age 

difference is likely a result of a homogenizing effect during the combination of 19 global 

sites in the work of Zachos et al.(2001).  Additionally, John et al., (2003) undertook a 

detailed and necessary estimation of sedimentation rate, which is important for the carbon-

isotope stratigraphic correlation. Thus, the carbon-isotope curves from Malta against age are 

supposed to be reliable. This indicates that the global character of MCIE is documented in the 

section in Malta, Mediterranean. 

 

Secondly, the Northern Apennies (Italy) section shows a carbon-isotope stratigraphy that can 

be basically correlated to those from Malta and thus correlated to the MCIE. The Northern 

Apennies (Italy) are 50 – 60 Km away from Maiella and Pietrasecca, Central Apennines 

(Italy). The remarkable difference in the maximum δ13C shift between the Central Apennines 

(Maiella and Pietrasecca) and Northern Apennines is hard to explain by the dramatically 

different depositional environment suggested by Brandano et al., (2010). Therefore, Northern 

Apennies and Central Apennines (Maiella and Pietrasecca) dominated by similar regional 

controlling factors cannot be definitely excluded until the convincing evidence that 
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conditions for Maiella and Pietrasecca are isolated from Northern Apennies (Italy) is 

provided. 

 

Thirdly, the authors (Brandano et al., 2010) falsely indicated the stratigraphic age in 

Pietrasecca, Central Apennines (Italy) to be reliable just because of its consistent stratigraphic 

correlation with Maiella. The age model in Maiella is on basis of the Sr isotope stratigraphic 

age and microfossils (Mutti et al., 1997). The correlation of stratigraphic age between Maiella 

and Pietrasecca is far from being independent, in that the stratigraphic age itself in 

Pietrasecca, Central Apennines (Italy) (Brandano and Corda, 2002) is based on Sr isotopic 

ratios from the similar restricted sea water as that of Maiella, and adjacent regional areas 

(Garminati et al., 2007). For the succession in Maiella, the age of Lithothamnium Limestone 

in the upper part is poorly constrained, as both biostratigraphic data and strontium-isotope 

ages are inconsistent because of reworking of older microfossils (Mutti et al., 2006). No 

chemostratigraphically significant events can be recognized based on the bulk δ18O record 

through the entire Decontra section in Maiella (Mutti et al., 2006). Therefore, the absolute 

ages alone derived from Sr isotopic ratios for this succession remain debatable. Moreover, the 

regional correlation is primarily based on the lithostratigraphy (see Garminati et al., 2007) 

and this kind of stratigraphic correlation could be diachronous. 

 

Fourthly, even if it is assumed that the stratigraphic age model is correct, the authors 

(Brandano et al., 2010) did not provide any estimation of sedimentation rate when 

transforming the depth axis into the time axis, with just a simple linear sedimentation rate. 

The apparent geometric characters of carbon-isotope stratigraphic curves are significantly 

influenced by the sedimentation rate. Until the sedimentation rates in different stratigraphic 
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interval are properly estimated, the depth-time transforming is variable and thus the 

correlation of carbon-isotope stratigraphic curves needs great care. 

 

It has to be admitted that any single carbon-isotope stratigraphic curve is influenced by both 

regional and global signatures, and that the climax of the igneous activity was taking place 

during ~22 – 18 Ma around the Mediterranean (Lustrino et al., 2009) and is roughly coeval 

with the maximum angular velocity of the Sardinia-Corsica block counter-clockwise rotation 

during ~21.5 –17 Ma (Gattacceca et al., 2007). However, until more critical age constraints 

are provided, the explanation that the carbon-isotope signature of the carbonate platform 

successions of Central Italy is overwhelmingly controlled by the regional rather than global 

factors in Mediterranean between 20 and 15 Ma should not be accepted. The most likely 

explanation for the positive δ13C shift maximum apparently not matching MCIE is 

the inaccurate stratigraphic age model in Maiella and Pietrasecca, Central Apennines (Italy). 

 

The partial presence of positive carbon-isotope excursions in terrestrial records  

As discussed in Chapter 2 the Monterey Event (16.9-13.5 Ma) is characterized by a 

noticeable positive carbon-isotope excursion (≥+1.5‰) which was originally defined in the 

tropical Indian Ocean at DSDP Site 216 by Vincent and Berger (1985), has been widely 

registered in the benthic inorganic carbon reservoir (see Figure 2.2; Vincent and Berger, 1985; 

Woodruff and Savin, 1985; Flower and Kennet, 1994; Zachos et al., 2001; Abels et al., 2005; 

Holbourn et al., 2005, 2007; Diester-Haass et al., 2009). The Monterey Event is thought to 

coincide with the extensive burial of organic matter around the margins of the northern 

Pacific; and the Monterey Formation containing the organic-rich sediments in California is 
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regarded as a typical example (Vincent and Berger, 1985; Woodruff and Savin, 1991), 

although recent intensive study shows the Monterey Formation is not as organic-rich as 

previously thought (Föllmi et al., 2005). The detailed stratigraphic studies indicate a lag of 

starting time between the positive δ13C excursions and the Monterey Formation in that the 

Monterey Formation started within planktic foraminiferal zone N6 and calcareous 

nannofossil zone CN2, before the distinct positive shifts of δ13C values (DePaolo and Finger, 

1991). However, in the δ13C curves in Zachos’ complied data (Zachos et al., 2001), the 

beginning horizon of the δ13C positive excursions of the Monterey Event can be either the 

zone N6 and CN2 or the zone N8 and CN3 (see Chapter 2, Figure 2.2). The difference is due 

to how the ‘beginning of the pronounced δ13C positive excursions’ is defined.  

 

In light of the accumulated evidence, the Monterey Event is thought to a global event with 

several eventual positive carbon-isotope peaks. On the basis of integrated correlation with 

synchronous global δ 13Cinorg records in 15 pelagic or deep sea sites (DSDP/ODP), Woodruff 

and Savin (1991) identified 7 carbon-isotope maxima (CM, labelled as CM1 to CM7) within 

the relatively heavy δ 13C of the so-called Monterey Event during the late Early Miocene to 

Middle Miocene. The tuning of astronomical timescales based on the carbon-isotope data has 

revealed nine of these short-term excursions, each identified as an eccentricity 400 ky 

periodicity, and allowing fit to the La2004 astronomical model to give a refined dating for the 

whole Monterey Event from 16.9 to 13.5 Ma (Holbourn et al. 2007).  

 

The combined benthic and planktonic foraminiferal records through the time corresponding 

to the Monterey Event (Cheng et al., 2004) provide the evidence for the whole ocean of 

carbon-isotope fluctuation and even it is inferred to the perturbation of entire ocean-

atmosphere carbon-isotope reservoirs (see Figure 2.2). 
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However, in terms of the local and long-distance correlation of the terrestrial carbon-isotope 

stratigraphy, the Monterey Event is just partly observed in terrestrial carbon-isotope records 

both from the North Sea Basin and the New Jersey (Figure 3.3).  

 

The CRB and potential impacts (A hypothesis)  

The CRB province represents the latest large continental flood basalt events in the 

Phanerozoic and went through the late Burdigalian and early Langhian over about 1.5 million 

years. The hypothesis of CRB’s origin include a mantle plume (Brando and Goles 1988; 

Wolff et al., 2008; Smith et al., 2009), back-arc processes (Christiansen et al., 2002; Hales et 

al., 2005), or the rupture of the Farallon slab (Liu and Stegman, 2012). Although the origin of 

CRB has remained controversial, the huge volcanism did suggest a potential cause-effect 

relationship to a couple of remarkable impacts on climate and environment around the 

transition period from the Early Miocene to the Middle Miocene such as mass extinction, 

perturbation of carbon reservoirs, and the prolonged warm climate MMCO. 

 

The CRB took place on land and thus the voluminous gases originated from the eruption 

released into the atmosphere directly (Coffin and Eldholm, 1994). The huge volcanism of 

CRB during the Early to Middle Miocene resulted in an increased pCO2 in atmosphere. A 

high-frequency increase in pCO2 during the Middle Miocene is also supported by 

independent evidence (Pearson and Palmer, 2000; Kürschner et al., 2008). The enhanced 

greenhouse effect superimposed by the astronomical long-term eccentricity periods forced a 

prolonged warm climate, so that the MMCO coincidently occurred. The most significant 

effect of MMCO is the prolonged rising temperature on the Earth’s surface, and hence allows 
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a greatly increased primary production over the entire ocean, involving both the surface and 

the benthic ocean ecological groups. The results of increased oceanic primary production led 

to a positive carbon-isotope excursion in the whole ocean carbon reservoir (Berger and 

Vincent. 1986) and thus the new carbon-isotope balance between oceanic and atmospheric 

reservoirs would be establishing. However, the positive δ13C excursions in the ocean carbon 

reservoir could not easily impact on the δ13C in atmosphere during the period of MMCO, 

assuming the ocean-atmosphere equilibrium simply follow carbon-isotope kinetic 

nmechanism (Zeebe and Wolf-Gladrow, 2001, pp. 9–11, pp. 170–175), because the 

atmosphere was undergoing the increased pCO2. Under the geological contexts above, a long-

term well coupled situation of δ13C values between atmosphere’s and ocean’s reservoirs 

might be temporarily broken and this could be one of the possible explanations for the 

positive carbon-isotope excursions only partly observed in the terrestrial records during 

Monterey Event.  
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3.7 Conclusions  

 

1) Carbon-isotope data predominantly derived from terrestrial phytoclasts in two boreholes in 

the area of Jylland, North Sea Basin, show systematic stratigraphic signatures, from the Early 

Miocene to early Late Miocene. The carbon-isotope stratigraphic correlation between two 

local boreholes generally shows a good consistency. One major exception is in the 

Burdigalian interval; δ13C values from Rødding are consistently heavier than those from 

Sønder Vium during the Burdigalian.   

 

2) A tentative long-distance carbon-isotope stratigraphic correlation between Danish North 

Sea Basin and New Jersey margin, USA is proposed, with support from biostratigraphy and 

integration of other available chronological approaches. The long-distance stratigraphic 

correlation presents a basic consistency. It is concluded that terrestrial carbon-isotope 

stratigraphy is a promising stratigraphic correlation tool at long-distance or even global scale, 

if the correlated strata are well preserved and formed at a normal sedimentary rate.  

 

3) The reliable carbon-isotope stratigraphic signatures seem not to be documented in the 

intervals which are associated with occurrence of abundant glauconite, suggesting a relatively 

low sedimentation rate (~4 to 5 mm/Kyr during the Serravallian, assuming no hiatus in the 

calibrated intervals). These intervals with slow sedimentary rate present notably heavy 

carbon-isotope values. These carbon-isotope stratigraphic signatures may be inherited and 

reworked from the older strata of sedimentary organic matter.  

 

4) In the strata time equivalent to Monterey Event (the Langhian), the carbon-isotope 

stratigraphic values are consistently not heavier than those in the earlier (the Burdigalian) or 
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later (the Serravallian) strata. The Monterey Event is thus consistently absent in terrestrial 

carbon-isotope records both from the North Sea Basin and the New Jersey margin.  

 

5) A possible explanation to the partial presence of Monterey Event in the carbon-isotope 

stratigraphy based on the terrestrial sedimentary organic matter has been proposed that the 

increasing atmospheric CO2 concentration derived from CRB might delay the ocean-

atmospheric equilibrium, which was driven by the oceanic primary production during 

MMCO. Nevertheless, the hypothesis still should be verified by more studies.   
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Chapter 4 

 

TERRESTRIAL CARBON-ISOTOPE STRATIGRAPHY 

THROUGH THE LATEST TRIASSIC TO EARLY 

JURASSIC, NORTH TARIM BASIN, NW CHINA 
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4.1 Introduction 

 

In the latest Triassic to Early Jurassic period (~ 201 Ma to ~174 Ma; based on GTS 2012, 

Gradstein et al., 2012), the Earth system underwent a series of significant global geological 

events. The major end-Triassic mass extinction is documented both on land and in the sea 

(Raup and Sepkoski, 1982; Sepkoski, 1996; Tanner et al., 2004; Kiessling et al., 2007; Alroy, 

2010; Kiessling and Simpson, 2011), associated with nearly synchronous eruption of the 

Central Atlantic Magmatic Province (CAMP) (Manspeizer, 1988; Holbrook and Kelemen, 

1993; Oh et al., 1995; McHone, 1996, 2000; Marzoli et al., 2004; Deenen et al., 2010) and 

with CO2 injection into the atmospheric reservoir (Whiteside et al., 2010; Ruhl et al., 2011). 

The perturbation of carbon reservoirs through the latest Triassic, Triassic–Jurassic boundary, 

and Early Jurassic are witnessed by the short-term and long-term carbon-isotope excursions 

in both marine and terrestrial depositional sequences (e.g. Hesselbo et al., 2002, 2007; Van 

Schootbrugge et al., 2005; Williford et al., 2007). The Early Jurassic is, however, also 

marked by multiple smaller events of carbon-cycle fluctuation such as in the late Sinemurian 

(Riding et al., 2012), at the Sinemurian-Pliensbachian boundary and in the late Pliensbachian 

(Korte et al., 2011). Subsequently, the early Toarcian Oceanic Anoxic Event (T-OAE) linked 

with the huge light carbon emission from geological reservoirs (Hesselbo et al., 2000, 2007; 

McElwain et al., 2005) was coincident with the nearly synchronous eruption of Ferrar/Karoo 

LIP at ~183 Ma to ~175 Ma (Pálfy and Smith, 2000; Svensen et al., 2007), and with the first 

opening of central Atlantic Ocean related to the Pangaea break-up (Cox, 1992; Storey et al., 

1992).   

 

Long-lasting continuous records of carbon-isotope stratigraphy through the latest Triassic, 

Triassic–Jurassic boundary, and Early Jurassic were reported from marine sequences (Katz et 
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al., 2005; the most recent dataset complied by Dera et al., 2011). However, very few long-

term continuous carbon-isotope records have been reported from the entirely terrestrial 

successions. The Tarim Basin located in NW China as an inland basin since the Mesozoic 

provides an exceptional opportunity to explore terrestrial carbon-isotope stratigraphy through 

the latest Triassic, Triassic–Jurassic boundary, and Early Jurassic.  
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4.2 Geological setting - a brief tectonic and sedimentary history  

 

The Tarim block has merged into Eurasia since the Early Permian and was sutured by the 

Tian Shan Range and the Late Palaeozoic Aibi–Xingxing suture (or the Southern Tian Shan) 

(Windley et al., 1990; Allen et al., 1991; Yin et al., 1996; Metcalfe, 2006). Therefore, the 

northern margin of the Tarim block accumulated terrestrial continental sediments in the 

Permian after the collision of Tarim with the Tian Shan/Kazakhstan.  

 

The Tian Shan is the largest intracontinetal orogenic belt in the Central Asia and its multiple-

phase accretions resulted from collisions of different blocks in the Late Palaeozoic (Coleman, 

1989; Carroll et al., 1990, 1995; Sengör et al., 1993; Windley et al., 1990, 2007). The South 

Tian Suture and North Tian Suture are identified on the basis of ophiolite melanges with the 

Tian Shan area (Gao et al., 1998). The Tarim Basin and the Junggar Basin are situated along 

the south and north of Tian Shan, respectively (Figure 4.1). The Tian Shan definitely stood as 

a positive physiographic feature throughout Mesozoic and Cenozoic time (Hendrix et al., 

1992), and supplied the source of terrestrial sediments. The paleolatitude of North Tarim was 

about 55-60°N from the Late Triassic to the Middle Jurassic (Yin et al., 1996; Metcalfe, 

2006), but the climate was warmer than at the same latitude today. The southern margin of 

the Tarim Basin directly bordered the north of Tethys Ocean in that the Tibet block had not 

collided with the Tarim block either the Pamir-Kunlun Shan-Altyn Shan range had not 

originated (Figure 4.2).  
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Figure 4.1. Geological maps of the Kuqa section (modified from the Regional Geological Map of the Kuqa Depression, 1997 - Tarim Division, 
Institute of Oil Exploration and Development) 
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The Tarim Basin was a foreland basin yielding an asymmetrical sedimentary distribution 

basinwide and foreland-style subsidence profiles throughout the Mesozoic and Cenozoic 

(Figures in Li et al., 2004). The identification of the Tarim foreland basin is also evidenced 

by a number of outcrop and subsurface facies data (Hendrix et al., 1992). However, some 

authors (Carroll et al., 2010) recently proposed a new descriptive term ‘walled basin’ to 

highlight the unique features of a basin surrounded by dominantly contractional orogenic 

uplifts, but whose peripheral orogenies are relatively undeformed and maintained over 

relatively long geological time scales. According to these characteristics, the authors are 

pointing out that the Tarim Basin differs from conventional foreland settings. 

