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Multiple global changes marked the major (chrono)
stratigraphic boundaries in the geological history of Earth. 
Accordingly, these changes are documented through 
geochemical and stable isotopic proxies/chemostratigraphic 
events across the Neoproterozoic‐Cambrian, Permian‐
Triassic, Cretaceous‐Paleogene, and many other bound
aries from different continents. Study of  these past 
geological‐chronological boundary records holds the key 
for understanding the multiple proxies and diverse conse
quences of these changes. This book focuses on global 
studies from Archean‐Paleoproterozoic, Proterozoic‐
Paleozoic, Paleozoic‐Mesozoic, and Mesozoic‐Cenozoic 
transitions using major, trace, and platinum‐group 
elements (PGE), REE, and elemental and stable and 
radiogenic isotope variations. The aim of these studies is 
a better understanding of causes and effects of the 
changes that mark these important boundaries, within 
the lithosphere, atmosphere, biosphere, and hydrosphere. 
In addition, the knowledge of past positions of conti
nents, global sea‐level changes, volcanism, and mass 
extinction events across these boundaries are essential 
clues to unravel the history of our planet.

Recent studies have demonstrated that geochemical 
and stable isotope changes at the end‐Permian mass 
extinction are due to abrupt climate change induced 
by  CO2 emission. Catastrophic end‐Permian and end‐
Cretaceous volcanism may have released large amounts 
of  CO2 and other toxic gases into the atmosphere 
contributing to the mass extinction at these two major 
boundaries. Therefore, oceanic and terrestrial records of 
elemental and isotope chemostratigraphy are valuable 
tools in establishing major tectonic and climatic changes. 
A global paleogeographic and paleoclimatic picture of 
the Earth will emerge from exploring this theme.

Chemostratigraphy, an interdisciplinary discipline, 
has made rapid strides and promises to provide solu
tions to some intriguing problems of  Earth processes on 
microscales and global scales. This book focuses on the 
application of chemostratigraphy to the study of major 
chronostratigraphical boundaries and on how it can con
tribute to broaden the knowledge on these boundaries. 
It comprises thirteen chapters, which deal with different 
geological units around the world. It aims at providing a 
concise and updated view of major chronostratigraphical 
boundaries from the chemostratigraphical viewpoint, 
highlighting (i) chemostratigraphy as an important 
stratigraphical tool of  wide interest, as attested by 
growing popularity and expanding application to many 

geological problems, despite the absence of  textbooks 
on this field; (ii) it supplements other lines of  evidence 
for analyzing and documenting geological phenomena; 
(iii) it is important in unraveling the intriguing nature of 
chronostratigraphical boundaries; (iv) it helps to make a 
more accurate determination of  boundaries and more 
robust correlations; and (v) high‐resolution che
mostratigraphy along available biostratigraphy of  these 
boundaries helps in determining the cause of  extreme 
biotic turnover.

With this book, our intention is to provide students and 
researchers a comprehensive review of major turnovers 
and global changes at chronostratigraphical boundaries 
from the chemostratigraphic viewpoint. Thirteen chapters 
in this volume embody relevant issues and conclusions 
on nature and possible causes of  the major chronostrati
graphic boundaries and are grouped into five sections: 
In Part I, Alcides Sial and others propose that chemo
stratigraphy should be a formal stratigraphic method, 
and Mu Ramkumar and others present a glossary of 
chemostratigraphy, including key phrases and the termi
nology used in this field. Part II encompasses five chap
ters on the major Precambrian boundaries, while two 
chapters on Paleozoic chronostratigraphical boundaries 
are found in Part III. Four chapters cover the major 
Mesozoic boundaries in Part IV, and a summary on the 
chemostratigraphy of the most recent era of Earth’s his
tory, the Cenozoic, is found in Part V.

Claudio Gaucher and Robert Frei focus on the 
Archean‐Proterozoic boundary (2500 Ma) and the Great 
Oxygenation Event, the most dramatic change on Earth’s 
history. They discuss three different proposals for the 
placement of  this boundary and a corresponding Global 
Boundary Stratotype Section and Point: (i) to keep it at 
2500 Ma, aided by prominent BIF units, Mo abundance, 
and Mo isotopes; (ii) to place it at the base of  the second 
Huronian glaciation (ca. 2.35–2.40 Ga), thought to rep
resent a “snowball” event; and (iii) to use the termination 
of  the mass‐independent fractionation of  sulfur and the 
increase in the δ34S amplitude of  sulfides as the main 
criteria.

Farid Chemale Jr. and Felipe Guadagnin review the 
chronochemostratigraphy of some platform sequences 
across the Paleoproterozoic‐Mesoproterozoic boundary. 
The Paleoproterozoic era is known to be an interval of 
major changes in the Earth’s atmosphere, biosphere, 
oceans, and lithosphere. In contrast, the Mesoproterozoic 
era is considered for some as a “boring interval” due to 
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the paucity of changes, especially in life forms. Carbonate 
platforms in basins of this interval exhibit essentially flat 
carbon isotope signature (around a mean of −0.6‰, with 
extreme δ13C values seldom lying further than 1‰ from 
the mean) suggesting a stable paleoclimate, implying that 
the global ocean reached a state of equilibrium in the 
mid‐Paleoproterozoic and remained stable for much of 
the following billion years.

Juan Carlos Silva Tamayo and others have used geo
chronological and C and Sr chemostratigraphic data 
from late Neoproterozoic to early Mesoproterozoic 
marine carbonate successions to propose reference δ13C 
and 87Sr/86Sr chemostratigraphic pathways for the 
Mesoproterozoic‐Neoproterozoic transition. While late 
Mesoproterozoic marine carbonates display δ13C decrease 
from 4‰ to −2‰, carbonates across the Mesoproterozoic‐
Neoproterozoic transition exhibit a positive δ13C shift, 
from −2‰ to +2‰, followed by subsequent decrease 
to values around −1‰. This decrease of  δ13C values is 
followed by a new increase to predominantly positive 
ones in the early Neoproterozoic. The reference che
mostratigraphic pathways obtained also suggest that late 
Mesoproterozoic carbonate successions display predomi
nantly higher 87Sr/86Sr values than early Neoproterozoic 
carbonates.

Afonso C. R. Nogueira and others review the status of 
knowledge of the Cryogenian‐Ediacaran transition and 
focused on the southern margin of the Amazon Craton, 
an important area for studying evidence of Neoproterozoic 
glaciations. They examine four outcrops of cap carbonate 
that overlie Marinoan diamictites and perhaps record 
the best preserved boundary between Cryogenian (850–
635 Ma) and Ediacaran (635–541 Ma) in South America. 
The new data discussed and the review of previous geo
logical, geochemical, and isotopic information provide a 
robust stratigraphic framework that confirms unequivo
cally the record of Cryogenian‐Ediacaran boundary in 
the Southern Amazon Craton.

Alan J. Kaufman assesses the state of knowledge of the 
Precambrian‐Phanerozoic boundary, discussing in detail 
the progress in resolving several major issues of this tran
sitional period. He also provides a review of profound 
changes in the carbon and sulfur cycles across this critical 
transition in order to better understand climatic and 
biological events and further proposes a novel resource‐
based hypothesis for the rise and fall of the Ediacaran 
biota.

Stig Bergström and Daniel Goldman focus on the 
Ordovician‐Silurian interval making a comprehensive 
summary from C isotope chemostratigraphy and 
 conclude that this boundary cannot be defined in terms 
of  δ13C chemostratigraphy. A comparison between 

biostratigraphy and chemostratigraphy indicates that 
the graptolite‐defined base of  the Silurian is located at 
a stratigraphic level only a little higher than the end of 
the Hirnantian carbon isotopic excursion (HICE).

Martin Schobben and others discuss the effect of 
sampling strategies on stratigraphic carbonate‐carbon 
isotope trends using chemostratigraphy across the 
Permian‐Triassic boundary as an example. They assess 
how much bed‐internal carbon isotope variation of  rock 
sequences can bias carbon isotope frameworks, as well as 
how much anomalous signals can be introduced to 
carbon isotope records by polymorph assemblages and/
or microbially mediated precipitates. They propose that 
bulk‐rock sampling strategies can improve the reliability 
of  recording primary chemical signals.

Christoph Korte and others review the Triassic‐Jurassic 
transition, marked by one of the biggest mass extinctions 
in Earth’s history, coeval with early stages of the Central 
Atlantic magmatic province (CAMP) volcanism, showing 
strong perturbation of the global carbon and major fluc
tuations in carbon isotope ratios. Changes in magnitude 
and rate of change in δ13C, coincident with the end‐Triassic 
mass extinction interval, differ between substrates (organics 
vs. calcite) and depositional environments. Thus, fluxes 
of carbon release at this time and links to the emplace
ment of CAMP are poorly understood.

Helmut Weissert reports on the Jurassic‐Cretaceous 
carbon isotope geochemistry as a proxy for paleocean
ography and tool for stratigraphy. He concludes that 
oceanography explains why C isotope stratigraphy may 
not be very useful as a tool when defining GSSP of  the 
Jurassic‐Cretaceous boundary. Alcides Sial and others 
made an extensive review on the Cretaceous‐Paleogene 
boundary focusing on elemental and isotope chemostratig
raphy from apparently continuous sections and testing 
the impact versus volcanism hypotheses using Hg 
chemo stratigraphy and Hg isotopes.

