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Preface

There is a greater need to search for alternative sources of energy due to the limited

availability of fossil fuels. The use of biofuels is the common alternative in front of

the whole world, and its use is significantly increased in many countries. Generally,

biodiesel is used as a fuel for diesel engines due to its technical, environmental, and

strategic advantages. Apart from these, biodiesel is technically competitive with

conventional, petroleum-derived diesel fuel and requires virtually no changes in the

fuel distribution infrastructure. Other advantages of biodiesel as compared to petro-

diesel include reduction of most exhaust emissions, biodegradability, higher flash

point, inherence, and the fact that it is of domestic origin. However, ethanol is

mostly used for Otto cycle engines as an alternative to gasoline.

Nanotechnology is one of the most important research areas in the twenty-first

century. The potential applications of nanobiotechnology in the production of

sustainable bioenergy and biosensors have encouraged researchers in recent years

to investigate new novel nanoscaffolds to build robust nanobiocatalytic systems.

Different kinds of nanomaterials have been developed as per the need for applica-

tion purpose.

Various metal nanomaterials are found to have direct or indirect application in

the production of biofuels. Among these, nanoparticle-mediated enzyme hydrolysis

of lignocellulosic residues for the production of ethanol is in practice. Magnetic and

metal oxide nanoparticles such as TiO2, ZnO, SnO2, etc. are commonly used

matrices for enzyme immobilization. Magnetic nanoparticles are found to have

potential uses in the field of biofuel and bioenergy, i.e., in the production of

bioethanol from lignocellulosic materials by immobilization of enzymes like cel-

lulases and hemicellulases by physical adsorption, covalent binding, cross-linking,

or specific ligand spacers. Such nanomaterials are generally called as nanocatalysts,

which are fabricated by immobilizing enzymes with functional nanomaterials as

enzyme carriers.

v



The book would be immensely useful for a diverse group of readers including

physicists, chemists, microbiologists, biotechnologists, food technologists, agricul-

ture engineers, nanotechnologists, and those who are interested in clean technolo-

gies. The students should find this book useful.

Amravati, Maharashtra, India Mahendra Rai

Lorena, SP, Brazil Silvio Silvério da Silva
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Preface

Pharmaceutical technology is based on the use of different technologies for the
preparation and development of pharmaceutical products. It is a branch of the
pharmaceutical sciences constantly linked to the development and use of innovative
technologies for the production and development of products with maximum
effectiveness, adequate dosage, and stable formulations, aiming at different appli-
cations in living beings.

Nanotechnology is a recent, highly interdisciplinary and versatile branch of
science that allows to develop products with interesting and novel structural
characteristics totally different from those obtained by the compounds in their
conventional form, a fact that attributes differentiated properties and specific
interaction mechanisms, which adds technological value to the newly developed
products. Thus, the use of nanotechnology in the pharmaceutical science promotes
the design and development of products known as nanopharmaceuticals, which are
composed of nanoscale properties with slow drug release systems, as stabilizers of
formulations, pharmaceutical activities, or systems for detection and evaluation.
The possibility of obtaining different mechanisms of response provided by the
nanotechnologically developed products allows varied combinations enriching the
range of products to be developed from this technology.

In this context, the book seeks to integrate the pharmaceutical sciences with
nanotechnology as a way to obtain innovative products and solutions applied to the
pharmacy. It provides the reader with a broad vision where nanotechnology is
employed with different perspectives and applications. This approach focuses on
the application of nanotechnology in pharmaceutical technology and also represents
an interdisciplinary nature that can be used by people interested in expanding their
knowledge in applied nanotechnology.
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The present book is highly interdisciplinary and would be very useful for a
diverse group of readers including pharmacologists, nanotechnologists, microbi-
ologists, biotechnologists, clinicians, and those, who are interested in development
of nanoproducts. The students should find this book useful and reader-friendly.

Amravati, India Mahendra Rai
Sorocaba, Brazil Carolina Alves dos Santos
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Foreword

Nanotechnology is an important and enabling technology today. With the con-
fluence of ideas from diverse disciplines, it is anticipated to positively affect various
facets of our lives. Nanomaterials derive their strength by harnessing the property,
which with decrease in particle size surface area of materials increases, and some
novel properties emerge. This fundamental premise paves way to many possibilities
as envisioned by Richard Feynman, “There is Plenty of Room at the Bottom” for
“manipulating and controlling things on a small scale”. Nanomaterials are expected
to enable many innovations in the form of diverse devices, processes and products
in the domains of medicine, energy, environment, and others.

The last two decades or so have witnessed a burst of interest and activity in
synthesis, characterization, and application of nanomaterials. There is much scope
for developing ecotoxicological information. The nanomaterials could interact with
different biotic and abiotic factors in the environment and cause adverse biological
and ecological effects at different levels. To assess environmental risks, scientific
data and knowledge on transport of nanomaterials in the environment and their
effects on health are to be properly examined.

Future development of nanotechnology should be accompanied with research on
(eco)toxicity associated with possible risks by analyzing behavior and fate of
nanomaterials in the ecosystem inclusive of its biotic organisms and human health.
There must be a reasonable concern about plausible and potential hazards, based on
scientific investigation.

Given the vibrancy of nanoscience and technology, the edited book entitled
Nanomaterials: Ecotoxicity, Safety, and Public Perception is a topical and useful
book providing the state of knowledge on ecotoxicity of nanomaterials and safety
issues. The book consists of 17 chapters arranged in three sections dealing with
ecotoxicity, risk, and safety issues, regulations and public perceptions. All the
chapters have been written by experts from different countries, who have offered
authoritative treatments of nanoecotoxicological aspects. It has dealt with nanoma-
terials in food, soil, medicine, and unintentionally produced nanomaterials, and
addresses key issues of ecotoxic effects of nanomaterials on life and environment
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including humans. It has iterated the need for an increased level of understanding of
risks and vulnerabilities that are likely to influence public, regulatory, and non-
governmental activities. The book has been designed with adequate coverage for a
multisectorial audience of academics, researchers, students, professionals, and
policy-makers. I congratulate the editors for their endeavor in producing this useful
book.

Bangalore, India C. N. R. Rao
Linus Pauling Research Professor
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Preface

Nanoscience and nanotechnology refer to the control and manipulation of matter at
nanometer dimensions for tailoring and hybridizing the physical, biological, and
engineering properties of matter. It is a burgeoning, vibrant, and promising field
which has offered the possibilities and stunning new achievements as envisioned by
Richard Feynman (1959): “There is plenty of room at the bottom”. Nanotechnology
is not only an emerging field of study, it has become an industry with transforming
effects. The use of nanomaterials is expected to offer great promise for diverse
devices, procedures, and products in the domains of consumer goods, medicines,
energy, environment, and many others. But there is the other side of the coin; the
environment is prone to suffer from nanopollution and toxic insult due to release
and build up of nanocontaminants during different phases of lifecycle of nano-
materials, viz., production, transportation, disposal, entry into ecosystems, accu-
mulation, bioconcentration, transfer across trophic boundaries, etc. The NMs raise
the possibility that they could interact with and cause adverse biological effects at
cellular, subcellular, and molecular levels. Assessing potential environmental/
ecological risks requires quality information on transport and fate of nanoparticles
in the environment, exposures, and vulnerabilities of organisms to the nanomate-
rials and standard methods for assessing toxicity for aquatic or terrestrial organisms
and human health. Nanomaterial toxicity is extremely complex, and our under-
standing about ecotoxicity is very fussy and incomplete. The systematic risk
characterization and evaluation of the safety of nanomaterials require a multidis-
ciplinary approach and convergence of knowledge and efforts from researchers and
experts from toxicology, biotechnology, materials science, chemistry, physics,
engineering, and other branches of life sciences. Although studies are beginning to
appear in the literature addressing the toxicity of various nanomaterials and their
potential for exposure, at this stage definitive statements regarding the impacts of
nanomaterials on human health and the environment remain sketchy and scanty.
Because of our limited understanding of the environmental implications of nano-
materials, there remains a gulf between their promises and pitfalls although the
flourishing development of new nanomaterials as well as emerging new applica-
tions. No doubt present time demands a clarion call for an increased level of
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precautions with regard to nanomaterials, as has happened with other emerging
contaminants and technologies (e.g., biotechnology). The perceptions of risks and
of benefits will vary and are likely to influence public, regulatory, and non-
governmental activities regarding risk and benefit evaluations. The Triple Helix,
i.e., academia, government, and industry, needs to be extended to a fourth
dimension, the civil society, because of the latter’s role and relevance in today’s
world. Since people are receptive to fictional representations as they shape their
imaginaries, the “nanomania” has rather alienated the entertainment and leisure
industry, and given rise to misconceptions, misunderstandings, and distorted views
regarding this particular technology rather than contributed to a rational and gen-
uine discussion. Quo vadis? Where will we go? Systematic identification and
assessment of the risks posed by any new technology are essential. Systematic
research into the flip side of this new technology, especially the risks that it entails,
is essential. A prudent, integrated, and holistic approach is required to develop best
practices based on the scientific understanding about what we know and what we
don’t know but need to know so that the engines of creation would not become the
engines of destruction.

With suitable breadth of coverage, this edited book has been designed‚written‚ and
organized for the broad-spectrum multisectorial audience of researchers, students,
professionals, and policy-makers. It is expected to be a pointer and reference resource
and will cater to the needs of the researchers, professionals as well as the graduate and
postgraduate students of nearly every discipline of science and engineering—toxi-
cology, biotechnology, chemistry, physics, biology,medical science,material science
& engineering, environmental science, and environmental engineering, who are
interested to know the ecotoxicological aspects of the nanomaterial and the potential
hazards and risks involved therein. This book would be an inspirational compre-
hensive resource for researchers, environmental professionals and practitioners as
well as industrial portfolio holders, who are interested to earn aworking knowledge of
this fascinating field of Nanotechnology and Nanotoxicology.

This book includes important chapters written by specialists and experts in the
concerned topic, and hopefully it will win wide acceptance among the undergraduate
and graduate students of chemistry, biochemistry, pharmacology, microbiology,
biotechnology, and allied subjects. It will be very useful for researchers working in
nanotechnology, nanobiotechnology, toxicology, microbiology, ecology, and other
related fields.

Last but not the least, we hope, this edited book surely will evoke some surprise
and shock, hope and despair, and stimulate resolution and action through concerted
and collaborative efforts of appropriate bodies to shape the nanoworld and save
Mother Nature.

Amravati, India Mahendra Rai
Kalyani, Nadia, India Jayanta Kumar Biswas
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Chapter 1
Nanomaterials: What Are They, Why
They Cause Ecotoxicity, and How This
Can Be Dealt With?

Mahendra Rai, Indarchand Gupta, Avinash P. Ingle, Jayanta Kumar Biswas
and Olga V. Sinitsyna

Abstract Nanomaterials have been benefiting human by their wide applications in
different fields. Till date, many types of natural and engineered nanomaterials have
been reported. Each of them has specific characteristics, which are helpful in decid-
ing their use for particular application. Although they are beneficial to the human
beings, there is probability of their harmful effects on the ecosystem. After the desired
use of the nanomaterials, they are routinely disposed of into the environment either
intentionally or unintentionally. This scenario can create the harmful environment
for the whole ecosystem. The ecotoxicity of nanomaterials is an imperative point
to be considered for the safety of flora and fauna. Hence, with argument on their
characteristics and applications, their safety for human and environment should also
be considered. Therefore, the present chapter introduces the nanomaterials, encom-
passes the discussion on major types of nanomaterials, which are being available
naturally and others that are synthesized artificially. The parameters which make
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nanoparticles harmful to ecosystem have also been discussed. Moreover, the special
emphasis is given on how the scientific community can deal the situation to avoid
the harmful effects of nanoparticles so that it can be beneficial to mankind without
causing any damage to ecosystem.

Keywords Nanoparticles · Engineered nanomaterials · Toxic effects · Ecotoxicity

1.1 Introduction

Materials, which consist of particles with at least one dimension smaller than 100 nm,
are called nanomaterials. The era of the increasing popularity of the nanomaterials
began with the discovery of fullerenes in 1985 by Harold Kroto, James Heath, Sean
O’Brien, Robert Curl, and Richard Smalley (Kroto et al. 1985). According to The
Nanodatabase (2018), commercial products containing fullerenes are already on the
market. These are rackets for tennis and badminton, and skin care products. Another
database, The Nanotechnology Consumer Product Inventory, was created in 2005 to
document the emergence of nanotechnology products in the consumer market (Vance
et al. 2015). The number of products in the Inventory is constantly growing. The most
advanced category for the introduction of nanomaterials is the Health and Fitness.
Oxides of titanium, silicon and zinc are the most produced nanomaterials worldwide,
and silver nanoparticles (AgNPs) are the most popular additive in products (Vance
et al. 2015). The nanoparticles act as antimicrobial agents, pigments, UV filters,
protective coatings, reinforcing additives, etc. The global market of the nanomaterials
is growing rapidly. According to a pessimistic forecast, its value will reach $11.3
billion in 2020, and an optimistic forecast predicts the market value of $55.0 billion
in 2022 (Inshakova and Inshakov 2017).

The active use of the nanomaterials raises the question of their safety for the
environment. The first publication considering the potential ecological impacts of
the engineered nanomaterials appeared after more than 15 years of the widespread
development of nanotechnology (Colvin 2003; Skjolding et al. 2016). A new dis-
cipline, nanoecotoxicology, began to study the environmental effects of nanoscale
materials. The evaluation of the behavior and fate of the nanomaterials in complex
environmental matrices is an extremely challenging problem (Boyes et al. 2017).
The possible release of the nanoparticles into the environment should be considered
across the entire life-cycle of a product, including manufacture, use, and disposal.
The nanoparticles can possess not only advantageous but also unique toxic proper-
ties different from the bulk materials. Potential adverse effects should be taken into
account from the cellular level to the whole ecosystem. The environmental hazard
evaluation, based on dose-by-mass, may not be valid for the nanomaterials, and the
question on the relevant dose-metrics in nanoecotoxicology is still open.

How to use the gifts of nanotechnology and protect the environment from the
possible harmful effects is one of the most pressing issues of today. In the present
chapter, we try to answer these major questions.
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In the era of the Fourth Industrial Revolution, several technologies are poised 
to bring swift changes in the approach and the living style of mankind. 
Nanotechnology is one of such fields that has multifaceted applications in 
healthcare ranging from medicines, surgical materials to devices and even 
means to prevent diseases. Initially, nanotechnology was looked upon for 
novel and targeted drug delivery systems, but now it is used for precision 
medicine for prevention of disease through appropriate medical gazette.

The book entitled Nanoformulations in Human Health: Challenges and 
Approaches edited by Dr. Sushama Talegaonkar and Dr. Mahendra Rai 
focusses on the application of nanoformulations in human healthcare. The 
authors have dedicated years in the field of nanomedicine and have carried 
out original research work achieving numerous milestones in their profes-
sional journey. They have helped many students and scholars in this field. 
This book reflects dedication, hard work, and collaborative efforts of the 
authors. I congratulate the authors and contributors for ensemble of in-depth 
information in simple language. I am sure that the book will prove to be use-
ful to healthcare specialists including researchers, scholars, and 
academicians.

This book provides comprehensive information of nanomedicine with 
special emphasis on drug targeting, theranostics, chronic disorders, and topi-
cal afflictions. There is a specific emphasis on preformulation of active phar-
maceutical ingredients, advantages of nanoformulations over conventional 
therapy, and formulation, characterization, and application of various nano-
carriers. Parts have been dedicated entirely on various routes of drug delivery 
like ocular, topical, and nose-to-brain targeting along with elaborate chapters 
covering diseases like glaucoma, epilepsy, colonic ailments, candidiasis, neu-
ropathic pain, respiratory disorders, tuberculosis, and cancer.

R. K. Goyal 
Vice-Chancellor, DPSRU, New Delhi, India

Foreword
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Nanotechnology, i.e., the science of nanosized agents, is one of the fastest- 
growing fields which is on its way of giving breakthroughs to the healthcare 
industry. Nano-agents usually are in the size range of 1–100 nm. Owing to 
their extremely small size and majorly large surface area, they possess dis-
tinct special characteristics which enable them to do wonders in biomedical 
applications. Characteristics like ability to cross the cell membrane and 
increased reactivity make them more useful than conventional therapy. 
Particularly in biomedical sciences, nanotechnology can be used for therapy 
and diagnostics. In addition to their therapeutic properties, they are more 
commonly used to carry the therapeutic agents to the diseased site in the 
body, thus achieving targeted therapy. Delivery of drugs through a nano-agent 
directly to the target site also results in a decrease of the required dose of the 
active agent. More recently, the application of nanotechnology has been 
explored for monitoring the progress and success of therapy inside the body. 
Many countries are now investing in developing nanotechnology for health-
care applications. For instance, the first generation of cancer drugs delivered 
via nanoparticles has already been approved by the US Food and Drug 
Administration (FDA).

However, nanoformulation for healthcare is also a topic of hot debate as 
this minute size also brings the concern of toxicity. Though regardless of the 
varying opinions, the research and development have actively been going on 
to take nanotechnology to the commercial level to be used for the benefits of 
the health of humans.

The main goal of the book titled Nanoformulations in Human Health: 
Challenges and Approaches is to serve as a complete reference guide to 
understand the role of nanotechnology in the healthcare system and as a ready 
reference for all aspects related to the theme. The book is intended to provide 
a multidisciplinary approach signifying the role of nanosizing in the treat-
ment of various challenging diseases. It is planned to highlight the patho-
physiology of disease with special emphasis on various targets, receptors, 
biomarkers, and transporters associated with the disease. Young researchers/
scientists who plan to initiate research in this important field would find this 
book extremely relevant and handy. Each chapter of this book will be 
immensely useful to identify the new targets for drug delivery systems and 
drug discovery. This book is a true amalgamation of the experience and 

Preface
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expertise of all the contributors in the field of nanotechnology especially in 
designing novel nanoformulations in the treatment of various challenging 
diseases. It is an exhaustive compilation of the multifaceted arena of nanofor-
mulations in the healthcare system.

This book includes six parts concerning nanoformulations: Part I includes 
emerging trends and challenges in the area; Part II describes their role in drug 
targeting; Part III incorporates applications in ocular diseases; Part IV delib-
erates role in topical diseases; Part V discusses their role in natural therapeu-
tics delivery; and finally, Part VI focuses on other applications such as in 
respiratory diseases, tuberculosis, and cancer.

The book would cater to the needs of postgraduate students of pharmacy, 
nanotechnology, and biotechnology, medical students, and researchers. In 
addition, the book will also be very useful for the pharmaceutical industries, 
regulatory bodies, pharmacy, medical institutes, etc. involved in research and 
development activities related to drug discovery, newer treatment modalities, 
and technology.

New Delhi, India Sushama Talegaonkar
Amravati, Maharashtra, India Mahendra Rai 
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Part I

Emerging Trends and Challenges  

in Nanoformulations



Princeton University Department of Geosciences 
     Guyot Hall, Princeton, New Jersey 08544-1003 
     Telephone: 609-258-4100 
     Fax: 609-258-1274 
     December 13, 2017 
Prof. Dr. Murlidhar Chandekar 
Vice-Chancellor 
Sant Gadge Baba Amravati University 
Amravati -444602 (MS) India 
Email: murlidhar.chandekar@gmail.com 
 
Re: Permission for Prof. Dr. S. Khadri to join our fieldwork Feb. 1-Feb. 15, 2018. 
 
Respected Dr. Murlidhar Chandekar 
 
For the past five years Dr. Syed Khadri, Head of Geology at Amravati University, has 
collaborated with our team of geologists from Princeton University (USA) and the University of 
Lausanne (Switzerland) on Deccan Trap studies, including high-resolution U-Pb zircon dating of 
Deccan volcanic eruptions. Our team has been very successful in obtaining the first U-Pb ages of 
Deccan basalt flows (Schoene et al., 2014, 2015, Science). In subsequent fieldwork we collected 
many more red boles for dating and this work has also been very successful in adding many new 
high-precision U-Pb age dates for the Deccan Traps. This work is now being written up for 
submission to a high-profile journal. This high precision Deccan geochronology will have far-
reaching implications for understanding the nature and tempo of eruptions, gas emissions and 
their devastating effects globally leading to the mass extinction at 66 Ma.  
 
Despite the considerable success so far we have not quite hit the jackpot – which is dating the 
killer lava flows that caused the mass extinction. But we are very close. In fact, we have dated 
lava flows that are just 60,000 years below the mass extinction. This is why we need to renew our 
fieldwork with an intensive search for the killer lava flows precisely at the mass extinction 
horizon now U-Pb dated elsewhere at 66.021±0.024 Ma.   
 
For this reason we are planning our next phase of fieldwork for February 1-15, 2018. Dr. Syed 
Khadri is a critical and necessary member of our international team as he has much experience in 
Deccan Trap studies and leads our team in fieldwork. I am contacting you in the hope that you 
will grant Dr. Khadri permission to join us in fieldwork and continue this critically important 
research project. Thank you for your consideration of this request. 
 