 

 

Figure 4.2. Palaeogeographic maps (adapted on the basis of combination from Cohen et al., 

2007; Izumi et al., 2012 and http://www.scotese.com/jurassic.htm) 

 

The study area, the Kuqa section in the Kuqa depression (i.e. the Kuqa subbasin and the 

‘Kuqa’ also spelled as ‘Kuche’ following Chinese phonetic symbols in some previous 

literature) is located around the Yangxia River, in the north of the Tarim Basin. Under 

compressive tectonic loading and gravitational loading, the Kuqa depression is part of an 
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intra-continental foreland basin. The cross-section of the depression is asymmetric and the 

sedimentary thickness thins south towards the Tarim craton (Li et al., 2004). In the Mesozoic, 

the entirely terrestrial deposition occurs reaching a thickness of 6000–8000 m in the Kuqa 

depression (Li and Peng, 2010). The whole Tarim Basin is interpreted to have subsided at a 

quite steady rate during the Jurassic (Hendrix et al., 1992) and thus the lacustrine and 

associated alluvial deposits are likewise thought to record relatively continuous deposition. 

The oldest definite terrestrial deposits date back to the Late Permian (Carroll et al., 2010).  
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4.3. Stratigraphy and chronological control 

4.3.1 Lithostratigraphy  

 

Generally, the Upper Triassic in the northern Tarim Basin consists of alluvial conglomerate 

and associated braided-fluvial sandstone and siltstone. Upward into the Lower and Middle 

Jurassic, meandering-fluvial and lacustrine strata broadly occur and very organic-rich strata 

locally occur. The Upper Jurassic comprises braided-fluvial red beds. A distinct pulse of 

alluvial conglomerate occurs in the uppermost Jurassic, and Cretaceous strata overly in a 

parallel unconformity over a large area, but with a pronounced angular unconformity in a 

restricted area (Xiao et al, 2005).  

 

The lithostratigraphic division of the Jurassic System along the northern Tarim Basin has 

undergone a series of evolutionary steps, which are generalized below (Table 4.1). In the 

present study, the most recent lithostratigraphic division is followed (Wang et al., 2004), but 

without complete agreement with the associated chronological identity (Table 4.1). The 

updated chronological identity is fully discussed below (see Section 4.3.3 and Section 4.6.1). 

 

Combining all data in literature that can be found, there is not any direct evidence for 

specifically placing the Triassic–Jurassic boundary at a particular horizon in the Kuqa section. 

Two candidate horizons of the Triassic–Jurassic boundary, between Bed 35 and Bed 37 in the 

Taliqike Fm (Fig. 3), are proposed on basis of the field observation of distinct 

lithostratigraphic boundaries in this study and the most recent regional lithostratigraphic 

division (Wang et al., 2004); the age identification lied on the composite biostratigraphy 

(Wang et al., 2004; Deng et al., 2010).  
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Table 4.1.  Brief evolution of the Jurassic lithostratigraphic division, northern Tarim basin (after Wang et al., 2004) 
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In order to correlate the chronological units of Junggar Basin, a regional correlation chart of 

lithostratigraphic division between the southern Junggar Basin and northern Tarim Basin is 

summarised (Table 4.2). The lithostratigraphic divisions are tentatively identified to Stage 

level on the basis of all available published literature (Wang et al., 2004; Deng et al., 2010), 

but this identification is revised in the present chapter based on new carbon isotope data (see 

Section 4.3.3).   

 

Table 4.2. The correlation chart of regional Jurassic lithostratigraphical division between the 

southern Junggar Basin and northern Tarim Basin (Wang et al., 2004 and Bian et al., 2010) 

 

Period  Stage 
S. Junggar Basin, 
N. Tian Shan 

N Tarim Basin, 
S. Tian Shan 

Lower Cretaceous  Tugulu Gr (K1t)

Upper 
Jurassic 

Tithonian

Kimmeridgian Kalazha Fm Kalaza Fm  

Oxfordian Qigu Fm Qigu Fm

Middle 
Jurassic 

Callovian

Tugunhe Fm 
Qiakemake Fm  

Bathonian 

Kezilenuer Fm Bajocian 
Xishanyao Fm 

Aalenian

Lower 
Jurassic 

Toarcian
Sangonghe Fm 

 
Yangxia Fm 

 
Pliensbachian 

Sinemurian
Badaowan Fm 

Hettangian  Ahe Fm 

Upper Triassic 
Haojiagou Fm

(or Baijiantan Fm) 
Taliqike Fm 

Huangshanjie Fm Huangshanjie Fm 

 

 

The southern Junggar Basin  

Throughout the Jurassic, the southern Junggar Basin behaved as an entire intracontinental 

basin and accumulated only terrestrial sediments. The depositional environment was similar 

to that of the northern Tarim Basin. The alluvial conglomerate, meandering rivers, braided 
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rivers and lacustrine deposits are widely dominant. Specifically, the alluvial facies include 

alluvial fan and fan delta facies, as well as fluvial and flood-plain facies in the southern 

Junggar basin (Hendrix, 2000; Eberth et al., 2001; Ashraf et al., 2010).  

 

The northern Tarim Basin  

According to all available previous literature and observation in field for this study, the base 

of the Jurassic is conformable with the underlying Triassic and all the formation boundaries 

are conformable through the Jurassic sediments. The uppermost Jurassic strata are in a 

parallel unconformity with the overlying Cretaceous strata, which start with thick 

conglomerate layers.  

 

The Ahe Fm and the Yangxia Fm (spelled as ‘Yengisar Fm’ in Hendrix et al., 1992) around 

the Kuqa depression are major reservoirs. The Ahe Fm is characterized by alluvial 

conglomerates, meandering fluvial river sandstones or siltstones, and braided river sandstones 

(Hendrix et al., 1992). The lower Yangxia Fm shows similar features to the Ahe Fm, but a 

lacustrine laminated mudstone occurs abruptly at the top of the Yangxia Fm. The Kezilernuer 

Fm is mainly shallow lacustrine facies. The Qiakemake Fm is of lacustrine facies in 

remarkable red strata, where the hematite among total heavy minerals, can be up to 95.4% 

and reaches 71.2% on average (Li S. J., et al., 2005).  

 

 

 

 



  Triassic–Jurassic Boundary & Early Jurassic, Tarim Basin, NW China Chapter 4 

118 
 

4.3.2 A brief review of the chronological control in the N Tarim Basin  

 

Few studies obtained a precise dating for the Triassic and Jurassic terrestrial alluvial 

conglomerate, fluvial sandstone, and siltstone deposits in the N Tarim Basin, because that age 

interval around the region lacks interbedded volcanic units which can be used to provide 

absolute ages and the other approaches (e.g. biostratigraphic, magnetostratigraphic) do not 

readily yield a high-resolution age control. Chemostratigraphy is completely absent. However, 

the previous studies do give a general age control and they are summarized in Table 4.3.  

 

4.3.3 Biostratigraphy of the Kuqa section  

 

The precise age of the sediments in the Kuqa section, Kuqa depression, N Tarim Basin has 

been long debatable just based on the biostratigraphic profiles. This is because terrestrial 

biostratigraphy is limited in its time resolution and there is no absolute age control from the 

autogenetic radioactive minerals discovered around the study area. However, in the present 

chapter, the detailed biostratigraphy in the Kuqa section is investigated on the basis of the 

independently compiled dataset from Wang et al., (2004) and combined with the most 

updated literature.  
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Table 4.3. A brief review on the chronological control in the N Tarim basin 

System   Lithostratigraphic  
units 

Magnetostratigraphic
 units (age, Ma) 

Biostratigraphic units 

Cr
et
ac
eo

us
 

Bashijiqike Fm.  Early Cretaceous  (133‐125.7) (Li et al., 
2004, based on the Kuqa section) 

Early‐Late Cretaceous (Bureau of 
Geology and Mineral Resources of 
Xinjiang Uygur Autonomous region, 
1993; Wang et al., 2004) 
 

Baxigai Fm.  Early Cretaceous  (138‐133) (Li  et al., 2006, 
based on the Kuqa section) 

Early Cretaceous (Bureau of Geology and 
Mineral Resources of Xinjiang Uygur 
Autonomous region, 1993; Wang et al., 
2004) 

Shushanhe Fm.  Early Cretaceous  (144.2‐138) (Li et al., 
2006, based on the Kuqa section) 

Yageliemu Fm.  (? ~ 144.2) (Li et al.,2006; based on the 
Kuqa section) 

  Unconformity   

Ju
ra
ss
ic
 

Kalaza Fm.  No data  Late Jurassic (Bureau of Geology and 
Mineral Resources of Xinjiang Uygur 
Autonomous region, 1993; Wang et al., 
2004) 

Qigu Fm.  No data 

Qiakemake Fm.   No data  Middle Jurassic (Liu, 1990, based on 
conchostracans, Baicheng, N Tarim; 
Zhang W. P. and Li Y. A., 1990 
palynology, Baicheng, N Tarim; Liu 1998, 
palynology primarily based on the Kuqa 
section and combined N Tarim; Liu et al., 
1999b, palynology, borehole, Kuqa area; 
Wang et al., 2004) 

Kezilenuer Fm.   No data 

Yangxia Fm.   No data  Early Jurassic (Wu, 1990, based on plant 
fossils, N Tarim; Liu 1998, palynology 
primarily based on the Kuqa section and 
combined N Tarim; Liu, 1999c based on 
palynology, primarily based on Kuqa 
section and combined N Tarim; Wang et 
al., 2004) 

Ahe Fm.  No data 

Tr
ia
ss
ic
 

Taliqike Fm.  
 

No data  Late Triassic (Peng, 1983; Wu, 1990; and 
Hu and Gu, 1987, based on plant fossils, 
N Tarim; Liu, 1999c based on palynology, 
primarily based on the Kuqa section and 
combined N Tarim; Liu 1999a, combined 
conchostracons and plants, N Tarim; 
Wang et al., 2004) 

Huangshanjie Fm.   No data 

    Middle Triassic  

La
te
 

Pe
rm

ia
n‐
 

Tr
ia
ss
ic
 

  Triassic‐ Late Permian (McFadden et al, 
1988, based on section of the Kuqa area) 
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4.3.3.1 Plant fossils 

The North Tarim Basin 

For the Taliqike Fm, a dataset combined from several sections (no detailed locality provided) 

in the North Tarim Basin includes plant fossils: Annulariopsis inopinata, Asterotheca szeiana, 

Cladophlebis cf. asiatica, Cl. raciborskii, Cl. cf. tsaidamensis, Dictyophyllum cf. nilssonii, 

Clathropteris sp., Ginkgo huttonii, Podozamites lanceolatus, Yuccites spathulata, 

Glossophyllum shensiensis, Hausmannia ussuriensis, Neocalamites hoerensis, N. carrerei, N. 

spp., Pityophyllum cf. nordenshioldi, Thinnfeldia nordenskioldi (the table 2 in Wu et al., 

1990).  

 

Hausmannia ussuriensis, Neocalamites carrerei are the abundant plant fossils in the Triassic 

(Wu, 1990), but the controversial point is that Neocalamites carrerei has been discovered in 

the Yangxia Fm (i.e. within inferred Jurassic strata) in the North Tarim Basin. The 

Neocalamites hoerensis and Dictyophyllum cf. nilssonii in the Taliqike Fm, North Tarim 

Basin are comparable with the Late Triassic flora in Eastern England (Wu, 1990), whereas 

the author pointed out that ‘Neocalamites hoerensis, Dictyophyllum cf. nilssonii’ were also 

discovered in some early Jurassic strata in China, e.g. Junggar Basin, Northern Xinjiang 

Province, Western Hubei Province, and Western Jiangxi Province. Therefore, the author 

concluded that the Taliqike Fm in the northern Tarim is in the range from the Late Triassic to 

Early Jurassic. However, two vital flaws on the correlations were: 1) on the basis of 

lithostratigraphic chronological division, and 2) on the basis of the combined data from 

multiple sections in the North Tarim Basin. Until further solid evidence is provided, the 

inferences are far from conclusive.  
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The present chapter takes a general profile of age constraints on the lithostratigraphic 

divisions for the Triassic–Jurassic boundary, according to the available dataset of plant fossils. 

In order to identify the boundaries of Triassic and Jurassic and further a specific Stage 

assignment (e.g. the Sinemurian or Pliensbachian), the identification must be based on a 

certain continuous section (e.g. the Kuqa section) or well-documented overlapping multiple 

sections.  

 

Stratigraphically upward, on the basis of combined data from several sections (no specific 

location provided) in the North Tarim, the Ahe Fm includes the plant fossils: Equisetites 

sarrani, Sphenopteris sp., Cladophlebis asistica, Cl. cf. tsaidamensis, Cl. raciborskii, Ginkgo 

huttoni, Czekanowskia rigida, Phoenicopsis sp., Podozamites laceolatus, Pityophyllum cf. 

nordenskioldii (Wu, 1990); passing up-section, the Yangxia Fm contains the plant fossils: 

Equisetites cf. ferganensis, E. sarrani, Neocalamites carcinoides, N. hoerensis, N. carrerei, 

Rhizomopteris sinensis, Coniopteris hymenophylloides, Cladophlebis denticulala, Ginkgoites 

sp., Czekanowskia sp., Phoenicopsis cf. angustifolia, Baiera longifolia, Pityophyllum 

nordenskioldii (Wu, 1990).  

 

Very recently, the plant fossil records have been intensively studied in the Junggar Basin and 

the Late Triassic–Middle Jurassic floras consist of the four assemblages as follows (Sun et al., 

2010). I. Danaeopsis–Nanzhangophyllum assemblage (Carnian–Norian florule); II. 

Glossophyllum–Cycadocarpidium assemblage (Norian–Rhaetian florule); III. Neocalamites– 

Marattiopsis assemblage (Early Jurassic florule); and IV. Coniopteris–Raphaelia assemblage 

(early Middle Jurassic flora). These four assemblages constrain the age of the strata in the 

southern Junggar Basin. Owing to the studies on regional basin, these data also provide a 

general age control when correlated with data from the N Tarim Basin (Wu, 1990).  
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The Kuqa section  

Based on the dataset of plant macrofossils from the Kuqa section (Wang et al., 2004), three 

stratigraphic boundaries can be identified broadly: between the Bed 34 and Bed 46 (from  

~ -10 m to ~55 m), around Bed 75 (~ 280 m), and the base of Bed 139 (~ 576 m) (Figure 4.3).  

 

The interval between Bed 34 and Bed 46 is identified as a transitional zone of the Triassic–

Jurassic boundary (Figure 4.3). This conclusion is supported by the last occurrence of 

Taeniopteris sp. which commonly occurs from the Permian to Triassic. Neocalamites 

nathorstii is a rare species in the flora from Yorkshire NE England (van Konijnenburg-van 

Cittert, 2008) which only occurs in strata younger than late Pliensbachian and mainly age 

(Harris, 1961). The only finding in Bed 34 in the Kuqa section may not suggest the last 

occurrence but a rare occurrence.  

 

The first occurrence of Sphenobaiera sp. in the Kuqa section might suggest a boundary which 

is marked by a slight climatic perturbation (see pollen data in Section 4.3.3.2 and Figure 4.5). 

The last occurrence Cladophlebis haiburensis and Cladophlebis sulcala (?), and the first 

occurrence of Equisetites cf. multidentatus, Vittifoliolum sp., Radicites sp., Equisetites sp., 

Cladophlebis suluktensis, Coniopteris sp. could clearly define a boundary of biostratigraphic 

break at around Bed 75 to Bed 77 (~280 m) (Figure 4.3).  

 

A relatively broad range of the last occurrence of Vittifoliolum sp., Desmiophyllum sp., 

Coniopteris sp., Sphenobaiera cf. spectabilis and the first occurrence of Cladophlebis cf. 

tsaidamensis, Nilssoniopteris cf. nittata, Phoenicopsis cf. angustifolia define a boundary 

biostratigraphic break at the base of Bed 139 (~576 m) (Figure 4.3).  