Priyadarsi Roy and others review the geological, climatic, 
and paleobiotic events of the Cenozoic era using chemo
stratigraphic markers to identify gaps in our understanding. 
They suggest further subdivisions of the Cenozoic, 
namely, the early and late Paleocene; the early, middle, 
and late Eocene; the early and late Oligocene; the early, 
middle, and late Miocene; the Pliocene; the Pleistocene; and 
the Holocene. Through the review, these authors found the 
chemostratigraphic trends of the Cenozoic to be essentially 
of a continuum of Mesozoic trends.

Alcides N. Sial
Claudio Gaucher

Muthuvairavasamy Ramkumar
Valderez Pinto Ferreira
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1.1.  INTRODUCTION

The use of  elemental and isotope chemostratigraphy 
in interpretation and correlation of  global events was 
established with the pioneer work of  Emiliani [1955] on 
oxygen isotope composition of  foraminifers from deep‐
sea cores. Shackleton and Opdyke [1973] established the 
first 22 oxygen isotope stages, which was effectively the 
first formal application of  chemostratigraphy. Williams 
et al. [1988] extended the oxygen isotope stage zonation 
to the rest of  the Quaternary and Lisiecki and Raymo 
[2005] to the whole Pliocene. The success of  oxygen 
isotope chemostratigraphy encouraged researchers to 
use stable isotope stratigraphy in ancient sedimentary 
successions.

Precambrian chemostratigraphy followed the pioneer 
research by William T. Holser on ancient ocean water 
chemistry [Kaufman et al., 2007a]. Long‐term fluctuations 

in the chemistry of the seawater have been examined from 
the C isotope record across thick successions [e.g., Veizer 
et al., 1980; Magaritz et al., 1986], and, in spite of poten
tial effects of late diagenesis on isotope record, important 
isotope events were demonstrated on a global scale [e.g., 
Knoll et  al., 1986; Magaritz, 1989; Holser, 1997]. Since 
then, it became evident that contemporaneous, geograph
ically widely separated marine strata registered similar 
isotopic compositions. Thereafter, chemostratigraphy 
became an important technique/tool of intrabasinal and 
interbasinal stratigraphic correlation to help assemble 
Precambrian stratigraphic record from fragments pre
served in different successions [Kaufman et al., 2007b; 
Karhu et al., 2010; Sial et al., 2010a], compensating for 
poor biostratigraphic resolution of Precambrian fossils 
[Veizer et  al., 1980; Knoll et  al., 1986; Magaritz et  al., 
1986; Knoll and Walter, 1992; Kaufman et  al., 1997; 
Corsetti and Kaufman, 2003; Halverson et  al., 2005]. 
Correlations established through chemostratigraphy can be 
used to comment on biogeochemical and climate changes 
through time although the paucity of radiometric con
straints on the absolute age of few of the extreme isotope 
excursions have led to debates on their temporal equivalence 
[e.g., Kaufman et al., 1997; Kennedy et al., 1998; Calver 
et al., 2004; Allen and Etienne, 2008].

Chemostratigraphy as a Formal Stratigraphic Method
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1.2.  BASIS AND DEVELOPMENT 
OF CHEMOSTRATIGRAPHY

High‐resolution chemostratigraphy provides records 
that are multidimensional and that may yield climatic, 
stratigraphic, biologic, environmental, oceanographic, 
and, last but not least, tectonic information. Hence, the 
number of studies relying on isotope stratigraphy has 
grown substantially. In the case of C isotope stratigraphy, 
it can be even applied to sedimentary rocks diagenetically 
altered or that have undergone up to amphibolite facies 
metamorphism but that may have retained the original 
isotope signal [Melezhik et al., 2005; Nascimento et al., 
2007; Kaufman et al., 2007b; Chiglino et al., 2010].

There are a myriad of isotope systems that have been 
successfully used in chemostratigraphy: carbon, oxygen, 
sulfur, nitrogen, calcium, boron, chromium, molybdenum, 

lithium, strontium, neodymium, osmium, iron, and 
zinc. In order to apply the isotope record of  any of  these 
systems for chemostratigraphy of sedimentary sequences, 
it is essential to have good knowledge of the secular and 
other variations of  marine isotope ratios. As carbon 
isotopes have higher resilience against postdepositional 
alteration, they are measured in carbonates and organic 
matter that led to the establishment of a larger database 
than other isotope systems. Therefore, δ13C on carbonates 
are more widely used in chemostratigraphy, except in 
carbonate‐poor successions characterized by black shales 
[e.g., Johnston et  al., 2010] in which one can measure 
organic carbon isotopes or carbonate carbon isotopes on 
fossils (bivalves, ammonites, belemnites, ostracods, etc.). 
An attempt to compile carbon isotope data to determine 
a secular variation curve of δ13C has revealed remarkable 
δ13C anomalies in the Proterozoic and Phanerozoic 
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[e.g., Veizer et  al., 1980, 1999; Karhu and Holland, 
1996;  Hoffman et  al., 1998b; Kah et  al., 1999; Melezhik 
et al., 1999, 2007; Zachos et al., 2001; Lindsay and Brasier, 
2002; Halverson et al., 2005, 2010a, 2010b; Saltzman, 2005; 
Bekker et al., 2006; Saltzman and Thomas, 2012], and it 
became apparent that δl3C minima, perhaps, follow main 
extinction events [e.g., Magaritz, 1989]. The Hirnantian 
and Frasnian‐Famennian episodes, however, are charac
terized by a positive excursion, and negative excursions are 
known where extinction was only minor (e.g., early Aptian). 
A compilation of global secular variation curves of δ13C, 
δ18O, δ34S, and 87Sr/86Sr, together with major anoxic events, 
glaciations, and sea‐level variation, can be found in Sial 
et al. [2015a].

The use of  chemostratigraphy as a stratigraphic tool 
requires a careful examination of  the diagenetic history 
of  rocks. Petrographic, elemental (e.g., Mn/Sr, Sr, and 
Rb/Sr vs. δl3C), and isotopic (δl8O vs. δl3C) proxies are 
fundamental for the assessment of  the nature of  C iso
tope signals [e.g., Marshall, 1992; Jacobsen and Kaufman, 
1999; Melezhik et al., 2001]. In doing so, dolostones and 
limestones have to be dealt with separately due to their 
different capacity to retain primary isotopic compositions 
[e.g., Kah et al., 1999; Gaucher et al., 2007].

Two special issues focusing Precambrian chemostratig
raphy were published in Chemical Geology [Kaufman 
et  al., 2007a] and Precambrian Research [Karhu et  al., 
2010]. In these special issues, results of some cutting‐edge 
research on traditional (C, Sr, S) isotope chemostratigra
phy, few nontraditional isotope systems (Ca), and Hg 
chemostratigraphy have been reported. These publications 
encompass studies that highlighted chemical events from 
the Paleoproterozoic (Africa, South America, Europe, and 
India), Mesoproterozoic (South America), and Cryogenian‐
Ediacaran (North America, South America, and India) 
and a special focus to the atmospheric, climatic, and bio
geochemical changes in both ends of  the Proterozoic 
eon. In addition, a comprehensive synthesis on the basis 
and use of chemostratigraphy is presented in the book by 
Ramkumar [2015].

1.2.1. Hydrogen Isotopes

Hydrogen isotopes are relatively little used in chemo
stratigraphy except in studies of ice and snow stratigraphy, 
but deuterium has proved to be important isotope in 
defining the Holocene Global Stratotype Section and 
Point (GSSP) [Walker et al., 2009]. Quaternary scientists 
have always sought a boundary stratotype for the 
Holocene in terrestrial sedimentary records, but it was 
within the NorthGRIP (NGRIP) ice core, Greenland, 
that the Holocene GSSP at 1492.45 m depth has been 
ratified by the International Union of Geological Sciences 
(IUGS). Physical and chemical parameters within the ice 

enable the base of  the Holocene, marked by the first 
signs of  climatic warming at the end of  the Younger 
Dryas/Greenland Stadial 1 cold phase, located with a 
high degree of  precision [Walker et  al., 2009]. This 
climatic event is reflected in an abrupt shift in deuterium 
excess values, accompanied by more gradual changes in 
δ18O, dust concentration, a range of chemical species, and 
annual layer thickness.

1.2.2. Carbon Isotopes

Carbon isotope investigation on Paleoproterozoic 
carbonate rocks of  the Lomagundi province in Africa 
revealed much larger δ13C variation [Schidlowski et  al., 
1983] than previously known from the Phanerozoic car
bonate successions [Veizer et al., 1980]. This observation 
led to the assumption that δ13C stratigraphic variation 
could be a tool in stratigraphic correlation. The pioneer 
work of  Scholle and Arthur [1980] is one of  the first to 
use carbon isotopes as stratigraphic tool, and Berger and 
Vincent [1981] recognized chemostratigraphy as a valid 
stratigraphic method. The potential use of  δ13C trends 
and excursions of  marine carbonates to date and corre
late rocks relies on the fact that their 13C/12C ratios varied 
over time as the result of partitioning of carbon between 
Corg and Ccarb reservoirs in the lithosphere [e.g., Shackleton 
and Hall, 1984; Berner, 1990; Kump and Arthur, 1999; 
Falkowski, 2003; Sundquist and Visser, 2004; Saltzman 
and Thomas, 2012]. The knowledge of  the C isotope 
record is very important not only in stratigraphic correla
tion but also because of its potential to help understand 
the development of Earth’s climate, evolution of its biota, 
and CO2 levels in the atmosphere.