Sincerely, 
 

 
 
Prof. Gerta Keller 
Department of Geosciences 
Princeton University 
Princeton NJ 08544, USA 
email: gkeller@princeton.edu 



Princeton University Department of Geosciences 
     Guyot Hall, Princeton, New Jersey 08544-1003 
     Telephone: 609-258-4100 
      
      
February 13, 2020 
 
Dr. Prof. Syed Khadri 
Professor and Head, Department of Geology 
SGB Amravati University, Amravati-444602 (MS) India 
 
Dear Syed 
 
It is a pleasure to write a letter of intent to collaborate with you and Dr. Jahnavi Punekar (IITB) 
on your endeavor to establish the Lonar Science Centre at Amravati with a Field Station and 
Planetarium at the Lonar Crater in India’s Deccan Volcanic Province. I congratulate you both for 
taking the initiative for this important project, which will be a great asset to India’s for student 
education, science and research, furthering the integration of multidisciplinary projects in India, 
as well as attracting collaboration with foreign scientists.  
 
Thank you for inviting me to participate in this project. I will be most happy to contribute to this 
project with my experience working in India over more than a dozen years specializing in Deccan 
volcanism and associated environmental and climate changes and the likely cause of the end-
Cretaceous mass extinction. 
 
My team closely collaborated with you over the past 10 years especially on Deccan volcanism 
with much success. I introduced Princeton’s geochronologists to date Deccan eruptions, a project 
that has been highly successful and you have been a most important integral part of this effort. 
The Western Ghats eruptions and Malwa Plateau have now been dated based on high-resolution 
U-Pb zircon dating that resulted in influential Science publications (Schoene et al., 2015, 2019; 
Eddy et al., in press). This effort has already brought many foreign teams to India to investigate 
the age, nature and environmental effects of Deccan volcanism. In addition, it has re-invigorated 
India’s scientists working on Deccan Traps and brought them important international attention 
and collaboration with foreign teams. 
 
I believe the panned Field Station and Planetarium at Amravati with the Field Station and 
Planetarium at the Lonar Crater in India’s Deccan Traps will further invigorate the both India’s 
science education and foreign collaboration. I wish you success in this endeavor and look forward 
to participate. 
 
Sincerely, 

 
 
Prof. Gerta Keller 
Department of Geosciences 
Princeton University 
Princeton NJ 08544, USA 
email: gkeller@princeton.edu 



 

 

 
 

Prof. Dr. Thierry Adatte     Prof. Dr. Murlidhar Chandekar  
Tel.  0041 21 692 3526     Vice-Chancellor 
        Sant Gadge Baba Amravati University 
        Amravati -444602 (MS) India 
        Email: murlidhar.chandekar@gmail.com 
 
 
        Lausanne, 12.12. 2018 
 
 
Concerns: Permission for Prof. Dr. S. Khadri to join our fieldwork Feb. 1-Feb. 12, 2019 
 
Respected Dr. Murlidhar Chandekar 
 
 For the past five years Dr. Syed Khadri, Head of Geology at Amravati University, has 

collaborated with our team of geologists from the University of Lausanne (Switzerland) and Princeton 

University (USA) on Deccan Trap studies, including high-resolution U-Pb zircon dating of Deccan 

volcanic eruptions. Our team has been very successful in obtaining the first U-Pb ages of Deccan basalt 

flows (Schoene et al., Science 2015). In subsequent fieldwork we collected many more red boles for 

dating and this work has also been very successful in adding many new high-precision U-Pb age dates 

for the Deccan Traps. This work has been now accepted in the prestigious journal Science.  This high 

precision Deccan geochronology will have far reaching implications for understanding the nature and 

tempo of eruptions, gas emissions and their devastating effects globally leading to the mass extinction at 

66 Ma. In 2018, we have have extended our dataset to the eastern part of Deccan Trap, around 

Hyderabad, but we still need to complete our dataset in western India (Gujarat). For this reason, we are 

planning our next phase of fieldwork for February 1-12, 2019. Dr. Syed Khadri is a critical and 

necessary member of our international team since he has much experience in Deccan Trap studies and 

leads our team in fieldwork. I am contacting you in the hope that you will grant Dr. Khadri permission 

to join us in fieldwork and continue this critically important research project.  

 Thank you for your consideration of this request. 

        Sincerely, 

       
Prof. Dr. T. Adatte 

     
 



 

 

 
 

Prof. Dr. Thierry Adatte     Prof. Dr. Murlidhar Chandekar  
Tel.  0041 21 692 3526     Vice-Chancellor 
        Sant Gadge Baba Amravati University 
        Amravati -444602 (MS) India 
        Email: murlidhar.chandekar@gmail.com 
 
Re: Permission for Prof. Dr. S. Khadri to join our fieldwork January 5 - 22, 2020 
 
Respected Dr. Murlidhar Chandekar 
 
 For the past five years Dr. Syed Khadri, Head of Geology at Amravati University, has 

collaborated with our team of geologists from the University of Lausanne and Princeton University 

(USA) on Deccan Trap studies, including high-resolution U-Pb zircon dating of Deccan volcanic 

eruptions. Our team has been very successful in obtaining the first U-Pb ages of Deccan basalt flows 

(Schoene et al., Science 2015, 2019). This high precision Deccan geochronology will have far reaching 

implications for understanding the nature and tempo of eruptions, gas emissions and their devastating 

effects globally leading to the mass extinction at 66 Ma. 

 We recently got some news data from the Malwa area (Narmada River). these data demonstrate 

that the lower Malwa Plateau basalts are temporally correlative with the first pulse of Deccan volcanism 

and provide new constraints on its initiation and duration. The first eruptive pulse is coeval with a ~200 

kyr period of global warming, and we suggest that eruption through the sedimentary rocks of the 

Narmada-Tapti rift basin provided the necessary CO2 to drive this warming through contact 

metamorphism of some Permian coal levels. We need to sample these coal levels (Indore-Jabalpur-

Nagpur) in order to evaluate the Mercury, Sulfur and carbon contents. Another part of the fieldtrip will 

be will be focused on additional sampling of the Western Ghats basalt flows to refine our age model. 

 For this reason, we are planning our next phase of fieldwork for January 5-22 2020. Dr. Syed 

Khadri is a critical and necessary member of our international team since he has much experience in 

Deccan Trap studies and leads our team in fieldwork. I am contacting you in the hope that you will grant 

Dr. Khadri permission to join us in fieldwork and continue this critically important research project. 

Thank you for your consideration of this request. 

        Sincerely, 

Prof. Dr. T. Adatte 

      



	

	

 
Michael P. Eddy  
Assistant Professor | mpeddy@purdue.edu | (336) 302-4411 | michaelpeddy.com  
EAPS Department | 550 Stadium Mall Dr. | Purdue University | West Lafayette, IN 47907	
 
January 10, 2020 
 
Dr. Syed F.R. Khadri 
Sant Gadge baba Amravati University 
Amravati, India 
 
 
Dear Professor Khadri, 
 
This letter expresses my enthusiastic interest to collaborate with you in joint scientific projects involving 
the geological evolution of India. In particular, I am interested in continuing our collaboration on the 
geochronology of the Deccan Traps, as well as your new effort to study the Lonar Crater. I believe that 
this partnership will benefit both of our universities through continued interaction between Indian and US 
students and faculty, production of high quality analytical and field data, and publication and 
dissemination of our research in renowned academic journals. I believe that this partnership will continue 
to strengthen ties between the Indian and US scientific communities, and I look forward to our continued 
collaboration. 
 
Please let me know if there is any additional information I can provide. 
 
 
With best regards, 
 

 
Dr. Michael P. Eddy 
 
 
 
 
 



Princeton University Department of Geosciences 
     Guyot Hall, Princeton, New Jersey 08544-1003 
     Telephone: 609-258-4100 
     Fax: 609-258-1274 
     November 23, 2015 
 
Dr. Mohan Khedkar 
Vice-Chancellor 
Sant Gadge Baba Amravati University 
Amravati -444602 (MS) India 
Email: vc@sgbau.ac.in 
Fax: 0091-721-2662135/266949 
 
Respected Dr. Mohan Khedkar 
 
For the past two years Dr. Syed Khadri, Head of Geology at Amravati University, 
collaborated with our team of geologists and geochronologists from Princeton University 
(USA) and the University of Lausanne, Switzerland, on Deccan Trap studies and in 
particular to conduct high-resolution U-Pb zircon dating of Deccan volcanic eruptions. 
Our team has been extremely successful to date in obtaining the first U-Pb ages of 
Deccan basalt flows and the first results have been published in Science (Dec. 2014 and 
Jan. 2015). This was the first step in what are revolutionary results for high precision 
Deccan geochronology with far-reaching implications for understanding the nature and 
tempo of eruptions and gas emissions and their devastating effects globally leading to the 
mass extinction 65 m.y. ago. In our January 2015 fieldwork we collected a series of 
samples that have also yielded promising results and also revealed where additional 
fieldwork is necessary for the next step in this geochronology study, which will result in 
excellent publications in high-visibility international journals.  
 
For this reason we are planning our next phase of fieldwork for January 15-31, 2016. Dr. 
Syed Khadri is a critical and necessary member of our international team as he has much 
experience in Deccan Trap studies and leads our team in fieldwork. I am contacting you 
once again in the hope that you will grant Dr. Khadri on duty permission to join us in 
fieldwork as a part of our International Research Collaboration and continue this 
critically important research project. Thank you for your consideration of this request. 
 
Sincerely, 
 

 
 
Prof. Gerta Keller 
Department of Geosciences 
Princeton University 
Princeton NJ 08544, USA 
email: gkeller@princeton.edu 



Princeton University Department of Geosciences 
     Guyot Hall, Princeton, New Jersey 08544-1003 
     Telephone: 609-258-4100 
     Fax: 609-258-1274 
     October 26, 2016 
 
Dr. Muralidhar Chandekar  
Vice-Chancellor 
Sant Gadge Baba Amravati University 
Amravati -444602 (MS) India 
Email: vc@sgbau.ac.in 
Fax: 0091-721-2662135/266949 
muralidhar.chandekar@gmail.com/vc@sgbau.ac.in 
  
RE: This letter requests permission for Prof. Syed Khadri to lead fieldwork in the Deccan 
Traps for an international team of scientists during Jan. 15-31, 2017. 
 
Respected Dr. Muralidhar Chandekar: 
 
I’m Professor Keller at Princeton University contacting you in regards to permission for 
Professor Syed Khadri, Head of Geology at Amravati University, to participate and lead 
our ongoing international research collaboration with fieldwork scheduled between Jan. 
15-31, 2017. This international research collaboration is between Princeton University 
and Sant Gadge Baba University and includes: Prof. Syed Khadri, Profs. Gerta Keller and 
Blair Schone from Princeton University, Dr. Thierry Adatte from the University of 
Lausanne, Switzerland, Prof. Jahnavi Punekar, Indian Institute of Science Education and 
Research Pune, Dr. Eric Font, University of Lisbon, Portugal, Dr. Michael Eddy, MIT, 
Boston, and several graduate students. Professor Syed Khadri is an integral part of our 
team as well as our team leader in conducting fieldwork because of his extensive 
expertise in Deccan volcanism.  
 
Background: Our research project is on the Chronology of Deccan Volcanism and 
concentrates on the most important outstanding problem in Deccan research, namely 
determining the absolute age, the rate and tempo of basalt eruptions and their cause-and-
effect relationship to the mass extinction at the end of the Cretaceous 66 million years 
ago. We began this project in 2013 and have been fantastically successful in age dating 
even individual lave eruptions revealing that over 3200 m of lava erupted in about 
750,000 years with about 2000 m over just 250,000 years leading up to the mass 
extinction. This was the first step with revolutionary results for high precision Deccan 
geochronology with far-reaching implications for understanding the nature and tempo of 
eruptions and gas emissions and their devastating effects globally. This paper was 
published in Science January 2015 (Schoene et al) and accompanied by much 
international publicity. Since then our research has spawned numerous other teams 
working on Deccan volcanism as well as all other mass extinctions associated with 
volcanism. 
 



Our research is continuing with even greater success thanks to yearly fieldwork lead by 
Dr. Syed Khadri. We have now succeeded in even higher resolution U-Pb age dating of 
Deccan lava flows, which narrows the voluminous lava flows down to the time of 
eruption that directly ended with the mass extinction (a paper is being prepared for 
publication in Science or Nature).  
 
But our research is far from over, besides our work in the Western Ghats, we must now 
concentrate outside this area to evaluate the geographic distribution of lava flows, which 
is necessary to obtain estimates of the volume and rate of lava eruptions and gas 
emissions that are critical for modeling the climatic and environmental effects that appear 
to have caused the mass extinction. Also time is of essence because so many other teams 
have now embarked on Deccan studies. For these reasons we plan to conduct fieldwork 
during January 15-31, 2017. 
 
Prof. Syed Khadri is an important member of our scientific team and his participation and 
extensive knowledge of the Deccan Traps are critical for the success of this project. For 
these reasons we kindly ask that you may grant permission to Dr. Syed Khadri to 
participate and lead our fieldwork. Our past successes virtually assure even greater 
success based on the upcoming fieldwork. It also assures a high visibility role for all 
participating institutions in this project. 
 
Thank you for your consideration of this request. 
Sincerely, 

 
Prof. Gerta Keller 
Department of Geosciences 
Princeton University 
Princeton NJ 08544, USA 
email: gkeller@princeton.edu 
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Vice-Chancellor 
Sant Gadge Baba Amravati University 
Amravati -444602 (MS) India 
Email: murlidhar.chandekar@gmail.com 
 
Re: Permission for Prof. Dr. S. Khadri to participate in documentary film on Deccan volcanism.  
 
Respected Dr. Murlidhar Chandekar 
 
I write to you to ask your permission for Dr. S. Khadri to participate in a documentary film on 
Deccan volcanism from October 27 through October 31, 2018. 
 
For the past five years Dr. Syed Khadri, Head of Geology at Amravati University, has been a very 
important collaborator in my team of geologists from Princeton University (USA) studying the 
Deccan Traps. These studies have been highly successful and have received major media 
attention. Thanks to our research, Deccan volcanism as a driver of the dinosaur mass extinction is 
now of intense interest by several documentary filmmakers in the USA. I have chosen one highly 
regarded team of NYC filmmakers to create a documentary film on Deccan volcanism 
highlighting our research advances. This team will accompany my fieldtrip to the Deccan Traps 
at the end of October 2018.  
 
Participation of Dr. Syed Khadri in this documentary is important because of his critical 
contributions to the successful research. His participation is also very beneficial for Amravati 
University as it highlights the important science contributions of one of your faculty members in 
what is expected to become an outstanding and internationally distributed science documentary 
on the Deccan Traps and the mass extinction. 
 
Thank you for considering this request. 
 
Sincerely, 
 

 
 
Prof. Gerta Keller 
Department of Geosciences 
Princeton University 
Princeton NJ 08544, USA 
email: gkeller@princeton.edu 
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Climate instability driven by emission of volatiles during emplacement of large igneous provinces (LIPs) 
is frequently invoked as a potential cause of mass extinctions. However, documenting this process in 
the geologic record requires a holistic understanding of eruption rates, the location of eruptive centers, 
and potential sources of climate-changing volatiles. We present new chemical abrasion–isotope dilution–
thermal ionization mass spectrometry (CA-ID-TIMS) U-Pb zircon geochronology from Malwa Plateau 
basalts on the northern margin of the Deccan LIP, India. These basalts have been previously interpreted 
as either an extension of the province’s main volcanic stratigraphy or as an independent eruptive center 
active up to millions of years prior to the main eruptive phase. Our data instead demonstrate that the 
lower Malwa Plateau basalts are temporally correlative with the first pulse of Deccan volcanism and 
provide new constraints on its initiation and duration. Paleomagnetic data further indicate that upper 
Malwa Plateau basalts may be age-equivalent to the second, third, and fourth pulses of Deccan volcanism. 
The relative thicknesses of age-equivalent packages of basalt are consistent with eruption of the Deccan 
LIP from a southward-migrating eruptive center. The first eruptive pulse is coeval with a ∼200 kyr 
Late Maastrichtian warming event preserved globally in contemporaneous stratigraphic sections. We 
propose that the first pulse of Deccan magmatism was more voluminous in the north, where it erupted 
through organic-rich sedimentary rocks of the Narmada-Tapti rift basin. Thermal metamorphism of these 
sediments could have been a source of sufficient CO2 to drive the Late Maastrichtian warming event, 
which if true would reconcile the apparent dampened warming signals associated with later Deccan 
eruptive pulses.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The temporal relationship between emplacement of large ig-
neous provinces (LIPs) and mass extinctions is well known (e.g., 
Courtillot and Renne, 2003). However, the potential causal relation-
ship between volcanic eruptions and paleo-environmental change 
remains uncertain. The most commonly proposed driver of paleo-
environmental degradation is the syn-eruptive release of volatiles 
such as CO2, CH4, and SO2 (e.g., Self et al., 2006). The ocean-
atmosphere residence times of these gases differ dramatically, 
103–105 yr (CO2) and 100–101 yr (CH4, SO2), and climate change 

* Corresponding author.
E-mail address: mpeddy@purdue.edu (M.P. Eddy).

driven by release of these volatiles acts on similar timescales (e.g., 
Self et al., 2006). Potential sources of these volatiles during LIP 
eruption are basaltic magmas and their differentiation products 
or crustal rocks that are metamorphosed during magma transport, 
emplacement, and eruption (Svensen et al., 2004; Self et al., 2006). 
Thus, precise chronologies of LIP eruption, robust estimates for 
eruptive tempo, and knowledge of the underlying crustal composi-
tion are all prerequisites to assessing the efficacy of LIP emplace-
ment in driving climate change and environmental catastrophe.

Eruptions of the Deccan LIP in India (Fig. 1A) span the lat-
est Cretaceous through the earliest Paleogene and has, along with 
the Chicxulub bolide impact (e.g., Alvarez et al., 1980), been im-
plicated in driving the end-Cretaceous mass extinction and late 
Cretaceous environmental instability (Courtillot et al., 1988). Re-
cent geochronologic results from the Western Ghats region of 
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Fig. 1. A) Simplified geologic map of Deccan large igneous province showing the 
study location on the southern margin of the Malwa Plateau relative to the West-
ern Ghats and the location of the Paleozoic-Mesozoic ‘Gondwana’ sedimentary se-
quences (modified from Lehman et al., 2010). B) Generalized stratigraphic column 
for the southern Malwa Plateau basalts in the vicinity of Mandu-Mhow-Singachori 
(Khadri, 2003), showing the elevation of formation boundaries and magnetic po-
larity chrons, including flows with transitional polarity in gray. The locations of 
sampled ‘red boles’ are denoted as black circles and the U-Pb eruption ages for 
the seven ‘red boles’ that are interpreted to contain volcanic ash are shown. Each 
eruption age is shown as a white rectangle (i.e., eruption age interpreted from each 
sample’s selected zircon) and a blue rectangle. The latter interpretation refines erup-
tion ages by using the law of superposition and a Bayesian Markov Chain Monte 
Carlo technique (e.g., Schoene et al., 2019). C) Interpreted upper crustal seismic 
cross sections across the northern Deccan LIP showing the buried Narmada-Tapti 
rift (Kaila, 1988; Verma and Banerjee, 1992). (For interpretation of the colors in the 
figure(s), the reader is referred to the web version of this article.)

India have refined the eruptive chronology of the Deccan LIP 
(Schoene et al., 2019; Sprain et al., 2019), but these datasets dis-
agree on their preferred models of either pulsed (Schoene et al., 
2019) or near-constant (Sprain et al., 2019) eruption rates. Further-
more, the general applicability of either of these eruptive models 
to the entire province remains tenuous due to uncertainties in 
the correlation between the volcanic stratigraphy of the Western 
Ghats (Cox and Hawkesworth, 1985; Beane et al., 1986) and out-
lying areas. These correlations were previously established using 
geochemical and morphological similarities between packages of 
basalt (e.g., Lightfoot et al., 1990; Mitchell and Widdowson, 1991; 

Khadri et al., 1999; Jay and Widdowson, 2008) and largely ignore 
the possibility of lateral changes in basalt flow morphology; broad 
geochemical similarities between different basalt formations; and 
the potential for magnetostratigraphy in different areas to record 
different magnetic reversals (e.g., Kale et al., 2019). Based on re-
gional geologic mapping by the Geological Survey of India, Kale 
et al. (2019) proposed that the Deccan LIP represents a compos-
ite volcanic pile composed of several major eruptive centers that 
were active over several Myr. Such an interpretation challenges the 
regional significance of any eruptive model inferred solely from 
geochronologic data within the Western Ghats (Schoene et al., 
2019; Sprain et al., 2019), as province-scale models of basalt vol-
ume are dependent on long-distance correlation of geochemically-
defined basalt formations.

The most robust way to temporally correlate basalt packages 
within a LIP is by using independent geochronologic constraints 
from many different areas to develop a high-resolution age model. 
To this end, we present new U-Pb zircon geochronology from the 
Malwa Plateau on the northern margin of the Deccan LIP (Fig. 1A). 
The Malwa Plateau includes ∼21,000 km3 of basalt and has been 
interpreted to represent a spatially distinct flow field based on flow 
morphology (Kale et al., 2019). Our new U-Pb dates provide a new 
age model for the area and an independent means of correlating 
eruption of Malwa Plateau basalts with both eruption of Western 
Ghats basalts and global paleoenvironmental records.