 



123 
 

 

Figure 4.3. Lithography, carbon-isotope stratigraphy and the stratigraphic ranges of plant macrofossils in the Kuqa section, N Tarim Basin, NW China. Four biostratigraphic boundaries can be identified 
(the data of plant macrofossils compiled from Wang et al., 2004). 
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In light of the data from the Kuqa section, from the Bed 75 to Bed 122 in the Yangxia Fm 

(Fig 4.3), Coniopteris hymenophylloides begins to occur commonly and is associated with the 

presence of Eboracia; Cladophlebis  is still present but lessens its diversity as compared with 

the underlying strata. In addition, the Ginkgoacea are dominant in the gymnosperms, 

including: Ginkgo, Ginkgoites, Phoenicopsis, Baiera, Sphenobaiera and Vittifoliolum. 

Coniferales and Cycdales place in the secondary position (Wang et al., 2004).  

 

In the middle-upper Yangxia Fm, there are plant macrofossils including: Coniopteris cf. 

hymenophylloides, Pityophyllum sp., Nilssonia sp., Anomozamites sp., Nilssoniopteris vittata, 

N. major, Taeniopteris sp., Ginkgoites sp., Baiera concinna, B. furcata, B. sp., Phoenicopsis 

angustifolia and Czekanowskia rigida, around the Bed 128 to Bed 138 (around 540 m to 570 

m) (Figure 4.5) (Deng et al., 2003). These are the usual species in the Jurassic flora and the 

genus of Coniopteris gives particular significance in terms of age constraint.  

 

Although only one species, Coniopteris cf. hymenophylloides, has been discovered in the 

middle-upper Yangxia Fm, Kuqa section, Tarim Basin, it is quite abundant and characterized 

by the advanced frond and rachis. Coniopteris in Europe do not first occur in the 

Thaumathopteris Zone, which is the early stage of the Early Jurassic (i.e. Coniopteris first 

emerge in the Toarcian Stage in European flora). However, this genus appears much earlier 

than the Toarcian Age in China, where the earliest Coniopteris composing two species, 

Coniopteris gaojiatianensis and C. microlepioides are discovered in the Guanyin Fm, SW 

Hunan Province (i.e. located in the South China Block). These two species are both 

characterized by the tender frond and rachis, which reflect the primitive features of 

Coniopteris. In spite of no direct ammonite fossils in the Guanyin Fm, the discovered 

ammonites in nearby region constrain the Guanyin Fm at around the Hettangian and 
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Sinemurian Stage (Zhou, 1984). Coniopteris in the Yangxia Fm, Kuqa section is more 

advanced than those in the Guanyin Fm, and thus is inferred to be in the younger strata. The 

primitive types of Coniopteris have not been reported in the lower part of the Kuqa section, 

probably due to the few studies there.  

 

However, the Coniopteris fossils from the middle-upper Yangxia Fm are also clearly distinct 

from the types in the early Middle Jurassic. The early Middle Jurassic is a peak stage of 

Coniopteris, which occur in very high diversity and abundance, and are usually dominant in 

the flora. The peak of diversity and abundance can only be observed upto the upper coal beds 

(Bed 168) in the overlying Kezilenuer Fm, Kuqa section.      

 

Coniopteris gaojiatianensis, a species reported from the Hettangian and Sinemurian Stage of 

SW Hunan Province (Zhou, 1984), has been also discovered in the upper part of the 

Badaowan Fm, Junggar Basin (Deng et al., 2003, 2010), although it is not found in the Kuqa 

section, Tarim Basin, indicating that the Badaowan Fm. is correlated with the Hettangian and 

Sinemurian Stage of Hunan Province, South China. The Badaowan Fm was previously 

correlated with the Ahe Fm, Tarim Basin (Deng et al., 2003), but notably, the Ahe Fm 

comprises deposits of thick-bedded fluvial medium/coarse sandstone and interbedded 

conglomerate, which suggests a relative high sedimentary rate and relative short time span. 

Therefore, the Badaowan Fm in the Junggar Basin can possibly be correlated with the Ahe 

Fm and the middle-lower part of the Yangxia Fm, and the middle-upper part of the Yangxia 

Fm should be of Pliensbachian age.  

 

Generally, plant macrofossils can be helpful to define stratigraphy in a broad profile, but less 

helpful in identifying very specific boundaries. Obviously, as lithostratigraphic boundaries 
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are not always synchronous, the correlation of plant fossils based on the profile of the 

lithostratigraphic unit cannot unambiguously illustrate an Epoch boundary.  

 

4. 3.3.2 Palynological stratigraphy  

Megaspore  

The palynological data presented here are primarily compiled from Wang et al., (2004). 

According to the megaspore occurrence and extinction, five stratigraphic boundaries can be 

identified: in the Bed 35 to Bed 37 interval (~0 m to ~18 m), the base of Bed 43 (~40 m), Bed 

69 to Bed 70 (~ 245 m), the base of Bed 95 (~ 355 m), and the base of Bed 139 (~ 576 m). 

Triassic–Jurassic Boundary can be recognized around the top of Bed 37 (~18 m height), on 

the basis of last occurrence of Aneuletes sp., Bacutriletes tylotus, Bothriotriletes conicus 

(Bothriolepis), Dijkstraisporites beutleri, Echitriletes latispinosus,  E. hispidus, 

Nathorstisporites invenustus, Triangulatisporites sp., Trileites vulgaris, T. pinguis, T. 

sp.(Figure 4.4).  

 

Dijkstraisporites beutleri is an important Triassic component (Kozur, 2003; Traverse, 2007) 

and also discovered in the definite Triassic strata, the Karmay Fm (the definite Middle or 

Lower Triassic), Junggar Basin. Trileites vulgaris is characteristic for the Lower Triassic in 

Poland (Fuglewicz, 1973) and Trileites pinguis occurs in Triassic strata around South 

Australia (Dettmann, 1961) as well as Poland (Fuglewicz, 1973). They are consistent in the 

last occurrence at bed 37, which suggests the end of the Triassic and defines the Triassic–

Jurassic boundary. However, Hughesisporites sp. is a common species in the Triassic, and 

thus the rare occurrence stratigraphically higher than this boundary could be reworked from 

older strata. 
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In addition, a secondary boundary could be suggested around the base of the Bed 43 (~ 40 m), 

on the basis of the first occurrence of Hughesisporites kendollis, Trileites pullus, 

Horstisporites harrisi, Verrutriletes minutes (Figure 4.4). 

 

Besides, another three subdivisions can be distinctly defined on the basis of megaspore data. 

A boundary at about 245 m is recognized by the first occurrence of Kuqaia quadrata, K. 

radiate, K. sp.. A boundary at about 355 m is recognized by the last occurrence of 

Calamospra rhaeticus, Hughesisporites kendollis, Trileites pullus. At about 576 m, a 

boundary is recognized by the last occurrence of Horstisporites harrisi, Kuqaia quadrata, K. 

radiate, K. sp., Verrutriletes minutes, Erlansonisporites sparassis, Bacutriletes lavatus, and is 

also coincident with a broad range of the first occurrence of Bacutriletes sp. Minerisporites 

institus, M. richardsoni, M. sp., Paxillitriletes phyllicus, P. sp.. 

 

In particular, the first occurrence of Paxillitriletes phyllicus and Minerisporites institus is in 

the late Pliensbachian age (Marcinkiewicz, 1988; Pieñkowski, 2004, summarized according 

to Marcinkiewicz, 1971; Kopik and Marcinkiewicz, 1997). Besides, Minerisporites institus is 

also documented as a marker for the Pliensbachian around the Polish swampy-lacustrine and 

swampy-lagoonal sub-systems (Anna Feldman-Olszewska, 1997). Therefore, stratigraphic 

age at the height ~520 m to ~ 570 m (Figure 4) can be identified as around the late 

Pliensbachian age.   

 

Paxillitriletes phyllicus (Marcinkiewicz, 1988; Anna Feldman-Olszewska, 1997) and 

Minerisporites richardsoni (Anna Feldman-Olszewska, 1997) is applied to constrain 

stratigraphic age as Toarcian age, owing to their abundance at that stratigraphic interval. 
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Figure 4.4. Lithostratigraphy, carbon-isotope stratigraphy and the biostratigraphic ranges of megaspore in the Kuqa section, N Tarim Basin, NW China. Five biostratigraphic boundaries can be identified 
(the megaspore data compiled from Wang et al., 2004). 
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Moreover, Kuqaia is an important stratigraphic marker which is widely found during the 

Sinemurian-Pliensbachian around the Europe (Morris et al., 2009). Kuqaia quadrata Zone 

(Sinemurian - Lower Pliensbachian) is defined on the presence of the Kuqaia quadrata 

without Horstisporites areolatus. The lower boundary identified here coincides with the first 

common/abundant occurrence of the miospore Cerebropollenites thiergartii and the upper 

with the first common occurrence of the dinoflagellate cyst Nannoceratopsis gracilis/senex 

(Morris et al., 2009), as discussed in more detail below. Moreover, the Nannoceratopsis 

gracilis/senex occurs early in the Early Toarcian in sections defined by ammonite 

stratigraphy (Poulsen and Riding, 2003).  

 

In summary, combining all the previous megaspore data, the lowest horizon of the 

Pliensbachian age should be above the boundary at ~ 245 m. The horizon of ~ 576 m should 

be the boundary between the Early Pliensbachian and the Late Pliensbachian.  

 

Pollen and miospores  

According to the pollen occurrence and extinction, five stratigraphic boundaries can be 

identified between Bed 35 and Bed 37 (~0 m to ~18 m), about the top of the Bed 45 (~50 m), 

around Bed 73 to Bed 74 (~270 m), around Bed 92 (~345 m) and the base of Bed 139 (~576 

m) (Figure 4.5). 

 

The Triassic–Jurassic boundary can be identified at the interval of ~0 m to ~18 m, based on 

the last occurrence of Alisporites minutisaccus, Alisporites parvus, Baculatisporites sp., 

Podocarpidites mutesimus, Osmundacidites alpines, Minotossaccus fusiformis, Minutasaccus 

parvus, Alisporites auritus, Alisporites australis, and based on the first occurrence of 

Cyathidites minor, Deltoidospora sp. and D. spp., Osmundacidites sp. and O. spp., 
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Quadraeculina  minor, Quadraeculina  anellaeformis, Quadraeculina enigmata, 

Osmundacidites elegans, Chasmatosporites sp. and C. spp., Asseretospora sp. and A. spp., 

Podocarpidites proximus, Pseudopius sp., Podocarpidites miniculus, Protopicea sp. and P. 

spp., Piceaepollenites omoriciformis, Piceaepollenites exlioides, although these pollen do not 

abruptly disappear or appear at the same horizons (Figure 4.5).  

 

Minutasaccus parvus is reported in Triassic strata from India (Tripathi et al., 2005). 

Alisporites parvus occurs in the Triassic to Jurassic boundary zones in New Zealand (Raine et 

al., 2011), and in the Upper Triassic strata, northern Middle Siberia (Ilyina and Egorov, 2008) 

and in the Moenave Formation on the southern Colorado Plateau, USA (Lucas, et al., 2011). 

Alisporites parvus is also reported as the last occurrence just below the Triassic–Jurassic 

boundary, which is constrained by the age of the Central Atlantic Magmatic Province (CAMP) 

volcanism in the Fundy Basin (Nova Scotia) and by the associated radiometric age constrains 

(Cirilli et al., 2009). Alisporites australis occurs in the Upper Triassic strata, northern Middle 

Siberia (Ilyina and Egorov, 2008).   

 

Additional pollen data are archived without specific stratigraphic position in the Kuqa section, 

but they also provide important age constrains. Specifically, they are combined as follows: 

Aratrisporites granulates, A. fischeri, Limatulasporites limatulus (=Nevesisporites), and 

Jugasporites sp.1 occur in the Taliqike Fm (Liu, 1999a) and their last occurrence is below the 

top of the Taliqike Fm (combined data from Liu, 1999a and Liu, 1999c) (Figure 4.5). 

Zebrasporites and Parataeniaesporites (Liu, 1999c) (Zebrasporites corneolus and 

Parataeniaesporites pseudostriatus involved in this study) importantly constrain the age 

ranges for the Triassic strata and Zebrasporites corneolus is also widely discovered in the 

Late Triassic around Europe (Klaus, 1960). Aratrisporites (Aratrisporites granulates and A. 
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fischeri involved in this study) are reported from the strata in the Junggar Basin where the 

strata are identified as the latest Late Triassic (Lu and Deng, 2005; Sha et al., 2011).   

 

Cerebropollenites thiergartii is a good marker for the Triassic–Jurassic boundary and its first 

occurrence is above the Triassic–Jurassic boundary (Gómez et al., 2007; Hillebrandt et al., 

2007; Kürschner et al., 2007; Lucas and Tanner, 2007; Ruhl et al., 2009; Bonis et al., 2010; 

Ruhl and Kürschner 2011) where it coincided with the starting horizon of the ‘main negative 

excursion’ (Ruhl and Kürschner 2011). This kind of pollen is documented in the southern 

Junggar Basin as the Triassic–Jurassic boundary marker (Sha et al., 2011), but has not been 

reported in the Kuqa section, Tarim Basin.  

 

On the basis of the pollen assemblage Dictyohyllidites-Aratrisporites-Parataeniaesporites, 

the top of the Triassic was identified around the top of Bed 37 (~18 m, see lithostratigraphy) 

by some authors (e.g. Liu, 1999c). 

 

The palynological data from the Ahe Fm, Yangxia Fm, and Kezilernuer Fm in the Baicheng 

area (NW Tarim Basin, approximately 60 km away, west of the Kuqa section) are consistent 

in general features compared with these from the Kuqa section (Zhang W. P., 1990), but there 

are differences in the Ahe Fm. The difference could be derived from an error in identifying 

the regional lithostratigraphic boundary of the base of the Ahe Fm or from the improper 

definition of regional lithostratigraphy. For example, the ratio of gymnosperm pollen to fern 

spores becomes overwhelming above the basal Ahe Fm, in the Kuqa section, but the so called 

‘base of Ahe Fm’ in the Baicheng area is still dominated by the fern spores (fern spore : 

gymnosperm Pollen = 7 : 4) (Zhang L. J., 1983; Zhang W. P. and Li Y. A., 1990). This flora 

is distinctly contrasted with that in the Kuqa section (Wu [1990] thought that Zhang L. J. 
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[1983] probably sampled from the incorrect strata). Additionally, the palynological data 

indicate a break of floral occurrence between Bed 37 and Bed 44 (Lu 2010, unpublished 

palynological data) in the Kuqa section.   

 

In conclusion, according to the composite pollen data, the Triassic–Jurassic boundary is 

located at around the boundary between the Taliqike Fm and the Ahe Fm. For the very exact 

boundary, there are two candidate horizons, at the base of Bed 35 (~0 m) or top of Bed 37 

(~18 m).  

 

Going up-section, the last occurrence of Alisporites australis and Podocarpidites proximus, 

and the first occurrence of Piceaepollenites exlioides, Piceaepollenites omoriciformis, 

Protopicea sp. and P. spp. Podocarpidites miniculus, Pseudopius sp. define a boundary at the 

top of Bed 45 (~50 m).  

 

The initial records of Calamospora sp., Asophosphaera sp. and A. spp., Cerebropollenites sp. 

suggest a possible boundary around Bed 73 to Bed 74 (~270 m). 

 

The first occurrence of Cyathea australis, Peripollenites sp. and P. spp., Concentrisporites sp. 

and C. spp., Calamospora sp., Protopinus sp., Cerebropollenites sp., Asophosphaera sp. and 

A. spp., Pseudopicea variabiliformis, Paleoconiferus sp., Chasmatosporites apertus, 

Callialasporites sp., Dictyophyllidites  harrisii, Dictyophyllidites mortonii, Klukisporites 

pseudoreticulatus, Neoraistrickia sp., Lunzisporites lunzensis, and Chasmatosporites hians 

can define a bio-event boundary and thus a stratigraphic boundary around Bed 92 (~345 m).   
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Figure 4.5. Lithostratigraphy, carbon-isotope stratigraphy and the biostratigraphic ranges of pollen and misospores in the Kuqa section, N. Tarim Basin, NW China. Five biostratigraphic boundaries can be 
identified (the pollen and miospore data compiled from Wang et al., 2004). Additional important information with stratigraphic significance from other independent resources is included as well (Liu 1999a, 1999c).  
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The last occurrence of Podocarpidites proximus, Cycadopites reticulates, Cycadopites 

subgranulatus, Cibotiumspora sp., Classopollis annulatus, Lycopodiumsporites sp., 

Chasmatosporites. Hians, Lunzisporites lunzensis, Neoraistrickia sp., Klukisporites 

pseudoreticulatus, Dictyophyllidites mortonii, Callialasporites sp., Chasmatosporites apertus, 

Pseudopicea variabiliformis, Asophosphaera sp. and A. spp. can define a bio-event boundary 

and thus a stratigraphic boundary around the base of Bed 139 (~576 m).   