The compilations of the secular δ13Ccarb variation for the 
entire Phanerozoic [Veizer et al., 1999] and the Cenozoic 
[Zachos et al., 2001] were important steps to enable carbon 
isotope chemostratigraphy to be routinely used as a strati
graphic tool. Currently, the most complete available 
curve on the δ13Ccarb fluctuations through geologic time 
has been compiled from multiple literature sources by 
Saltzman and Thomas [2012]. Difficulties faced in con
structing such a curve reside on the fact that materials 
analyzed for curve construction, available in the litera
ture, differ between authors and geological time periods, 
as cautioned by Saltzman and Thomas [2012]. In an 
attempt to use these compiled curves, one should care
fully consider whether skeletal carbonate secreted by 
specific organisms or bulk carbonate has been used in 
evaluating or comparing C isotope stratigraphic records. 
Apparently, the most accepted carbonate δ13Ccarb record 
spanning the Neoproterozoic era is found in Halverson 
et al. [2010a, 2010b].

Covariation between δ13Ccarb and δ13Corg helps find out 
whether variations in the δ13Ccarb record reflect changes in 
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the isotopic composition of  the ancient dissolved inor
ganic carbon (DIC) pool [e.g., Oehlert and Swart, 2014]. 
Covariant δ13Ccarb and δ13Corg records attest that both 
carbonate and organic matter were originally produced in 
the ocean surface waters and have retained their original 
δ13C composition [e.g., Korte and Kozur, 2010; Meyer 
et al., 2013] as no secondary process is able to shift δ13Ccarb 
and δ13Corg in the same direction at the same rate [Knoll 
et al., 1986]. Conversely, the decoupled δ13Ccarb and δ13Corg 
records point to diagenetic alteration [e.g., Grotzinger 
et al., 2011; Meyer et al., 2013] or denounce that noise 
in the δ13Corg record resulted from local syn‐sedimentary 
processes [Maloof et  al., 2010]. One should remember, 
however, that the organic carbon isotope record is very 
much dependent on the source of  the organic matter 
(terrestrial vs. marine) and terrestrial records may retain 
the secular variations known from the marine records.

Carbon isotopes can also be used as a pCO2 proxy. 
Stratigraphic variation in the offset between the δ13Ccarb 
and δ13Corg expressed by Δ13C offers a potential tool for 
tracing paleo‐pCO2 change [Kump and Arthur, 1999; Jarvis 
et al., 2011]. Increased burial of  organic carbon leads to 
a fall in atmospheric pCO2 and a positive excursion in 
both inorganic and organic carbon. The peak in δ13Corg 
may postdate that of inorganic carbon and may be larger 
in magnitude, because Δ13C decreases as atmospheric 
pCO2 falls. This difference in response is tied to a draw
down in atmospheric pCO2 [Kump and Arthur, 1999]. The 
“robust voice” of carbon isotopes has the potential to tell 
us about Earth’s history [Knauth and Kennedy, 2009], but 
some postdepositional alteration of carbonate rocks may 
alter the story [Bristow and Kennedy, 2008]. However, 
indiscriminate use of C isotope stratigraphy to correlate 
Neoproterozoic carbonates (“blind dating”) has been 
cautioned by Frimmel [2008, 2009, 2010] from his studies 
on REE + Y distribution in Neoproterozoic carbonates 
from different settings in Africa. These studies have raised 
some doubt on the usefulness of cap carbonates for strati
graphic correlation of Neoproterozoic sediment successions 
based on carbon isotopes. They deserve further investiga
tion, although one can argue that rare earth elements 
(REEs) and DIC behave differently in seawater and are 
affected by diagenesis in a complete different way.

The application of carbon isotope chemostratigraphy 
to the study of oceanic anoxic events (OAEs) which record 
profound global climatic and paleoceanographic changes 
and disturbance of the carbon cycle, is one of the best 
examples of use of chemostratigraphy as a stratigraphic 
tool. The OAEs resulted from abrupt global warming 
induced by rapid influx of  CO2 into the atmosphere 
from volcanogenic or methanogenic sources and were 
accompanied by accelerated hydrological cycle, increased 
weathering, nutrient discharge to oceans, intensified 
upwelling, and increase in organic productivity [Jenkyns, 

2010]. Nine major OAEs are known, the oldest in the 
Jurassic (Toarcian, called T‐OAE, around 183 Ma), seven 
in the Cretaceous, and the youngest one in the Cenozoic 
(corresponding to the Paleocene‐Eocene Thermal Maximum 
(PETM), around 55.8 Ma).

An OAE event implies very high burial rates of marine 
organic carbon (12C), resulting in an increase in δ13C values 
of marine and atmospheric carbon, as observed in the 
pronounced regionally developed positive carbon isotope 
excursion in δ13Ccarb across the Cenomanian‐Turonian 
boundary [Scholle and Arthur, 1980]. However, the carbon 
isotope signatures of  the early Toarcian, early Albian, 
and early Aptian OAEs are more complicated as signals 
from δ13Ccarb, δ

13Corg, and specific biomarkers exhibit both 
positive and pronounced negative excursions [Jenkyns and 
Clayton, 1986; Herrle et al., 2003; Jenkyns, 2003, 2010]. 
This observation suggests that besides carbon burial 
driving to global δ13C heavier values, input of light carbon 
implies movement in the opposite direction.

The selection of a section at El Kef, Tunisia, to be the 
GSSP for the Cretaceous‐Paleogene boundary (K‐Pg; 
66.02; Molina et al., 2006, 2009), and of one at Dababiya, 
Egypt, to be the one for the Paleocene‐Eocene boundary 
(PETM; 58.8 ± 0.2 Ma; Aubry et  al., 2007), is the best 
example of use of carbon isotope chemostratigraphy in 
boundary definition. A δ13C negative shift in the section 
at El Kerf was one of the five marker criteria to define the 
K/Pg boundary, while the Paleocene‐Eocene boundary 
was defined based on global δ13Corg and δ13Ccarb isotope 
excursions (CIE).

1.2.3. Nitrogen Isotopes

The use of δ15N variations in organic matter (kerogen, 
δ15Norg) has proved to be a valuable tool in the investiga
tion of the evolution of the ocean chemistry, bioproduc
tivity, and chemostratigraphic correlation, especially where 
biostratigraphy is of  limited usefulness [Beaumont and 
Robert, 1999; Papineau et al., 2005; Algeo et al., 2008; 
Cremonese et al., 2009]. Nitrogen isotope values for bulk 
samples (δ15Nbulk) from sections across the Ediacaran‐
Cambrian boundary in South China display positive 
values in the uppermost Ediacaran strata and strong 
negative shift in the Cambrian strata, especially in black 
shales, testifying to the changes in the biogeochemical 
cycle of  the ancient ocean [Cremonese et al., 2009, 2013, 
2014]. Nitrate and nitrite are reduced to nitrogen gas by 
denitrification, as part of  the global nitrogen cycle in 
modern oceans [Algeo et al., 2008].

The hypothesis that transition from anoxic to oxygenated 
deep ocean took place at the end of  the Neoproterozoic 
era (Neoproterozoic Oxygenation Event) is relatively well 
accepted [e.g., Canfield et  al., 2008; Och and Shields‐
Zhou, 2012]. Some of the available geochemical data for 
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the age interval of  this transition, however, allow the 
interpretation of  possibly full oxygenation in the early 
Ediacaran and preservation of deep ocean anoxia up to 
as late as the Early Cambrian [Ader et al., 2014].

Changes in marine redox structure are related to 
changes in the nitrogen nutrient cycling in the global 
ocean, implying that δ15Nsed probably reflects deep ocean 
redox transition [Ader et  al., 2014]. Nitrogen isotope 
data from Canada, Svalbard, Amazonia, and China, 
spanning the 750–580 Ma interval, together with other 
available δ15Nsed data, show no apparent change between 
the Cryogenian and Ediacaran, revealing a δ15Nsed distri
bution that closely resembles modern marine sediments, 
ranging from −4 to +11, with a δ15N mode close to +4 
[Ader et al., 2014]. δ15N data from the earlier Proterozoic 
show distribution relatively similar to this, but shifted 
slightly toward more negative δ15N values and with a 
wider range. A possible explanation for similarity of 
this δ15N distributions is that as in the modern ocean, 
nitrate (and hence O2) was stable in most of  the middle 
to late Neoproterozoic ocean and possibly much of  the 
Proterozoic eon [Ader et al., 2014].

Global climate over Quaternary glacial‐interglacial time 
scales may have affected fluctuations of  denitrification 
intensity whose rates varied over time, especially during 
OAEs (e.g., T‐OAE; Jenkyns et al., 2001). Some Upper 
Carboniferous black shales display Corg/N ratios and 
nitrogen isotope data that attest to fluctuations in the 
intensity of  denitrification associated with glacially 
driven sea‐level changes [Algeo et al., 2008]. Sedimentary 
δ15N increases during rapid sea‐level rise in each cycle, 
with intensified denitrification, returning to background 
levels as sea level stabilized during the interglacial phase.