2. Malwa Plateau basalts

The Malwa Plateau comprises an area of ∼80,000 km2 along 
the northernmost margin of the Deccan volcanic province (Fig. 1A). 
The stratigraphic thickness of basalts within the plateau ranges 
from >500 m in the south to ∼200 m in the northwest and 
Schöbel et al. (2014) used these constraints to estimate that 
∼21,000 km3 of basalt is currently preserved. However, prior to 
erosion the Plateau’s volume was likely much greater. The basalts 
in this region have been classified into five geochemically defined 
formations and are named from stratigraphically lowest to highest: 
the Narmada Fm., Manpur Fm., Mhow Fm., Satpura Fm., and Singa-
chori Fm. (Fig. 1B: Rao et al., 1985; Khadri, 2003). The Geological 
Survey of India has proposed an alternative stratigraphic nomen-
clature that divides the basalts of the Malwa Plateau into eight 
formations on the basis of flow morphology (summarized in Kale 
et al., 2019). However, in this study we utilize the geochemically-
defined stratigraphy, because flow morphology can change later-
ally in time-equivalent basalt flows, and the geochemically-defined 
stratigraphy of the Western Ghats (Cox and Hawkesworth, 1985; 
Beane et al., 1986) has been successful in identifying temporally 
distinct eruptive packages (e.g., Schoene et al., 2019).

The stratigraphy of the Malwa Plateau spans two magnetic re-
versals, from normal-to-reverse polarity and reverse-to-normal po-
larity (Fig. 1B: Pal and Bhimasankaram, 1976; Rao et al., 1985; 
Khadri and Nagar, 1994; Khadri et al., 1999; Khadri, 2003; Schö-
bel et al., 2014). While this sequence of reversals has been linked 
to the C30n-C29r-C29n sequence preserved in the basaltic stratig-
raphy of the Western Ghats region (Rao et al., 1985; Khadri et 
al., 1999; Khadri, 2003; Schöbel et al., 2014), this correlation has 
been largely untested with geochronologic data. A single 40Ar/39Ar 
analysis of a plagioclase separate obtained at the base of the 
stratigraphy along the Plateau’s western margin produced a date 
of 67.12 ± 0.44 Ma (2σ ), suggesting that the oldest basalts in this 
area are from C30n (Schöbel et al., 2014). However, the general 
applicability of this result remains uncertain. The upper reversal, 
from reverse-to-normal polarity, is only preserved at the highest 
elevations on the southern Malwa Plateau, suggesting that most of 
the flows recording this transition have been eroded away (Khadri, 
2003).
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Table 1
U-Pb eruption/deposition ages.

Sample Latitude 
(◦N)

Longitude 
(◦E)

Elevation 
(m)

Age 
(Ma)

− (Ma, 2.5% C.I.) + (Ma, 97.5% C.I.)

RBCQ 22.36098 75.72529 606 66.150 0.067 0.065
RBCN 22.41410 75.58862 554 66.199 0.074 0.055
RBCL 22.38527 75.53110 447 66.250 0.052 0.039
RBCJ2 22.37889 75.53228 417 66.256 0.042 0.034
RBCI 22.37673 75.53067 383 66.275 0.053 0.066
RBBZ 22.29716 75.37197 263 66.320 0.057 0.057
RBCF 22.30058 75.50123 237 66.358 0.070 0.065

3. U-Pb zircon geochronology methods and results

To better constrain the age of the Malwa Plateau basalts, we 
collected interflow paleosols, locally called ‘red boles’, for U-Pb zir-
con geochronology. Some red boles contain volcanic ash (e.g., Wid-
dowson et al., 1997) and have been successfully sampled for U-Pb 
zircon geochronology in the Western Ghats (Schoene et al., 2019). 
While, the source of silicic volcanic ash remains uncertain, descrip-
tions of poorly dated, but broadly coeval, rhyolitic complexes in the 
north of the Deccan Province suggest that small volume rhyolitic 
volcanism was ongoing during LIP emplacement (e.g., Rao, 1971).

Samples for U-Pb zircon geochronology were obtained from 
three transects over an area of ∼400 km2 along the southern 
margin of the Malwa Plateau (Fig. 1A). They were dated us-
ing a modified version of chemical abrasion–isotope dilution–
thermal ionization mass spectrometry (CA-ID-TIMS) following the 
methods presented in Schoene et al. (2019), and were projected 
onto a regional stratigraphic column (Fig. 1B) following Khadri 
(2003). The trace element composition of each zircon was mea-
sured using the methods presented in Schoene et al. (2010) and 
a quadrupole–inductively coupled plasma–mass spectrometer (Q-
ICP-MS) at Princeton University. Zircon photographs, U-Pb isotopic 
and compositional data, and more detailed methods are presented 
in the supplementary material.

Of eleven red bole samples that yielded zircon, four contained 
limited zircon; clearly detrital, rounded, Precambrian grains; or 
Cretaceous zircon with no clear geochemical relationship. Samples 
with a significant detrital component are not unexpected in this 
area, as the presence of inter-trappean sedimentary beds within 
the Malwa Plateau basalts suggests that the region was at low el-
evation during basalt eruptions (e.g., Tandon et al., 1995). Seven 
samples contained coherent age populations of euhedral zircon 
that we interpret to come from silicic volcanic ash. These popu-
lations preserve geochemical trends consistent with pre-eruptive, 
closed-system magmatic differentiation (Fig. S2) and were used 
to estimate eruption dates using a Bayesian Markov Chain Monte 
Carlo (MCMC) technique that assumes a pre-eruptive zircon age 
distribution bootstrapped from the selected zircons (Table S2: 
Keller et al., 2018). These eruption ages are further refined utiliz-
ing the law of superposition and a second Bayesian MCMC model 
to generate an age model for the dated stratigraphy (Table S3: 
e.g., Schoene et al., 2019). The resulting eruption age estimates 
are presented in Table 1. Alternative estimates based on different 
priors and more conventional data interpretation techniques are 
presented in Table S2. All uncertainties are analytical only and are 
reported at the 95% credible interval-level. The inclusion of sys-
tematic uncertainties, such as those associated with the calibration 
of the EARTHTIME 202Pb-205Pb-233U-235U isotope dilution tracer 
and the U decay constants, is necessary for comparison with other 
geochronologic methods, and these uncertainties are reported in 
Table S3.

4. Discussion

4.1. Age of the C29n/C29r magnetic reversal

The magnetic polarity reversal sequence preserved within the 
southern Malwa Plateau basalts was previously assumed to be cor-
relative to the C30n-C29r-C29n magnetic polarity chrons (Khadri et 
al., 1999; Khadri, 2003; Schöbel et al., 2014). Our dates bracket the 
lower reversal to between 66.275 +0.066/−0.053 Ma and 66.256 
+0.034/−0.042 Ma (Fig. 1B), confirming that it is C30n/C29r. re-
versal Using our stratigraphic age model and an elevation of 
400 m, we can further refine the date of this reversal 66.266 
+0.060/−0.049 Ma. This date is consistent with several previous 
estimates for this reversal, including a U-Pb zircon date from a 
transitional polarity basalt flow in the Western Ghats (Schoene et 
al., 2019); sanidine 40Ar/39Ar dates from interbedded tuffs in the 
terrestrial Hell Creek Fm. in Montana (Sprain et al., 2015); and 
astrochronologic estimates from the late Cretaceous/early Paleo-
gene marine sedimentary sections in northern Spain (Batenburg 
et al., 2012), ODP Hole 762C (Thibault et al., 2012), ODP Holes 
1267B, 762C, and DSDP 525A (Husson et al., 2011), and ODP Hole 
1262 (Barnet et al., 2019). Notably, however, our date is 170 kyr 
younger than a recent estimate for the C30n/C29r reversal based 
on U-Pb zircon dates of ash beds within the Denver Basin, Col-
orado (Clyde et al., 2016). This discrepancy may be the result of 
variations in sediment accumulation rates within the terrestrial 
Denver Basin, because the Clyde et al. (2016) study did not bracket 
the C30n/C29r reversal, but rather projected their stratigraphic age 
model down-section over ∼30 m. Regardless, the convergence of 
datasets pointing to a date of 66.266 +0.060/−0.049 Ma provides 
another important tie point with which to compare the eruptive 
history of the Deccan LIP to global paleoenvironmental records.

4.2. Correlation to the Western Ghats

Most studies of the Deccan LIP have attempted to correlate 
volcanic sections over broad areas of the province using basalt geo-
chemistry (e.g., Lightfoot et al., 1990; Mitchell and Widdowson, 
1991; Khadri et al., 1999; Jay and Widdowson, 2008). However, 
there are limits to this approach (e.g., Kale et al., 2019). For ex-
ample, there is the possibility that the province is composed of 
multiple eruptive centers that each records a distinct geochemical 
evolution through time (e.g., Kale et al., 2019). Correlation based 
on time provides a more robust means to reconstruct eruptive his-
tories, obviating the need for assumptions regarding geochemical 
homogeneity of coeval lavas across the province.

Fig. 2 shows a correlation scheme for the Malwa Plateau and 
Western Ghats using U-Pb zircon dates from this study and from 
Schoene et al. (2019). Importantly, our dates demonstrate that em-
placement of the Narmada Fm. is temporally correlative with em-
placement of the Jawhar Fm. (Fig. 2). However, the oldest date for 
the Narmada Fm. is ∼60 kyr older than the oldest date in the 
Jawhar Fm., extending initiation of the first eruptive pulse within 
the Deccan LIP to at least 66.358 +0.065/−0.070 Ma. The over-
lying Manpur Fm. is temporally correlative with the remainder of 
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Fig. 2. Stratigraphic correlation diagram of the southern Malwa Plateau basalts and the basaltic stratigraphy of the Western Ghats. U-Pb zircon age constraints are shown as 
bars color-coded to correspond to their respective formations and are derived from Bayesian Markov Chain Monte Carlo eruption (e.g., Keller et al., 2018) and stratigraphic 
(e.g., Schoene et al., 2019) age models derived from the distribution of zircon ages in each sample and their relative stratigraphic positions. All of the dates are from either 
Schoene et al. (2019) or this study. A combination of paleomagnetic and U-Pb zircon geochronologic constraints suggest that the stratigraphy of the southern Malwa Plateau 
basalts record the same four eruptive pulses as outlined in Schoene et al. (2019).

the Kalsubai and Lonavala subgroups (Fig. 2). We currently have 
no direct age constraints for the Mhow, Satpura, or Singachori 
Fms. However, if the upper magnetic reversal in the Malwa Plateau 
represents the C29r/C29n reversal, then the Mhow and Satpura 
Fms. are constrained to be younger than 66.137 +0.112/−0.170 
Ma and older than the U-Pb date for the C29r/C30n reversal of 
65.631 +0.053/−0.030 Ma (Figs. 1 and 2; Schoene et al., 2019). 
The Singachori Fm. is exposed as only erosional remnant at high 
elevations on the southern margin of the Malwa plateau, but must 
be temporally correlative to the Mahabaleshwar Fm. in the West-
ern Ghats since both formations record the C29r/C30n magnetic 
reversal (Fig. 2: Khadri, 2003). Given these constraints, we suggest 
that the most parsimonious correlation is that the Mhow, Satpura, 
and Singachori Fms. record the second, third, and fourth erup-
tive pulses of Schoene et al. (2019) and are temporally correlative 
to the Poladpur, Ambenali, and Mahabaleshwar Fms., respectively. 
However, these temporal correlations should remain speculative 
until they are directly tested with additional geochronologic data. 
Regardless, the Malwa Plateau basalts must contain one or more 
hiatuses in eruption, or at least extreme changes in eruption rate, 
as a constant rate would predict a much thicker section of basalt 
between the Manpur Fm. and the C29r/C30n magnetic reversal. 
The alignment of U-Pb zircon eruption dates between the Narmada 
and Manpur Fms. with the first pulse of magmatism in Schoene 
et al. (2019); the requirement for hiatuses or extreme changes 
in eruption rate within the section; and the preliminary tempo-
ral correlations with the rest of the Western Ghats stratigraphy, all 
suggest that the same pulses identified in Schoene et al. (2019)
are likely present in the Malwa plateau but with different relative 
thicknesses. Moreover, these observations are not compatible with 
an interpretation of near-constant Deccan eruptions (Sprain et al., 
2019).

A single 40Ar/39Ar date of a plagioclase separate from the 
Malwa plateau has been used to suggest that eruptions in this area 
started by 67.12 ± 0.44 Ma (2σ : Schöbel et al., 2014). This sam-
ple was collected from a different part of the plateau than our 
study area, and is thus difficult to directly compare with our re-
sults. The contact between basalt and basement is not exposed in 
our study area along the Narmada River, and >100 m section of 

basalt is present beneath our stratigraphically lowest sample. Thus, 
an older history of eruptions is possible. However, we suggest that 
any earlier eruptions within the Deccan LIP were volumetrically 
minor, because our age constraints for the onset of the first pulse 
of magmatism align with the initial downturn of 187Os/188Os in 
ocean sediments globally (Fig. 3A).

4.3. Implications for the architecture of the Deccan eruptive edifice

An understanding of the extent of Deccan eruptions through 
time is necessary to confidently constrain eruption volumes and 
tempos. Existing models have focused on either a single source 
(Model A in Mitchell and Widdowson, 1991; Jay and Widdow-
son, 2008); a southward-migrating central eruptive center, consis-
tent with the passage of India over the Reunion hotspot (Devey 
and Lightfoot, 1986; Model B in Mitchell and Widdowson, 1991); 
or multiple eruptive centers that are distinct in time and space 
throughout the province (e.g., Kale et al., 2019). Our new data 
from the Malwa Plateau provide an important test for each of these 
models.

The temporal correlation between the Malwa Plateau basalts 
and the stratigraphy of the Western Ghats suggests that they 
record the same or a similar history of pulsed eruptions (Fig. 2). 
The continuity of these pulses over large regions is consistent 
with, but does not require, sustained volcanic activity from a cen-
tral eruptive center, rather than several centers that were widely 
dispersed and behaving independently (e.g., Kale et al., 2019). Fu-
ture studies of basalt geochemistry, morphology, and flow direction 
placed within a robust temporal framework will be able to assess 
whether coeval magmas across the province share the same petro-
genetic and eruptive history or reflect coincidental eruptions from 
multiple distinct centers.

Assuming that the shared history between the Malwa Plateau 
and Western Ghats reflects the behavior of a central eruptive cen-
ter, we can assess whether the basalts on the northern margin of 
the province are consistent with a center that remained station-
ary or migrated to the south through time. Existing maps from 
the southern Deccan LIP show southward attenuation of the for-
mations of the Western Ghats and a consistent onlapping of flow 
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Fig. 3. A) Variation in benthic foraminifera δ18O and δ13C from ODP site 1262 (Barnet et al., 2019) compared to changes in 187Os/188Os in ocean sediments from both outcrop 
and ODP core (Robinson et al., 2009; Ravizza and VonderHaar, 2012) and the timing and duration of the four eruptive pulses identified for the Deccan LIP by Schoene et al. 
(2019) and this study defined by the 95% credible intervals of the youngest and oldest U-Pb zircon eruption age in each pulse. The uncertainty of the U-Pb zircon dates for 
the C29r/C29n reversal (Schoene et al., 2019), Chicxulub impact (Clyde et al., 2016; Schoene et al., 2019), and C30n/C29r reversal (this study) are also shown. B) Schematic 
cartoon showing the proposed development of the Deccan LIP as a series of shield volcanoes with eruptive centers progressively migrating to the south through time (Devey 
and Lightfoot, 1986; Model B in Mitchell and Widdowson, 1991) and corresponding to the four (or five) eruptive pulses identified within the province. We speculate that 
the first Deccan eruptive pulse erupted through volatile-rich Narmada-Tapti rift basin sedimentary rocks, while subsequent pulses erupted through only granitic and gneissic 
basement.

fields to the south (Devey and Lightfoot, 1986; Model B in Mitchell 
and Widdowson, 1991). These observations are consistent with ei-
ther of the proposed eruptive histories. However, both possibilities 
make specific predictions about the geometry of coeval flows along 
the north of the province. A central eruptive center should show 
symmetry with the map patterns in the south, with onlapping for-
mations through time northward, while a migrating eruptive cen-
ter should show progressive offlapping of formations as it moved 
southward.

The recognition that the ∼460 m thick Narmada and Man-
pur Fms. are temporally correlative to the Lonavala and Kalsubai 
subgroups of the Western Ghats provides a test of coeval magma 
thickness in both the northern and southern parts of the province. 
Using the exposure limit of these two subgroups in the south-
ern Western Ghats and assuming a stationary eruptive center near 
Nashik (e.g., Model A in Mitchell and Widdowson, 1991), coeval 
flows are predicted to be thin to nonexistent in the Malwa Plateau. 
The presence of thick, temporally correlative flows to these sub-
groups is, instead, consistent with a southward-migrating eruptive 
center (e.g., Devey and Lightfoot, 1986; Model B in Mitchell and 
Widdowson, 1991).

Fig. 3B shows a cartoon of how we envision the geometry of 
the province, with each eruptive pulse identified in Schoene et al. 
(2019) forming a shield volcano as the eruptive center migrated 
progressively to the south. It remains unclear if the undated Pan-
hala and Desur Fms. (Fig. 2) represent a fifth eruptive pulse or are 
part of the eruptive pulse that includes the Mahabaleshwar Fm. 
Regardless, this architecture needs to be considered in future Dec-
can volume estimates. A first order consequence of this geometry 

is that the relative volume of the first pulse of magmatism is sig-
nificantly increased over the estimates presented in Richards et al. 
(2015).

Richards et al. (2015) calculated the total volume of the 
province by approximating each formation as a cone with a height 
equal to the maximum exposed thickness and diameters of 250 
km for the Kalsubai and Lonavala subgroups and the Panhala and 
Desur Fms. and 600 km for the Poladpur, Ambenali, and Maha-
baleshwar Fms. This approach results in a total volume of 602,700 
km3, of which 23% belongs to the formations that compose the 
first eruptive pulse of Schoene et al. (2019). Recalculating the LIP 
volume using the same method but treating each pulse (includ-
ing a hypothetical fifth pulse consisting of the Panhala and Desur 
Fms.) as a cone with a radius of ca. 440 km, similar to Model 
B in Mitchell and Widdowson (1991), gives a total volume of 
737,900 km3, with 59% erupted during the first pulse. These re-
vised volumes suggest that both Sprain et al. (2019) and Schoene 
et al. (2019) underestimated the eruption rates associated with 
the Kalsubai and Lonavala subgroups by using the Richards et al. 
(2015) model and highlight the importance of stratigraphic and 
geochronologic controls in constraining the eruptive volume of 
LIPs. The discrepancy also suggests that any conclusions drawn 
from modeling the climate response to the emplacement of the 
Deccan LIP (e.g., Hull et al., 2020) should be tempered by the 
uncertainties associated with each volume model, including varia-
tions in the volume of offshore basalt, in the volume of basalt that 
was eroded following eruption, and in the stratigraphic architec-
ture that arises from multiple and/or migrating eruptive centers.
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4.4. Relationship to Late Maastrichtian climate instability

A 200 kyr period of ∼2.5–8 ◦C warming and subsequent cool-
ing before the end Cretaceous extinction, named the Late Maas-
trichtian warming event, has been inferred on the basis of δ18O in 
benthic foraminifera (Fig. 3A: e.g., Li and Keller, 1998; Barnet et al., 
2018), pedogenic carbonate (Nordt et al., 2002), and bivalve shells 
(Petersen et al., 2016), as well as changes in leaf morphology (Wilf 
et al., 2003). The onset of this excursion is temporally correlative 
with the first pulse of Deccan volcanism identified by Schoene et 
al. (2019) and the initial downturn in oceanic 187Os/188Os toward 
more radiogenic values (Fig. 3A: Robinson et al., 2009; Ravizza 
and VonderHaar, 2012), suggesting a potential causal relationship 
between the two events. Direct CO2 emissions from basalt are 
unlikely to cause this magnitude of warming, except at extreme 
eruption rates (e.g., Self et al., 2006), which is difficult to rec-
oncile with the likely longer duration and lower eruption rates 
inferred from this first eruptive pulse (Schoene et al., 2019). More 
puzzling is the observation that the other, shorter, and possibly 
more intense pulses of Deccan volcanism did not lead to records of 
warming on timescales >100 kyr (Fig. 3A). One possibility is that 
the second eruptive pulse was associated with shorter-term warm-
ing preserved in only a few locations due to widespread hiatuses 
in sedimentation (e.g., Punekar et al., 2014). Moreover, there is the 
possibility that shorter-term (≤100-kyr) warming events occurred 
throughout the earliest Paleogene (e.g., Coccioni et al., 2010; Lyson 
et al., 2019). Nevertheless the temporal correlation of these pro-
posed warming events with eruption of the Deccan LIP is not fully 
constrained and their global significance remains debated due to 
the absence of correlative δ18O excursions in benthic foraminifera 
(see discussion of DAN-C2 event in Barnet et al., 2019).