 

Notably, the first occurrence of Cerebropollenites mesozoicus indicates an age no older than 

the Sinemurian Age (Morbey, 1978), independently supported by evidence from offshore 

well, Norway (Millioud et al., 1980 ). 

 

The genus Classopollis is distributed across the world in the Upper Triassic-Upper 

Cretaceous (Turonian) strata (Reyre 1970; Srivastava, 1976). The first increase of the genus 

Classopollis in strata is reported as a marker around the latest Early Jurassic (Vakhrameyev, 

1991). This first increase had also been documented occurring at the passage of Pliensbachian 

and the Toarcian and referred to the Early Toarcian thermal event (Vakhrameyev, 1982, 

1991). In the Kuqa section, the first increasing Classopollis was independently reported in the 

Kezilernuer Fm by different authors (Zhang W. P., 1990; Liu 1999a). Zhang W. P. illustrated 

the top of Kezilernuer Fm, Bed 59 in the Section II around Baicheng area and the top of 

Kezilernuer Fm in the Kuqa section. However, Liu (1999a) did not point out the specific beds 

in the Kuqa section. Therefore, the top horizon of our sampling in the lower part of the 

Kezilernuer Fm, Kuqa section (Figure 4.5) is likely earlier than the Early Toarcian Age. 

 

Trilobosporites antiques was discovered in the bottom part of the Kezilernuer Fm around the 

Kuqa section (Liu, 1999b). This kind of pollen was also reported in the Lower Jurassic 
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around the Surat Basin, Australia (Reiser and Williams, 1969).  In addition, Liu, (1999b) 

correlated the pollen data in the Kuqa section with those from the Surat Basin.  He placed the 

Kezilenuer Fm into the Middle Jurassic without giving any further explanation or citation. A 

logic gap is overlooked in this reasoning, probably because Liu, (1999b) did not combine all 

the available pollen data in the Jurassic Kuqa section, and thus did not notice that the 

occurrence of Trilobosporites antiques at the bottom of Kezilernuer Fm is the first occurrence. 

Therefore, the author (Liu, 1999b) just follows previous lithostratigraphic divisions in the 

official Regional Geological Survey Report. In summary, the first occurrence of 

Trilobosporites antiques indicates that the bottom of Kezilernuer Fm unambiguously belongs 

in the Lower Jurassic rather than into the boundary between Lower and Middle Jurassic as 

otherwise thought (see lithostratigraphic divisions and references therein, Table 4.1).  

 

In the Figure 4.5, the pollen and miospores which exist constantly through the whole study 

strata from -158 m to 680 m are not presented, because they have no stratigraphic 

significance (see dataset, Appendix D). These Pollen and miospores are: Araucariacites. sp., 

Piceites expositus, Piceites podocarpoides, Densoisporites scanicus, Classopollis sp., 

Osmundacidites wellmanii, Psophosphaera sp. and P. spp., Piceaepollenites 

complanatiformis, Podocarpidites multicinus, Podocarpidites sp. and P. spp., Quadraeculina  

limbata, Quadraeculina  sp. and Q. spp., Abietineaepollenites sp. and A. spp., 

Piceaepollenites sp. and P. spp., Piceites sp. and P. spp., Pinuspollenites divulgatus, 

Pinuspollenites sp. and P. spp., Cyclogranisporites sp. and C. spp., Pinuspollenites pernobilis, 

Cadargasporites sp. and C. spp., Chordasporites sp. and C. spp., Protoconiferus sp. and P. 

spp., Araucariacites australis, Alisporites sp. and A. spp..   
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4.4 Sampling and method  

4.4.1 Sampling 

 

The samples were collected from the Triassic–Jurassic sequences at the Kuqa section around 

the Kuqa River area, Kuqa County, North Tarim Basin, Xinjiang Province, China. GPS 

location: 42°9'10.20’N, 83°10'34.10’E (Figure 2). In the Kuqa section, two days’ field work 

was carried out in 2004 by Stephen Hesselbo, Shenhui Deng and Yuanzheng Lu, and three 

days’ field work was carried out by Linhao Fang and Yuanzheng Lu in 2010.  Linhao Fang 

made the field observations, lithological descriptions and photographs, generated the detailed 

lithostratigraphic log in field notebooks, and collected part of the samples. Yuanzheng Lu 

guided identification of the lithostratigraphic units and then aided labelling and sampling. To 

the best of our understanding, there is no major hiatus through the whole working outcrop in 

the Kuqa section.  

 

When the samples were collected in the field, the sampling materials were concentrated on 

fossil wood, including charcoal and coalified wood. For the strata without wood fossils, the 

carbon-rich mudstone or the coal was collected for bulk organic carbon-isotope analysis.  

Isolated wood macrofossils can be readily recognized. For fossil wood preserved in coal 

seams required more care in identification. Each sample was examined by naked eye in the 

field and under microscope in the laboratory (see the detailed description and the examined 

results in Appendix D.3 and Appendix D.4). Selected samples, which ranged from typical 

fossil wood to ambiguous or definite non-wood, were observed using scanning electronic 

microscopy (SEM) (see Appendix D.4).  
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4.4.2 Method 

4.4.2.1 Pre-treatment and preparation   

 

Samples were prepared in the Wet Chemistry Laboratory, Department of Earth Sciences, 

University of Oxford, UK.  

 

With regard to fossil wood, a 0.5 to 1 g sample was placed into the 15 ml centrifuge tube and 

deionized water added. The tube was placed into an ultrasonic bath for 10 minutes to clean 

the surface dust and then dirty water removed. This procedure was repeated 2 to 3 times until 

the deionized water remained clear after ultrasonic washing. Subsequently, hydrochloric acid 

(30%) was added to remove carbonate and sulphur while placing the centrifuge tube into the 

55°C water bath on a magnetic-stirrer. The cap of the centrifuge tube was released, in order to 

release the CO2 and gaseous sulphur. After 2 or 3 hours, after yellowing of the hydrochloric 

acid (part of the elemental sulphur dissolves into the acid) the acid was replaced by new 

hydrochloric acid (30%). This water bath procedure under hydrochloric acid was repeated for 

5 to 10 times until the acid remained clear at the end of a 2 or 3-hour reaction. After 

decanting, the sample was washed with deionized water until the pH approached 7. The fossil 

wood was dried at 55 °C in an oven for 48 hours ready for weighing out.  

 

With regard to the bulk organic matter, a 3 to 5 g sample was placed in a glass beaker and 

deionized water added. The ultrasonic surface-washing procedure was the same as that of 

fossil wood. After the surface was cleaned up, the organic matter sample was dried at 55 °C 

in an oven for 48 hours. The dried organic matter sample was then powdered by silica mortar 

and collected into 50 ml centrifuge tube. Hydrochloric acid (30%) was slowly added into the 

centrifuge tube to remove carbonate and sulphur in a 55 °C water bath on the magnetic-stirrer 
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for 2 or 3 hours. Subsequently, the following procedures are the same as that for fossil wood 

above, except for the acid or water removal. Due to the bulk organic matter being in powder 

state, before the liquid poured out from the 50 ml centrifuge tube, the samples were 

centrifuged to firmly deposit solid matter at the bottom of centrifuge tube.  

 

4.4.2.2 Carbon-isotope measurement 

 

The samples for analysis were weighed out and sealed in 5 x 8 mm tin capsules. These 

samples were run on a Sercon Europa EA-GSL sample converter connected to a Sercon 20-

22 Stable Isotope Ratio Mass Spectrometer running in continuous flow mode with a Helium 

carrier gas with a flow rate of 70 ml per min. Carbon isotope ratios were measured against an 

internal alanine standard (δ13Calanine = -26.9 ± 0.2‰ V-PDB) using a single point calibration 

at the Research Laboratory for Archaeology and History of Art (RLAHA), University of 

Oxford, UK.  The in-house RLAHA alanine standard is checked weekly against USGS40, 

USGS41 and IAEA-CH6 international reference materials. Thus the reported results are 

traceable back to the V-PDB international standard. 
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4.5 Results  

4.5.1 Stratigraphic boundaries based on biological turnovers  

 

The stratigraphic boundaries that are defined by the biological events are synthetically 

presented in Figure 4.6. The Triassic–Jurassic boundary zone (marked as Boundary A, see 

Figure 4.6) is constrained around Bed 35 to Bed 37 (~0 m to ~18 m) by the three kinds of 

biological records consistently (also see Section 3.3). The boundary (marked as Boundary B, 

see Figure 4.6) at Bed 43 to Bed 46 (~42 m to ~55 m) shows consistency across different 

datasets, although the megaspores exhibits turnover a bit earlier. The boundary (marked as 

Boundary D, see Figure 4.6) at the base of Bed 139 (~580 m) is the most consistent, as the 

three boundaries of plant macrofossil, pollen and megaspore events occur closely in the same 

horizon. The boundary (marked as Boundary C, see Figure 4.6) at a relatively broad range 

from Bed 70 to Bed 75 (~246 m to ~278 m), is defined by the three kinds of biostratigraphy. 

Besides, the plant macrofossil and pollen boundaries are fairly close and narrowed to Bed 74 

to Bed 75 (~270 m to ~278 m). At the horizon (marked as Boundary C’, see Figure 4.6) about 

Bed 89 to Bed 94 (~340 m to ~355 m), only plant macrofossils and megaspores indicate 

biological event boundaries, whereas plant macrofossils seem not to be distinctly influenced 

at interval. Interestingly, the pollen event boundaries appear always slightly earlier than the 

boundaries defined by the plant macrofossils.  
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Figure 4.6. A synthesis of biostratigraphic boundaries. Red dashed line = boundary of megaspore event, green dashed line = boundary of pollen event, and blue dashed line = boundary of plant macrofossil 
event. Yellow shadow = Triassic-Jurassic boundary zone. Boundary A, B, C, C’ D are marked for the identified boundaries of biological events.   
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These abrupt changes in floras documented in the Kuqa section should reflect the real biotic 

turnover due to fluctuation in the ecosystems rather than indicate the presence of a hiatus. 

There are two lines of evidence supporting this inference. First, the hiatuses tend to occur in 

the conglomerate beds of fluvial channel facies, but no remarkable erosional surfaces have 

been observed on the base of the base of conglomerate beds in field of this study. In addition 

to the observation and analysis of sedimentary facies, there are no major hiatuses identified 

on basis of carbon-isotope stratigraphy, as no abrupt changes in carbon-isotope values took 

place through the whole working section.  

 

4.5.2 Carbon-isotope stratigraphy in the Kuqa section 

 

The 114 carbon-isotope data from fossil wood and 15 data from bulk organic matters were 

generated. Carbon-isotope stratigraphy plotted against the lithological succession in the Kuqa 

section is presented in Column A (Figure 4.7). Some of the most notable points are as follows:  

 

1) The red diamonds represent fossil wood and the black dots represent bulk organic matter. 

The bulk organic matter is generated as a supplement when the fossil wood is rare or absent 

in the horizons. Thus, there are only a few close horizons with data of both bulk organic 

matter and fossil wood. However, for these points, the carbon isotope values of fossil wood 

are similar to that of the bulk organic matter. The trend of the carbon-isotope curve of fossil 

wood is broadly consistent with that of the bulk organic matter. From ~270 m to ~585 m, 

carbon-isotope curves of fossil wood and bulk organic matter both exhibit a trend towards 

heavier values.  
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2) The carbon-isotope values present systematic positive and negative fluctuations against the 

lithostratigraphy through the latest Triassic to the Early Jurassic (Figure 4.6). The majority of 

adjacent points fluctuate commonly within the amplitude of 2 per mil. A good carbon-isotope 

stratigraphic character is documented.  

 

Looking at the general trends of carbon-isotope profiles, overall there is an increase from 

relatively light carbon-isotope values (-28‰ to -25 ‰) below Boundary A and around 

Boundary B to heavier values (-23‰ to -21 ‰) around Boundary D (Figure 4.6). Before the 

Triassic (i.e. below Boundary A), carbon-isotope values are generally relatively light, but 

they are heavier than those of interval ~18 m to ~150 m. Through the whole section, the 

maximum points appear in the bulk organic matter at ~543 m (at about -20‰) and in the 

fossil wood at ~595 m (at about -21‰). The minimum points are present at ~100 m (at about 

-28‰) in the fossil wood but there is no carbon isotope of bulk organic matter from this level.  

3) As introduced previously, most excursions between two adjacent points are limited within 

a 2‰ range; thus the points that vary more than 2‰ amplitude are noticeable. These points 

are  

respectively at ~18 m associated with the Triassic–Jurassic boundary zone, ~198 m 

associated with the top of thick-bedded conglomerate strata, ~230 m associated with the base 

of a conglomerate bed, and ~598 m associated with the top of a sandstone bed (relatively 

coarse to the black shales upward). Noticeably, except for the two points at 0 m and 10 m 

around Boundary A, all other points with larger adjacent excursions are turning from heavy 

into light carbon-isotope values (see Section 4.6.2).    

 

4) The horizons at ~ 0 m, and 10 m to 18 m are unusual in that carbon-isotope values at these 

horizons rapidly increase with the amplitude of more than 2‰, and then promptly descend 
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into lower values. The abnormal intervals suggest a dramatic carbon-isotope fluctuation and 

infer a remarkable perturbation in the exchangeable carbon reservoirs.   

 

5) The lowest horizons of laminated mudstones tend to have relatively light carbon isotope 

values, for example, at the base of Bed 75 (~275 m) and at the base of Bed 143 (~598 m). All 

boundaries in Figure 4.6 except for Boundary C’ (probably due to low-resolution records in 

this boundary), are associated to some extent with negative excursions of 1‰ to 2‰.  

 

4.5.3 Global correlations 

 

The tentative global correlation of the carbon-isotope stratigraphy is presented in Figure 7, 

supported by the integrated biostratigraphy as previously discussed (see Section 4.3). Column 

A represents carbon-isotope stratigraphy as documented in fossil wood, which is through the 

Late Sinemurian to Early Toarcian and collected from Robin Hood’s Bay, Yorkshire, 

England (Korte and Hesselbo 2011). Column B represents the carbon-isotope stratigraphy 

derived from fossil wood and terrestrial bulk organic matter from the Kuqa section. Column 

C represents the carbon-isotope stratigraphy against the time axis documented in the 

inorganic carbonate, which is derived from the belemnite (blue diamond) or bivalves (red 

square) around the Tethys realm, UK and Portugal (compiled and succeeded by Dera et al., 

2011 from published literature).  Carbon-isotope stratigraphic records in the Column A and 

Column C are well defined by ammonite zones. 
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Figure 4.7. Global correlation of the carbon-isotope stratigraphy from both terrestrial (/atmosphere) and marine reservoirs. Column A is generated from fossil wood in England (Korte and Hesselbo 2011); 
Column B is generated from fossil wood in the Kuqa section N Tarim Basin, NW China; and Column C presents the carbon-isotope stratigraphy from inorganic carbonate of mostly UK sections (Jenkyns et 
al., 2002; Korte et al., 2011). All data have been calibrated to the GTS 2012, and the correlation is based on biostratigraphy. 
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On the basis of biostratigraphy, the carbon-isotope stratigraphy documented in fossil wood 

from England can be coherently correlated with entirely terrestrial carbon-isotope 

stratigraphy in Column B from the Kuqa section. During the same age interval, overall trends 

with positive or negative excursions are present in both records, from the Late Sinemurian to 

Late Pliensbachian (Figure 4.7). 