Bulk 15Ntot data from early Toarcian black carbon‐rich 
shales from British Isles and northern Italy (T‐OAE; 
Jenkyns et al., 2001, 2010) and from the Toarcian‐Turonian 
OAE [Jenkyns et al., 2007] have revealed a pronounced 
positive δ15Ntot excursion that broadly correlates with a 
relative maximum in weight percent TOC and, in some 
sections, with a negative δ13Corg excursion. Perhaps, the 
upwelling of  a partially denitrified, oxygenated water 
mass is the explanation for the relative enrichment of 
δ15Ntot, and the development of  early Toarcian suboxic 
water masses and partial denitrification is attributed 
to increases in organic productivity [Jenkyns et al., 2001]. 
A negative δ15Norg peak to near 0‰ air/N2 occurs at the 
Permian‐Triassic (P‐T) boundary parallel to a negative 
δ13C excursion. It has been interpreted as the result of  a 
diminished biomass of  eukaryotic algae due to mass 
extinction, which were replaced by microbial N2 fixers 
such as cyanobacteria [Fio et  al., 2010]. An analogous 
negative δ15Norg and δ15Nbulk excursion has been reported 
from the Ordovician‐Silurian boundary [Luo et al., 2016] 
and from the Ediacaran‐Cambrian boundary [Kikumoto 

et al., 2014]. Thus, nitrogen isotopes are valuable for the 
definition of major chronostratigraphic boundaries.

1.2.4. Oxygen Isotopes

Oxygen isotope chemostratigraphy has become an 
impor tant tool for Mesozoic and Cenozoic stratigraphic 
correlation of marine sediments [e.g., Friedrich et al., 2012]. 
For such studies, δ18O is usually measured on benthic fora
minifera to avoid isotopic gradient effects [e.g., Emiliani, 
1955; Shackleton and Opdyke, 1973; Lisiecki and Raymo, 
2005]. The demonstration of primary nature of δ18O values 
in older successions, however, is often difficult, although 
oxygen isotopes have been successfully used in carbonates 
from belemnites and brachiopods and phosphates from 
shark teeth and conodonts [e.g., Vennemann and Hegner, 
1998; Joachimski and Buggisch, 2002; Puceat et al., 2003; 
Price and Mutterlose, 2004; Bodin et al., 2009; Dera et al., 
2009; Van de Schootbrugge et al., 2013].

Oxygen isotope ratios in foraminifera from deep‐sea cores 
have shown a consistent pattern representing changes in 
the ocean‐atmosphere system through time. Emiliani 
[1955], based on the major swings in his data, has recog
nized the “marine isotope stages” (MIS). Shackleton [1969] 
has subdivided Emiliani’s stage 5 into lettered substages, 
and since then, Quaternary time is divided into marine iso
tope stages and substages. The MIS scheme was the first 
attempt to use oxygen isotope chemostratigraphy in the 
Quaternary. Railsback et  al. [2015] have proposed the 
scheme of marine isotope substages currently in use.

A general increase from −8 to 0‰ VPDB in the 
Phanerozoic, punctuated by positive excursions coinci
dent with cold intervals, has been recognized by Veizer 
et al. [1999] who have suggested that δ18O analyses of care
fully screened, well‐preserved brachiopods and mollusks 
can still retain a primary signal even in Paleozoic samples. 
Nevertheless, similar consideration is not possible for the 
Precambrian due to the absence of calcified metazoans, 
except for the Ediacaran. δ18O analyses of whole rock 
samples of Precambrian successions usually reflect diage
netic conditions, although primary trends have been 
reported in rare/limited occasions [Tahata et al., 2012].

According to Bao et al. [2008, 2009], triple oxygen iso
tope evidence proved to be an important tool in the 
discrimination of early‐Cryogenian from end‐Cryogenian 
cap carbonates. Sulfate from ancient evaporites and 
barite shows variable negative 17O isotope anomalies over 
the past 750 million years. An important difference in 17O 
isotope anomalies of barite at top of the dolostones from 
the Marinoan cap carbonates (negative spike ∼ −0.70‰) 
suggests that by the time this mineral was precipitated, 
PCO2 was highest for the past 750 million years (CO2 levels 
reached 0.01–0.08 bar during and just after ∼635 Ma 
glacial event; Bao et al., 2008, 2009].
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Oxygen isotopes of  dissolved inorganic phosphate 
(δ18Op) are a powerful stable isotope tracer for biogeo
chemical research, offering insights into the relative 
importance of  different sources of  phosphorus within 
natural ecosystems [Davies et  al., 2014]. Besides, the 
isotope fractionations alongside the metabolism of 
phosphorus allow δ18Op to be used to better understand 
intracellular/extracellular reaction mechanisms that 
control phosphorus cycling.

An organic paleothermometer based upon the 
membrane lipids of  mesophilic marine Thaumarchaeota, 
the tetraether index of  lipids, with 86 carbon atoms 
(TEX86) has been used for over a decade when attempt
ing to reconstruct sea surface temperatures (SSTs). This 
thermometer is particularly useful when other SST 
proxies are diagenetically altered (e.g., planktic forami
nifera; Pearson et al., 2007) or absent (e.g., alkenones; 
Bijl et al., 2009).

The oldest TEX86 record is from the Middle Jurassic 
(~160Ma) and indicates relatively warm SST [Jenkyns 
et  al., 2012]. It has been also used to reconstruct SST 
throughout the Cenozoic era (66–0 Ma) [e.g., Sluijs et al., 
2009; Zachos et al., 2006] and particularly to reconstruct 
the Eocene (55.8–34 Ma) SST. During the early Eocene, 
TEX86 values indicate warm high southern hemisphere 
latitude SSTs (20–25 °C) in agreement with other indepen
dently derived proxies (e.g., alkenones, Mg/Ca). During 
the middle and late Eocene, high southern latitude sites 
cooled, while the tropics remained stable and warm.

The field of clumped isotopes is concerned with how 
the various isotopes of carbon and oxygen are distributed 
in the lattice of the carbonate crystal, allowing distinc
tion of the “isotopologues,” that is, molecules of similar 
chemical composition but different isotopic composition 
[Eiler, 2007]. This field is concerned with measuring an 
isotopologue of CO2 gas with a mass of 47, that is, where 
the two “heavy” rare isotopes (13C and 18O) are substi
tuted in the CO2 molecule. This is representative of the 
amount of “clumping” of the heavy isotopes in the crystal 
lattice of the carbonate. As Δ47 is measured, the amount 
of clumping at a known temperature can be determined 
[e.g., Ghosh et  al., 2006]. Guo et  al. (2009b) provided a 
theoretical Δ47 calibration for a number of different miner
alogies, making clumped isotopes to be one of the most 
promising paleothermometer for paleoclimate and dia
genesis [e.g., Eagle et al., 2010; Tripati et al., 2010; Petrizzo 
et al., 2014]. The great advantage is that it is unnecessary 
to know the oxygen isotope composition of the water 
with which carbonates have isotopically equilibrated. The 
growing interest on use of this technique is reflected in a 
rapid increase in the number of laboratories equipped to 
perform routine analyses of clumped isotope and by the 
organization of a series of international workshops 
focusing on its development and general applications.

1.2.5. Sulfur Isotopes

A secular δ34S variation curve for evaporites (1.0 Ga to 
present) was reported by Claypool et al. [1980], and since 
then sulfur isotope chemostratigraphy has been largely 
used for marine evaporite sulfate, in terrains ranging from 
1.0 Ga to recent. Extensive critical review on sedimentary 
sulfur through time and on potential use of  sulfur 
isotopes in the investigation of time boundaries is found 
in Strauss [1997], while detailed discussion on the use of 
sulfur isotopes on Neoproterozoic chemostratigraphy 
can be found in Halverson et al. [2010a]. Halverson et al. 
[2010b] have subdivided Neoproterozoic sulfur isotope data 
into two kinds: one recording seawater sulfate (δ34Ssulph) and 
the other recording epigenic or authigenic pyrite (δ34Spyr). 
The former is recovered from evaporites, barites, phospho
rites, and carbonates (as carbonate‐associated sulfate 
(CAS)). Fractionation that occurs during bacterial sulfate 
reduction (BSR) plus additional fractionation effects of 
reactions during oxidative recycling of sulfides is recorded 
by the pyrite data [Canfield and Teske, 1996], while the 
sulfur isotope data from barite, phosphorite, and CAS 
depict seawater sulfate (δ34Ssulph). Due to BSR, δ34Spyr is 
usually lower (lighter) than δ34Ssulph. Two important 
exceptions to this rule have been reported [Ries et  al., 
2009]: (i) Archean successions usually yield similar values 
for pyrite and CAS, because the ocean was anoxic, and 
therefore BSR was negligible. (ii) Superheavy pyrites, that 
is, with δ34S values exceeding that of coeval sulfides, occur 
in late Neoproterozoic successions and were interpreted 
as the result of  very low sulfate concentrations and fer
ruginous conditions in the ocean and intense aerobic 
reoxidation of pyrite [Ries et al., 2009].