Our observation that the dominant volume of erupted mate-
rial in the northern part of the Deccan LIP is temporally cor-
relative with the first pulse of volcanism may provide a means 
to explain the Late Maastrichtian warming event. First, the in-
creased areal extent of the basalts that compose the first eruptive 
pulse suggests a much larger eruptive volume than the estimates 
used in Schoene et al. (2019). Second, an inferred northern erup-
tive center for the first magmatic pulse would place it within 
the Narmada-Tapti Rift (Fig. 3B), where dike swarms have been 
previously documented (e.g., Vanderkluysen et al., 2011) and a 
gravity anomaly suggests large volumes of mafic rock in the mid-
dle to lower crust (Verma and Banerjee, 1992). This rift is well 
characterized in seismic lines through the northern part of the 
province and consists of 1.5-2 km of sedimentary rock (Fig. 1C: 
Kaila, 1988; Verma and Banerjee, 1992). These rocks can be traced 
laterally into sedimentary sequences on the margin of the Deccan 
LIP that record terrestrial Carboniferous to Cretaceous shallow ma-
rine sedimentation, including abundant Carboniferous and Permian 
coal (Veveers and Tewari, 1995). We suggest that initial erup-
tion of Deccan basalts through the Narmada-Tapti Rift may have 
provided a critical source of greenhouse gases via metamorphism 
of organic rich sedimentary rock. This mechanism is widely in-
voked to have driven catastrophic CO2 and CH4 emissions during 
in late Permian during emplacement of the Siberian Traps (e.g., 
Svensen et al., 2009); in the early Jurassic during emplacement 
of the Karoo-Ferrar basalts (e.g., Svensen et al., 2007); and at the 
Paleocene-Eocene Thermal Maximum (PETM) during emplacement 
of the North Atlantic Igneous Province (e.g., Svensen et al., 2004). A 
relatively small −0.6� δ13C excursion in benthic foraminifera dur-
ing the late Maastrichtian warming event (Fig. 3A) has been used 
to argue against volumetrically significant addition of isotopically 
light organic (δ13C = −25�) carbon (Barnet et al., 2018). However, 
quantifying the expected change in global δ13C due to emission of 
these gases over the 200 kyr event duration depends on several 
unconstrained factors including the rate of organic matter burial in 

carbon sinks, the ratio of organically-derived greenhouse gases rel-
ative to volcanic CO2 (δ13C = −6�), and the rate of greenhouse 
gas emission. Thus, the relatively small δ13C excursion observed 
during the Late Maastrichtian warming event (Fig. 3A) may not be 
sufficient to preclude protracted addition of isotopically light car-
bon during this time.

If our hypothesis is correct, southward movement of the Dec-
can eruptive center off of the Narmada-Tapti rift and onto bedrock 
entirely composed of Precambrian granite and gneiss minimized 
this extra source of greenhouse gas and may explain the more 
subdued climate proxy record associated with later pulses of Dec-
can volcanism. In this case, if the second pulse of the Deccan LIP 
played an important role in climate instability immediately predat-
ing the Chicxulub impact and mass extinction, either a) evidence 
for shorter-term (≤100 kyr) global greenhouse conditions is not 
preserved in most studied stratigraphic sections due to sedimen-
tary erosion and/or hiatuses, b) an efficient silicate weathering 
feedback buffered atmospheric greenhouse conditions, and/or c) 
the effect of short-term global cooling from sulfur aerosols may 
have been an important contributor to environmental decline and 
accelerated extinction rates.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

The Princeton University Department of Geosciences Scott Fund 
and NSF grant EAR-1454430 (B.S. and G.K.) supported field and 
lab work. Lawrence Livermore National Laboratory is operated by 
Lawrence Livermore National Security LLC for the U.S. Department 
of Energy, National Nuclear Security Administration under contract 
DE-AC52-07NA27344. This work is LLNL contribution LLNL-JRNL-
793751. This manuscript benefited from the thoughtful comments 
of two anonymous reviewers.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .epsl .2020 .116249.

References

Alvarez, L.W., Alvarez, W., Asaro, F., Michel, H.V., 1980. Extraterrestrial cause for the 
Cretaceous-Tertiary extinction. Science 208, 1095–1108. https://doi .org /10 .1126 /
science .208 .4448 .1095.

Barnet, J.S.K., Littler, K., Kroon, D., Leng, M.J., Westerhold, T., Röhl, U., Zachos, J.C., 
2018. A new high-resolution chronology for the late Maastrichtian warming 
even: establishing robust temporal links with the onset of Deccan volcanism. 
Geology 46, 147–150. https://doi .org /10 .1130 /G39771.1.

Barnet, J.S.K., Littler, K., Westerhold, T., Kroon, D., Leng, M.J., Bailey, I., Röhl, U., Za-
chos, J.C., 2019. A high-fidelity benthic stable isotope record of Late Cretaceous-
Early Eocene climate change and carbon cycling. Paleoceanogr. Paleoclimatol. 34, 
672–691. https://doi .org /10 .1029 /2019PA003556.

Batenburg, S.J., Sprovieri, M., Gale, A.S., Hilgen, F.J., Hüsing, S., Laskar, J., Liebrand, D., 
Lirer, F., Orue-Etxebarria, X., Pelosi, N., Smit, J., 2012. Cyclostratigraphy and as-
tronomical tuning of the Late Maastrichtian at Zumaia (Basque country, North-
ern Spain). Earth Planet. Sci. Lett. 359–360, 264–278. https://doi .org /10 .1016 /j .
epsl .2012 .09 .054.

Beane, J.E., Turner, C.A., Hooper, P.R., Subbarao, K.V., Walsh, J.N., 1986. Stratigraphy, 
composition and form of the Deccan basalts, Western Ghats, India. Bull. Vol-
canol. 48, 61–83. https://doi .org /10 .1007 /BF01073513.

https://doi.org/10.1016/j.epsl.2020.116249
https://doi.org/10.1126/science.208.4448.1095
https://doi.org/10.1126/science.208.4448.1095
https://doi.org/10.1130/G39771.1
https://doi.org/10.1029/2019PA003556
https://doi.org/10.1016/j.epsl.2012.09.054
https://doi.org/10.1016/j.epsl.2012.09.054
https://doi.org/10.1007/BF01073513


M.P. Eddy et al. / Earth and Planetary Science Letters 540 (2020) 116249 7

Clyde, W.C., Ramezani, J., Johnson, K.R., Bowring, S.A., Jones, M.M., 2016. Direct high-
precision U-Pb geochronology of the end-Cretaceous extinction and calibration 
of Paleocene astronomical timescales. Earth Planet. Sci. Lett. 452, 272–280. 
https://doi .org /10 .1016 /j .epsl .2016 .07.041.

Coccioni, R., Frontalini, F., Bancalà, G., Fornaciari, E., Jovane, L., Sprovieri, M., 2010. 
The Dan-C2 hyperthermal event at Gubbio (Italy): global implications, environ-
mental effects, and cause(s). Earth Planet. Sci. Lett. 297 (1–2), 298–305. https://
doi .org /10 .1016 /j .epsl .2010 .06 .031.

Courtillot, V., Féraud, G., Maluski, H., Vandamme, D., Moreau, M.G., Besse, J., 
1988. Deccan flood basalts and the Cretaceous/Tertiary boundary. Nature 333, 
843–846. https://doi .org /10 .1038 /333843a0.

Courtillot, V.E., Renne, P.R., 2003. On the ages of flood basalt events. C. R. 
Géosci. 335, 113–140. https://doi .org /10 .1016 /S1631 -0713(03 )00006 -3.

Cox, K.G., Hawkesworth, C.J., 1985. Geochemical stratigraphy of the Deccan Traps at 
Mahabaleshwar, Western Ghats, India, with implications for open system mag-
matic processes. J. Petrol. 26, 355–377. https://doi .org /10 .1093 /petrology /26 .2 .
355.

Devey, C.W., Lightfoot, P.C., 1986. Volcanological and tectonic control of stratigraphy 
and structure in the western Deccan traps. Bull. Volcanol. 48, 195–207. https://
doi .org /10 .1007 /BF01087674.

Hull, P.M., Bornemann, A., Penman, D.E., Henehan, M.J., Norris, R.D., Wilson, P.A., 
Blum, P., Alegret, L., Batenburg, S.J., Bown, P.R., Bralower, T.J., Cournede, C., 
Deutsch, A., Donner, B., Friedrich, O., Jehle, S., Kim, H., Kroon, D., Lippert, P.C., 
Loroch, D., Moebius, I., Moriya, K., Peppe, D.J., Ravizza, G.E., Röhl, U., Schueth, 
J.D., Sepúlveda, J., Sexton, P.F., Sibert, E.C., Śliwińska, K.K., Summons, R.E., 
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MASS EXTINCTION

U-Pb constraints on pulsed eruption
of the Deccan Traps across
the end-Cretaceous mass extinction
Blair Schoene1*, Michael P. Eddy1, Kyle M. Samperton2, C. Brenhin Keller3,
Gerta Keller1, Thierry Adatte4, Syed F. R. Khadri5

Temporal correlation between some continental flood basalt eruptions and mass
extinctions has been proposed to indicate causality, with eruptive volatile release
driving environmental degradation and extinction.We tested this model for the
Deccan Traps flood basalt province, which, along with the Chicxulub bolide impact,
is implicated in the Cretaceous-Paleogene (K-Pg) extinction approximately
66 million years ago. We estimated Deccan eruption rates with uranium-lead
(U-Pb) zircon geochronology and resolved four high-volume eruptive periods.
According to this model, maximum eruption rates occurred before and after the
K-Pg extinction, with one such pulse initiating tens of thousands of years prior to both
the bolide impact and extinction. These findings support extinction models that
incorporate both catastrophic events as drivers of environmental deterioration
associated with the K-Pg extinction and its aftermath.

C
ontinental flood basalt provinces are char-
acterized by eruption of >1 million km3 of
basalt over a period of <1 million years
(1, 2), representing the largest volcanic
events on Earth. Four of the five most

severe Phanerozoic mass extinctions [~541 mil-
lion years (Ma) ago to the present] coincided
with emplacement of one of these provinces
(3). Although the temporal link between flood
basalts and extinctions is well established, the
mechanisms by which eruptions drive extinc-
tion are poorly understood (4). Two models of
environmental change from volcanic activity
relate to eruptive volatile emissions (1, 4). The
first is volcanogenic CO2 release, with associated
global warming, ocean acidification, and carbon
cycle disruption. The second is SO2 injection into
the stratosphere and its conversion to sulfate
aerosols, causing global cooling, acid rain, and
ecosystem poisoning (5). The predicted time
scales of these perturbations contrast sharply.
The emission of SO2 from a single eruptionwould
produce years of cooling, whereas accumulated
greenhouse warming from CO2 can be sustained
for many thousands to tens of thousands of
years. Testing the effects of this interplay on
ecosystems thus requires precisely calibrated
volcanic eruption rates that can be correlated
to high-resolution climate proxy and biostrat-
igraphic data.
We applied U-Pb zircon geochronology to

construct a precise temporal record of eruption

within the Deccan Traps volcanic province, India
(Fig. 1). The province is temporally correlated
to the K-Pg mass extinction, in which roughly
three-fourths of life on Earth was eradicated, in-
cluding non-avian dinosaurs (6). Previous at-
tempts to constrain eruption rates were limited
by poor stratigraphic coverage and/or high
analytical uncertainties (7–12). We used U-Pb
geochronology by isotope dilution–thermal ion-
izationmass spectrometry (ID-TIMS) (13), which
provides analytical uncertainties (±2s) as low as
40,000 years (40 ka) for individual dated zircons.
Our sampling covers the nine major Deccan for-
mations in the Western Ghats, where the most
voluminous (>90% total volume) and complete
Deccan exposures are preserved (14–17) (Fig. 1).
We sampled both coarse-grained basalts and
sedimentary beds between basalt flows that
infrequently contain zircon-bearing volcanic
ash (11) (fig. S1). These beds, locally termed
“redboles,” range from oxidized volcaniclas-
tic material with visible lithic fragments and
phenocrysts to paleosol-type horizons produced
by in situ weathering of flow tops (18, 19). Of 141
sampled redboles and coarse-grained basalts
(Fig. 1 and figs. S1 and S2), 23 redboles and
one basalt sample yielded sufficient zircon (≥5
crystals) to estimate an eruption age, includ-
ing four distinct bole horizons and one basalt
previously presented by Schoene et al. (11).
Pristine volcanic crystal morphology indicates
minimal transportation or reworking of zircon
in a sedimentary environment. Consequent-
ly, we inferred that this volcaniclastic, zircon-
bearing material was incorporated into redboles
as air fall tuff, consistent with some redboles
containing a high-SiO2 (nonbasaltic) com-
ponent (19), and that these zircons provide
a robust means for dating Deccan eruptive
stratigraphy.

To estimate the eruption date and associated
uncertainty for each sample, we developed an
approach using Bayesian statistics to account
for the probability distribution of zircon dates
and their analytical uncertainties (20) (fig. S6).
Although we considered alternative data inter-
pretations (13), they do not affect the conclusions
of this study. Twenty-one of 24 dated horizons
are from five stratigraphic sections along prom-
inent roads in the Western Ghats, providing
complete coverage of the upper four Deccan for-
mations (Fig. 1 and figs. S1 and S2). The remaining
three samples span the lower five Deccan for-
mations, where redboles are rare and less likely
to contain zircon.
When compiled into a composite stratigraphic

section (Fig. 1), almost all samples follow anti-
cipated “younging-up” temporal order based on
the independently defined regional stratigraphy
(14–17) (figs. S2 and S7). The exception is the
Katraj Ghat south of Pune city, where two sam-
ples from what was mapped as upper Poladpur
Formation are ~100 ka younger than samples
near the Poladpur-Ambenali contact in other
sections. To resolve this discrepancy, we placed
the Poladpur-Ambenali contact in the Katraj Ghat
section as ~100 m lower than previously mapped.
This simple adjustment does not violate geo-
chemical or geological observations in the strat-
igraphy, as the Poladpur-Ambenali contact is
geochemically transitional in published datasets
(14). Furthermore, our placement of the contact
is consistent with geochemical studies of the
nearby Sinhagad Fort section suggesting that
the Poladpur Formation is relatively thin just
south of Pune (14).
To further refine the composite stratigraphic

age model, we used a Bayesian Markov chain
Monte Carlo (MCMC) model in which strati-
graphic superposition is imposed on U-Pb zircon
dates (13, 21) (Fig. 1). The result is a deposition
age estimate for each dated horizon, incorporat-
ing dates from all beds above and below each
sample to produce an internally consistent age
model (Fig. 1). The accuracy of refined age esti-
mates depends solely on sample placement in
proper stratigraphic order and is independent of
samples’ exact stratigraphic heights.
To calculate volumetric eruption rates through

the Deccan Traps, we adopted the volumemodel
of Richards et al. (22), in which units of the
Wai subgroup (i.e., the Poladpur, Ambenali, and
Mahabaleshwar Formations) were interpreted
as more voluminous than is apparent from
their proportionate thickness in the Western
Ghats. This assertion carries nontrivial uncer-
tainties, but we believe it is justified given the
correlation of these formations to basalt flows
on the province’s periphery, including massive
flows that traveled ~1000 km to India’s eastern
shore (23, 24). Although different volumemodels
produce changes in the magnitude of calculat-
ed eruption rates, the timing of peak eruption
rates is unaffected by either the volume model
or the interpretation approach of the zircon
data (13) (figs. S8 and S9). Additional uncer-
tainty relates to the unconstrained mass and
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age of Deccan basalt that is currently submerged
and inaccessible off India’s western shore. We
consider this uncertainty to be intractable be-
cause current volume models cannot account
for this mass component of the province. Con-
sequently, all eruption rates are likely mini-
mum estimates, although we also cannot assess
whether the offshore component erupted during
the same time intervals as that of the Western
Ghats.
We converted our age model into a proba-

bilistic estimate of volumetric flux of basaltic lava
using outputs from theMCMC algorithm (Fig. 2).
Our results showed that the Deccan Traps
erupted in four high-volume events, each lasting
≤100 ka, separated by periods of relative volcanic
quiescence. The first event corresponded to the
eruption of the lowermost seven formations

from ~66.3 to 66.15 Ma ago; the second to the
Poladpur Formation from ~66.1 to 66.0 Ma ago;
the third to the Ambenali Formation from~65.9
to 65.8 Ma ago; and the fourth and final to the
uppermost Mahabaleshwar Formation, from
~65.6 to 65.5 Ma ago.
Our Deccan eruptionmodel (Fig. 2) constrains

the volcanic tempo with high resolution, provid-
ing a means to correlate eruption records with
biostratigraphic and climate proxy data across
the K-Pg extinction. Ourmodel places the second
pulse of Deccan volcanism (Poladpur Formation,
66.1 to 66.0Ma) as slightly predating a published
U-Pb zircon date for the K-Pg boundary (KPB),
defined as the Ir anomaly and associated fallout
from the Chicxulub impact, within the Denver
Basin, Colorado (25). For consistency, we applied
the Bayesian approach to that dataset (25) to

estimate a date of 66.016 ± 0.050 Ma ago for
the KPB [95% credible interval, internal un-
certainties only (13)]. Comparison of our data
with recently published 40Ar/39Ar geochronology
from the Deccan Traps and the Chicxulub im-
pact (12, 26) is currently not possible at the
necessary level of precision given systematic
bias between the two dating methods, pri-
marily related to uncertainty in ages of 40Ar/
39Ar fluence monitors and the values of the
40K decay constant and physical constants (13).
Assuming that the Chicxulub impact coincides
exactly with the main phase of extinction,
the MCMC model outputs from our Deccan
data demonstrate a ~90% probability that the
Poladpur Formation eruption pulse began tens
of thousands of years before the K-Pg mass
extinction event.
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Fig. 1. Stratigraphy, sampling transects, and U-Pb age model
for the Deccan Traps. (A) Elevation map of study location in
the Western Ghats, India. A black segmented line denotes cross
section X-X′ as shown in (B). Sampling transects are located by
colored dots. (B) Geologic cross section through the field area, with
sample locations indicated. Different basalt formations in the Deccan
Traps are color-coded to the stratigraphic column in (C). Cross section
is based on previous work (14–17), modified according to our
geochronology. (C) Volumetric stratigraphic column and magnetic

chrons of the major formations of the Deccan Traps (22, 45).
The plotted sample heights (“RB” sample prefix omitted)
are based on the composite stratigraphic section compiled in
fig. S2. The age model for the Deccan Traps, based on our U-Pb
geochronology, is shown with 95% credible intervals. Horizontal
gray bars indicate eruption ages derived from populations of
zircon dates from each horizon; black horizontal bars show dates
refined from the stratigraphic Bayesian model. The vertical
gray-shaded bar shows an age for the Chicxulub impact (25).
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The K-Pg extinction preserves the only known
mass extinction that coincides with both a large
igneous province and a bolide impact. As such,
several hypotheses have been forwarded in which
the impact triggered ormodulated volcanic erup-
tions. Although the most recent iteration of this
hypothesis concedes initiation of Deccan erup-
tions several hundred thousand years before
the impact, it proposes that impact-induced
seismicity increased eruption rates in the Deccan
Traps and at mid-ocean ridges through evacua-
tion of preexisting magma chambers in the upper
mantle and lower crust (12, 22, 27). It is unlikely
that our Deccan eruptive history is consistent
with this model, given the high probability that
the Poladpur pulse began before the impact by
tens of thousands of years, followed by an erup-
tion hiatus of ≤100 ka after the impact.
Estimates for the entire volcanic flux on

Earth today are 3 to 4 km3/year (28), indicating
on average a doubling in global volcanic activity
for ≤100 ka during each of the four high-
volume Deccan eruptive events, but requiring
periods of >5 to 10 times the global average.
In fact, groups of flows within the Poladpur
and Mahabaleshwar Formations, each poten-
tially comprising >50,000 km3, lack secular
evolution in paleomagnetic poles, suggesting
eruption over decades to centuries (29). Such
high eruption rates of >1000 km3/year are per-
mitted by our U-Pb geochronology, requiring
hiatuses of hundreds to thousands of years
within our resolved pulses so as not to exceed
total volume estimates. In addition to being con-

sistent with brief but extreme eruption rates, our
data demonstrate that the Deccan Traps erupted
in pulses with durations of ~100 ka, providing
insight into tempos of melt production and/or
transport in the upper mantle and lower crust
(30, 31).
Our eruption rate model is a first step toward

robustly evaluating the environmental impacts
associated with Deccan volcanism. The most
commonly cited contributors to environmental
change associated with flood basalts are CO2

(warming), SO2 (cooling upon conversion to
sulfate aerosols), and chemical weathering of
fresh basaltic material (cooling via CO2 draw-
down). For single continental flood basalt flows
that erupt over a few decades, volcanic SO2 has
been modeled to drive cooling of 5° to 10°C for
the duration of the eruption (5), after which acid
rain rapidly removes sulfur compounds from the
atmosphere. For persistent cooling over many
thousands of years, therefore, hiatuses of only sev-
eral decades between eruptions are required (5).
In contrast to SO2, the time scale of CO2 re-

moval from the ocean-atmosphere system is slow:
~1 ka, ~10 ka, and ~100 ka for mixing into the
deep ocean, reactionwith sediments, and removal
by silicate weathering, respectively (32, 33). As a
result, although climate effects during an eruptive
event may be dominated by cooling associated
with elevated sulfate aerosols, accumulation of
volcanic CO2 emissions can lead to net warming
on intermediate time scales between eruptive
events. On time scales of hundreds of ka to >1Ma,
weathering of fresh basalt has been modeled to

result in net CO2 drawdown and cooling, especially
if the basalt is at low latitudes, as were the Deccan
Traps (34).
As an initial attempt to correlate our eruptive

history with paleoenvironmental data, we used
two proxy records across the K-Pg transition
(Fig. 2B). Benthic foraminifera d18O composi-
tions indicate ~2° to 4°C of deep ocean warming
over ~150 ka, beginning at the C30n-C29r mag-
netic reversal (~66.3 Ma ago), followed by cool-
ing over ~150 ka prior to the KPB (35–37). It has
also been argued on the basis of d18O data from
Elles, Tunisia, that renewed warming began tens
of thousands of years before the KPB (38) (fig. S11).
Initial warming at ~66.3 Ma ago and a coeval

increase in carbonate dissolution have been in-
terpreted as resulting from volcanogenic CO2

buildup and consequent ocean acidification (35),
which our geochronology shows to have occurred
during the initial pulse of Deccan eruptions.
Warming curtailed toward the end of the first
pulse, and cooling began before and continued
through the initiation of the Poladpur Formation
eruptions (Fig. 2). The extrusion of the volumi-
nous Poladpur Formation may have resulted in
short periods of SO2-driven cooling that could
have continued to promote the overall cooling
trend, but cooling for tens of thousands of years
due to SO2 emissions is difficult to sustain given
the predicted short residence time of sulfate
aerosol (1, 5). Alternatively, an increase in sur-
face area of exposed basalt associated with the
Poladpur eruptions is possible given current
Deccan stratigraphic area/volume models (22),
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Fig. 2. Eruption rate model for the Deccan
Traps, based on U-Pb geochronology.
(A) Results from the MCMC algorithm
used to generate the age model in Fig. 1,
converted to a probabilistic volumetric
eruption rate for the Deccan Traps
shown with contours up to 68%
credible intervals. The U-Pb date for the
Chicxulub impact is the same as in
Fig. 1. Total global volcanic productivity
(~3 to 4 km3/year) includes mid-ocean
ridges and volcanic arcs (28). (B) Compi-
lation of proxy records from ODP
cores and outcrops. Upper data points
are d18O of species-specific benthic
foraminifera from ODP 525 (46),
ODP 1262 (36), and ODP 1209 (37);
VPDB, Vienna PeeDee Belemnite
standard. Temperature is calculated for
benthic foraminifera Nuttallides truempyi
in ODP 1262 (36). Osmium isotopic
records come from bulk carbonate
from both ODP cores and outcrop
(40, 41). Age models are described in (13).