 

Comparing the two curves, the Early Pliensbachian to Late Pliensbachian shows a positive 

excursion of ~5‰ both in fossil wood in England (Column A, from ~28‰ to ~23‰) and 

fossil wood in the Kuqa section (Column B, from ~27‰ to ~22‰). The negative excursion 

through the boundary between the latest Late Sinemurian and earliest Early Pliensbachian 

reaches ~4‰ both in Column A (from ~28‰ to ~24‰) and Column B (from ~27‰ to 

~23‰), if only one point heavier than -23‰ is ignored in Column A. It is noted that there 

seems to be an offset by ~1‰ between curves of Column A and Column B, in which the 

carbon-isotope stratigraphy is derived from the fossil wood. 

 

In terms of biostratigraphy, the carbon-isotope stratigraphy documented in belemnites or 

bivalves from UK and Portugal, Column C can be correlated with Column B very well. The 

isotopically positive or negative carbon-isotope excursions are consistently present in both 

Column B and Column C from the earliest Triassic to the Late Pliensbachian (Figure 4.7).  

 

Specifically, a long-term negative carbon-isotope excursion is well documented in the both 

terrestrial fossil wood and marine carbonates (belemnites and bivalves) in the Sinemurian. 

This long-term negative excursion starts with a rapid negative shift and then maintains the 

relatively light carbon-isotope values through the entire Sinemurian. Through the Sinemurian, 

the overall trends start with light carbon-isotope values evolving into relatively heavy isotope 
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values, then returning to relatively light values again before the end of the Sinemurian. 

Upwards in the section, the Early Pliensbachian interval continues to show strong similarities 

between Column A and Column B: here is an unambiguous trend towards isotopically heavy 

values from the Early Pliensbachian to the Late Pliensbachian both in Column A (from ~28‰ 

to ~23‰) and Column C (from ~-1 to ~3‰).  

 

In the Late Pliensbachian interval, fossil wood in Column A documents abnormally heavy 

carbon-isotope values, and the belemnites (or bivalves) from UK and Portugal in Column C 

just exhibits a trend towards to heavier values without abnormally heavy isotopes. In the 

Kuqa dataset Column B, there is a general increasingly heavy isotope trend in the Late 

Pliensbachian. However, the carbon-isotope stratigraphy presented in Column B seems to be 

far from the entire Late Pliensbachian, assuming the sedimentation rate would not 

dramatically vary without any noteworthy tectonic movement. The Early Pliensbachian strata 

are ~300 m thick, whereas Late Pliensbachian strata here are just logged as ~100 m thick: the 

Early Pliensbachian ~3.3 Myr but the Late Pliensbachian lasted for ~4.8 Myr (according to 

GST 2012).  
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4.6 Discussion  

4.6.1 A tentative proposal on revising the chronologic division in the Kuqa 

section, N Tarim, NW China 

 

A revised chronology of the Kuqa section is proposed in the present chapter, based on a 

combination of the traditional lithostratigraphy, magnetostratigraphy, newly compiled and 

analysed biostratigraphic dataset (including plant macrofossils, pollen and misosproes, and 

megaspores), and carbon-isotope stratigraphy.  

 

According to previous authors, the boundary between the Early Jurassic and Middle Jurassic 

is recognized at the end of Yangxia Fm in the Kuqa section and also around the whole N 

Tarim region (Wang et al., 2004; and see Section 4.3.1 and Table 4.1). The new results in the 

present chapter clearly illustrate that the upper part of Yangxia Fm still stay in the Late 

Pliensbachian (even in the early Late Pliensbachian). As the duration of Toarcian and the 

Late Pliensbachian are respectively 8.6 Myr and 4.8 Myr (according to GTS2012), the age of 

Yangxia Fm should be at least ~10 Myr earlier than conventional chronologic schemes, as 

long as the field observation and inference of lack of major hiatus is correct. The regional 

chronological division in the N Tarim could also be largely revised, although it is admitted 

that further independent evidence and tests are necessary.     

 

The establishing ‘floating’ astronomical time scales in the Jurassic provide much of improved 

age duration for the Jurassic system (GTS 2012, Chapter 26). The duration of the Hettangian 

is shortened to 2.0 Myr, but the Sinemurian, Pliensbachian, and Toarcian is extended to 8.5 

Myr, 8.1 Myr, and 8.6 Myr, respectively (GTS 2012, Chapter 26). This revision should be 
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paid attention when the sedimentation rates are estimated in study of the regional 

chronological schemes.  

 

4.6.2 The exact position of the Triassic–Jurassic boundary in the Kuqa 

section, N Tarim Basin 

 

Based on the integrated biostratigraphic data, the Triassic–Jurassic boundary is located at a 

transitional zone between the Taliqike Fm and the Ahe Fm. However, it is difficult to work 

out whether the definite boundary horizon should be identified on the top surface of Bed 37, 

or around 18 metres lower, on the top surface of Bed 34. Because the basal deposits of the 

Bed 38 are conglomerates, the top surface of Bed 37 has previously been considered as the 

Triassic–Jurassic boundary (Zhang L. J., 1980; Liu, 1999b, 1999c; Wang et al., 2004) due to 

its being the boundary of the lithostratigraphic units (Figure 4.7).  

 

Interestingly, the top surface of Bed 34 is characterized by distinct deformation structures 

(convolute bedding), which seem to be the structure of seismites (field notes of S.P. Hesselbo, 

2004). Both the character of the structure and the occurrence at the Triassic–Jurassic 

boundary recall similar phenomena in NW Europe (Mayall, 1983). The unique seismite from 

the latest Triassic are extensively documented around the United Kingdom (across > 250,000 

km2) and they are inferred as the evidence for bolide impact occurring at the end of Triassic 

(Simms, 2003). Deformation depositional structures coincide with the abrupt (> 2‰ at two 

adjacent points, see Section 4.5.2) carbon isotope positive excursions at ~ 0 m in the Kuqa 

section. This synchronous coincidence might suggest a cause-effect relationship, by which 

the bolide impact might trigger the sharp atmospheric carbon-isotope fluctuations due to an 

abrupt influence on ecosystems and synchronously yield soft-sediment deformation. 
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More interestingly, looking into the details of Figure 4.4, the 10 megaspore species sharply 

disappear at a same horizon above 0 m but below 18 m. This observation clearly suggests that 

a rapid disturbance in ecological system is presented below 18 m in the Kuqa section. 

Therefore, this evidence supports placement of the Triassic–Jurassic boundary at the 0 m. In 

the St Audries Bay section, the Triassic–Jurassic boundary is now placed at the top of the 

Langport Member - i.e. above the deformed bed (‘seismite’) and below the subsequent 

positive excursion (Korte et al., 2009). Moreover, palynological extinctions are abrupt and 

synchronous throughout the Newark Supergroup, USA (Fowell and Olsen, 1993) and the 

Eiberg basin, Austria (Bonis et al., 2009) going across the Triassic–Jurassic Boundary. 

 

Therefore, the present evidence and correlation suggest that the boundary should be placed at 

top of Bed 34 (~0 m). It is admitted that this identification is not conclusive and more lines of 

convincing evidence and intensive studies are still required in the future.  

 

4.6.3 Negative and positive excursions around the Triassic–Jurassic 

boundary  

 

The various analysis of materials around the Triassic–Jurassic boundary have been reported, 

including marine bulk carbonate (Galli et al., 2005; Galli et al., 2007; Van de Schootbruge et 

al., 2008), marine bulk organic matter (Ward et al., 2001; Pálfy et al., 2001; Hesselbo et al., 

2002; Galli et al., 2005; Ward et al., 2007; Williford et al., 2007; Kuerschner et al., 2007; 

Quan et al., 2008, Ruhl et al., 2009; Bonis et al., 2009, 2010), and the  entire terrestrial 

organic matter, such as fossil wood (Hesselbo et al., 2002), bulk leaf cuticles (Bacon et al., 

2011) and terrestrially derived organic compounds (Whiteside et al., 2010; Ruhl et al., 2011). 
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Negative carbon-isotope excursions are reported by several authors (Pálfy et al., 2001; 

Hesselbo et al., 2002; Quan et al., 2008; Korte et al., 2009; Bonis et al., 2009, 2010; Ruhl et 

al., 2009, 2011; Bacon et al., 2011) across and above the palaeontologically defined Triassic–

Jurassic boundary. On the other hand, positive carbon-isotope excursions are also reported 

(Ward et al., 2001, 2007; Williford et al., 2007) above the palaeontologically defined 

boundary. These positive carbon-isotope excursions are highlighted by distinctly heavy δ13C 

values relative to their ‘baseline value’. The observation of both positive and negative 

excursions around the Triassic–Jurassic boundary reported by the different authors from 

various locations appears to be a paradox. However, the so called ‘positive’ or ‘negative’ is 

relative to the ‘observed baseline value’ rather than to a fixed baseline value. If this argument 

can be accepted, when the published results are re-examined, it is readily found that some 

kind of relative positive excursion exists (located above the Triassic–Jurassic boundary but 

below the main negative isotope excursion)  in the literature, where the authors emphasize the 

negative excursions (Hesselbo et al., 2002; Quan et al., 2008; Korte et al., 2009; Ruhl et al., 

2009, 2011; Bonis et al., 2009, 2010): in the specific contexts, the different authors 

emphasised different points.  

 

As pointed out in Section 4.5.2, around the Triassic–Jurassic boundary in the Kuqa section, 

there are positive and negative carbon-isotope fluctuations (Figure 4.7, Column B). Below 

the main negative isotope excursion starting in the earliest Jurassic section, there is a distinct 

positive excursion interval (~0 to ~18 m) in the Kuqa section. This positive excursion interval 

comprises two peaks at ~0 m and ~18 m.  Although the upper positive peak (at ~18 m) is just 

defined by one point, if the one point is ignored, the positive excursion interval (~0 to ~18 m) 

still exists. Similarly, a positive peak interval at ~ 12 m below the earliest Jurassic main 

negative excursion is witnessed by the fossil wood from East Greenland despite a minor 
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hiatus (Hesselbo et al., 2002).  In the marine bulk organic matter, similar positive carbon- 

isotope fluctuations before the main negative carbon-isotope excursions are clearly observed 

in St. Audrie’s Bay, SW England with the positive peak ranging over ~5 m of strata 

(Hesselbo et al., 2002), in Kennecott Point, Western Canada with the positive peak ranging 

over ~50 m of strata (Williford et al., 2007), and in Muller Canyon, Nevada, USA with the 

positive peak ranging over ~20 m of strata (Guex et al., 2004; Ward et al., 2007). A positive 

carbon-isotope peak is observed in belemnites and bivalves in the earliest Jurassic (Figure 4.7, 

Column C). In addition, although the resolution of correlation between the terrestrial Kuqa 

section and marine European sections is not adequate for much comparative detail, the clear 

heavy carbon-isotope values at the very earliest Jurassic in the marine deposits do suggest 

that the positive peak interval (~0 m to ~18 m) at the Kuqa section is a reliable stratigraphic 

record rather than a record of local signals. In summary, the interval above the 

palaeontologically defined Triassic–Jurassic Boundary but below the main negative carbon-

isotope excursion consistently and widely shows relative positive carbon-isotope excursions 

at the Kuqa section and other locations across the world.    

 

However, it is difficult to conclude whether these positive δ13C excursions reported from 

various locations are synchronous or not, due to lack of sufficient age resolutions in the 

biostratigraphy. In order to make a robust correlation of carbon-isotope curves between the 

different locations, the same/similar time scales should be followed. The traditional basis of 

biostratigraphy provides not only an age tie-point constraint, in an alternative perspective, but 

naturally also a time-scale standard (e.g. in a scale of 105-106 years rather than in a scale of 

102-103 years). For instance, the carbon-isotope stratigraphic correlation over a long distance 

(e.g. from Europe to America) can be based on the biostratigraphy over a relatively long-time 

scale (e.g. over the whole Early Jurassic or across even longer time); nonetheless, the 
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biostratigraphic constraint for the correlation in a short-time scale (e.g. around the transitional 

zone of Triassic–Jurassic boundary which may be within ~1-2 Myr) may not work due to 

being insufficient stratigraphic resolution. In the latter case, biostratigraphy commonly 

provides a tie point rather than an internally calibrated ruler, as the resolution of 

biostratigraphy itself is commonly lower than that of chemostratigraphy. Moreover, when the 

correlation interval deviates further from the biostratigraphic tie points, the carbon-isotope 

stratigraphic correlation over a long distance becomes less and less certain. The problem is 

exacerbated when the correlation tie points are based on correlatable but not exactly the same 

fossil zones. Therefore keeping to the same/similar time scale or biostratigraphic scheme is 

an important premise for detailed chemstratigraphic correlation, as the resolution of 

biostratigraphy is commonly insufficient to give intensive chemstratigraphic correlation in 

detail.   

 

In conclusion, given the baseline values below the Triassic–Jurassic boundary the negative 

and positive excursions around the Triassic–Jurassic boundary might be not a paradox from a 

local chaos, but rather suggest global events of carbon-isotope perturbations.  

 

4.6.4 Perturbation of the atmospheric carbon cycle in a global scale and 

coupled ocean-atmospheric carbon-isotope reservoirs  

 

As the results presented in this chapter (see Figure 4.7 and Section 4.5.3), the carbon-isotope 

stratigraphy of fossil wood from the Kuqa section, N Tarim Basin can be coherently 

correlated with other fossil wood records from European locations across the Triassic–

Jurassic boundary (Hesselbo et al., 2002; Bacon et al., 2011) and through the Late 

Sinemurian and the Pliensbachian (Korte and Hesselbo, 2011). This nearly synchronous δ13C 
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excursion record from fossil wood indicates that the carbon-isotope stratigraphy from the 

Kuqa section registers global rather than only local characters. Moreover, the carbon-isotope 

stratigraphy derived from fossil wood documents δ13C fluctuations in atmospheric CO2 

(Farquhar et al., 1989; Arens and Jahren., 2000; Gröcke, 2002; Jahren et al., 2008), which 

can be used to infer perturbation of the carbon cycle in the atmospheric reservoir. Thus, an 

important perturbation of the atmospheric carbon cycle is reflected by the rapid negative and 

positive δ13C excursions around the Triassic–Jurassic boundary; and a relatively steady long-

term atmospheric evolution through the Early Jurassic is inferred by a relative steady δ13C 

trend (Figure 4.7).  

 

Furthermore, the terrestrial carbon-isotope stratigraphy from the Kuqa section can be also 

broadly correlated with the δ13C records derived from marine carbonates around the Triassic–

Jurassic boundary and through the Early Jurassic (Figure 4.7, Column C). The nearly 

synchronous δ13C fluctuations in the atmospheric and marine reservoirs suggest that ocean-

atmosphere carbon reservoirs are in a coupled situation both at the long term scale (inter-Age 

scale) evolutions, and at the short-term scale (within 1 Myr or even shorter) when dramatic 

carbon perturbations are taking place. Thus, the Triassic–Jurassic boundary and the Early 

Jurassic could undergo a co-evolution of ocean-atmospheric carbon reservoirs on a global 

scale. 
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4.7 Conclusions 

 

1) The carbon-isotope stratigraphy from the Kuqa section, N Tarim can be coherently 

correlated with both terrestrial and marine records globally, on the basis of biostratigraphy. 

Specifically, the overall trends of positive and negative isotope excursions are closely 

synchronous and similar in contemporary intervals across various locations worldwide.   

 

2) A revised chronological division of the lithostratigraphic units in the Kuqa section is 

proposed on the basis of the newly compiled biostratigraphy and newly generated carbon-

isotope stratigraphy. The division of the Hettangian, Sinemurian and Early Pliensbachian 

stage are identified in the Kuqa section, N Tarim. The Yangxia Fm is more than 10 Myr older 

than previously identified, according to this new age assignment. The ages of other 

corresponding formations are updated as well. 

 

3) The success of stratigraphic correlation further verifies that carbon-isotope stratigraphy is a 

powerful tool for stratigraphic correlation over long distances, and particularly useful as a 

bridge between the marine and terrestrial strata. In addition, carbon-isotope stratigraphy can 

greatly improve the resolution of stratigraphic correlations.  

 

4) The exact horizon of the Triassic–Jurassic boundary has been disputed and suggested, on 

the basis of the new results in the present chapter. The available lines of evidence prefer that 

the boundary be placed at the top of Bed 34 (~0 m). This differs with the traditional ideas that 

are primarily based on the boundary of lithostratigraphic units.  
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5) The soft-sediment deformation bed immediately below the Triassic–Jurassic boundary in 

the Kuqa section clearly resembles those in NW Europe. The similar features, such as 

positions just below the Triassic–Jurassic boundary, rapid carbon-isotope disturbance, and a 

dramatic change in biostratigraphic records, suggest a potentially common origin, which may 

be associated with a huge bolide impact.  