Mass‐independent fractionation (MIF) is observed in 
O, S, and Hg, linked to photochemical reactions in the 
atmosphere, and in the case of sulfur, it can be observed 
in ancient sediments [Farquhar et  al., 2000; Guo et  al., 
2009b] where it preserves a signal of  the prevailing envi
ronmental conditions which makes sulfur isotopes as a 
tracer of  early atmospheric oxygenation up to the 
formation of  the ozone shield. The method implies mea
surements of multiple sulfur isotopes (δ33S, δ34S, and δ36S) 
on CAS and sulfides. The creation and transfer of the 
mass‐independent (MI) signature into minerals would be 
unlikely in an atmosphere containing abundant oxygen, 
constraining the Great Oxygenation Event (GOE) and 
the establishment of an ozone shield to sometime after 
2.45  Ga ago. Prior to this time, the MI sulfur record 
implies that sulfate‐reducing bacteria did not play a 
significant role in the global sulfur cycle and that the MI 
sulfur signal is due primarily to changes in volcanic 
activity [Halevy et al., 2010]. After 2.3 Ga, the MIF signal 
disappears, attesting to the continued existence of an 
ozone layer since the Paleoproterozoic [Guo et al., 2009a]. 
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Therefore, sulfur isotopes are important in the study of the 
Archean‐Paleoproterozoic boundary and the fundamental 
biotic and environmental changes that took place during 
the GOE.

Biological and abiotic reactions in the sulfur biogeo
chemical cycle show distinctive stable isotopic fraction
ation and are important in regulating the Earth’s surface 
redox state [Pasquier et al., 2017]. The δ34S composition 
of sedimentary sulfate‐bearing phases reflects temporal 
changes in the global sulfur cycle and can be used to 
infer major changes in the Earth’s surface environment, 
including rise of atmospheric oxygen.

Sulfur isotope pyrite‐based records have been less 
explored. Pasquier et al. [2017] have studied Mediterranean 
sediments deposited over 500,000 y which exhibit strati
graphic variations >76‰ in the δ34Spyr data. These authors 
have demonstrated the relationship between the strati
graphic isotopic variation and phases of glacial‐interglacial 
sedimentation rates. Their results suggest that the control 
of the sulfur isotope record can be associated with strong 
sea‐level variations. Besides, they provided an important 
perspective on the origin of variability in such records and 
suggested that meaningful paleoenvironmental information 
can be derived from pyrite δ34S records.

1.2.6. Calcium, Magnesium, and Boron Isotopes

Technological advances in analytical procedures and 
sophistication of equipment (e.g., micro‐SIMS, nano‐
SIMS, MC‐ICPMS) for few nontraditional stable isotopes, 
mainly Li, B, Mg, Cl, Ca, Cr, Fe, Ni, Cu, Zn, Ge, Se, Mo, 
Os, Hg, and Th [Johnson et  al., 2004; Baskaran, 2012; 
Teng et al., 2017], have opened new avenues, some still to 
be explored in terms of  isotope chemostratigraphy. In 
particular, Ca, Mo, and Fe have received more attention 
in Precambrian isotope chemostratigraphy [Kasemann 
et  al., 2005; Arnold et  al., 2004; Siebert et  al., 2003; 
Johnson and Beard, 2006; Staubwasser et al., 2006, among 
others], and Cr isotopes have proven to be an important 
tool in this regard [Frei et al., 2009, 2011, among others].

It is not known exactly how Ca isotopes work in 
modern carbonate rocks or the extension on how diagen
esis affects them. A fairly updated review on the global 
calcium cycle is found in Fantle and Tipper [2014] and 
Gussone et al. [2016].

The global Ca isotope signal from end‐Cryogenian 
carbonate successions suggests that Ca isotope chemo
stratigraphy can be an additional tool for the correlation 
of postglacial Neoproterozoic carbonate successions 
[Higgins and Schrag, 2010; Kasemann et al., 2005; Silva 
Tamayo et al., 2007, 2010a, 2010b]. These authors have 
claimed that the Neoproterozoic Ca isotopic record is, 
perhaps, an archive of changes in the oceanic Ca isotopic 
composition.

Rapid glacier melting and significant increase in the 
Ca input to the ocean immediately after deglaciation, 
followed by progressive increase in carbonate precipita
tion and burial compensating for the large initial Ca 
input, have been depicted from Ca isotope behavior. Post‐
Sturtian and post‐Marinoan global δ44/40Ca patterns 
seem to differ from each other, probably because of the 
difference in Ca mass balance evolution among these two 
deglaciation events as a consequence of  contrasting gla
cier melting regimes [Silva Tamayo et al., 2010a, 2010b]. 
This divergent behavior of the Ca isotopic evolution 
makes Ca isotope stratigraphy a promise, perhaps, to 
discriminate and correlate Neoproterozoic postglacial 
carbonate successions. Possibly, there is a close connection 
between Ca isotopic cycling in the Phanerozoic, seawater 
chemistry, carbonate sedimentation, and evolutionary 
trends [Blättler et  al., 2012]. MI isotope fractionation 
effects as observed in O, S, and Hg isotopes were not so 
far observed in Ca isotopes [Gussone et al., 2016].

Use of magnesium isotope to understand geological 
phenomenon/processes has been on the rise during recent 
times [e.g., Tipper et al., 2006a, 2006b, 2006c; Higgins and 
Schrag, 2010; Wombacher et al., 2011; Azmy et al., 2013; 
Geske et al., 2015]. Chang et al. [2003], Tipper et al. [2008], 
and Wombacher et  al. (2009) presented the systematics 
and analytical protocols in Mg isotope analyses, and 
accuracy of Mg isotope determination in MC‐ICPMS 
was discussed by Tipper et al. [2008]. Brenot et al. (2008) 
examined the Mg isotope variability within a lithologi
cally diverse river basin. The relationships between 
continental weathering, riverine influx of Mg into the 
oceans, and global Mg isotope budgets of modern oceans 
were examined by Tipper et  al. [2006a, 2006b, 2006c]. 
Higgins and Schrag [2010] demonstrated the utility of 
constraining Mg cycle in marine sediments through the 
use of Mg isotope. As magnesium is part of the C cycle 
and dolomite is a major sink for Mg and a main control 
for δ26Mgseawater, Geske et  al. [2015] studied Mg isotope 
and suggested its use as a vital proxy. Azmy et al. [2013] 
are also of the similar opinion. Nevertheless, use of Mg 
isotopes in truly stratigraphic context has been scarce, for 
example, Strandmann et  al. [2014] and Pokrovsky et  al. 
[2011], to name a few. Despite this scarcity, the information 
that the Mg isotope system follows that of Sr and Ca 
isotopic systems [Fantle and Tipper, 2014] and the fact 
that the Mg isotopic composition of the oceans is 
relatively constant (δ26Mgseawater  = −0.82 ± 0.01‰, Foster 
et  al., 2010) and Mg has a long residence time in the 
ocean (≈10 Myr; Berner and Berner, 1987; 14–16 Myr, 
Lécuyer et al., 1990) could suggest its utility in establish
ing chemostratigraphic curve similar to that of Sr isotopic 
curve; however, the potential remains yet to be tapped 
and tested. It was Galy et al. [2002] who have reported a 
latitudinal gradient of  Mg isotopic fractionation in 
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calcites of speleothems. Li et al. [2012] precipitated calcite 
in a wide range of temperature (4–45 °C) and reported a 
feeble gradient between δ26Mgcalcite in solution and temperature 
(0.011 ± 0.002‰  °C−1). This finding could help establish 
Mg isotope as a proxy to temporal trends of  paleotem
perature and paleolatitudinal variations.

There is fair agreement on that the aftermath of  the 
Cryogenian glaciations has been marked by cap dolos
tone deposition that have followed intense continental 
chemical weathering. Huang et  al. [2016] have explored 
the behavior of Mg isotopes to demonstrate that this was 
the picture in the deposition of the terminal Cryogenian‐
age Nantuo Formation and the overlying cap carbonate 
of the basal Doushantuo Formation, South China. They 
observed a δ26Mg positive excursion, with values ranging 
from +0.56 to +0.95‰, in the top of the Nantuo 
Formation that likely resulted from an episode of intense 
chemical weathering. The siliciclastic component of the 
overlying Doushantuo cap carbonate, on the contrary, 
has yielded much lower δ26Mg values (<+0.40‰), sug
gesting low‐intensity chemical weathering during the cap 
carbonate deposition. Huang et al. [2016] concluded that 
such a behavior of  Mg isotopes confirms an intense 
chemical weathering at the onset of  deglaciation and 
that it has reached its maximum before the cap carbonate 
deposition.

There are a growing number of publications that have 
applied boron isotopes as a paleo‐pH proxy although 
boron isotope analyses are complex [e.g., Palmer et  al., 
1998; Sanyal et al., 2001; Joachimski et al., 2005; Hemming 
and Hönisch, 2007; Hönisch et al., 2012; Foster and Rae, 
2016]. A secular change in the boron isotope geochemistry 
of seawater over the Phanerozoic is found in Joachimski 
et al. [2005], based on the boron isotope geochemistry of 
brachiopod calcite.

It is known that oceanic uptake of CO2 decreases ocean 
pH [Kasemann et al., 2005]. Calcium and boron isotopes 
have been used to estimate paleoenvironmental condi
tions in the aftermath of the two major Neoproterozoic 
glaciations in Namibia. Kasemann et al. [2005] presented 
a record of Cryogenian interglacial ocean pH based on 
boron isotopes in marine carbonates. Their B isotope 
data suggest a largely constant ocean pH and no critically 
elevated pCO2 throughout the older postglacial and 
interglacial periods. Marked ocean acidification event, 
in contrast, marks the younger deglaciation period and is 
compatible with elevated postglacial pCO2 concentration. 
Negative δ11B excursions in postglacial carbonates have 
been interpreted as an indication of temporary decrease 
in seawater pH.