A

0

2

4

6

8

10

3
E

ru
pt

io
n 

ra
te

 (
km

/y
r)

global volcanic 
production today

U
-P

b
 C

h
ic

xu
lu

b
 im

p
ac

t 
d

at
e 

± 
95

%
 C

.I.

Mahab. Ambenali Poladpur Bushe Thak. Jaw.

d ti t dd u
p

e
C

P

mean

68% C.I.

B

key for (B)

65.6 65.7 65.8 65.9 66.0 66.1 66.2 66.3 66.4

C29r C30nC29n

ODP 1262 
ODP 1209 
ODP 525 
ODP 690C 
Gubbio 
ODP 577 

Time (Ma)

Cretaceous (Maastrichtian)Paleogene (Danian)

0.6

0.2
0.3
0.4
0.5

18
7 O

s/
18

8 O
s

(‰
 V

P
D

B
)

δ18
O

-0
.4

0
0.

4

0

2

4
Ic

e-
Fr

ee
 Δ

 T
 (˚

C
)

0.
8

RESEARCH | REPORT
on F

ebruary 22, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


resulting in enhanced basalt weathering, CO2

drawdown, and continued global cooling dur-
ing the tens of thousands of years before the
extinction. If periods of cooling did result from
sulfate aerosols during the Poladpur eruptions,
the short intervals of temperature decrease could
have slowed silicate weathering and associated
CO2 drawdown, thus permitting CO2 buildup in
the atmosphere that would be manifest be-
tween punctuated eruptionswithin the Poladpur
Formation (39).
Testingwhether basalt weatheringwas impor-

tant leading up to the KPB is aided through
study of the Os isotope system in marine car-
bonates because the ocean residence time of Os
is short and basaltic 187Os/188Os is low [0.1 (10)]
relative to late Mesozoic seawater [0.6 (40)]. Pub-
lished Os isotopic data frommarine carbonates
(40) show a marked decrease toward mantle
values beginning at the onset ofDeccan volcanism
(Fig. 2B). A second downturn in 187Os/188Os,
beginning tens of thousands of years before
the KPB, has been interpreted as a downward
redistribution of extraterrestrial Os derived
from the Chicxulub impactor (40, 41). However,
this decrease is synchronous with the Poladpur
eruption pulse and is thus also consistent with
increasedweathering of amore extensiveDeccan
basalt pile.
Post-extinction and post-Chicxulub benthic

foraminifera d18O and carbonate Os isotopic
records do not covary with the Deccan eruption
record. However, the Os record does not recover
to the pre-Deccan 187Os/188Os value either, per-
haps indicating that a steady state was reached
between basalt production and weathering de-
spite continued eruptions. Regardless, the starkly
different responses of O and Os isotope records
during the post-extinction recovery require
models that explicitly incorporate the effects
of continued Deccan eruptions, the Chicxulub
impact, and biotic effects on the carbon cycle in
a world with devastated ecosystems.
Although the initiation of a massive eruptive

pulse shortly before the Chicxulub impact and
mass extinction supports a Deccan contribution
to ecosystem collapse, much remains to be dis-
covered as to how flood basalt magmatism con-
tributes tomass extinctions. U-Pb geochronology
has shown that, similar to the K-Pg extinction,
the end-Permian (~252Ma ago) and end-Triassic
(~201 Ma ago) mass extinctions occurred on short
time scales (< tens of ka), hundreds of thousands
of years after the onsets of the Siberian Traps and
Central Atlantic Magmatic Province flood basalt

provinces, respectively (42–44). The eruptions
and associated intrusive magmatism are pre-
sumed to have driven rapid extinction despite
this time lag and the absence of bolide impacts.
This lag between the onset of magmatism and
extinction may be a result of highly nonlinear
rates of magmatism, as documented here for
the Deccan Traps. Continuing to study other
flood basalt provinces will clarify the importance
of eruptive and intrusive tempo in driving eco-
system collapse and extinction. Such an un-
derstanding of biosphere sensitivity and the
importance of threshold processes during cli-
mate change is as relevant today as for these
catastrophic events in Earth history.
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EARTH HISTORY

U-Pb geochronology of the
Deccan Traps and relation to the
end-Cretaceous mass extinction
Blair Schoene,1* Kyle M. Samperton,1 Michael P. Eddy,2 Gerta Keller,1 Thierry Adatte,3

Samuel A. Bowring,2 Syed F. R. Khadri,4 Brian Gertsch3

The Chicxulub asteroid impact (Mexico) and the eruption of the massive Deccan
volcanic province (India) are two proposed causes of the end-Cretaceous mass extinction,
which includes the demise of nonavian dinosaurs. Despite widespread acceptance of the
impact hypothesis, the lack of a high-resolution eruption timeline for the Deccan basalts
has prevented full assessment of their relationship to the mass extinction. Here we apply
uranium-lead (U-Pb) zircon geochronology to Deccan rocks and show that the main
phase of eruptions initiated ~250,000 years before the Cretaceous-Paleogene boundary
and that >1.1 million cubic kilometers of basalt erupted in ~750,000 years. Our results
are consistent with the hypothesis that the Deccan Traps contributed to the latest
Cretaceous environmental change and biologic turnover that culminated in the marine
and terrestrial mass extinctions.

T
he Deccan Traps are a continental flood
basalt province that comprise >1.3 million
km3 of erupted lavas and associated rocks
(1) that reach a total thickness of ~3000 m
near the eruptive center in Western India

(2, 3). Paleomagnetic data (4–7) combined with
K-Ar and 40Ar/39Ar geochronology of Deccan
basalts (8, 9) have been interpreted to indicate
that >90% of the eruptive volume was emplaced
rapidly (<1 million years), coincident with the
Cretaceous-Paleogene boundary (KPB). This tem-
poral relationship has long led to speculation
that Deccan volcanism had a major role in the
end-Cretaceous mass extinction (10, 11), which
saw the disappearance of nonavian dinosaurs and
ammonoids, as well as major biotic turnovers
in foraminifera, corals, land plants, reptiles, and
mammals (12–15). However, age uncertainties
from existing geochronology of the Deccan
Traps (6, 8, 9) are larger than their estimated
total duration, and thus the onset and duration
of volcanism cannot be precisely compared to
geologic, extinction, or environmental records
from sedimentary sections spanning the KPB
worldwide.
To better establish a high-resolution eruptive

history of the main phase of Deccan volcanism,
we sampled volcanic rocks from throughout the
10 formations that make up the Western Ghats
(2, 3, 16) and dated them by U-Pb zircon geo-
chronology using chemical abrasion–isotope
dilution–thermal ionization mass spectrometry
(CA-ID-TIMS) (17). Because zircon is rare in ba-

saltic rocks, our sampling strategy targeted vol-
canic airfall deposits between basalt flows and
high-silica and/or coarse-grained segregations
within individual flows (fig. S1). The latter have
been described previously in the lower half of
the Deccan sequence (18), and we successfully ex-
tracted zircon fromone such sample in the Jawhar
Formation (Fm) (DEC13-30; Fig. 1). Zircon was
also separated from three paleosol, or “redbole,”
horizonswithin theAmbenali andMahabaleshwar
Fms (samples RBP, RBE, and RBF; Fig. 1). These
distinctive red horizons are interpreted to result
from weathering of basalt during periods of vol-
canic quiescence (5). However,many also contain
an evolved, high-SiO2 volcaniclastic component
(19), and we sampled these horizons to search for
zircon-bearing volcanic ash that may have accu-
mulated between basalt flows. Three additional
zircon-bearing samples were collected from differ-
ent intervals within a ~40-cm-thick green volcani-
clastic bed in theMahabaleshwar Fm. (DEC13-08,
-09, and -10).
Each sample yielded a small number (typically

<50) of euhedral zircon crystals with morpholo-
gies and internal zonation indicative of an ig-
neous origin (fig. S3). Single grains were selected
for analysis, photographed, pretreated, dissolved,
and analyzed using CA-ID-TIMS (17). A subset of
samples with an adequate number of grains was
analyzed at both Princeton University (PU) and
the Massachusetts Institute of Technology (MIT)
to assess interlaboratory bias. Resulting 206Pb/238U
dates from individual zircons from each sample
scatter outside of analytical uncertainty (all un-
certainties reported at the 2s level; data shown
in Fig. 2 and figs. S2 and S4 and reported in table
S1) but show a similar spread in dates for sam-
ples analyzed at both MIT and PU. Given the
excellent analytical reproducibility between lab-
oratories (fig. S2), we discuss our results as a
single data set below.

The spread in 206Pb/238U dates from our indi-
vidual samples cannot be attributed to analytical
uncertainties alone (fig. S2), andwe interpret this
dispersion to result fromeither prolonged growth
of zircon before eruption and/or incorporation of
zircon from slightly older eruptions at the same
vent. This phenomenon is due to the ability of
zircon to retain radiogenic Pb at magmatic tem-
peratures (>700° to 900°C) and can result in zir-
con dates within volcanic deposits that predate
eruption by 103 to 106 years (20, 21). Given that
our goal is to date the deposition of the volcanic
ash, taking a weighted mean of all data from sin-
gle samples is inappropriate and could bias our
dates too old (21). Alternatively, the youngest
zircon fromeach depositmay serve as amaximum
age for deposition (16). However, this approach
assumes that chemical abrasion has completely
mitigated Pb loss (17) and could bias our dates
too young if this assumption is not true.
To address these potential biases, we analyzed

the trace element geochemistry of the dissolved
zircon after routine ion exchange separation of U
and Pb (17). By asserting that cogenetic zircons
from an ashfall should have the same age and the
same trace element signature, we identified the
population of zircon from our data set that is
amenable to statistical grouping (Fig. 2) while
alleviating the concern that older, inherited zir-
con may bias weighted mean dates too old. We
find that two or more zircons from each sample
meet these criteria, and we calculate weighted
means from those grains. Additionally, zircons
from different samples have very different trace
element signatures, supporting our interpre-
tation that each dated horizon contains a distinct
population of zircon with independent age
information.
As a further means of refining our age model

for the middle Ambenali–lower Mahabaleshwar
Fms, we employed a Markov chain Monte Carlo
analysis that imposes the law of superposition as
a boundary condition (17). Given that stratigraphic
horizons young upward, this Bayesian approach
uses the 206Pb/238U dates for each horizon de-
rived above as priors and calculates newuncertainty
distributions for each sample that maximize and
evaluate the probability that stratigraphically
higher beds are younger. Two of three samples
from the composite ashbed fail this test (DEC13-
08 and -09), and thus the date arising from the
third sample (DEC13-10) is used as our best esti-
mate for the deposition of that composite ashbed.
Dates derived from the redbole horizons pass the
superposition test, consistent with our interpre-
tation based on grain morphology and geochem-
istry that zircon from these horizons derive from
primary volcanic ashfall rather than, for example,
eolian transport. The depositional ages presented
in Fig. 2 are those from theMonte Carlo analysis,
whereas several different interpretations of the
geochronological data are presented in table S3.
Regardless of the method used for U-Pb age

interpretation, our main conclusions remain un-
affected. The U-Pb dates reported here have cor-
responding uncertainties that are one to two
orders of magnitude smaller than previously
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published geochronology from the Deccan Traps
and can thus resolve age differences between the
base and top of the main eruptive phase. Using
the dates from the lower- and upper-most sam-
ples (Fig. 1), we calculate a duration of 753 T 38
thousand years (ky) for an estimated 80 to 90%
of the total eruptive volume of the Deccan Traps.
These data also calibrate the timing of mag-

netic polarity Chron 29r, which serves as a basis
for global correlation of KPB sections. The C29r/
C29n reversal was previously identified within
the lowerMahabaleshwar Fm (5), fromwhichwe
collected samples RBP, RBE, and RBF. We use
the 206Pb/238U date of sample RBE of 65.552 T
0.026/0.049/0.086million years ago (Ma) (2s un-
certainties given here as internal only/with tracer
calibration/with 238U decay constant) as our best
estimate for the age of C29r/C29n reversal be-
cause it was sampled from between two basalts
with transitional polarity (Fig. 1) (5). The basal
age of C29r is constrained by sample DEC13-30,
which was collected from a basaltic segregation
vein within the Jawhar Fm near the base of the
main Deccan phase and yielded a 206Pb/238U
date of 66.288 T 0.027/0.047/0.085Ma. From the
same outcrop, Chenet et al. (9) reported transi-
tional magnetic polarity just tens of meters be-
neath lavas containing reverse polarity (C29r);
from this transitional horizon they reported a
K-Ar date of 67.4 T 2.0 Ma. Though their date
was interpreted to represent the C30r/C30n or
C31n/C30r transition, with a long hiatus in erup-
tions represented in that section (9), our U-Pb
date from DEC13-30 is not consistent with a
hiatus of that magnitude. A simpler interpreta-
tion is that the transitional polarity basalts rep-
resent the C30n/C29r transition. Thus, the age
difference between DEC13-30 and RBE of 736 T
37 ky is also the length of C29r. An independent
estimate for the length of C29r from cyclostrati-
graphic analysis of marine Ocean Drilling Pro-
gram (ODP) cores and the Zumaia section, Spain,
yields durations of 713 to 725 ky (22), in good
agreement with our calibration based on U-Pb
geochronology.
Our results also have implications for the age

of the KPB and associated mass extinction event,
as several estimates for the duration of the Cre-
taceous portion of C29r of 300 to 340 ky have
recently been published based on cyclostratig-
raphy of magnetically and biostratigraphically
calibrated ODP sections (23). Using our date for
the C30n/C29r reversal and the average cyclo-
stratigraphic estimate yields an age for the KPB
of 65.968 T 0.085 Ma (including systematic un-
certainties), which agrees well with a recently
reported KPB age of 66.043 T 0.086 Ma (also
including full systematic uncertainties) from
40Ar/39Ar geochronology on tephras that bracket
the terrestrial KPB near Hells Creek, Montana
(24). Determining an age for the KPB by back-
calculation from our estimate for the C29r/C29n
reversal ismore problematic in that estimates for
the Paleogene portion of C29r based on cyclo-
stratigraphy of the Zumaia KPB section range
from 206 to 398 ky (22, 25). Regardless, the com-
bination of our geochronologic data with cy-

clostratigraphic estimates effectively rules out
any age for the KPB younger than 65.740 T
0.086 Ma.
Although the temporal relationship between

large igneous provinces and mass extinctions is

well established (26), the potential killmechanisms
remain a subject of debate. Models of proposed
drivers focus on volcanically sourced CO2, SO2,
and halogens, which can cause global warming
and/or cooling on different time scales (27); acid

SCIENCE sciencemag.org 9 JANUARY 2015 • VOL 347 ISSUE 6218 183

Fig. 1. Geography and stratigraphy of the Deccan Traps. (A) Aerial extent of the Deccan Traps colored
in red. (B) Shaded relief map of study area in the Western Ghats. Major cities are indicated by white
squares. Approximate locations of sampling transects and samples are indicated by colored triangles;
transects are named at the bottom of the figure. The color bar (top right) shows elevation in meters,
highlighting the escarpmentwhere the best exposures of Deccan lavas occur. (C) Schematic cross section
of Deccan lavas, fromChenet et al. (4), showing general southerly dip and younging to the south. Sampling
transects are indicated by colored triangles. Colors correspond to the formations named in (D). (D) Com-
posite stratigraphic section of the Deccan Traps in the Western Ghats, with approximate formation
thicknesses shown.The geologic time scale is on the left,with the gray area corresponding to the unknown
location of the KPB within the Deccan Traps.The geomagnetic polarity time scale is shown, with relevant
chrons labeled and polarity indicated by black, white, or gray. The duration of C29r is the difference
between the ages of DEC13-30 and RBE. U-Pb ages are shown on the right and are color-coded for sample
type: black, segregation vein in basalt; red, volcanicmaterial frompaleosol; green,volcanic ashbed.Colored
triangles correspond to sampling transects shown in (B) and (C).The date for KPB from Renne et al. (24)
includes full systematic uncertainties. U-Pb age uncertainties are 2s and include internal uncertainties
only; ages with full systematic uncertainties are ~T0.085 Ma. See text and table S3 for full uncertainty
budget and Fig. 2 and table S1 for data.

RESEARCH | REPORTS



rain and ozone reduction (28); and ocean acidi-
fication (29). Late Cretaceous records beginning
near the C30n/C29r transition, and therefore
near the onset of the main phase of Deccan
volcanism, show a decrease in d18O values of
foraminifera (30) and morphological changes in
fossil leaves (31) that are consistent with insta-
bilities in global temperature. A two-stage de-
cline in seawater 187Os/188Os values initiating at
the C30n/C29r reversalwas interpreted to record
weathering of the Deccan Traps, predating a
second decline in 187Os/188Os and a synchronous
Ir spike that were attributed to the Chicxulub
impact (32). Furthermore, biostratigraphic records
show increased rates of biotic turnover in mam-
mals, amphibians, land plants, and foraminifera
through the Cretaceous portion of C29r preceding
the peak extinction interval (12, 13, 15, 31, 33).
Additional testing of the influence of the Deccan
Traps on these records will require further
determination of eruption tempos and hia-
tuses coupled with realistic estimates of volatile
release from individual eruptive phases (34) that
can be temporally linked to paleoenvironmental
proxies. Our results are a critical part of this
discussion as they are consistent with the hy-
pothesis that environmental and ecological de-
terioration began with eruption of the Deccan
Traps before the Chicxulub impact and the end-
Cretaceous mass extinction. Therefore, both the
Chicxulub impact and eruption of the Deccan
Traps should be considered in any model for the
extinction.
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Fig. 2. U-Pb zircon CA-ID-TIMS geochronological data. (A) Rank order plot
of U-Pb data presented in this study, color-coded by sample type in Fig. 1 and
with sample name next to data. Sample locations are shown in Fig. 1. The
vertical axis indicates 206Pb/238Udate, and rectangle height corresponds to 2s
uncertainties for single-crystal zircon analyses,with internal uncertainties only.
MITand PU indicate the laboratory used. Stratigraphic younging is shown from
right to left.The horizontal gray band shows the date for KPB fromRenne et al.
(24). Small gray rectangles behind the data indicate the youngest zircons that
were indicated to be cogenetic by comparing dates and geochemistry in (B),

from which weightedmeans were calculated. Dates indicated beneath sample
names result from theMonte CarloMarkov chain simulation that uses weighted
mean dates and imposes the law of superposition to arrive at our best esti-
mates for the time of deposition of the dated horizons (17). Asterisks indicate
zirconwithout trace element geochemistry.U-Pb data are given in table S1. (B)
Lutetium/hafnium (Lu/Hf) ratios of the same volume of dated zircon, young-
ing from right to left as in (A). Gray boxes indicate zircons determined to be
cogenetic due to same age and geochemistry.The full geochemical data set is
presented in table S2 and plotted in fig. S5.
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MATERIALS AND METHODS 

 
S1 Sampling transects and sample descriptions 

Samples presented in this study were collected from three stratigraphic sections exposed by road 

cuts (Fig 1, S1). Background information is given on these stratigraphic sections below, and this 

is followed by detailed sample descriptions. 

 

S1.1 Igatpuri section 

This section contains the lowermost exposures of the Deccan traps beginning in the Jawhar Fm, 

whose base is not well-exposed but appears to lie unconformably on Archean-Phanerozoic rocks 

(1). There are good exposures from the Jawhar Fm through the middle Igatpuri Fm along the 

Nashik-Mumbai expressway between Igatpuri and Kardi.  40Ar/39Ar (8) and K-Ar (9) 

geochronology, in addition to detailed geomagnetic transects (4) have been published from this 

section. 