 

6) As the carbon-isotope stratigraphy from the Kuqa section correlate globally very well, the 

synchronous carbon-isotope excursions suggest that the carbon-cycle perturbations on a 

global scale occurred across the Triassic–Jurassic boundary on the short term and through the 

Early Jurassic on the long term. The results imply that the atmosphere and ocean carbon 

reservoirs were coupled during this interval. 

 

7) Palynological overturns, especially for megaspores, are unambiguously documented in the 

Kuqa section across the Triassic–Jurassic boundary. This biological disturbance can be 

correlated with the terrestrial ecological system in the Newark basin, USA and Eiberg basin, 

Austria through the same time interval. This long spatial distance suggests a significant crisis 

in terrestrial ecosystems globally occurring during the same time.    
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5.1 Conclusions  

 

The work presented in this thesis made use of the three case studies to explore terrestrial 

carbon-isotope stratigraphy, which recorded the fluctuations of exchangeable carbon 

reservoirs in the Early to Middle Miocene and Triassic-Jurassic boundary to the Early 

Jurassic. 

 

For the case study in the New Jersey margin, coherent stratigraphic trends and excursions in 

carbon-isotope values are observed for a variety of sedimentary organic matter components, 

specifically including: concentrated phytoclast separates, individually picked woody 

phytoclasts, and bulk organic matter adjusted on the basis of C/N ratios to be equivalent to 

vascular plant debris. The raw bulk carbon-isotope values from the shallow-marine deposits 

are based on mixed marine-terrestrial components resulting in quite ‘noisy’ signals. The 

carbon-isotope stratigraphic correlation among the three New Jersey margin boreholes shows 

good consistency. With important exceptions, there is little or no observational support for 

significant reworking, degradation or diagenetic alteration, or floral change in the hinterland. 

The terrestrial carbon-isotope stratigraphy for the New Jersey margin does not match well 

with the positive carbon-isotope excursions based on benthic and planktonic foraminifers 

from oceanic settings during the mid-Miocene (Langhian) Monterey Event. The terrestrial 

carbon-isotope stratigraphic records in the Burdigalian from Site 29 yield a relatively heavy 

isotopic signature compared to Langhian. This Burdigalian interval from Site 29 underwent 

relatively low sedimentation rate and is notably associated with glauconite occurrence. The 

most likely explanation for notably heavy carbon-isotope records in the Burdigalian interval 

is that reworking deposition of phytoclast from older strata has occurred in clinoform toe-of-

slope facies. 
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For the case study in the Danish North Sea Basin shallow shelf, coherent terrestrial carbon-

isotope stratigraphic signatures are observed in both concentrated phytoclast separates and 

raw palynological residues in each borehole. Consistent carbon-isotope stratigraphy is 

observed in the two local boreholes. There are no distant positive carbon-isotope excursions 

observed in the terrestrial carbon-isotope stratigraphy for the depositional interval equivalent 

to the mid-Miocene (Langhian) Monterey Event. The sediments with abundant glauconite 

occurrence that resemble those in the New Jersey case study coincide with relatively heavy 

carbon-isotope values and were associated with low sedimentation rate, but the notable 

interval in the two boreholes from the Danish North Sea is in the Serravallian; in contrast to 

the heavy values in the Burdigalian at Site 29, New Jersey margin. The terrestrial carbon-

isotope stratigraphy of New Jersey shelf can be broadly correlated with the terrestrial carbon-

isotope stratigraphic records in time-equivalent strata in North Sea Basin, except for the 

glauconitic interval with notably heavy carbon-isotope values in respective strata.  

 

The case study of the Triassic-Jurassic boundary to the Early Jurassic involves the entire 

fluvial and lacustrine sediments in the Kuqa section, N Tarim Basin, NW China. The 

terrestrial carbon-isotope stratigraphy mainly based on fossil wood from the Kuqa section can 

be consistently correlated with both terrestrial and marine records globally. In light of the 

composite biostratigraphy and globally correlatable carbon-isotope stratigraphy established in 

this work the stratigraphic resolution is significantly improved and the Hettangian, 

Sinemurian and Early Pliensbachian stage are identified in the Kuqa section for the first time. 

An exact horizon of Triassic-Jurassic boundary in the Kuqa section is suggested. A 

remarkable soft-sediment deformation bed that resembles European examples in age 

equivalent strata is reported. A coupled situation of atmosphere-ocean carbon reservoirs is 

inferred across the Triassic–Jurassic boundary in the short term and through the Early 



 Conclusions Chapter 5 

159 
 

Jurassic in the long term. Palynological turnovers in the Kuqa section across the Triassic-

Jurassic boundary coincide with other terrestrial ecosystems such as in the Newark Basin, 

USA and Eiberg Basin, Austria, and support the idea of a global biological crisis on land at 

that interval of geological time. 

 

Overall, a series of potential pitfalls for utility of the terrestrial carbon-isotope stratigraphy as 

a chemostratigraphic tool have been investigated in the present thesis. A range of biases for 

reliable carbon-isotope stratigraphy mainly include: reworking from older deposits, changes 

in drainage and/or river input, environmental factors affecting vegetation in the sediment 

source areas, changes in the ratio of marine to terrestrial organic matter derived from 

shallow-marine margins, reduced sedimentation rate associated with glauconite occurrence, 

and diagenesis during and after deposition (e.g. due to selective degradation and oxygen 

availability during taphonomy). These possible biases were assessed in each specific study. 

The knowledge acquired in this thesis is useful to improve future terrestrial carbon-isotope 

stratigraphic application to regional and global stratigraphic correlation and 

palaoenvironmental reconstruction.  

 

With the major potentially biased influence excluded, the success of stratigraphic correlation 

in the three case studies indicates that carbon-isotope stratigraphy based on woody materials 

is a powerful tool for the stratigraphic correlation locally and globally. It can be particularly 

useful to link marine and terrestrial strata and significantly improve chronostratigraphic 

resolution in both marine and terrestrial strata. 
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5.2 Outlook  

 

Carbon-isotope stratigraphy has proved a powerful tool for stratigraphic correlation. The 

future technological development of terrestrial carbon-isotope stratigraphy can be seen in 

perspective as follows: 

 

1) If the wood-derived biomarkers could be recovered from deep marine sediments and 

measured isotopically, this would facilitate a new realm of ‘deep ocean terrestrial carbon-

isotope stratigraphy’. As the deep ocean sediments tend to deposit continuously so that they 

potentially permit a high-resolution and continuous terrestrial carbon-isotope stratigraphy in 

the deep marine sedimentary sequences. Moreover, most deep ocean basins accumulate the 

terrestrial-derived biomarkers with mixed sources from various continents. Thus, this kind of 

carbon-isotope stratigraphic curve may be more complete and better suited for establishing a 

standard for a global terrestrial carbon-isotope stratigraphic correlation and more 

representative of terrestrial carbon-isotope stratigraphic records for global carbon cycling. 

 

Some terrestrially derived biomarkers could faithfully archive the original carbon-isotope 

signals registered during plant growth, regardless of the degree of degradation by bacteria, or 

other chemical or physical processes during diagenesis (see details in Appendix A).  

 

2) Pollen can document reliable carbon-isotope values as well as fossil wood (Jahren, 2004; 

Loader and Hemming, 2004). Pollen containing certain age information thus can provide 

some age constraint when carbon-isotope stratigraphy is based on pollen carbon-isotope 

values. With the advancement of technology in future, carbon-isotope stratigraphy based on 

the mixed pieces of pollen or a single piece of pollen could be possible. Single-pollen carbon-
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isotope stratigraphy could be promising for both shallow marine and terrestrial sediments in 

various lithologies even in red mudstone strata.  

 

These newly exploring realms can allow us to resolve Earth science questions on a scale as 

large as the Earth itself.  
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Appendix A  

Theoretical consideration on why the individual biomarkers in high molecular weight 

can faithfully maintain the original carbon-isotope signals, regardless of the degree of 

degradation by bacteria, or other chemical or physical processes during diagenesis.   

 

A modified version of the Appendix A was prepared for a manuscript as: Linhao Fang, 

Boshen Wu, Does carbon isotope remain original in an individual organic compound 

during diagenesis? It is reproduced here in thesis format. This appendix was contributed as 

follows:  

 

• L. Fang contributed the initial ideas and wrote up the manuscript.   

• B. Wu made much contribution to improve ideas, especially, in charge of the accurate 

usage of knowledge about organic chemistry.  

• L. Fang and B. Wu together discussed and modified the manuscript up to current 

version.   
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Do carbon isotopes remain original in individual organic compounds 

during diagenesis? 

Abstract  

The stable carbon(C)-isotope value (δ13C) from organic matter (OM) is a very useful 

measurement both for researching carbon cycle perturbations over Earth history and for 

monitoring modern environmental hydrocarbon contaminants. Widely used δ13C values of 

bulk OM are always questionable, as bulk OM is composed of multiple components, which 

potentially originate from diverse sources and which undergo selective preservation among 

different components. Logically, concentration on an individual organic compound can 

eliminate δ13C values biased by diverse sources and/or selective preservation. However, does 

C-isotope fractionation occur in individual organic compounds during diagenesis? Empirical 

data in literature provide conflicting phenomena with absence or presence of δ13C values 

changing in individual organic compounds after diagenesis. To address this conflict, a 

theoretical solution is proposed on basis of combination of the Rayleigh fractionation 

equation and the Bigeleisen theory of isotopic effects. This theoretical consideration 

illustrates that C-isotope fractionation will reduce to an undetectable level when molecular 

weight rises beyond a threshold (specific thresholds subject to the compound types and 

reaction conditions). Two experienced threshold values are estimated on the basis of 

empirical data from published literature. Although the theory-based study agrees with all 

current high-quality empirical reports, further experimental studies are required for 

verification. Furthermore, implications and predictions are reached that high molecular-

weight compounds and natural polymers (e.g. lignin) maintain their original C-isotope values, 

no matter what percentage has been degraded by bacteria or by other diagenetic processes.   
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1. Introduction 

The stable carbon(C)-isotope value (δ13C) derived from sedimentary organic matter (OM) has 

been broadly employed to investigate global carbon perturbation (Hesselbo et al., 2000; 

Peters-Kotting et al., 2006; Sluijs et al., 2007), δ13C of palaeo-atmospheric carbon dioxide 

(Arens et al., 2000; Gröcke, 2002; Jahren et al., 2008), vegetation composition and glacial-

interglacial evolution (Huang et al., 1999a, 1999b), palaeoenvironmental changes (e.g. 

temperature, humidity or aribdity, via water-use efficiency of terrestrial plants) (Bechtel et al., 

2008), OM provenance (Pancost and Boot, 2006), C-isotope shifts associated with mass 

extinction (Arinobu et al., 1999), changes of temperature-stratified palaeo-oceans (Schoell et 

al., 1994), and modern environmental monitors (O'Malley et. al., 1994, 1996). When these 

applications are examined in-depth studies, it is found that many authors generated δ13C from 

various OM, such as bulk OM, fossil wood, charcoal, coal, phytoclasts and individual 

compounds, including cellulose, lignin monomers, phytane, pristine, long-chain compounds, 

sterane and hopane, etc.(Table Appendix A.1).   

However, there are two primary challenges in use of δ13C generated from bulk OM to 

reconstruct reliable ancient information. Firstly, although bulk OM δ13C data are the most 

commonly reported due to their relatively simple measurement, bulk OM always consists of 

components from diverse sources, which are normally registered by different δ13C signatures.  

For instance, the bulk OM collected from marine shelf deposits contains OM of both marine 

plankton and land plant tissues, which are very distinct in the δ13C values (Sluijs and Dickens, 

2012).  Even just land plants show very different C-isotope signatures in different 

photosynthetic types (GrÖcke 2002, and references therein). For example, C3 plants have 

values ranging between -23 ‰ and -34‰ (averaging -27‰), while C4 plants have values 

ranging between -8 ‰ and -16‰ (averaging -13‰). Therefore, the uncertainty of  
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Table Appendix A.1. δ13C studies from different compositions of organic matter (OM)  

Reference  Bulk 
OM 

Wood 
fossil 

Char
‐coal 

Coal  Phytoclasts  specific compounds  Others 

Cellulose  lignin (monomers)  Phytane 
 

pristine  Long‐chain compounds 

Bechtel et al., 2008    √    √    √           

Hesselbo et al., 
2000 

√  √  √  √              Extracted organic matter by 
organic solvent 

Huang et al., 1999 ‐ 
geology 

√            √      n‐alkanes    

Huang et al., 1999a‐
GCA  

√                  n‐alkanes,  n‐Acids,   
n‐alkanols,  Isoprenoid alkenes 

 
 

Pagni et al., 1999b ‐                √  √     

Schoell et al., 
1994 

                    sterane and hopane (marine 
dominantly) 

Peters‐Kotting et 
al., 2006 

√  √    √              coalified cuticules 
 

Sluijs et al., 2007                     Predominantly derived from 
dinocysts Apectodinium 
(marine only) 

Sluijs and 
Dickens, 2012 

√                     

Aren et al., 2000                     Various modern plants 

GrÖcke, 2002  √  √                   

Jahren et al., 
2008 

                    Modern plants 

Arinobu et al., 
1999 

                  n29‐alkanes,   

O'Malley et. al., 
1994 

                    polycyclic aromatic 
hydrocarbons (PAHs) 

Hasegawa, 1997         √             

Hesselbo and 
Pieńkowski, 2011 

        √             
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compositions and sources of the bulk OM is an inevitable flaw, which biases the true C-

isotope values during data interpretation.  

Secondly, even if OM in bulk derives from the same sources, a selective preservation (or 

alternatively viewed as a selective degradation) can lead to changes in the ratio of each 

composition in bulk OM. This alteration influences δ13C values measured from bulk OM, as 

different compositions are commonly characterized by different δ13C signatures (Hatcher et 

al., 1983; Benner et al., 1987; Hedges et al., 1999). Selective preservation can potentially take 

place during any stage of transportation or diagenesis.   

Logically, the two difficulties (diverse sources and selective preservation) can be surmounted 

by focusing on δ13C generated from an individual compound, especially when the compound 

is derived from a definite source, such as lignin, exclusively derived from the land higher 

plants. 

However, even though individual compounds are focused on, a question still arises: does C-

isotopic fractionation occur in an individual species of organic compound during diagenesis 

(including physical, chemical and biological alteration)? The empirical studies in previously 

published literature have offered a controversial answer. Several reports provide convincing 

evidence for no C-isotopic fractionation occurring in individual compounds during the 

processes of diagenesis (Huang et al., 1997; Mazeas et al., 2002), whereas other studies 

illustrate the unambiguous C-isotopic fractionation of individual compounds during 

diagenetic processes (Ahad et al., 2000; Masterson et al., 2001). To date, this dispute remains 

theoretically undefined (Galimov, 2006).  

To address the controversy, our present study aims to look into this conflicting phenomenon 

and to explore underlying mechanisms. The Rayleigh equation and the Bigeleisen theory are 

used to investigate the mechanisms of isotopic fractionation of individual organic compounds. 
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Combining these two theories, a possible theoretical explanation is proposed as to why 

isotopic fractionation of specific compounds in diagenetic processes falls down to an 

undetectable level when molecular weight is beyond a certain threshold, regardless of what 

the degree of degradation by bacteria, or any chemical or physical processes during 

diagenesis. Further implication suggests that some kinds of compound-specific proxies can 

faithfully record their original δ13C signatures over immense geological history and complex 

geological affects.  

2. Definition of diagenesis in the present paper 

The term ‘diagenesis’ was initially coined when Von Gümbel studied sedimentary rocks in 

1868. He intended to indicate the processes which occur in sediments after deposition without 

metamorphism, even though his case study actually mistakenly involved metamorphism due 

to knowledge limits at that age (Segonzac, 1968, developmental details reviewed). Walther 

(1893-1894), who devoted 18 papers to this concept, was the real founder of the modern 

understanding of the term, diagenesis. His definition of diagenesis referred to the diagenesis 

of organic deposits, but the interest was just concentrated on ‘carbonization of vegetal matter, 

silicification of wood, recrystallization and dolomitization of biogenic limestones, 

etc.’(Segonzac, 1968) without concerning degradation/decomposition of organic deposits, e.g. 

woody materials, algae, fungi.  