It has been proposed that during the PETM, thousands 
of petagrams of carbon (Pg C) were released as methane 
or CO2 into the ocean‐atmosphere system for about 10 kyr, 
concomitant to a carbon isotope excursion, widespread 

dissolution of deep‐sea carbonates, and global warming, 
leading to possible severe acidification of the ocean surface 
[Penman et  al., 2014]. Using boron‐based proxies for 
ocean carbonate chemistry, these authors demonstrated 
that there is evidence for a pH drop of  surface and sea
water thermocline during the PETM. They have observed 
a decrease of 0.8‰ in δ11B at the onset of the PETM 
event and a reduction of almost 40% in shell B/Ca, at a 
drill site in the North Pacific and similar trends in the 
South Atlantic and Equatorial Pacific, consistent with 
global acidification of the surface of the ocean.

1.2.7. Chromium, Iron, Molybdenum, 
and Thallium Isotopes

Widespread deepwater anoxia predominated in the 
Archean and Paleoproterozoic oceans, while the Neo
proterozoic was transitional between anoxic and largely 
oxygenated Phanerozoic oceans. Stratified, ferruginous 
oceans have characterized the Archean‐Paleoproterozoic 
and Neoproterozoic ocean chemistries, while during the 
Mesoproterozoic, sulfidic (euxinic) marine conditions 
prevailed in contrast with Phanerozoic oxygenated con
ditions [Canfield et  al., 2008]. Investigation on the Fe, 
Cr, and Mo isotope behavior has provided further insights 
into the question of surface ocean oxygenation [Scott 
et al., 2008; Frei et al., 2009].

It is well known that Cr is very sensitive to the redox 
state of the surface environment, oxidative weathering 
processes producing the oxidized hexavalent Cr. Positive 
isotopic fractionation of up to 5‰ accompanies the 
oxidation of the reduced Cr(III) on land [Frei et al., 2009 
and references therein]. Lyons and Reinhard [2009] and 
Døssing et al. [2011] have discussed in detail the isotopic 
systematic of  the Cr cycle, including incorporation 
into banded iron formation (BIF). From Cr isotopes in 
BIFs, one can track the presence of  hexavalent Cr in 
Precambrian oceans to understand the oxygenation his
tory of the Earth’s atmosphere‐hydrosphere system [Frei 
et al., 2009]. Frei et al. [2011] applied for the first time Cr 
isotope systematics to ancient carbonates, representing a 
useful tracer for climate change and for reconstructing 
the redox state of ancient seawater and atmosphere. Cr 
and C isotope curves in carbonates are virtually parallel 
[Frei et  al., 2011], and therefore, coupled δ13C‐δ53Cr che
mostratigraphy of mixed BIF/carbonate/chert succes
sions may provide more continuous curves than C isotopes 
alone. This method is suitable for chemical sediments 
(BIF, chert, and carbonates), with low amounts of terrig
enous material; otherwise Cr isotopic composition of the 
rock will predominate [Frei et  al., 2013]. Cr isotopes 
enabled the detection of  early oxygenation pulses at 
2.7 Ga [Frei et al., 2009] and even at 2.95 Ga [Crowe et al., 
2013], long before the GOE. If  one compares the δ53Cr 
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values of  BIF of  different ages, Archean BIFs are the 
less fractionated and Neoproterozoic BIFs show the 
largest positive values, in accordance with the progres
sive oxygenation of  surface environments [Frei et  al., 
2009, 2013, 2017].

Iron (Fe) isotopes are a tool in the study of iron cycling 
due to its large isotopic fractionation attending to redox 
transformations in near‐surface environment. Before the 
impossibility of applying the traditional stable or radio
genic isotope systems, the Fe isotope system has been 
largely applied to BIF [Halverson et al., 2011]. Archean 
and Paleoproterozoic BIFs have revealed an extraordi
nary variability in Fe isotope compositions, from the 
stratigraphic [e.g., Beard et al., 2003; Johnson et al., 2008; 
Heimann et al., 2010] to the mineral [e.g., Johnson et al., 
2003; Frost et al., 2007] and microscale [e.g., Steinhoefel 
et al., 2010]. These variations are usually ascribed to the 
large fractionation resulting from reduction/oxidation of 
Fe and the isotopic differences between mineral phases 
[e.g., Johnson et al., 2008].

In Neoproterozoic iron formations (IF), Fe occurs 
almost predominantly as hematite [Klein and Beukes, 
1993] in contrast to some Archean‐Paleoproterozoic 
BIFs in which iron occurs as both Fe2+ and Fe3+ in a range 
of different minerals [Klein and Beukes, 1993]. Therefore, 
primary isotope signatures are easier to obtain from the 
Neoproterozoic BIFs which are usually associated with 
episodes of global glaciation (Rapitan‐type BIF) as their 
Fe isotope composition reflects the chemistry of  the 
glacial ocean [Halverson et al., 2011].

The evolution of the redox state of the oceans can be 
also investigated using Mo concentrations in black shales 
[Scott et al., 2008]. Its isotopic composition, in turn, allows 
differentiation between euxinic (i.e., sulfidic) and oxygen
ated environments [Arnold et al., 2004]. Three oxygenation 
events at 2.65 Ga, ca. 2.5 Ga, and 550 Ma were recognized, 
with the late Paleoproterozoic and Mesoproterozoic (1.8–
1.0 Ga) being characterized by euxinic conditions 
(“Canfield Ocean”; Canfield, 1998; Arnold et  al., 2004; 
Scott et  al., 2008). This is consistent with other proxies, 
such as MIF of sulfur and chromium isotopes.

High‐precision measurements of thallium (Tl) isotope 
ratios were only made possible in the late 1990s, and, 
therefore, one has only limited knowledge of its isotopic 
behavior. Despite of their heavy masses of 203 and 
205 a.m.u., it is known that thallium isotopes can be frac
tionated substantially in the marine environment [Nielsen 
et al., 2017].

Thallium isotopes have been applied to investigate 
paleoceanographic processes in the Cenozoic, and a com
pilation of the Tl (ε205Tlsw) isotope composition of sea
water over the last 75 Myrs is found in Nielsen et al. [2009, 
2017], together with contemporaneous δ34Ssw variation 
curve. These two curves show relatively similar behavior, 

with the lowest values within the 55–70 Ma range, the 
δ34Ssw curve displaying minimum values around 55 Ma 
and ε205Tlsw around 66 Ma. Thallium isotopes may be 
utilized as a proxy for changes in Fe and Mn supply to 
the water column over million year time scales according 
to Nielsen and Rehkämper [2012] to monitor changes in 
marine Mn sources and/or Mn oxide precipitation rates 
back in time.

1.2.8. Strontium and Neodymium Isotopes

As 87Sr/86Sr ratios and δ13C fluctuate independently 
from each other, their combined use through the appli
cation of high‐resolution chemostratigraphy represents a 
powerful tool to resolve geological problems. The radio
genic nature of  87Sr, which forms as a result of  radioac
tive decay of  87Rb, implies that the 87Sr/86Sr ratio of  the 
mantle, crust, and surface environments rises with time 
[e.g., Shields, 2007a, 2007b]. The 87Sr/86Sr seawater variation 
curve is better known for the Phanerozoic [e.g., Burke et al., 
1982; Veizer et al., 1999; McArthur et al., 2001; Leckie 
et al., 2002; McArthur, 2010] showing long‐term varia
tions of  about 500–550 Ma from the Upper Cambrian 
(0.709; Montañez et al., 2000) gradually decreasing with 
a nadir of 0.7068 at 250 Ma and rising again to values of 
0.7092 in the present‐day ocean [Macdougall, 1991; 
McArthur et al., 2001]. This makes Sr isotopes a pretty 
straightforward and precise method for dating marine 
carbonates and calcareous fossils in the upper half  of the 
Cenozoic, for example, because 87Sr/86Sr ratios rise con
tinuously from 0.7077 in the Bartonian (ca. 40 Ma) to 
0.7092 in the Holocene [McArthur et al., 2001]. Sr isotope 
chemostratigraphy is equally well feasible in the other 
periods of the Phanerozoic, depending on the morphology 
of the Sr isotope record. The close correlation in time 
between the strontium isotope excursions and the major 
OAEs (Jurassic and Cretaceous) is compatible with a 
causal linkage [e.g., Jones and Jenkyns, 2001].

The main source of 87Sr is the weathering of Rb‐rich 
granitic rocks. Hydrothermal vents near mid‐ocean ridges 
are enriched in non‐radiogenic 86Sr [Shields, 2007a], and 
therefore, high 87Sr/86Sr ratios are considered as an indi
cation of periods of enhanced orogenesis, while low 
 ratios characterize periods of continental breakup and 
enhanced hydrothermal activity. Flament et  al. [2011], 
however, have pointed out that 87Sr/86Sr is influenced by 
the area of  emerged land rather than by orogenic 
processes alone, something especially important for 
calculations of continental growth in the Archean, when 
maybe <4% of Earth’s area was emerged [Shields, 2007b; 
Flament et al., 2011].