 
DEC13-30 (N19.62640˚, E73.46407˚, elevation 255 m) 

This sample was collected from a roadcut within the lower Jawhar Fm ~200 m below the contact 

with the Igatpuri Fm, defined by the Thalghat Giant Plagioclase Basalt, which is a regionally 

continuous stratigraphic marker bed.  DEC13-30 is about 50 m stratigraphically above the lower 

most exposed Deccan units in the western Ghats (4, 9), accounting for west dipping normal 

faults that cause stratigraphic repetition when driving east-west on the west-sloping highway (4, 

9).  The outcrop is ~3-4 m high and composed of massive fine-grained basalt cross-cut by 

sinuous veinlets of coarser-grained friable material (Fig. S1). Bondre et al. (18) describe such 

veins in detail as features exclusively found in composite flows, i.e., large flows that are 

composed of many smaller pahoehoe flows that override or inflate liquid portions of slightly 

older eruptions.  Segregation veins are often associated with or grade into vesicular pipes that 

pierce the adjacent flow, which would not be expected if the segregation veins were very late 

dikes or hydrothermal in origin (18).  The often sinuous nature of the veins led Bondre et al. (18) 

to speculate that they formed while the flow was still mobile and were thus deformed.  We 

therefore interpret these veins to have crystallized very shortly after emplacement of the host 

flow and magmatic zircons from these veins therefore very closely date eruption of the lava. 



 DEC13-30 was collected from the same outcrop as samples S11 and S12 of Chenet et al. 

(4), which were analyzed for paleomagnetism and assigned a transitional polarity (i.e., during a 

normal to reverse polarity switch).  This outcrop is ~10 m higher stratigraphically than sample 

NA03, dated by K-Ar at 67.4±2.0 Ma (2-sigma) (9) and which also contained a transitional 

polarity.  These samples are ~40 m stratigraphically below a transition to reverse polarity in the 

middle Jawhar Fm, assigned to chron C29r (4, 9).  K-Ar and 40Ar/39Ar dates within the reverse 

polarity Jawhar Fm range from 64.7±1.8 and 65.7±1.4 Ma (4, 9). Using updated knowledge of 

fluence monitors used for 40Ar/39Ar geochronology (e.g., the age of the Fish Canyon sanidine of 

28.02 Ma (35) versus 28.2-28.3 Ma (36, 37)) could shift 40Ar/39Ar dates older by 400-500 ka, 

whereas different values of the 40K decay constant would not significantly change the K-Ar dates 

of Chenet et al. (9).  Regardless of these changes, nearly every published K-Ar or 40Ar/39Ar date 

from the Deccan traps overlaps within 2-sigma uncertainty of each other and with our U-Pb 

dates, so the ages of fluence monitors or chosen decay constant for 40K from dates within the 

Jawhar Fm do not affect comparison to DEC13-30. 

 

S1.2 Sinhagad Fort section 

This section is located on Sinhagad road, which exposes fresh basalt on roadcuts up the Sinhagad 

ghat ~20 km SW of Pune.  The section covers ~700 m vertically through the Deccan traps from 

the lower Poladpur Fm through the base of the Mahabaleshwar Fm, though the best exposures 

are restricted to the Ambenali Fm where roadcuts expose basalt of variable freshness.  Detailed 

geochemical sampling and petrologic observations can be found in Beane et al. (3), which forms 

the basis for stratigraphic correlation with the Mahabaleshwar section located 40 km to the south. 

 

RBP  (N18.36173˚, E73.77290˚, elevation 1083 m) 

This sample was taken from a redbole horizon in the middle Ambenali Fm ~160 m below the 

Ambenali-Mahabaleshwar Fm contact in the Sinhagad fort section SW of Pune (Fig. 1, S1).  This 

section exposes the Bushe to the Mahabaleshwar Fms and has been described petrologically and 

geochemically in detail (3).  The redbole is ~0.5 m thick and our sample combines material from 

the lower contact with weathered basalt through the upper paleosol layer (Fig. S1A), which 

evidently contains volcanic-derived material.   

 



S1.3 Mahabaleshwar section 

This section contains fabulous exposures of the Poladpur through Mahabaleshwar Fms as the 

road cuts >1000 m downward through the escarpment of the western Ghats between the towns of 

Mahabaleshwar and Poladpur (Fig. 1C). Detailed unit descriptions in addition to high-resolution 

geochemical and isotopic sampling have been reported (16) and these data help define the unit 

boundaries in this section and provide a basis for stratigraphic correlation with the Sinhagad Fort 

section, from which RBP was sampled. Chenet et al. (5) presented high-resolution 

magnetostratigraphic data and some stratigraphic observations from this section, including the 

positions of redboles. 

 

RBE (N17.92550˚, E73.62360˚, elevation 999 m) 

This sample was taken from a redbole horizon in the Mahabaleshwar Fm ~80 m above the 

Ambenali-Mahabaleshwar contact. This redbole is ~1.3 m thick and consists of red clay and silty 

horizons, and the entire horizon was sampled for geochronology (Fig. S1A).  RBE was collected 

closest to samples MB17, -28, -07 and -09 of Chenet et al. (12), and is therefore within meters 

stratigraphically from the contact between lavas with transitional polarity and normal polarity of 

C29n. 

 

RBF (N17.91957˚, E73.62745˚, elevation 1064 m) 

This redbole horizon was sampled ~60 m stratigraphically above RBE within the Mahabaleshwar 

Fm. It contains an ~20 cm thick red weathering horizon with ~50 cm of dense lithified clay 

material underlying the base of the overlying flow (Fig. S1A).  It was collected from between 

samples MB11 and MB17 of Chenet et al. (5) and therefore from within a reverse polarity 

section representing C29n within 20 meters above transitional polarity lavas. 

  

DEC13-08, -09, -10 (N17.91671˚, E73.62527˚, elevation 1088 m) Three samples were collected 

from in or just below a ~30 cm thick green clastic horizon between two massive basalt flows 

(Fig. S1A).  This green layer is unlithified, clay-rich and contains abundant clasts interpreted as 

phenocrysts and lithic fragments floating in a finer grained matrix.  At the layer’s top, the 

overlying basalt exhibits loadcast structures, generally interpreted as denser material sinking into 

less dense unlithified material. The base of the layer grades into brownish clay rich material and 



altered basalt that is brecciated in places, though deep weathering obscures these contacts.  This 

horizon is interpreted as a single or composite volcanic ashbed; numerous similar layers 

described throughout the Deccan are colloquially called greenboles.  This particular greenbole 

appears on the stratigraphic column of Chenet et al. (5) between basalt samples MB08 and 

MB05, which are both normal polarity.  Other greenboles are described throughout the region, 

though their origin is not likely always volcanic and may also be interpreted as paleosols similar 

to redboles (38). DEC13-08 was collected near the top of this ashbed which was dominated by 

fine-grained material and few phenocrysts; DEC13-09 was collected at the base of the ashbed in 

a coarser grained trough of crystal rich material ~40 m laterally from DEC13-08.  DEC13-10 

was collected from a brown clay rich layer ~10 cm below the base of the green ash from within a 

zone of broken up heavily altered basalt. 

 

S2 Methods: U-Pb geochronology 

 

S2.1 Zircon separation and imaging  

Zircons were extracted from their host rocks at Princeton University (PU) and the Massachusetts 

Institute of Technology (MIT) by standard crushing, gravimetric- and magnetic-separation 

techniques using a Bico Braun “Chipmunk” Jawcrusher, discmill, Wilfley table or hand pan, 

methylene iodide, hand magnet, and Frantz isodynamic separator. For unlithified clay rich 

samples, the crushed material was either placed into a blender or an ultrasonicator to separate 

zircon from clay prior to density and magnetic separation.  Zircons were picked in reagent-grade 

ethanol from the least magnetic mineral separate. Redbole samples (RBE, RBF, and RBP) and 

the segregation vein sample (DEC13-30) had very low zircon yield, so most or all were picked 

for analysis.  The greenbole samples (DEC13-08, -09, -10) contained abundant zircon (>100). A 

subset of zircon from RBE, DEC13-09 and -10 were picked and sent to the other lab for 

duplicate analysis. Picked zircons were transferred in bulk to quartz crucibles, loaded in a muffle 

furnace, and annealed at 900 °C for 48 hours (39). Annealed grains were then transferred in 

ethanol into plastic petri dishes from which single grains were chosen for U-Pb geochronology. 

Selected grains were photographed and then transferred using stainless steel picking tools into 

separate 3-ml Savillex PFA hex beakers containing distilled acetone and taken to the clean lab. 

 



S2.2 U-Pb zircon ID-TIMS analysis 

Zircons were rinsed in hex beakers in either distilled acetone or MQ H2O.  Single grains were 

loaded into 200 µl Savillex “micro”-capsules with 100 µl 29 M HF + 15 µl 3 N HNO3 for a 

single leaching step in high-pressure Parr bombs at 195 °C for 12 h to remove crystal domains 

affected by Pb loss (39, 40). Grains were rinsed post-leaching with 6 N HCl, MQ H2O, and 3 N 

HNO3 prior to spiking with the EARTHTIME (202Pb-)205Pb-233U-235U tracer and addition of 100 

µl 29 M HF + 15 µl 3 N HNO3. Zircons were then dissolved to completion in Parr bombs at 210 

°C for 48 h. Dissolved zircon solutions were subsequently dried down, redissolved in 100 µl 6 N 

HCl and converted to chlorides in Parr bombs at 195 °C for 12 h, after which solutions were 

dried again and brought up in 50 µl 3 N HCl. The U-Pb and trace element aliquots were then 

separated by anion exchange column chromatography using 50 µl columns and AG-1 X8 resin 

(200-400 mesh, chloride form from Eichrom) (41) and dried down with a microdrop of 0.05 M 

H3PO4. The dried U and Pb aliquot was loaded in a silica gel emitter (42) to an outgassed, zone-

refined Re filament. Isotopic determinations were performed using an IsotopX PhoeniX-62 

TIMS at PU or a VG Sector 54 TIMS at MIT, with Pb analyses performed in peak-hopping mode 

on a Daly-photomultiplier ion counting detector. A correction for mass-dependent Pb 

fractionation was applied cycle-by-cycle, calculated from the deviation of measured 202Pb/205Pb 

from the known tracer 202Pb/205Pb (0.99924 ± 0.00054 (2σ)). A Daly-photomultiplier Pb dead 

time of 40.5 ns was used at PU, as determined by >100 measurements of NBS981 and NBS982 

standards and using a least squares fit to measured data over the range of 100 kcps to 2.5 Mcps 
208Pb.  Corrections for interfering isotopes under masses 202, 204, and 205 were made cycle-by-

cycle by measuring masses 201 and 203 and assuming they represent 201BaPO4 and 203Tl and 

using natural isotopic abundances to correct for 202BaPO4, 204BaPO4, 205BaPO4, and 205Tl. Though 

mass 201 peaks can be in the hundreds to thousands of cps, this correction is nearly negligible. 

More importantly, though peaks under mass 203 were typically <10 cps, higher abundances can 

have an important effect on the 205 peak.  Despite the assumed accuracy of the correction, it was 

found at PU that very large 203 peaks often correlate with negatively discordant data.  In such 

cases, these data are reported but not used in age interpretations (e.g., several analyses from 

sample DEC13-30 in this study).  Typical ion yields for 205Pb were 100-200 kcps for ~20 pg 
205Pb, sustainable for 3-4 hours of analysis (160-220 ratios collected) and typical 206Pb/205Pb 

ratios were 0.1-2.0. 



UO2 measurements at PU were performed in static mode on Faraday cups with 1012 ohm 

resistors using an oxide composition of 18O/16O of 0.00205 (43, 44). Mass fractionation of U was 

determined cycle-by-cycle, calculated from the deviation of measured 233U/235U from the known 

tracer 233U/235U (0.995062 ± 0.000108 (2σ)) and assuming a 238U/235U of 187.818 ± 0.045 (2σ) for 

sample U (45).  Typical U ion beams on 1012 ohm resistors at PU were 200-1000 mV of 233U at 

PU and 25-150 mV of 233U on 1011 resistors at MIT for ~1 ng 233U, resulting in measurement 

precision of 0.004-0.02% (2 SE) for 270U/265U ranging from 2 to 0.06 

Data reduction was performed using the programs Tripoli and U-Pb_Redux (46, 47) and 

the U decay constants of Jaffey et al. (48). All Pbc was attributed to laboratory blank with a mean 

isotopic composition determined by total procedural blank measurements, carried out separately 

for each analyst and dissolution set.  The composition of the tracer used at both MIT and PU is 

that for ET2535 v. 3.0: 

 
Composition Value ±1σ (abs) 

202Pb/205Pb 0.99924 0.00027 
204Pb/205Pb 0.000105 0.000009 
206Pb/205Pb 0.00048 0.00017 
207Pb/205Pb 0.00043 0.00014 
208Pb/205Pb 0.00104 0.00033 
233U/235U 0.995062 0.000054 
238U/235U 0.00307993 4.0E-7 

Concentration of 205Pb (mol/g) 1.0312E-11 2.6E-14 

Concentration of 235U (mol/g) 1.0336E-9 2.6E-12 

 

A thorough discussion of the Th-disequilibrium correction is given in section S6.1. Uncertainties 

in reported U-Pb zircon dates are reported at the 2σ or 95% confidence level and exclude 

uncertainties in tracer calibration and decay constants unless otherwise noted. 

In addition to semi-weekly measurements of Pb standards NBS981 and 982 to monitor 

Pb fractionation and ion counter deadtime, we generated U-Pb and trace element standard data 

for natural zircon standard AUS-Z2 (49) to monitor laboratory reproducibility and 

interlaboratory bias (Fig. S2). Data from PU yield a statistically significant cluster in concordia 

space with a weighted-mean 206Pb/238U CA-ID-TIMS age of 38.905 ± 0.013/0.017/0.045 Ma 



(MSWD = 1.0, n = 9/10; 2σ uncertainties stated as internal/+tracer calibration/+decay constant); 

data from MIT give 38.879 ± 0.020/0.022/0.047 Ma (MSWD = 1.6, n = 3/3). These values are in 

excellent agreement with the published age of 38.8963 ± 0.0044/0.012/0.043 Ma (MSWD = 1.0, 

n = 12/12) (49).  
 

S3 Methods: Zircon trace element geochemistry 

The trace element compositions of the same zircon fragments dated by ID-TIMS were 

characterized following the analytical protocol of Schoene et al. (50) at PU. Trace element 

washes isolated during U-Pb column chemistry were dried down in pre-cleaned 2.0 ml 

polypropylene vials (CETAC #SP5540) and redissolved in 1.0 ml 1.5 M HF + 0.1 M HNO3 + 1 

ppb Ir. Measurements were performed on a Thermo Fisher ELEMENT2 sector field-inductively 

coupled plasma-mass spectrometer (SF-ICP-MS) with a sample introduction system consisting 

of a CETAC Aridus II desolvation nebulizer + ASX-100 autosampler with an uptake rate of 100 

µl/min. Measured elements included Zr, Hf, Y, Nb, Ta, REEs, Pb, U, Th and Ir, with iridium 

monitored as an internal standard during mass spectrometry. The instrument was tuned in low 

resolution mode with an optimal signal intensity of 0.5–2 Mcps on the peak height (not the 

integrated signal) for 1 ppb Ir. A matrix-matched, gravimetric external calibration solution was 

prepared with the relative abundance of targeted elements representing that observed in natural 

zircon (e.g., Zr/Hf = 50). A dilution series was generated using this solution to cover the range of 

concentrations observed in unknowns (e.g., [Zr] = 101–104 ppb solution), which was then used to 

generate a concentration-intensity calibration curve for each trace element at the beginning of the 

analytical session. Samples and interspersed instrumental and total procedural blanks were 

analyzed in sets of 24 over ~3 h, with a line washtime of 120 s and uptake time of 90 s. 

Following data acquisition, solution concentrations were converted to stoichiometric 

concentrations in zircon by normalizing solution concentration data assuming all trace elements 

partition into the Zr4+ site in ZrSiO4, where Σ Zr+Hf+…+Th = 497,646 ppm. Uncertainties are 

reported at the 95% confidence level and include subtraction of the mean and standard deviation 

of blank measurements.  Uncertainties in ratios were calculated using standard uncertainty 

propagation techniques and assuming uncorrelated uncertainties in measured elemental 

abundances. Trace element data were also produced for AUS-Z2 during the course of this study, 



which show excellent reproducibility and identical concentrations on Zr, Hf, and the REE 

compared to published laser ablation ICPMS data (49) (Fig. S2). 

 

S4 Results: U-Pb geochronology 

Results from U-Pb geochronology for each dated sample are presented below.  Because of very 

limited zircon yield, these grains were not imaged by cathodoluminescence prior to analysis.  

Photographs of nearly all the zircons were taken (except on a day when the camera was 

malfunctioning), and these are presented in Fig. S3. Concordia plots are in Fig. S4 and rank order 

plots are in Fig. 2.  Given the complicated nature of this dataset, only qualitative descriptions are 

presented below, and the age interpretations are discussed section S6. All uncertainties are 

reported at the 2σ level with internal errors only except where indicated.  Age interpretations are 

presented in the main text as ±X/Y/Z where X indicates internal uncertainties only for 

comparison with 206Pb/238U dates from labs using the ET(2)535 tracer solution, Y includes tracer 

calibration uncertainties for comparison with other 206Pb/238U dates determined with a different 

tracer solution, and finally Z includes full systematic uncertainties including decay constants for 

comparison with other radioisotopic dates or astrochronologically-determined timescales that 

may be pinned to radioisotopic dates other than the 206Pb/238U system (35, 51).   

 

DEC13-30 

This sample yielded <30 zircons with several morphologies.  One was a population of subhedral, 

clear grains <200 µm in length; 5 of these were sampled for analysis and were inherited, ranging 

in age from 160-1500 Ma (Table S1, Fig. S3).  A second population of grains were euhedral and 

stubby but coated in brown material (perhaps hematite; Fig. S3) such as to conceal these grains 

upon first viewing.  Blocky fragments of zircon containing euhedral crystal terminations were 

also in this population and were often adhered to clayey material likely deriving from weathered 

glass or feldspars.  Less than twenty of these zircons were recovered and 11 were successfully 

dated.  All 11 were ca. 66 Ma but spanned over ~180 ka.  Three were slightly to very negatively 

discordant, and these analyses also contained abnormally high count rates under masses 201 and 

203, which typically indicates that interferences other than BaPO4 and Tl are present in the 

sample (so-called “organics”); those three analyses are not included in age interpretations or on 

Fig. 1, but are in Table S1.   



 

RBP 

This sample yielded dozens of very small (<50 µm) euhedral zircons.  Eleven grains were 

successfully dated, two were inherited ca. 2500 Ma, and nine were ca. 65 Ma.  In addition to 

being small, these grains were low-U and despite very low analytical blanks (≤0.33 pg) had low 

radiogenic to blank Pb ratios, such that the data are less precise than other samples. Analyses 

with Pb*/Pbc (radiogenic to common Pb) ≤1 were not considered in age interpretations. Despite 

the larger uncertainties, a weighted mean of the 4 most precise analyses gives a date of 

65.651±0.091 Ma, whose mean is older than the overlying samples RBE, RBF and DEC13-08, -

09, and -10. 

 

RBE 

This sample yielded abundant euhedral prismatic zircons that varied in length from about 50-100 

µm, and these are interpreted to be volcanic in origin.  Eleven grains were dated at PU and five 

were dated at MIT; all analyses were concordant.  The zircons show ~250 ka of dispersion in 
206Pb/238U dates, which is well beyond the analytical precision. Both labs show similar dispersion 

and both the youngest and oldest grains from each lab overlap with each other.   

 

RBF 

Less than 20 euhedral prismatic zircons 50-200 µm in length were recovered from ~1 kg of 

material collected throughout the redbole horizon, and these are interpreted to be volcanically 

derived. Ten of the most pristine zircons were selected for geochronology and all were 

successfully analyzed.  All are concordant and spread over ~200 ka, which is well beyond 

analytical uncertainty.  

 

DEC13-08, -09, -10 

Each sample from this volcaniclastic horizon yielded abundant euhedral prismatic zircon 50-400 

µm in length that are interpreted to be of volcanic origin.  The morphology and size of grains 

from DEC13-08 and -09 are identical though zircon from DEC13-10 is on average smaller.  One 

xenocrystic grain was analyzed in DEC13-08, at 680 Ma; the rest of the 44 grains analyzed are 



ca. 65.5 Ma.  Mean dates from each sample have a 150-300 kyr range, which is well beyond 

analytical uncertainties, and is seen by both MIT and PU laboratories.  

 

S5 Results: Zircon trace element geochemistry 

Trace element data were obtained on the exact same volume of material dated by U-Pb in this 

study for all but three zircons presented (50, 52).  These are plotted as element ratio cross plots in 

Fig. S5A and against 206Pb/238U date in Fig. S5B. Most important for this study is that when 

plotted as trace element cross plots, zircon from some samples plot in very different fields, 

consistent with their origination from different igneous sources.  We use Zr/Hf in zircon as a 

proxy for igneous differentiation, similar to SiO2 in whole rock geochemical data (53).  Zr/Hf in 

our zircon suite varies between ~65 and 35, typical of igneous zircon.  DEC13-30 zircons have 

Zr/Hf >50, consistent with their derivation from a less differentiated magma (30).  Zircons from 

RBE, and a subset of zircons from RBF and RBP, also have high Zr/Hf, suggesting they 

originated from a relatively mafic volcanic ash, though the chemistry of their host magma is 

unknown.  Zircons from the green ashbed samples DEC13-08, -09, and -10 have lower Zr/Hf and 

decreasing Zr/Hf correlates with increasing Nb/Gd and Yb/Gd.  Increasing Nb/Gd with 

decreasing Zr/Hf, due the very incompatible nature of Nb, is also consistent with igneous 

differentiation controlling the geochemistry of zircons in the green ashbed and more generally 

for all zircons in this study.  