Up until the 1950s, sedimentologists particularly paid attention to debating the scope of 

diagenesis, because of two inconsistent paradigms of using diagenesis on restricted sense or 

broad sense. Some authors (Krumbein1947; Strakhov 1953, p.12; 1960; Brinkm 1961) 

narrowly defined diagenesis as only one of sedimentary stages which begins with 

‘immobilization in the bottom of a basin and continues as long as the series has not been 

affected by metamorphism’. Many other authors (Blackwelder 1947; Williams et al., 1955) 
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insisted on a broader meaning of processes involving transportation, deposition and after 

deposition but prior to metamorphism.  

Recently with the introduction to the study of OM in sediments, the concept ‘diagenesis’ is 

obliged to be extended on basis of conventional usages. Obviously, it is impossible to obtain 

explicit discussions and clear thoughts regarding alteration of δ13C in OM, until an inevitable 

definition of ‘diagenesis’ is clarified.  

So far, diagenesis is simply defined as ‘all the changes that take place in the sediments at low 

temperature and pressure after deposition (Oxford Dictionary of Earth Sciences, 2008)’ or 

more specifically defined as ‘the sum of all those physical, chemical and biological post-

depositional processes prior to the onset of metamorphism by which originally sedimentary 

assemblages and their interstitial pore waters react, and attempt to reach equilibrium with 

their evolving geochemical environment’ (The Encyclopedia of the Solid Earth Sciences, 

1993). When diagenesis is extended to OM, potentially ambiguous usage of diagenesis is 

commonly derived from two wording points: 1) ‘all the changes…’ or ‘the sum of all 

these…’, and 2) ‘after deposition’ or ‘post-depositional processes’.  

For point one, if one knows ANY kind of (bio)chemical or physical processes affecting to the 

OM (i.e. the wood is decayed), one can tell that diagenesis took place in OM. In other words, 

alteration in ANY component of OM must mean diagenesis. By contrast, diagenesis doesn’t 

necessarily mean alteration in ALL components.  

For point two, if diagenesis occurs in OM (e.g. a piece of wood), in light of current definition 

of diagenesis, the starting point is ‘after deposition’, which disregards the alteration during 

transportation (The Encyclopedia of the Solid Earth Sciences, 1993; Oxford Dictionary of 

Earth Sciences, 2008). If this definition is critically followed, the chemical component and 

physical situation of OM should be known at the moment immediately following the end of 
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transportation but before deposition, and then to be compared with that at the moment of the 

end of deposition but before metamorphism.   

 However, practically, many authors take a broader meaning of diagenesis when studying 

δ13C changes in OM. They make the original fresh OM as a starting point, because much 

(bio)chemical and  physical alteration occurs during transportation. Actually, the 

(bio)chemical and physical alteration of OM primarily takes places during pre-deposition and 

shallow burial (< 1-4 m) (Hatcher et al., 1983; Spiker and Hatcher, 1984). Systematic 

changes in δ 13C values are not normally observed in thermally immature OM due to deeper 

burial (Sackett, 1964; 1989; Hunt 1970; Dean et al., 1986; Jasper and Gagosian, 1990). 

Therefore, in the present account, definition of diagenesis is extended to include: all 

(bio)chemical and  physical alteration occurring previous to finial immobilization during 

transports and deposits, and occurring during post-deposition but not affected by 

metamorphism.  

3. Paradox of the empirical data 

Diagenesis consists of both (bio)chemical and physical changes. The (bio)chemical changes 

led by bacterial degradation are believed to play important roles in shaping the C-isotope 

values of OM in the natural world. Thus many empirical field observations and laboratory 

culture studies are reported regarding the C-isotopic effect derived from bacterial degradation.  

Controlled experiments show the absence of C-isotope fractionation for polycyclic aromatic 

hydrocarbons (PAHs) during aerobic bacterial degradation. Up to 90% PAH compound 2-

methylphenanthrene (C15H12) has been degraded by bacteria at the end of culture experiments, 

and at the end the δ13C values remain stable with a 0.2‰ fluctuation (Mazeas et al., 2002). 

However, when toluene (C7H8), a simple aromatic hydrocarbon, is used as a model 
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compound in aerobic microbial degradation experiments (Meckenstock, 1999), it shows a 

significant fractionation with varying α (fractionation factors). The maximum fractionation 

reaches 10‰ with an α at 1.0026±0.00017 when nearly all toluene materials run out after 25-

day experiments. The minimum fractionation is 4‰ with an α at 1.0015±0.00015 at the end 

of biodegradation (i.e. the end of experiments) where only 80% toluene materials are 

degraded for 40 days (Meckenstock, 1999). The author ended the later experiment at an 

arbitrary point that it was adequate to measure the fractionation value and α. If the 

experiment had been run until nearly all toluene had been degraded, what would the 

fractionation values have been? One may have found that there seems to be a relationship 

between fractionation values and fraction of material remaining at the end of biodegradation 

(i.e. the end of experiments in this example). A full discussion will be made in Section 4 

concerning this point.  

Similarly, many aromatic compounds demonstrate that C-isotope fractionation is present in 

some compounds but absent in others during bacterial degradation (O'Malley et al., 1994; 

Stehmeier et al., 1999; Ahad et al., 2000; Wilkes et al., 2000; Hunkeler et al., 2001; Morasch 

et al., 2001; Mancini et al., 2003).  

Other compounds with different types of chemical bonds and structure have been investigated. 

Laboratory experiments by culturing bacterial (Chung et al, 1988; Heraty et al., 1999; 

Boreham et al., 2001; Chan et al., 2012) and field observation (James and Burns, 1984; 

Pallasser et al., 2000) show large isotopic fractionations of low carbon-number (C1 - ~C5) 

compounds during biodegradation. Hydrocarbons with intermediate C numbers (~C6 - C9) 

also show consistent 13C-enrichment in the remaining substrate after the different degrees of 

biological breakdown (Masterson et al., 2001; George et al., 2002). The C10–C18 n-alkanes 

show significant or insignificant (Boreham et al., 2001; Sun et al., 2005) carbon-isotope 
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fractionation. Additionally, laboratory experiments (Mazeas et al., 2002) have demonstrated 

unchanged carbon isotopic compositions of n-alkanes (≥C19), consistent with field 

observations under heavy biodegradation (Huang et al., 1997; Mansuy 1997; Sun et al., 2005). 

These apparent patterns of C-isotope fractionation presence or absence are critically observed. 

The possible underlying mechanisms that control the presence or absence of C-isotope 

fractionation in individual compounds during physical and (bio)chemical processes (i.e. 

diagenesis) are discussed in the light of Rayleigh’s fractionation equation and Bigeleisen’s 

theory on isotope chemistry.    

4. The Rayleigh fractionation equation 

The C-isotope fractionation caused by biodegradation can be regressed and then predicted by 

the Rayleigh equation (Meckenstock et al., 1999; Hoefs, 2009), enabling calculation of a 

fractionation factor. This is because the processes of isotope fractionation*1, as a result of 

isotopic effects, fit the physics model of the Rayleigh processes*2, which can be modelled by 

the Rayleigh equation.  

 

 

*1The ‘isotope fractionation’ in the present account is defined as narrow sense of isotope 

alteration resulted by the isotope effects in one-step physical or chemical reactions. This 

definition is different with the broad sense of isotope effects involving multi-step reactions, such 

as photosynthesis of plants (Farquhar et al., 1989; Galimov, 2006). 

*2The Rayleigh processes: initially tend to describe the separation of mixture gases by diffusion 

or similar processes. The ideal physics model is simplified as ‘the simple diffusion of a gaseous 

mixture into a vacuum, with special regard to composition of the residue and corresponding 

mathematical equations are solved (Rayleigh, 1896). Later, the mathematical equations for the 

Rayleigh processes are widely applied to all processes whose physical models fit the Rayleigh 

processes; isotopic fractionation is one of the applications. 
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For one substrate converting from its liquid form into its gaseous form (accompanied with 

isotopic fractionation), Rayleigh’s equation is used to quantitatively describe the isotopic 

fractionation (Hoefs, 2009) is defined as: lnሺR౪
Rబ
ሻ ൌ ቀଵ

஑
 െ 1ቁ ln ቀC౪

Cబ
ቁ ሺEquation 1ሻ,  

where R0 is the 13C/12C ratio of the substrate at initial time and Rt is the 13C/12C ratio at 

observation time t; α is fractionation factor (α is >1when R is defined as ratio of heavy to 

light isomer); C0 and Ct are substrate concentrations at the initial time and the observation 

time t, respectively.   

In light of Rayleigh’s equation, once Rt, R0, Ct, C0 are measured, the fractionation factor α 

can be determined. In contrast, once α is known, Rt at any given time t is predictable and can 

be calculated as long as corresponding R0, Ct, C0 are measured.  According to Equation 1, it is 

easy to find that Rt/R0 takes the maximum when Ct/C0 is reaching the minimum. In a 

geological context, this means that the maximum isotopic fractionation takes place at the end 

of biodegradation (Note that an ultimate moment only represents the end of biodegradation, 

but doesn’t necessarily mean all materials are degraded). Thus, Equation 1 is rewritten 

into   lnሺR౛౤ౚ
Rబ

ሻ ൌ ቀଵ
஑
 െ 1ቁ ln ቀC౛౤ౚ

Cబ
ቁ  , where Cend /C0   can be assumed taking a range of 

degradation percentage, e.g., 0.01, 0.1, 0.2, … 0.9 and 0.99…(Figure1), and lnሺR౛౤ౚ
Rబ

ሻ is equal 

toΔδ/1000=(δ0 -δend)/1000.  (Due to the definition δ୶ ൌ ቀR౮
R౩౪

െ 1ቁ x1000ሺ‰ሻ, thus 

 δ଴ ൌ ቀRబ
R౩౪

െ 1ቁ x1000ሺ‰ሻ, and δୣ୬ୢ ൌ ቀR౛౤ౚ
R౩౪

െ 1ቁ x1000ሺ‰ሻ; thus, the ln R౛౤ౚ
Rబ

ൌ ln ஔ౛౤ౚାଵ଴଴଴
ஔబାଵ଴଴଴

ൌ 

ln ஔబା∆ஔାଵ଴଴଴
ஔబାଵ଴଴଴

ൌ ln ቀ1 ൅ ∆ஔ
ஔబାଵ଴଴଴

ቁ. When X<0.01, ln(1+X) ≈ X and δ0 ranged from -20 to -30, 

thus, ln R౛౤ౚ
Rబ

ൎ ∆ஔ
ஔబାଵ଴଴଴

ൎ ∆ஔ
ଵ଴଴଴

.) 

Most mass spectrometers measuring δ13C of OM have a ±0.2‰ uncertainty. Thus, if the 

largest C-isotope fractionation after diagenesis is less than 0.2‰, it would not be detectable. 
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In practice, lnሺR౛౤ౚ
Rబ

ሻ is calculated by Δδ=δ0 -δend whose accuracy would be ±0.4‰. Therefore, 

the 0.4‰ can be employed to determine the threshold value of α.   

 0.2‰ 0.4‰ 0.5‰ 
0.1% 1.000029 1.000058 1.000072
1% 1.000043 1.000087 1.000109
10% 1.000087 1.000174 1.000217
20% 1.000124 1.000249 1.000311
30% 1.000166 1.000332 1.000415
40% 1.000218 1.000437 1.000546
50% 1.000289 1.000577 1.000722
60% 1.000392 1.000784 1.00098 
70% 1.000561 1.001123 1.001404
80% 1.000897 1.001796 1.002246
90% 1.001902 1.003811 1.004768
99% 1.020304 1.041449 1.052354
99.9% 1.249844 1.666111 1.999000
 

Figure 1 Fractionation factors (α) corresponding with percentages remaining in a given ∆δ at 

the end of degradation. ∆δ=δ0 -δend is taken by 0.4‰ which is the measurable extreme value due 

to the instrumental accuracy where δ 13C is limited to ±0.2‰ (the condition of ∆δ=0.2‰ and 0.5‰ 

are shown as trend references in right plotted graph and left calculated columns). The discrete 

accurate α values can read from the left calculated columns, once a certain percentage 

remaining at the end of degradation in a given ∆δ value (e.g. 0.2‰, 0.4‰ or 0.5‰) is fixed.  

 

When OM samples are collected after complex geological processes, it is difficult to know 

what percentage of the original fresh OM remains. However, as inferred in Equation 1, a 

larger α will lead to larger fractionation, and the largest fractionation occurs at the end of 

degradation. IfΔδby 0.4‰ assumed as the largest fractionation occurred at the end of 

degradation, the Δδ0.4‰ serves the boundary value in Equation 1 and all corresponding α at 

any given remaining percentage can be calculated (Figure 1).   
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5. The Bigeleisen theory on isotope chemistry  

In light of the isotope chemistry theory summarised by Bigeleisen (Urey and Rittenberg, 

1933; Bigeleisen and Mayer, 1947; Urey, 1947; Bigeleisen and Wolfsberg, 1958; Bigeleisen, 

1965), the isotope fractionation effect (or isotope effect in short) of an individual compound 

in any chemical transformation is directly determined by the amplitude of the activation 

energy difference (ΔEa) between two structurally identical molecules with different levels of 

isotopic substitutions. An accurate mathematical description can be given, under a set of 

assumptions by Bigeleisen, including two major factors regarded: a) according to thermal 

physics, isotopic principles from the gaseous state could be extended into the liquid and solid 

states, and b) the vibrational frequency of a molecule depends on inversely on the masses of 

the atoms in the molecule; and three minor factors disregarded: a) the forces in a molecule 

depend on the electron arrangements, b) the nuclear charges, and c) the positions of the atoms 

in the molecule. The basic relationship between the isotopic fractionation effects and the 

molecular weights of a specific compound can be mathematically described (Bigeleisen, 1965) 

as: 

log ሺisotope effectሻ  ~  ∆୫
   ୫୫′

force constant, i.e. log α ~  ∆୫
୫୫′

F  (Equation 2) 

where Δm is the mass difference between two isotopic isomers (Δm = ｜m - m’｜), mm’ is 

the mass of one isotopic isomer multiplied by that of the other and F is the force constant 

measured by the strength of chemical bond.  

A rather advanced stage of theoretical development is reached by physics-experiment based 

equilibrium isotope effects of just the gaseous molecules, whose isotope effects can be 

theoretically calculated, directly according to the structure and chemical bonding in the 

molecule. However, an unequivocal solution to gaseous or liquid complex molecules can be 
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also provided by Equation 2 under equilibrium and dynamics isotope effects, and with or 

without an inorganic catalyst (Bigeleisen, 1965). This theoretical expression can even extend 

to kinetic isotope effects under enzymes in biochemical processes (Galimov 2006), as a 

‘kinetic’ process is essentially equivalent to a ‘dynamic’ process (a reaction taking place 

driven on energy consuming) and enzymes are essentially organic catalysts (lowering the 

reaction activation energy, but with no change to enzymes at the end of a reaction).  

The biochemical kinetic isotope effects under enzymes have long been thought to be very 

complicated (e.g. Farquhar et al., 1989), as previous studies were focused on biosynthesis 

processes rather than (bio)degradation. Biosynthesis is a multiple-step biochemical process. 

Any single step of biochemical reaction can be modelled by theory, but the overall isotope 

effect is ‘a black box’ mystery as parameters such as reaction orders or amplitude currently 

remain unknown (Summons et al., 1994; Crossman et al., 2001; Chikaraishi, 2003; Galimov 

2006).  

The essence of biodegradation is a biochemical process. Complex biochemical processes 

involve the biodegradation from initial substances into other substances, but once any 

chemical reaction happens to initial substances, the reacted initial substance will be 

immediately transformed into other substance. Thus, obviously, biodegradation is a one-step 

process, because the reacted initial substance does not exist anymore after only one-step 

process. This is the key logical foundation for employing the Rayleigh equation and the 

Bigeleisen equation to decode the C-isotope fractionation during (bio)degradation processes.     

In order to examine isotopic effects between different compounds, each item in Equation 2 

should be examined one by one. F varies from bond to bond, but the definite relationship 

between bond energy and F is unclear to date, making it difficult to precisely calculate F’s 



l  Appendix A 

199 
 

effect on α. However, F is constrained by the bond energy that is commonly limited in the 

range from 50 to 200 kcal/mol which suggests a restricted range of F. 