Efforts to compile Sr isotope data aimed at determining 
the secular 87Sr/86Sr seawater curve for the Proterozoic 
have been made [e.g., Jacobsen and Kaufman, 1999; 
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Melezhik et  al., 2001; Halverson et  al., 2007, 2010a, 
2010b; Kuznetsov et  al., 2010]. The use of  strontium 
isotopes in chemostratigraphy, however, is limited by the 
paucity of limestone in many successions. Another diffi
culty is posed by the likelihood of alteration in samples 
with low strontium contents through the incorporation 
of 87Sr from the decay of 87Rb in coexisting clay minerals 
[Kaufman et al., 2009]. Therefore, it is advisable to con
sider only analyses of high‐Sr limestones, less prone to 
postdepositional alteration. Geochemical screens (Rb/Sr, 
Mn/Sr, Sr concentration, and δ18O) have been widely 
adopted to evaluate the degree of  postdepositional alter
ation of  strontium isotope ratios [Veizer et  al., 1983; 
Kaufman et al., 1992, 1993; Marshall, 1992; Jacobsen and 
Kaufman, 1999; Melezhik et  al., 2001]. Dolostones are 
usually not suitable for Sr isotope studies due to the 
lower Sr concentrations of  usually a few tens of  ppm 
[Kah et al., 1999; Gaucher et al., 2007], although a few 
exceptions have been reported [Sawaki et al., 2010].

Another problem of the method is the differing labora
tory procedures, which yield different results for the same 
samples. The use of pre‐leaching with ammonium acetate 
removes adsorbed Sr and yields lower 87Sr/86Sr ratios than 
a more aggressive one‐step HCl leaching method 
[Melezhik et al., 2001; Rodler et al., 2017]. An intermediate 
approach for limestones is the use of 0.5 M acetic acid for 
a short time (5–10 min), which predominantly liberates 
calcite‐associated Sr, thereby yielding lower Sr isotope 
ratios [e.g., Frei et al., 2011].

Details on the neodymium isotope geochemistry are 
found in DePaolo [1988]. A “global average” εNd curve for 
the oceans since 800 Ma has been constructed [Keto and 
Jacobsen, 1988; Macdougall, 1991], although neodymium 
isotopes have been seldom used as a chemostratigraphic 
tool. Similar to Sr isotope secular curve, this curve shows 
εNd values at the end of  the Precambrian oceans not 
substantially different from those at present ones. There is 
a remarkable decrease of the average εNd values (−5 to −15) 
in the time interval between 700 and 550 Ma. Despite the 
precision of modern instruments, the scatter in measured 
values is substantial, limiting the use of εNd in chemostrati
graphic studies. Even so, secular εNd variations coupled 
with δ13C and δ53Cr have been reported from Ediacaran 
rocks from Uruguay [Frei et  al., 2011, 2013] and Brazil 
[Dantas et  al., 2009], yielding valuable information 
regarding the tectonic evolution of the basin.

1.2.9. Osmium and Lithium Isotopes

The temporal variations of  the 187Os/188Os ratio are 
preserved in several marine depositional environments, 
where osmium is an ultra trace element [Peckeur‐Ehrenbrink 
and Ravizza, 2000]. Several developments over the last 
three decades have allowed direct measuring of 187Os/188Os 

ratio and osmium concentration in seawater, river water, 
and rain, improving the knowledge on the surficial cycle 
of osmium [Sharma et al., 1997; Peckeur‐Ehrenbrink and 
Ravizza, 2000]. Ravizza and Peucker‐Ehrenbrink [2003] 
have observed a decline of about 25% in the marine 
187Os/188Os record that predated the Cretaceous‐Paleocene 
transition (K‐Pg) and that coincides with a warming in 
the late Maastrichtian. They have interpreted this osmium 
isotope ratio decline as a chemostratigraphic marker of 
the Deccan volcanism which was responsible for a 
transient global warming event (3–5 °C) and likely one of 
the causes of the K‐Pg mass extinction.

Precambrian‐to‐Pleistocene marine osmium isotope 
records, particularly the Cenozoic and Mesozoic ones, 
and interpretations of their temporal variations have 
been reviewed by Peckeur‐Ehrenbrink and Ravizza [2012]. 
Although the Cenozoic seawater 187Os/188Os mimics the 
marine 87Sr/86Sr record and suggests that both reflect 
continental weathering linked to climatic or tectonic 
processes, these two marine isotope systems differ 
fundamentally from each other [Peckeur‐Ehrenbrink and 
Ravizza, 2000]. The marine residence time of osmium is 
distinctly shorter, allowing to record short‐term fluctua
tions (e.g., glacial‐interglacial periods), something that 
escapes to the buffered marine strontium isotope system. 
This difference between these two systems allows 
discrimination between climatic and tectonic forcings. 
Besides, large‐amplitude changes in the marine 187Os/188Os 
record can be useful as chemostratigraphic event markers 
[Peckeur‐Ehrenbrink and Ravizza, 2012].

The decline of atmospheric CO2 has a potential role in 
initiating glaciation and its increase of terminating it 
[Vandenbroucke et al., 2010]. Both cases involve changes 
in silicate weathering rates [Lenton et al., 2012; Ghienne 
et al., 2014]. The change of 187Os/188Os ratios during glacial 
periods may represent a response to change in silicate 
weathering, but does not help in tracing the weathering 
rate or processes involved [Finlay et  al., 2010]. The 
behavior of  Li isotopes, however, is solely controlled by 
silicate weathering processes and, therefore, gives a unique 
insight into CO2 drawdown and climate stabilization 
[Pogge von Strandmann et al., 2017].

Biological processes do not lead to lithium isotope 
fractionation [Pogge von Strandmann et al., 2017], and 
carbonate weathering does not affect Li isotope signals 
[Dellinger et al., 2017]. The δ7Li of primary silicate rocks 
have a narrow range [Sauzeat et al., 2015] if  compared 
to the high variability of  modern rivers which reflects 
weathering processes, particularly the extent of preferen
tial uptake of 6Li into secondary minerals [Dellinger et al., 
2017]. Marine carbonates have a negligible sink of Li 
[Marriott et al., 2004; Pogge von Strandmann et al., 2013].

A comprehensive review on lithium isotope geochemistry 
is found in Tomascak et al. [2016] and Penniston‐Dorland 
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et al. [2017] in which the possibility of use of Li isotope in 
chemostratigraphy has been overlooked. Lithium isotope 
chemostratigraphy of Late Ordovician bulk carbonate 
sections and brachiopods in Anticosti Island, Canada 
[Achab et al., 2013] (Pointe Laframboise Ellis Bay West), 
and of an equivalent shale section at Dob’s Linn, United 
Kingdom [Finlay et al., 2010; Melchin et al., 2013], was 
presented by Pogge von Strandmann et al. [2017]. In all 
sections in that study, the relative timings of δ7Li and the 
Hirnantian carbon isotope excursion (HICE) are similar, 
suggesting that Li isotope excursions occur contempo
raneously, consistent with the Li residence time in the 
ocean (1 Myr). The positive δ7Li excursion during the 
Hirnantian cooling event compares well to negative δ7Li 
during warming events [Pogge von Strandmann et  al., 
2013; Lechler et al., 2015].

1.2.10. Elemental Chemostratigraphy

Elemental chemostratigraphy (element and element 
ratios) is a supplementary, useful tool in stratigraphy, and 
Mo, Ir, V, Ni, Cu, P, Hg, REEs, and Fe are among the most 
used elements, while Mo/Al, U/Mo, Rb/K, V/Cr, Zr/Ti,  
I/Ca, Li/Ca, B/Ca, Sr/Ca, Mg/Ca, Mo/Th, V/Th, and Th/U 
ratios seem to be particularly interesting. Paleoceanographic 
applications of trace‐metal concentration data have been 
reviewed by Algeo and Rowe [2012].

Iron speciation has been widely used to determine the 
redox state of  ancient basins. The method involves 
sequential extraction procedures to extract highly reac
tive iron (oxide, carbonates, and sulfide) and compare 
their concentration to total iron (FeHR/FeT; Canfield, 1989; 
Shen et al., 2003; Poulton and Canfield, 2005). Sediments 
deposited in an oxygenated water column yield FeHR/FeT 
lower than 0.38 [Canfield, 1989]. Furthermore, the sulfide‐
bound iron (FeP) can be compared to highly reactive iron 
(FeP/FeHR), with values higher than 0.8 characterizing 
sulfidic (euxinic) basins [Canfield et al., 2008]. Iron speci
ation chemostratigraphy has been applied successfully to 
sedimentary units of different ages, from the Archean to 
recent [e.g., Shen et al., 2003; Poulton et al., 2004; Canfield 
et al., 2008; Lyons et al., 2009; Johnston et al., 2010; Scott 
et al., 2011; Hammarlund et al., 2012; Frei et al., 2013].

In sediments deposited immediately after major glacial 
events, Hg tends to concentrate as a result from leaching 
of volcanogenic Hg from land surface and accumulation 
along argillaceous sediments [Santos et  al., 2001]. This 
element is usually found in low geological background 
concentrations, and this makes this trace element suitable 
for identifying accumulation pulses in sediments that can 
be tentatively related to weathering processes and thus to 
climatic changes.