When plotted against crystallization age (Fig. S5B), it can be observed that despite 

having prolonged crystallization in zircon from each sample that largely overlap, the 

geochemistry of the zircons distinguishes the stratigraphically older samples RBP and RBE from 

the green ashbed samples DEC13-08, -09, and -10.  The older samples generally have higher 

Zr/Hf, lower Lu/Hf and Nb/Hf ratios than the younger ones.  Several samples show weak 

correlations between age and geochemistry (also evident in Fig. 2), such as RBF, DEC13-08 and 

-09, that may result from fractional crystallization, magma mixing or assimilation in the 

magmatic system during zircon crystallization prior to eruption.  This can affect zircon 

geochemistry either by mixing cores and rims of grains with different geochemical compositions 

or through equilibrium partitioning in an evolving liquid (50, 52-59).  Outliers from 

geochemically equivalent clusters or from trends in time may be due to incorporation of zircon 

from a slightly older or geochemically distinct batch of magma – which are often called 



antecrysts (60) – and the significance of such grains for our age interpretations are discussed in 

section S6.3. 

 

S6 U-Pb Age interpretations 

The zircons from all of our samples except for DEC13-30 are interpreted as deriving from ashfall 

during periods of quiescence of basaltic volcanism. Though the source of the (presumably 

moderately silicic) volcanism is unknown, both the external morphology, internal textures, and 

magmatic Th/U of the zircons (Fig. S3) are consistent with this interpretation.  Zircons show no 

evidence for pitting or rounding associated with alluvial or eolian transport, though inherited 

grains (i.e. >100 Ma) are markedly less euhedral than ca. 66 Ma grains. Previous studies on the 

geochemistry and petrography of redbole and greenbole horizons have concluded that a high-Si 

volcanic component can be found in a subset of boles (19, 38, 61, 62). Furthermore, our 

greenbole samples (DEC13-08, -09, -10) come from a bed that contains phenocrysts and small 

lithic fragments consistent with derivation from ashfall. That (euhedral) zircons from the redbole 

horizons yield consistent dates yet unique geochemistry compared to the greenbole also argues 

for a non-detrital source for those zircons.  Ongoing work on the mineralogy and geochemistry 

of our samples will be used to assess the amount of volcanic material within the boles.  

Following a volcanic interpretation for our zircons, there are two steps in achieving accurate 

depositional ages for our samples, and thus for bounding flows of the Deccan Traps.  The first is 

to obtain accurate crystallization ages for each zircon grain and the second is to interpret those 

data in terms of depositional ages. We discuss those in sequence below and present multiple 

different interpretations of our data in Table S3.  We show that the major conclusions about the 

age and duration of the Deccan Traps are unaffected by our data interpretations. 

 

S6.1 Th/U disequilibrium correction in zircon 

It is well documented that during crystallization of minerals useful for U-Th-Pb geochronology, 

fractionation of Th from U can cause the 238U decay chain to depart from secular equilibrium 

(63-65).  In the case of zircon, where U is preferentially incorporated in its lattice over Th, this 

can result in a depletion of 206Pb and therefore ages that are too young by up to ~110 kyr (66-68).  

A nominal correction can be made for this by measuring or assuming a Th/U of the liquid from 

which the zircon crystallized and thus calculating a partition coefficient based on the Th/U of the 



zircon (it is standard to calculate a model Th/U for each zircon based on the 208Pb/206Pb and 

assuming concordance between the U-Pb and Th-Pb systems).  Alternatively, one can assume a 

constant partition coefficient for Th/U between the liquid and zircon and calculate the resulting 

Th/U of the liquid.  For recent discussions and approaches, see also refs. (67, 69-73).  For most 

zircon and magma compositions, the difference between these approaches makes negligible 

difference in the resulting ages, but for young or high-precision ages this correction is an 

important contributor to the overall uncertainty budget (73-75).  Because we have no information 

about the liquid from which our zircons crystallized, we explore both “constant magma Th/U” 

and “constant Th/U partition coefficient” approaches.  We reduced our data in its entirety using 

both approaches and report the differing age interpretations in Table S3.  The constant magma 

Th/U approach assumes and Th/U of the liquid to be 2.8±0.5, as this encompasses the majority 

of igneous liquids.  For the constant partition coefficient approach, we use the average partition 

coefficient determined experimentally by Rubatto and Hermann (76) for andesitic to dacitic 

magmas of 0.33.  In the end we prefer the constant partition coefficient approach because it 

seems more parsimonious to suggest that highly variable Th/U in zircons from single 

handsamples results from changing magma compositions and/or incorporation of antecrystic 

zircon rather than rapidly fluctuating partition coefficients.  However, there is not sufficient 

experimental or empirical data for zircon/liquid partitioning over a wide range in temperatures 

and liquid compositions to permit a totally satisfactory interpretation (77).  For our dataset, the 

choice between these models results in a negligible difference in dates for individual zircons or 

weighted mean dates for all samples except DEC13-30.  Zircons from this sample have relatively 

high Th/U (1.9-2.6) compared to the other samples (which are ~1) such that the liquid Th/U 

resulting from a constant partition coefficient approach is ~5-7 as opposed to an assumed 2.8.  

This results in a difference of 10s of kyr for DEC13-30 zircons; the importance of this difference 

is best illustrated in the calculated duration of magnetic polarity Chron 29r, which differs by ~30 

kyr.  While the resulting durations overlap within uncertainty for both approaches (see Table S3), 

we regard this as the largest uncertainty in this study.  All the ages presented in the main text, 

Figs. 1 and 2 and Table S1 use the constant partition coefficient approach. 

 

 

 



S6.2 Interpretation of zircon crystallization age spectra  

Each of the samples in this study except RBP show a spread in ages that is larger than analytical 

uncertainty.  This phenomenon is well-documented in igneous systems and can result from 

prolonged crystallization of zircon within a magmatic system or inheritance of much or slightly 

older zircons into a younger batch of magma or eruptive column (20, 21, 52, 57-59, 78-88).  We 

interpret our data to be the result of a similar phenomena and provide very reproducible dates 

from zircon standard AUS-Z2 as a contrasting example (Fig. S2) to illustrate that the observed 

spread in dates in Deccan samples is not the result of analytical error. 

 Further constraints on the origin of the zircon age spectra come from the geochemistry of 

the dated zircons (Table S3, Fig. 1, S5).  If the spread in zircon dates were a result of analytical 

error in the U-Pb geochronology of an otherwise homogeneous population of zircons, such a 

population also should have identical trace element characteristics, e.g., if they crystallized at the 

same time from a homogeneous liquid.  While three of our seven samples exhibit this behavior, 

most do not.  The observation of heterogeneous trace element characteristics in a suite of zircons 

that have a spread in dates is consistent with their derivation from liquids with different 

compositions or at different temperatures (50, 52, 54, 55, 58, 59).  In several samples (RBF, 

DEC13-08, and -09), there are crude trends in zircon geochemistry with time (Fig. 1, S5) 

suggesting zircon was derived from an evolving system.  Alternatively, such data could be 

interpreted as mixing of cores of older zircon with rims of younger zircon that each have distinct 

geochemistry.  In either case, it implies that the observed spread in dates is real and not the result 

of analytical error in U-Pb systematics.  It also implies that the youngest grain or grains from the 

volcanic derived zircons in each sample are the best estimate of the deposition of the material.  

We expand on this interpretation in the following section. 

 While pre-eruptive zircon growth is commonplace in moderate to high-silica volcanic 

systems, prolonged growth of zircon in a segregation vein represented by DEC13-30 is more 

peculiar.  These veins are interpreted to represent in situ segregation of fluid-rich and/or silica-

rich liquid from a rapidly crystallizing basalt flow.  Such veins have been observed in a number 

of thick basaltic flows or shallow-level intrusions (69, 89-91) and also in lava lakes in Hawaii 

(92).  Thermal arguments easily rule out that these lava flows crystallized in 200 kyr, which is 

the range in zircon dates observed in our sample of the Jawhar Fm.  However, this sample also 

has abundant xenocrystic zircon ranging in age up to 1600 Ma.  This observation argues against 



a purely fractionation-derived origin for the segregation veins and thus the origin of these veins 

may involve localized shallow crustal melting. If the sampled igneous zircons that crystallized 

ca. 66.2 Ma contained even micron-scale cores of 1600 Ma material, the ages could be shifted 

older as observed.  Such inclusions would not be large enough to change the trace elements of 

the zircon (i.e. a difference in 0.5% in U-Pb date is easily measureable, but is not in our 

geochemical data).  Because there were too few zircons, we did not collect CL images to confirm 

this speculation but these grains were full of inclusions of dark brown material that would 

conceal any cores optically (Fig. S3).  We thus interpret the spread in dates in DEC13-30 as 

mixing of older cores within euhedral igneous zircon, suggesting the youngest grains are the best 

estimates of deposition and rapid crystallization of the host basalt. 

 Finally, another possibility is that the spread in zircon dates results from Pb-loss.  

Diffusion of Pb in radiation-damaged zircon is likely the cause of Pb-loss in natural zircon (93-

95). The ability to remediate Pb-loss has recently been revolutionized by the chemical abrasion 

technique (39), which has become common practice in ID-TIMS laboratories and modified into a 

single-stage leaching technique (40, 96, 97).  Though some age scatter in chemically abraded 

zircons has still been attributed to Pb-loss (21, 97), especially in highly metamict samples (98, 

99), it is generally assumed that in young samples subjected to chemical abrasion, Pb-loss is 

negligible.  For the data presented here, we can make several arguments to support this claim.  

The first is that in general stratigraphic order is maintained in our geochronologic dataset (with 

the exception of the composite ashbed sample, where two of three give slightly older dates; see 

discussion below), which would be quite fortuitous given the anticipated non-systematic nature 

of Pb-loss in grains with widely varying U-content and size.  Second is in samples that exhibit 

trends in geochemistry with time, Pb-loss cannot be the cause of spread in dates and must result 

from some zircon growth/inheritance process.  We thus discount Pb-loss as an important 

mechanism of generating the spread in dates in our dataset. 

 

S6.3 Best estimates for deposition of dated horizons 

The previous section outlined the reasoning for interpreting the observed spread in zircon dates 

as a real geologic phenomena involving prolonged growth, mixing of cores and rims of zircons, 

and/or inheritance of slightly older grains into a volcaniclastic deposit.  Recent approaches to 

arrive at depositional ages for volcanic deposits exhibiting this behavior, assuming negligible Pb-



loss, are to use the youngest zircon date as the best estimate or a small subset of the youngest 

grains for a weighted mean (21, 100, 101).  The former method is the more conservative of the 

two in that it will always overlap with the latter interpretation but have larger uncertainties. This 

method also minimizes any effects of pre-eruptive zircon on the accuracy of the resulting 

depositional age. The benefit of the latter approach is that it provides a higher-precision result 

and if anticipated analytical scatter has resulted from a homogeneous true age spectra, this 

method will maximize the accuracy of the result.  Here, we build upon the previous discussion 

that integrated U-Pb data and geochemical data from the same zircons to arrive at age 

interpretations that capitalizes on both approaches.  

Accurate weighted means require that the data in fact represent a single population and 

that all scatter is analytically derived.  Simply because a set of geochronological datapoints can 

be used to calculate a weighted mean with a reasonable MSWD (as defined by Wendt and Carl 

(102)) does not mean they meet that criteria given the possibility of subtle geologic dispersion 

that is masked by large analytical uncertainties (75, 103).   Bringing geochemical data to the 

problem can add confidence that a population of zircon is in fact uniform in that if such a 

population crystallizes from a melt at exactly the same time, it should have the same 

geochemical signature (50, 52, 58, 59).  From our dataset, a subset of the youngest zircons from 

each sample are the same in both age and geochemistry.  In several cases (DEC13-09, RBF, Fig. 

1, S5), increasing N would not jeopardize the MSWD of the weighted mean 206Pb/238U date, but 

would violate geochemical equivalence, and so N is limited.  We thus have an independent 

means of determining which subset of U-Pb analyses are most likely to represent a population 

amenable to weighted means without biasing ages too old due to antecrystic zircons.  Weighted-

means for these samples are calculated and the analyses chosen are outlined by gray boxes in 

Fig. 2 and in bold in Table S1.  A full assessment of using the alternative youngest single grain 

approach is given in Table S3 and the choice of method does not effect the main conclusions of 

this paper. 

As a final step in building an age model for the middle Ambenali Fm through the lower 

Mahabaleshwar Fm, we use a Markov Chain Monte Carlo simulation that imposes stratigraphic 

order onto the existing geochronological dataset (104).  This Bayesian approach is able to refine 

uncertainty estimates for depositional ages given that it is impossible for lower beds to be 

younger than higher ones and by using the geochronological data as estimated priors.  Similar 



models have been used to calibrate the radiocarbon timescale (105), and have been used recently 

to integrate radioisotopic dates with timescales derived from orbital tuning of cyclic stratigraphic 

sections (100). Our model produces some number (typically a million) of data points for each 

sample with a Gaussian distribution and standard deviation equal to that of the uncertainties from 

the weighted means described above.  It then randomly selects one datum from each sample.  If 

the sequence of data points follows stratigraphic order, the path is kept, if it does not (i.e. one or 

more stratigraphically higher datapoints is older than those beneath), it throws out the result. This 

is repeated a million times and the resulting paths are used to define new means and standard 

deviations of each dated bed.  This method is especially useful if beds have largely overlapping 

uncertainties as with our data from the upper Deccan, but has no effect if the beds do not overlap 

within uncertainties such as with DEC13-30.  It is worth noting that this model does not make 

any assumptions about sedimentation rate, only superposition. 

This model can also be used to explore the probability that stratigraphic order is violated 

if the model produces no, or an exceedingly small number of, acceptable paths.  In our dataset, 

this is the case for DEC13-08 and -09, for which less than five out of a million acceptable paths 

are produced if they are included in the model.  We hence conclude that of the three samples 

collected from this thick ashbed, the stratigraphically lowest, DEC13-10, sampled the youngest 

part of the magmatic system or at least the population of zircons that crystallized the latest on 

average in the system.  Whole zircon grains record an average time of growth that may span over 

tens or hundreds of thousands of years depending of the zircon saturation temperature (106, 107), 

cooling rate of the magmatic system or incorporation of antecrystic material (58, 72).  Given the 

potentially complex amalgamation history of the sample tuff, we interpret the older dates found 

in DEC13-08 and -09 to represent some combination of all these processes manifest within the 

age spectra.  Geochemistry of the zircons from each sample are also different:  DEC13-10 has 

zircon that are relatively homogeneous except for two analyses with low Lu/Hf (Fig. 2), DEC13-

09 exhibits a lot of scatter but a generally increasing trend in Lu/Hf with time, while DEC13-08 

shows the opposite trend.  This provides evidence that each sample is in fact recording a 

different part of an eruptive system and the differences in age is not just a sampling artifact. We 

therefore use the age of DE13-10 as our best estimate for the deposition of that tuff and link it to 

the Monte Carlo age model derived using the other samples as well.  The resulting dates from the 

Monte Carlo model are plotted in Fig. 1 and also in Table S3, which also provides a 



comprehensive view of alternative age interpretations and their effect on the duration of C29r 

and the minimum duration of the Deccan Traps. 

On a final note, it is worth discussing alternative interpretations of the zircon date and 

geochemical data. For example, we could have increased the number of zircons from RBE and 

DEC13-10 included in their weighted means while still retaining geochemical and date 

equivalence (the former being a mostly qualitative assessment, while the latter is evaluated by 

the acceptable range of MSWDs (102)).  If we maximize the number of grains included in the 

acceptable weighted means for RBE (N=12) and DEC13-10 (N=9), the resulting ages become 

older and more precise.  These ages become exceedingly unlikely to pass the superposition test 

from the Monte Carlo analysis with <10 of one million paths being acceptable, and as such we 

err on the side of including fewer zircons in our weighted means given the potential for pre-

eruptive zircon growth that is unresolvable even with our very precise data.  However, if that 

interpretation was chosen, it would shorten our calculated duration of C29r by ~35 kyr but still 

overlap within uncertainty with our preferred interpretation.  In no reasonable interpretation do 

DEC13-08 and -09 pass the superposition test, so we regard their omission as unavoidable. 
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Fig. S1: Sample locations and outcrop photos. A. photos of sample locations as described in text. 
DEC13-08, -09, 10; shown is ~40 cm thick green horizon located at flow boundary.  RBF, RBE, RBP: 
redbole horizons also located at flow boundaries, note that RBF has red paleosol falling into cracks in 
underlying basalt flow.  In each, unaltered basalt flow bottom is observed at top of photo. DEC13-30: BS 
sampling freshly hammered friable segregation vein within massive basalt flow. Note vein is ~10 cm 
thick subhorizontal band in photo but other veins in the same outcrop are subvertical. B. shaded relief 
map of Western Ghats with sample locations. Color bar is altitude in meters, white squares are major 
cities. C. View from Mahabaleshwar of typical outcrop pattern of the Deccan Traps on weathered 
hillsides.  Easily accessible exposures are located along roadcuts running up the cliff faces. D. Composite 
stratigraphic column showing sample locations, magnetic polarity timescale.  See main text for 
references.  
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Fig. S2. U-Pb geochronological and trace element geochemical data for natural zircon standard 
AUS-Z2. A. Concordia diagram for U-Pb data from MIT and PU. For comparison, 206Pb/238U age 
reported by (49) was 38.896 ± 0.004/0.012/0.043 Ma (MSWD = 1.0, n = 12/12). All uncertainties stated 
at the 2s level. B. Rank-order plot of AUS-Z2 206Pb/238U dates (same analyses as plotted in A) with axis in 
millions of years. C. Spider diagram of chondrite-normalized REE (108) concentrations (Nd to Lu) in 
AUS-Z2, from solution ICPMS (this study; using methods of (50)) and LA-ICPMS (49). Note that the 
solution ICPMS data are not the exact same zircons shown in A and B. The single black curve represents 
the mean of 10 LA-ICPMS analyses from (49).  
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Fig. S3.  Photographs of zircons from this study.  A. Optical images of zircons under transmitted or 
reflected light from PU and MIT, respectively. Note sharp crystal terminations are interpreted to reflect 
igneous growth with negligible “reworking” or sedimentary transport. Hence, these are interpreted as 
deriving from igneous segregations (for DEC13-30) or ashfalls (all others). U-Pb data given in Table S1 
and geochemical data for the same zircons is given in Table S2. B. Cathodoluminescence images of 
zircons from DEC13-08, illustrating oscillatory zoning indicative of igneous growth.  A lack of obvious 
resorbed cores indicates that inheritance of much older grains is probably not the cause of spread in 
measured dates. 
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Fig. S4:  Concordia plots for U-Pb ID-TIMS geochronological data. Data provided in Table S1. Note 
the scales for top four plots are the same, as are scales for bottom two plots.  Grayed out ellipses are those 
not included in age interpretations due to large uncertainties or reverse discordance. Gray band around 
concordia curve includes uncertainties in the U decay constants. Age interpretations shown are based on 
the data illustrated alone, not the ages resulting from the Monte Carlo simulations (see text).  See Table 
S3 for alternative age interpretations. All uncertainties are at the 2σ level. 
 
  



 
Fig. 5: Trace element data for zircons dated in this study.  A. Element ratio cross-plots using Zr/Hf as 
an igneous differentiation index.  Important here is that different samples plot in different spaces in these 
plots, illustrating that zircons from different hand samples derived from different sources.  Also important 
is that the dataset as a whole follows trends consistent with igneous differentiation (e.g. Nb/Gd vs. Zr/Hf). 
B. geochemical data plotted versus ID-TIMS 206Pb/238U date. Again, note that despite largely overlapping 
age distributions between samples, zircons have distinct geochemical differences and thus reflect different 
volcanic sources.  Scale only goes up to 65.8 Ma, so DEC13-30 is not plotted. 
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Table S1. U-Pb isotopic data obtained by CA-ID-TIMS at MIT and PU. See text for details. 
 Included at Science Online as .xlsx file. 
 
Table S2. Zircon trace element obtained by solution ICP-SF-MS. Trace element data obtained 

for same volume of dissolved zircon analyzed for U-Pb isotopes.  See text for details. 
 Included at Science Online as .xlsx file. 
 
Table S3. Age interpretation table. Multiple interpretations of U-Pb data given as discussed in 

text. 
 Included at Science Online as .xlsx file. 
!



Composition
Sample name 206Pb/ ±2σ 207Pb/ ±2σ 207Pb/ ±2σ Th/ Pbc Pb*/ 206Pb/ 208Pb/ 206Pb/ 207Pb/ 207Pb/ Corr.