Prior to discussion of item mm’ and ∆m (molecular-weight effect), it is important to examine 

a more elementary issue: the probability of different isotopic isomers occurring determines 

the occurrence probability of molecular weight for a given molecule. In order to estimate the 

occurrence probability of molecules with various levels of 13C enrichment, we assume that 

the occurrence of 13C and 12C in a molecule is a simple random event, with the known natural 

abundance ratio of 12C to 13C as 98.9 to 1.1 [Craig, 1957]. For a given compound with n 

carbon atoms, the occurrence probability (Pi) for compounds containing i 13C atoms is: 

௜ܲ ൌ ௡ ௜ܥ ቀ
ଵ.ଵ
ଵ଴଴

ቁ
௜
ሺଽ଼.ଽ
ଵ଴଴

ሻሺ௡ି௜ሻ  (Equation 3) 

where ܥ௡ ௜ means an i-combination of a set with n elements and ܥ௡ ௜ ൌ
௡·ሺ௡ିଵሻڮሺ௡ି௜ାଵሻ

௜·ሺ௜ିଵሻڮଵ
. Pi 

exponentially decreases as the number of 13C atoms increases. 

In Equation 2, it is known F ൐ 0, based on Bigeleisen’s experiments (Bigeleisen 1965). 

Let β ൌ ∆୫

୫୫′
, then  log α ~   βF ሺEquation 2.1ሻ, since F ൐ 0,  thus α depends monotonically on β. 

For a given compound with n carbon atoms, if the 13C composition is i, then 12C would have a 

population of (n-i). If only hydrocarbons considered, two extreme scenarios would be -

(CH2)n-  for completely saturated alkanes and  -(C)n- for completely unsaturated compounds 

such as fully fused aromatics.  In this case, the molecular weight ranges from 12n to 14n. 

Since β ൌ ∆୫
୫୫ᇲ  β୧ varies from 

୧
ଵଶ୬ሺଵଶ୬ା୧ሻ

 to   ୧
ଵସ୬ሺଵସ୬ା୧ሻ

  (Equation 2.2) 

As calculated by Equation 3, for a certain compound with n carbon atoms, the occurrence 

probability Pi for compounds with i 13C atoms can be estimated. In order to calculate the 
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gross isotopic fractionation effect α , the sum β should be known by β୧ with the corresponding 

occurrence probability Pi:  

β ൌ෍P୧β୧

୬

୧ୀ଴

 ሺEquation 4ሻ 

The graph for a range of values of n in Equation 4 is depicted (Figure 2), for the cases of fully 

saturated hydrocarbons (in red) and fully unsaturated counterpart (in blue).  

 

 

Figure 2 Relationship between β and number of carbon atoms in given compounds (Equation 4 

and Equation 2.2), for two extreme cases of fully saturated hydrocarbons (in red) and fully 

unsaturated counterparts (in blue).  Fractionation factor (α) exponentially decreases with 

increase in C number n in organic compounds, as α exponentially decreases corresponding with 

the decrease in β value (Equation 2.1) and the β value is power-exponential decreases with the 

increase in C number n (Equation 2.2). 

Sum β exponentially decreases with the increase of the C number n as shown in the Figure 2, 

and due to log α ~   βF, α exponentially decreases with decreasing βF. This indicates that the 

isotopic fractionation factor α will have a doubly exponential drop when the C number rises 

(e.g. in long-chain hydrocarbons).   
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6. Integrated the Rayleigh equation and the Bigeleisen equation 

The Rayleigh equation illustrates that α is related with ln ቀC౪
Cబ
ቁ which represents the percentage 

remaining at the end of (bio)degradation (i.e. diagenesis) and lnሺR౪
Rబ
ሻ which reflects the result 

of isotopic fractionation. The Bigeleisen equation illustrates that α is related with the C 

number of the specific organic compounds. Therefore, for an individual organic compound, 

the observed α actually is constrained by two factors together: 1) percentage remaining at the 

end of biodegradation, and 2) the C number of that specific organic compound.  

The relationship can be expressed by an integrated mathematic function. For Equation 4, α is 

the function of C number n and hence Equation 4 can be simply expressed by α = f (n). Then 

place Equation 4 into Equation 1, it turns out lnሺR౪
Rబ
ሻ ൌ ቀ ଵ

୤ሺ୬ሻ
 െ 1ቁ ln ቀC౪

Cబ
ቁ ሺEquation 5ሻ.  

 

Figure 3 With examples of α1=1.001123, α2=1.001796 and α3=1.002246, i.e. α1< α2< α3, it is 

shown that with the decrease of α (i.e. increase in C number n (Equation 4 and Equation 2.1)), 

to reach a given ݈݊ ோ೟
ோబ

, (such as 0.04‰/1000, the horizontal dashed line), the ݈݊ ஼೟
஼బ

 decreases (i.e. 

Ct/C0 deceases). Dashed arrow points the α in decreasing trends. 
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For a given  lnሺR౪
Rబ
ሻ , when C number n increases, Ct decreases (Figure 3). In geological 

contexts, the functional relationship means that if the C number in the compounds become 

larger and larger, the corresponding remaining concentration has to be less and less in order 

to reach a given level of degradation for a certain organic compound (e.g. the measurable 

threshold ∆δ at ~0.4‰). This understanding provides a good explanation as to why when 

molecular weight increases (i.e. increasing C number), the individual compounds have to be 

decomposed (i.e. degraded) by a greater fraction compared with those with lower molecular 

weight, to reach some same level of C-isotope fractionation.  

 

7. Discussions    

7.1. The threshold of undetectable C-isotopic fractionation  

As previously shown, once the C number (i.e. molecular weight) of organic compounds is 

beyond a certain threshold, the fractionation factor will become too small to yield any 

detectable C-isotope fractionation, even if materials underwent the largest (bio)degradation. 

So what is the exact threshold? Unfortunately, there is not a general threshold for all organic 

compounds, because the threshold depends not only molecular weight but also constant force 

F (Equation 2). F reflects the strength of chemical bonding, varying from bond to bond, 

subject to specific types of chemical bonding and reaction conditions. In an alternative 

perspective, F is a kind of experimental parameter, which can be determined by experiments 

once experimental condition is given.  Here a concern arises that a variable F will lead to 

variable α. Fortunately, F range is constrained by the bond energy that is commonly restricted 

in the range from 50 to 200 kcal/mol. Therefore, under a certain limited range of F, α 

ultimately must turn negligible with the constantly increasing molecular weight until beyond 

a certain threshold.   
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Some experienced values of threshold can be demonstrated by empirical data from literature. 

Aromatic-structure compounds are characterised by either C-C σ-bonds or C=C Π bonds. In 

culture experiments, PAH compound 2-methylphenanthrene (C15H12) molecular weight is 

192.09 u (u is the symbol of atomic mass unit), as assuming that only 12C isotope and 1H 

exist in both compounds. The δ13C values remains stable within 0.2‰fluctuation at the end of 

degradation by bacteria (Mazeas et al., 2002). This empirical example suggests threshold of 

molecular weight should be below about 190 u for aromatic-structure compounds under these 

given experimental conditions. Another set of compounds with C-C bonds demonstrate that 

up to C18 n-alkanes show significant or insignificant (Boreham et al., 2001; Sun et al., 2005) 

carbon-isotope fractionation. Few C-isotope changes of n-alkanes beyond C19 are 

consistently recorded with field observations under heavy biodegradation (Huang et al., 1997; 

Mansuy 1997; Sun et al., 2005). Hence, the threshold of molecular weight should be about 

220 u for n-alkanes compounds. 

Moreover, a further implication can be reached. Natural organic polymers, such as lignin or 

cellulose, have large molecular weights (>~5000-10000 u) and they are in solid state. 

Chemical processes in the solid phase take place much more slowly than liquid or gaseous 

phases. Together with their large molecular weight, these natural polymers should show 

negligible C-isotope fractionation. Thus, organic polymers could faithfully document their 

original stable C-isotope profiles. 

7.2. Limited influence by various bacterial types  

For a given compound under a given experimental condition, the different bacterial species 

often result in a different fractionation factor (Meckenstock et al., 1999; Morasch et al., 2002), 

as the bacterial effect is associated with the efficiency of enzymes and amount of enzymes 

(bridging the different energy offsets). However, the enzyme only affects F in Equation 2. As 
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discussed in the section 7.1, the F range has to be limited due to limited strength of chemical 

bonding and is a certain value under a given condition, whereas constantly increasing the 

value of molecular weight ultimately leads to a small enough α with negligible C-isotope 

fractionation. Therefore, although bacterial species can vary, species difference does not 

overturn our theoretical conclusion. Moreover, the theoretical inference may be expanded to 

all kinds of organic degradation processes, such as reaction with the organic acid in deposits 

(not only bacterial degradation), because the inference only relies on basic chemical and 

physical principles, rather than any requirements to a specific biological process.  

7.3. Current and potential applications based on theoretical inference 

In light of the proposed theory, polymers or high molecular-weight compounds can safely 

maintain their original C-isotope records after (bio)degradation (i.e. diagenesis). This C-

isotope integrity can be very useful to geological and environmental applications.  

7.3.1. Tie points for correlation between marine and terrestrial sedimentary strata 

 Lignin as a natural polymer can faithfully preserve original δ13C records after diagenesis. 

Lignin polymer is uniquely derived from land vascular plants (e.g. Pancost et al., 2006). The 

δ13C of lignin can be investigated based on the primary 11 lignin monomers decomposed by 

CuO oxidation (Hedges and Ertel 1982; Willianms et al., 1998; Carmona et al., 2008). This 

CuO oxidation technique can extract the δ13C of lignin from marine siliciclastic deposits 

where the strata document marine facies and marine fossils. Owing to advantages above, δ13C 

values of each lignin monomer extracted from marine deposits can be a tie point for 

correlation between marine and terrestrial sedimentary strata. The correlation potentially 

figures out the gap of fossil prototypes between marine and terrestrial strata.  

 



l  Appendix A 

205 
 

7.3.2. To reconstruct the evolution of atmospheric carbon reservoir 

The δ13C values from wood, fossil wood (Arens et al, 2000; Gröcke 2000; Jahren et al., 2008) 

and degraded woody materials (Poole et al., 2004) (nearly all woody plants are C3 plants) can 

be used to reconstruct C-isotopic composition of atmospheric carbon dioxide and then to 

calibrate paleo-pCO2 evolution. Analyses of these materials provide a relatively direct 

approach to reconstruct the evolution of atmospheric carbon reservoir. Moreover, the 

cellulose or lignin separated from whole wood can individually witness consistent δ13C 

values as the whole wood can (Loader et al., 2003), but their δ13C values compared with that 

of whole wood keep an nearly constant offset. The three sets of δ13C values derived from one 

set of woody samples can make a self-verification, which improves the data quality. 

Therefore, the C-isotope integrity of cellulose and lignin derived from C3 Plant is a 

particularly useful proxy in reconstructing the palaeoenvironment and palaeoclimate.  

7.3.3. To explore temperature stratification and CO2 concentration in palaeo-oceans 

Sterane and hopane compounds are of high molecular weight and thus in C-isotope integrity, 

which is another empirical evidence to support the proposed solution in this paper. Sterane 

compounds primarily originate from plankton and zooplankton in marine or lake 

environments, but hopane compounds are from bacteriohopane polyls and prokaryotes 

(Schoell et al., 1994). Combining C-isotope values recorded in these two organic compounds 

can be used to infer changes of temperature-stratified palaeo-oceans and concentration of 

carbon dioxide in water mass at the base of the photic zone (Schoell et al., 1994).    
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7.3.4. To decode coupled evolution of C-isotope between organic and inorganic 

reservoirs 

The coupled evolution of C-isotope between organic and inorganic reservoirs is an important 

science issue. The knowledge profoundly determines how to interpret the global carbon 

cycles and δ13C excursion based on empirical data or modelling (Hays et al., 1999; Kump and 

Arthur, 1999). For example, the understanding has long stayed puzzled by the organic δ13C 

records from mixed resources (Hays et al., 1999), as the complicated variations of organic 

δ13C records can be led by change of organic resource and/or selective preservation. Each 

component in the mixed OM registers different δ13C signatures.  Promisingly, if organic 

compounds with δ13C integrity are derived from the known and exclusive resources (e.g. 

Syringyl phenols monomer of lignin primarily originate from angiosperm lignin), the known 

provenance is helpful to define the origin of δ13C changes.  

7.3.5. A theoretical perspective of no diagenetic isotopic changes  

If δ13C is generated from the OM which is dominant in components of polymers or high-

molecular weight compounds, δ13C in OM tends to be resistant and to maintain the original 

δ13C based on our proposed theoretical explanation. This understanding gives an alternative 

theoretical insight into the reason why many previous studies on C3 Plant wood-derived 

materials (Hasegawa, 1997; Arens et al., 2000; Hesselbo et al., 2000, 2007, 2011; Jahren et 

al., 2008), such as jet, consistently show the reliable δ13C records. In addition, some critical 

tests on assumed possible alterations (e.g. test of oil-extraction experiment, Hesselbo et al., 

2000) affected by diagenesis had been made and then the results of no influence on C-isotope 

can be better understood.  
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7.3.6. Modern environmental monitors  

In modern environmental monitors, low-molecular weight molecules are adequate to 

precisely measure the extent of degradation of the chemically contaminated areas 

(Meckenstock et al., 1999; Wilkes et al., 2000; Hunkeler et al., 2001; Gray et al., 2002; 

Morasch et al., 2002; Mancini et al., 2003), as distinguished C-isotope fractionations occur 

and are thus easy to measure. In contrast, high molecular-weight molecules are capable of 

revealing the origin and migration trace of contaminants (O'Malley et al., 1994, 1996; 

Dempster et al., 1997; Mazeas et al., 2002) in that they can preserve the originally 

characterized C-isotope signatures.  

7.3.7. Integrity of other elements’ isotopes (i.e. H, O, S, N) 

Based on theoretical solution proposed in this paper, other elements’ isotopes in high 

molecular-weight compounds could maintain their originally isotopic signatures after 

diagenesis as well. Hydrocarbon (even most OM) molecules are constructed by C skeletons. 

The element H is always necessary part of hydrocarbon molecules. O, S and N are just 

secondary elements, which are located in internal lattices or minor branches of molecules. 

Once C skeletons are broken, the molecules would have disappeared. Therefore, for OM built 

by C skeleton, isotopic effects with molecular-weight dependence must take place to C, likely 

to H but hardly to O, S and N in most cases. 

For instance, hydrogen isotope values derived from sedimentary OM has been particularly 

useful for the environmental monitoring and the study of hydrological cycles (Hunkeler et al., 

2001; Gray et al., 2002; Morasch et al., 2002; Mancini et al., 2003). The application is not 

only apt for recent days (Englebrecht and Sachs, 2005; Schouten et al., 2006; Ellsworth and 

Williams, 2007; Van der Meer et al., 2007; Schwab and Sachs, 2011) but also for the remote 

Earth’s history (Jones et al., 2008; Li et al., 2009, 2011).              
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8. Conclusions 

Isotopic fractionation constantly occurs according to Bigeleisen’s theory, as zero-point 

energy difference between different isotopic isomers persistently exists. However, combining 

Rayleigh’s and Bigeleisen’s models, a theoretical explanation is apparent for a pattern well 

illustrated from observation and experiment. The proposed theoretical solution illustrates 

when molecular weight of organic compounds is beyond a certain threshold (subject to 

specific types of chemical bonds and reaction conditions), the C-isotope fractionation factor 

will turn too small to cause any detectable C-isotope fractionation, even if nearly all materials 

degraded. 

The implication are that δ13C value in high molecular-weight organic compounds (e.g. PAHs 

and n-alkanes) and single species of natural polymer molecules (e.g. lignin and cellulose) will 

not be affected, regardless of what the degree of degradation led by bacteria or other chemical 

or physical process during diagenesis. In other words, these kinds of compounds can safely 

maintain original C-isotope records undergoing complex geological processes over tens of 

millions of years.  

It must be admitted that the theoretical solution is not perfect since some experimental 

parameters are incomplete in Bigeleisen’s equation, but all steps of the theoretical solution 

can be verified by experiments.   
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