Carbon dioxide buildup in the atmosphere during the 
Neoproterozoic glacial events resulted from volcanism 

that led to enhanced greenhouse effect, ice melting, and 
cap carbonate deposition [e.g., Hoffman et  al., 1998a; 
Hoffman, 2011]. Besides, intense volcanism may have 
witnessed the P‐T and Cretaceous‐Paleogene transition 
(K‐Pg) and was, perhaps, co‐responsible for dramatic 
climatic changes and thus for the decrease in biodiversity 
and mass extinction [e.g., Keller, 2005; Archibald et al., 
2010]. Sial et  al. [2010b] demonstrated the use of  Hg 
chemostratigraphy of the cap carbonates to document 
intense volcanism and resultant CO2 buildup in the 
atmosphere, following the Neoproterozoic snowball 
events. Moreover, Hg chemostratigraphy was applied to 
investigate the relationships between large igneous prov
ince (LIP) activity, abrupt environmental changes, and 
mass extinctions [e.g., Nascimento‐Silva et al., 2011, 2013; 
Sanei et al., 2012; Sial et al., 2013a, 2014, 2016, 2017, this 
volume; Adatte et  al., 2015; Grasby et  al., 2013, 2015, 
2017; Percival et al., 2015, 2017; Font et al., 2016, 2018; 
Thibodeau et  al., 2016; Charbonnier et  al., 2017; Jones 
et al., 2017; Thibodeau and Bergquist, 2017; Keller et al., 
2018). To assure that the measured Hg contents result 
from true Hg loading to the environment, it is necessary 
to examine Hg/TOC ratios for chemostratigraphy [e.g., 
Grasby et al., 2015; Percival et al., 2015]. Mercury enrich
ments in sedimentary successions that recorded the mid‐
Cenomanian Event and Oceanic Anoxic Event 2 (OAE2) 
in the Late Cretaceous have been regarded by Scaife et al. 
[2017] as a marker for submarine LIP volcanism, and Hg 
enrichment recorded in the PETM is assumed to be 
related to volcanic activity of the North Atlantic Igneous 
Province (NAIP) (e.g., Keller et al., 2018). Hg is doubtless 
a good benchmark for high volcanic activity, but normal
ization by TOC is in some cases problematic if  TOC 
values are <0.2, leading to exaggerated peaks.

Mo and V chemostratigraphy may be useful in the 
investigation of the redox state of deep ocean water. Mo 
is a redox‐sensitive element, scavenged from seawater into 
sediments in the form of  MoSxO4−x2−, under anoxic 
conditions [Wen et  al., 2015]. The transfer of aqueous 
Mo to the sediment can be increased by means of metal‐
oxyhydroxide particulate shuttles, but aqueous U is not 
affected by this process [Tribovillard et al., 2012]. There
fore, an increase in U/Mo ratio may suggest oxic condi
tions [e.g., Sosa‐Montes et al., 2017]. According to Scheffler 
et al. [2003], certain elemental ratios can be useful as prox
ies for investigation of salinity variation (Rb/K), redox 
state (V/Cr), or provenance (Zr/Ti). Mo and V can be 
normalized with Th (Mo/Th and V/Th) and, together with 
other redox‐sensitive trace elements such as Ni, Zn, and 
Pb, can be used to determine redox variations in ancient 
sedimentary successions [Spangenberg et al., 2014].

REE has been extensively used in different types of 
sedimentary rocks, often in combination with yttrium 
(REEY). The most widely used proxies are Ce, Eu, and Pr 
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anomalies (Ce/Ce*, Eu/Eu*, Pr/Pr*), Y/Ho, La/Yb, and 
ΣREE, which can be applied to shales, carbonates, BIF, 
cherts, phosphorites, and other fine‐grained rocks 
[Elderfield and Greaves, 1982; Liu et  al., 1988; Bau and 
Dulski, 1996; Kato et  al., 2006; Lawrence and Kamber, 
2006; see Sial et al., 2015b for an overview of proxies]. 
REE chemostratigraphy has been applied to Archean 
[Kamber et  al., 2014], Paleoproterozoic [Bau and 
Dulski, 1996], Mesoproterozoic [Azmy et  al., 2009], 
Neoproterozoic [Tribovillard et al., 2006; Frimmel, 2009; 
Sansjofre et al., 2014; Spangenberg et al., 2014; Gaucher 
et  al., 2015; Sial et  al., 2015b; Hu et  al., 2016; Rodler 
et al., 2016], and Phanerozoic successions [Schmitz et al., 
1988; Lécuyer et al., 2004; Fio et al., 2010].

The redox behavior of iodine is well known [Broecker 
et al., 1982]. Besides, it is also known that there is a linear 
covariation between carbonate‐associated iodine (CAI) 
and IO3  during calcite precipitation, but I− is completely 
excluded [Lu et  al., 2010]. This trait, coupled with the 
residence time of iodine in seawater (300 ky; Broecker 
et al., 1982) and concentration near 450 nM in modern 
ocean, makes I/Ca (or I/Ca + Mg) ratios in carbonates a 
robust indicator of the presence of IO3  and hence oxygen 
in the water column. Therefore, surface ocean oxygena
tion has been investigated using I/Ca ratios as a paleo
redox indicator [e.g., Hardisty et al., 2014].

Li/Ca and B/Ca in carbonates are regarded as proxies 
for carbonate saturation state [Hall and Chan, 2004; Hall 
et al., 2005; Lear and Rosenthal, 2006; Yu and Elderfield, 
2007; Foster, 2008], and Mg/Ca ratios of foraminiferal 
shells have been regarded as useful paleothermometer to 
determine ocean temperature. The difference in the Mg/
Ca ratio of  the foraminiferal shell and that from a 
baseline value (defined by the global ocean Mg and Ca 
concentration) when calibrated for the vital effects of the 
organism is a function of temperature [e.g., Lea et  al., 
2000; Lear et al., 2000]. The baseline composition of sea
water is relatively simple to infer, once both Mg and Ca 
have long residence times in the oceans (>1 Ma) and are 
major components of ocean salts.

1.3.  CHEMOSTRATIGRAPHY 
AND CHRONOSTRATIGRAPHIC BOUNDARIES

The International Commission on Stratigraphy (ICS) 
recognizes the existence of one hundred fourteen chro
nostratigraphic boundaries. Sixty‐seven sections strad
dling chronostratigraphic boundaries were internationally 
agreed upon as reference points to define the lower bound
aries of stages on the geologic time scale, the Global 
Boundary Stratotype Section and Point (GSSP), and a 
golden spike is placed precisely at the boundary defined. 
Accessibility and degree of representativity of the same 
boundary on sections worldwide are among the most 

important criteria in the GSSP selection. Since GSSPs 
require well‐preserved sections of rock without interrup
tions in sedimentation, and since most are defined by dif
ferent biozones, defining them becomes more difficult as 
one goes further back in time in the Precambrian.

So far, chemostratigraphy has been overlooked as a 
formal criterion on GSSP selection. Carbon isotope 
excursions (CIE) have been reported only from seven of 
the established GSSPs [Cooper et al., 2001; Dupuis et al., 
2003; Peng et al., 2004; Knoll et al., 2006; Xu et al., 2006; 
Aubry et  al., 2007; Goldman et  al., 2007; Schmitz et  al., 
2011; Keller et al., 2018], probably due to the absence of 
carbonate rocks in several chronostratigraphic boundary 
sections. Only in the selection of the Cretaceous‐Paleogene 
(K‐Pg; Molina et  al., 2006, 2009) and the Paleocene‐
Eocene (PETM; Aubry et al., 2007) GSSPs was carbon 
isotope chemostratigraphy one of  the criteria, and 
hydrogen isotopes in the Pleistocene–Holocene GSSP 
[Walker et al., 2009]. In addition, oxygen isotopes have 
been reported from two other GSSPs [Steininger et  al., 
1997; Hilgen et al., 2009]. Heavy element (e.g., Ir, Os, Hg) 
enrichments at the Cretaceous‐Tertiary boundary are well 
known since the seminal paper of Alvarez et al. [1980] and 
later studies [e.g., Schmitz et al., 1988; Frei and Frei, 2002; 
Sial et al., 2016; Keller et al., 2018, and references therein].

1.4.  CHEMOSTRATIGRAPHY AS FORMAL 
STRATIGRAPHIC METHOD

The stratigraphic record shows changes of  the concen
tration of  certain elements with time [Morante et  al., 
1994], as a function of  geological conditions including, 
but not limited to, tectonic, climatic, redox, oceano
graphic, biotic, and other processes. Chemostratigraphy 
enables not only apparently uniform thick successions to 
be subdivided and correlated with coeval strata located 
elsewhere [Ramkumar, 1999] but also thinner and more 
heterogeneous sedimentary records. Initially, chemostratig
raphy was applied to recognize unique geochemical 
compositions for characterizing depositional units and 
correlating them with coeval strata elsewhere and found 
its use in the stratigraphic location of  boundaries and 
later expanded to examination of  specific causes to the 
stratigraphic variations of  geochemical compositions 
[Ramkumar et al., 2010, 2011]. The utility of  chemo
stratigraphy for age determination was demonstrated 
through documentation of  stratigraphic variations of 
isotopic trends, beginning with oxygen isotopes. Linear, 
secular, cyclic, and perturbed trends have been recog
nized, which are utilized for stratigraphic classification 
and spatial correlation [e.g., Zachos et  al., 2001; 
Ramkumar, 2014, 2015]. In addition, the chemozones, 
calibrated with absolute time, are in use as chemochrons. 
Although chemostratigraphy is firmly recognized as a 