238U absolute 235U absolute 206Pb absolute % disc U (pg) Pbc 204Pb 206Pb 238U ±2σ % 235U ±2σ % 206Pb ±2σ % coef. 
m a b a,b d e g h j k a,k b,k a,b,k

DEC13-08
z4_BS   65.549 0.061 65.6 1.0 66.0 36.6 4.9 1.09 0.57 8.51 464 0.35 0.0102201 0.093 0.0666984 1.608 0.0473538 1.537 0.772
z3_BS   65.574 0.028 65.69 0.30 69.9 10.8 9.9 1.10 0.63 29.10 1538 0.35 0.0102241 0.044 0.0668331 0.477 0.0474306 0.454 0.557
z10_KMS 65.602 0.031 65.49 0.30 61.5 10.8 -1.9 1.05 0.34 31.05 1657 0.34 0.0102285 0.048 0.0666274 0.472 0.0472646 0.450 0.476
z08_KMS 65.602 0.049 65.69 0.72 69.0 25.9 8.7 0.85 0.85 11.58 659 0.27 0.0102285 0.076 0.0668358 1.139 0.0474124 1.087 0.704
z06_KMS 65.634 0.067 65.71 0.91 68.5 32.3 8.0 1.22 0.60 10.10 531 0.39 0.0102334 0.103 0.0668542 1.428 0.0474026 1.359 0.689
z1_BS   65.643 0.025 65.688 0.089 67.3 3.1 6.5 0.94 0.42 98.80 5367 0.30 0.0102348 0.038 0.0668308 0.140 0.0473795 0.127 0.356
z11_KMS 65.667 0.029 65.83 0.12 71.6 4.2 11.8 0.96 0.41 91.44 4939 0.31 0.0102386 0.044 0.0669765 0.193 0.0474651 0.175 0.447
z05_KMS 65.671 0.054 65.62 0.45 63.7 16.4 1.3 1.09 0.60 20.93 1111 0.35 0.0102393 0.083 0.0667581 0.709 0.0473071 0.688 0.298
z02_KMS 65.688 0.037 65.46 0.33 57.3 12.1 -9.2 1.01 0.53 26.96 1454 0.32 0.0102419 0.056 0.0665967 0.521 0.0471808 0.505 0.311
z07_KMS 65.694 0.029 65.761 0.080 68.2 2.7 7.5 1.12 0.33 141.30 7345 0.36 0.0102429 0.045 0.0669075 0.125 0.0473963 0.108 0.446
z04_KMS 65.697 0.036 65.84 0.19 70.9 6.5 10.9 1.07 0.50 50.59 2674 0.34 0.0102433 0.055 0.0669864 0.300 0.0474505 0.271 0.560
z12_KMS 682.81 0.20 1180.56 0.35 2260.28 0.60 69.8 0.08 0.42 904.66 56608 0.026 0.1117344 0.031 2.198492 0.050 0.1427684 0.012 0.729

DEC13-09
z12_KMS 65.568 0.031 65.50 0.37 63.0 13.3 0.5 1.02 0.48 23.62 1273 0.33 0.0102231 0.048 0.0666339 0.586 0.0472939 0.559 0.587
z2_MIT  65.589 0.041 65.73 0.18 70.8 6.4 11.0 0.92 0.42 77.24 4159 0.29 0.0102264 0.062 0.0668746 0.282 0.0474495 0.267 0.306
z5_MIT  65.594 0.049 65.65 0.45 67.6 16.6 6.9 1.20 0.49 30.31 1540 0.38 0.0102272 0.075 0.0667882 0.714 0.0473844 0.695 0.283
z2_BS   65.608 0.034 65.67 0.20 67.8 7.4 7.2 1.11 0.43 80.05 4187 0.35 0.0102293 0.052 0.0668095 0.311 0.0473898 0.311 0.060
z02_KMS 65.623 0.027 65.64 0.17 66.2 6.1 5.0 0.97 0.27 56.70 3064 0.31 0.0102318 0.042 0.0667800 0.273 0.0473577 0.253 0.501
z10_KMS 65.623 0.028 65.52 0.11 61.9 3.9 -1.3 1.05 0.39 90.75 4802 0.34 0.0102318 0.043 0.0666592 0.174 0.0472717 0.162 0.328
z1_MIT  65.634 0.038 65.77 0.36 70.8 13.2 10.8 1.15 0.51 36.93 1894 0.37 0.0102335 0.059 0.0669184 0.565 0.0474478 0.552 0.252
z3_MIT  65.635 0.032 65.59 0.22 64.0 8.0 1.9 1.01 0.35 60.70 3203 0.32 0.0102336 0.049 0.0667303 0.349 0.0473137 0.335 0.329
z4_MIT  65.64 0.10 66.2 1.2 85.8 41.7 25.9 0.92 0.36 11.03 609 0.29 0.0102343 0.160 0.0673474 1.796 0.0477484 1.757 0.288
z07_KMS 65.645 0.024 65.596 0.057 63.8 2.0 1.5 0.97 0.34 216.98 11674 0.31 0.0102352 0.037 0.0667342 0.090 0.0473093 0.078 0.356
z04_KMS 65.646 0.033 65.55 0.22 62.0 7.8 -1.3 1.13 0.26 43.28 2262 0.36 0.0102354 0.051 0.0666840 0.348 0.0472729 0.326 0.465
z08_KMS 65.650 0.034 65.56 0.30 62.4 10.8 -0.6 1.02 0.41 29.37 1579 0.33 0.0102360 0.051 0.0667004 0.474 0.0472818 0.450 0.485
z5_BS   65.657 0.032 65.82 0.40 71.8 14.2 12.1 1.10 0.78 22.21 1178 0.35 0.0102371 0.049 0.0669722 0.625 0.0474690 0.596 0.608
z6_MIT  65.66 0.16 66.2 1.7 86.5 60.1 26.6 0.99 0.60 7.74 426 0.31 0.0102373 0.240 0.0673902 2.599 0.0477644 2.535 0.308
z06_KMS 65.659 0.045 65.71 0.41 67.5 14.8 6.7 1.04 0.34 22.16 1189 0.33 0.0102375 0.069 0.0668528 0.652 0.0473829 0.620 0.497
z1_BS   65.669 0.024 65.766 0.077 69.3 2.4 9.0 0.94 0.50 126.23 6845 0.30 0.0102390 0.037 0.0669135 0.121 0.0474189 0.097 0.652
z09_KMS 65.673 0.025 65.760 0.067 68.9 2.3 8.5 1.06 0.33 164.82 8689 0.34 0.0102396 0.038 0.0669074 0.106 0.0474116 0.090 0.431
z11_KMS 65.721 0.034 65.81 0.29 69.1 10.5 8.7 1.11 1.31 31.04 1633 0.36 0.0102472 0.052 0.0669622 0.458 0.0474155 0.441 0.375

DEC13-10
z11_KMS 65.508 0.081 65.72 0.99 73.4 34.8 14.1 0.93 0.93 8.96 505 0.30 0.0102137 0.125 0.0668623 1.549 0.0474999 1.466 0.696
z9_MIT  65.581 0.049 65.49 0.41 62.3 14.9 -0.7 0.98 0.32 32.87 1756 0.31 0.0102252 0.075 0.0666260 0.645 0.0472787 0.623 0.335
z7_MIT  65.586 0.084 65.00 0.66 43.4 24.6 -41.9 1.16 0.27 21.05 1086 0.37 0.0102259 0.129 0.0661054 1.052 0.0469060 1.028 0.242
z2_MIT  65.594 0.035 65.65 0.30 67.6 11.0 6.9 1.01 0.27 50.68 2677 0.32 0.0102272 0.054 0.0667882 0.466 0.0473847 0.460 0.145
z4_BS   65.597 0.059 65.27 0.59 53.5 21.1 -16.5 1.11 0.45 16.04 854 0.35 0.0102277 0.090 0.0663972 0.937 0.0471049 0.886 0.596
z3_BS   65.630 0.038 65.80 0.57 72.1 20.3 12.5 1.01 0.51 14.97 815 0.32 0.0102329 0.058 0.0669534 0.892 0.0474752 0.852 0.708
z5_BS   65.636 0.099 66.13 0.95 84.0 33.4 24.4 1.00 0.34 11.12 612 0.32 0.0102337 0.152 0.0672930 1.480 0.0477123 1.406 0.524
z2_BS   65.641 0.049 65.67 0.60 66.8 21.1 5.8 1.13 0.91 14.90 789 0.36 0.0102346 0.075 0.0668145 0.946 0.0473690 0.885 0.826
z8_MIT  65.644 0.048 65.79 0.35 71.1 12.9 11.3 0.99 0.27 42.29 2245 0.32 0.0102350 0.073 0.0669388 0.550 0.0474550 0.540 0.190
z1_BS   65.676 0.020 65.75 0.11 68.4 4.2 7.8 0.96 0.31 75.77 4098 0.31 0.0102400 0.031 0.0668934 0.178 0.0473999 0.172 0.182
z10_MIT 65.71 0.10 66.4 1.1 90.5 38.4 29.7 0.91 0.30 12.04 665 0.29 0.0102456 0.158 0.0675587 1.671 0.0478450 1.619 0.370
z6_MIT  65.712 0.205 64.7 2.2 26.2 83.5 -126.4 0.91 0.24 5.90 335 0.29 0.0102457 0.314 0.0657593 3.577 0.0465705 3.481 0.348
z10_KMS 65.717 0.069 65.58 0.80 60.4 28.7 -3.8 1.00 0.47 11.33 623 0.32 0.0102465 0.106 0.0667136 1.255 0.0472427 1.203 0.530
z07_KMS 65.76 0.11 65.6 1.7 60.2 62.1 -4.3 1.50 0.58 5.85 297 0.48 0.0102528 0.174 0.0667485 2.722 0.0472382 2.604 0.696
z09_KMS 65.824 0.083 66.6 1.3 94.0 45.4 32.1 0.94 0.69 6.80 386 0.30 0.0102633 0.127 0.0677748 2.008 0.0479155 1.918 0.726

RBF
z2_BS   65.54 0.18 63.0 3.1 -33.1 116.5 316.6 0.92 0.36 2.82 172 0.29 0.0102183 0.277 0.0639925 5.024 0.0454405 4.804 0.803
z03_KMS 65.557 0.081 66.1 1.1 85.6 38.5 25.9 0.87 0.26 7.88 452 0.28 0.0102214 0.124 0.0672589 1.705 0.0477454 1.621 0.701
z3_BS   65.594 0.093 65.1 1.4 48.9 52.1 -26.9 0.99 0.33 6.11 345 0.32 0.0102272 0.142 0.0662656 2.292 0.0470138 2.183 0.778
z06_KMS 65.595 0.041 65.62 0.52 66.6 18.6 5.5 0.95 0.39 16.80 926 0.30 0.0102274 0.063 0.0667612 0.812 0.0473646 0.779 0.541
z4_BS   65.603 0.047 65.36 0.62 56.5 22.4 -10.5 0.97 0.37 14.26 784 0.31 0.0102287 0.072 0.0664886 0.979 0.0471652 0.939 0.585
z5_BS   65.639 0.034 65.88 0.26 74.7 9.4 15.4 1.04 0.44 35.48 1893 0.33 0.0102342 0.052 0.0670338 0.415 0.0475262 0.396 0.410
z01_KMS 65.667 0.037 65.75 0.24 68.8 8.4 8.3 0.92 0.51 37.42 2052 0.30 0.0102386 0.057 0.0668959 0.374 0.0474080 0.351 0.449
z02_KMS 65.674 0.067 65.86 0.58 72.7 20.4 13.1 0.98 0.32 17.84 976 0.31 0.0102397 0.102 0.0670142 0.908 0.0474867 0.859 0.519
z04_KMS 65.714 0.041 66.20 0.51 83.7 18.0 24.1 1.43 0.22 19.58 967 0.46 0.0102460 0.062 0.0673657 0.791 0.0477068 0.759 0.540
z1_BS   65.751 0.044 65.92 0.64 72.0 22.8 12.1 1.03 2.23 13.19 718 0.33 0.0102519 0.067 0.0670726 1.007 0.0474718 0.960 0.713

RBE
z6_MIT  65.39 0.33 64.6 2.8 33.6 105.5 -79.5 0.92 0.46 5.09 291 0.29 0.0101959 0.507 0.0656420 4.514 0.0467146 4.403 0.274
z7_MIT  65.39 0.22 62.8 2.6 -36.5 104.0 294.0 0.94 0.54 5.04 287 0.30 0.0101959 0.345 0.0637613 4.332 0.0453757 4.283 0.183
z3_MIT  65.49 0.25 64.3 2.8 20.4 103.3 -181.7 0.92 0.37 5.00 287 0.29 0.0102112 0.376 0.0653804 4.416 0.0464586 4.300 0.347
z03_KMS 65.49 0.16 67.8 2.3 150.4 79.5 57.2 1.01 1.05 3.70 215 0.32 0.0102113 0.239 0.0690638 3.569 0.0490752 3.393 0.757
z10_KMS 65.502 0.057 65.30 0.92 57.9 33.2 -7.7 1.06 0.42 9.47 516 0.34 0.0102128 0.088 0.0664242 1.453 0.0471930 1.390 0.737
z5_BS   65.511 0.065 65.4 1.0 60.2 36.3 -3.8 0.94 0.69 8.31 469 0.30 0.0102143 0.100 0.0664982 1.592 0.0472386 1.523 0.702
z2_BS   65.57 0.15 65.4 2.8 61.1 99.2 -2.5 1.02 0.50 3.06 181 0.33 0.0102229 0.224 0.0665788 4.352 0.0472559 4.164 0.845

Dates (Ma) Isotopic Ratios

Table S1: U-Pb isotopic data



z1_BS   65.58 0.19 66.2 3.6 88.5 128.6 28.3 0.88 0.43 2.25 142 0.28 0.0102248 0.289 0.0673641 5.669 0.0478046 5.426 0.849
z2_MIT  65.59 0.16 65.0 1.6 42.8 59.8 -43.6 0.96 0.35 8.28 458 0.31 0.0102258 0.242 0.0660892 2.584 0.0468950 2.502 0.377
z01_KMS 65.600 0.050 65.65 0.55 67.4 19.4 6.6 0.95 0.18 16.72 922 0.30 0.0102281 0.077 0.0667886 0.864 0.0473808 0.815 0.660
z4_MIT  65.61 0.15 65.2 1.6 51.5 57.4 -20.8 0.92 0.36 8.18 457 0.29 0.0102303 0.223 0.0663588 2.461 0.0470655 2.405 0.294
z08_KMS 65.622 0.078 66.2 1.3 88.3 45.2 28.0 0.93 0.37 6.95 395 0.30 0.0102317 0.120 0.0674029 1.997 0.0477998 1.905 0.787
z04_KMS 65.648 0.070 65.49 0.75 59.8 27.0 -4.8 0.88 0.19 12.40 699 0.28 0.0102357 0.107 0.0666245 1.189 0.0472294 1.134 0.547
z05_KMS 65.66 0.24 67.7 4.4 142.2 150.5 54.8 0.91 1.08 1.90 122 0.29 0.0102370 0.369 0.0689961 6.721 0.0489040 6.413 0.844
z3_BS   65.670 0.063 65.68 0.67 66.1 23.0 4.8 0.95 0.23 13.83 765 0.30 0.0102391 0.096 0.0668254 1.048 0.0473561 0.965 0.875
z02_KMS 65.724 0.056 65.61 0.70 61.4 25.3 -2.4 0.90 0.20 13.83 774 0.29 0.0102476 0.086 0.0667470 1.109 0.0472609 1.062 0.574

RBP
z1_BS   65.51 0.20 62.3 3.4 -60.5 131.5 213.5 1.08 0.32 2.74 162 0.34 0.0102144 0.305 0.0632501 5.631 0.0449305 5.391 0.797
z05_KMS 65.55 0.65 67.5 11.7 137.1 402.2 53.2 1.03 0.43 0.75 58 0.33 0.0102196 0.997 0.0687291 17.956 0.0487979 17.119 0.849
z4_BS   65.65 0.13 64.7 2.3 27.8 85.4 -114.0 1.19 0.31 3.83 214 0.38 0.0102365 0.197 0.0657456 3.718 0.0466026 3.560 0.814
z5_BS   65.67 0.38 63.5 7.3 -18.2 277.2 528.3 1.17 0.33 1.26 83 0.37 0.0102395 0.581 0.0645214 11.941 0.0457212 11.461 0.834
z2_BS   65.79 0.18 62.8 3.1 -49.0 118.3 242.4 1.02 0.27 3.38 198 0.33 0.0102575 0.279 0.0638180 5.079 0.0451436 4.860 0.795
z06_KMS 65.86 0.59 67.2 10.8 116.3 374.3 44.8 1.26 0.36 0.84 61 0.40 0.0102685 0.908 0.0684517 16.629 0.0483693 15.870 0.845
z03_KMS 65.93 0.47 71.6 8.1 263.8 257.3 75.3 1.00 0.30 1.07 75 0.32 0.0102805 0.719 0.0730180 11.783 0.0515359 11.210 0.810
z08_KMS 66.03 0.49 66.3 9.0 76.9 317.1 17.2 1.02 0.43 1.02 73 0.32 0.0102951 0.745 0.0674950 13.965 0.0475700 13.346 0.841
z11_BS  66.10 0.61 67.2 11.5 105.2 398.3 38.9 0.95 0.36 0.73 58 0.30 0.0103066 0.931 0.0683833 17.646 0.0481425 16.854 0.859
z3_BS   1830.44 0.54 2093.88 0.52 2363.87 0.82 22.6 0.14 0.32 362 22189 0.040 0.3283635 0.034 6.8629084 0.059 0.1516517 0.035 0.572
z01_KMS 2512.95 1.57 2595.67 0.89 2660.88 0.82 5.6 0.30 0.40 105 6068 0.083 0.4767175 0.075 11.8886797 0.095 0.1809533 0.037 0.856

DEC13-30
z7_BS   66.249 0.0489 65.34 0.38 32.2 12.3 -89.2 2.22 0.33 48.46 2028 0.71 0.0103298 0.074 0.0664657 0.594 0.0466874 0.514 1.056
z4_BS   66.286 0.0347 66.28 0.19 66.1 6.6 3.8 2.33 0.34 72.51 2968 0.74 0.0103356 0.053 0.0674534 0.292 0.0473545 0.274 0.397
z10_KMS 66.289 0.0770 65.4 1.2 32.0 42.9 -90.4 2.62 0.43 10.31 417 0.84 0.0103361 0.117 0.0665010 1.873 0.0466839 1.789 0.732
z5_BS   66.291 0.0420 66.21 0.41 63.2 13.8 -0.3 1.69 0.29 27.06 1260 0.54 0.0103364 0.064 0.0673787 0.636 0.0472983 0.580 0.871
z9_BS   66.300 0.0406 65.64 0.21 41.5 7.1 -49.5 2.22 1.10 56.92 2380 0.71 0.0103379 0.062 0.0667778 0.331 0.0468700 0.295 0.619
z6_BS   66.325 0.0238 66.21 0.26 62.2 9.1 -2.0 2.47 0.33 45.67 1830 0.79 0.0103417 0.036 0.0673843 0.399 0.0472780 0.381 0.512
z10_BS  66.343 0.0306 66.37 0.43 67.4 15.4 5.5 1.90 0.53 26.51 1186 0.61 0.0103445 0.046 0.0675484 0.676 0.0473804 0.645 0.678
z08_KMS 66.390 0.0243 66.34 0.20 64.4 7.1 1.3 2.27 0.31 60.43 2501 0.73 0.0103520 0.037 0.0675129 0.309 0.0473215 0.295 0.381
z07_KMS 66.465 0.0372 66.38 0.22 63.4 7.7 -0.4 2.35 0.47 58.69 2394 0.75 0.0103637 0.056 0.0675602 0.344 0.0473010 0.321 0.456
z09_KMS 66.48 0.12 66.42 0.38 64.3 11.4 1.0 2.13 0.66 52.64 2236 0.68 0.0103658 0.184 0.0676013 0.597 0.0473202 0.476 0.741
z01_KMS 159.92 0.10 160.11 0.77 162.9 11.6 2.5 1.17 0.29 27.45 1427 0.37 0.0251173 0.064 0.1707917 0.520 0.0493388 0.497 0.405
z11_KMS 230.90 0.70 232.8 3.5 251.9 36.4 8.6 0.94 0.43 8.40 473 0.30 0.0364672 0.308 0.2576671 1.699 0.0512684 1.580 0.463
z3_BS   242.48 0.30 237.8 3.7 191.4 38.9 -26.2 0.98 0.30 7.66 430 0.31 0.0383311 0.126 0.2638500 1.736 0.0499459 1.674 0.523
z12_KMS 795.10 0.42 815.0 2.0 869.6 6.8 8.6 0.01 0.59 22.51 1555 0.003 0.1312680 0.056 1.2313501 0.355 0.0680639 0.326 0.551
z05_KMS 1496.1 1.4 1509.2 2.6 1527.7 5.6 2.1 0.79 0.38 27.58 1534 0.23 0.2612288 0.106 3.4210552 0.332 0.0950240 0.296 0.467

m sample name followed by specific zircon name.  _KMS, and _BS are analyses from PU; _MIT are analyses from MIT
 a  Corrected for initial Th/U disequilibrium using radiogenic 208Pb and using the average (Th/U) partition coefficient between silicate melt of zircon from Rubatto and Hermann (2007) of 0.33.
 b  Corrected for initial Pa/U disequilibrium using initial fraction activity ratio [231Pa]/[235U] = 1.10000.
 c  Isotopic dates calculated using the decay constants λ238 = 1.55125E-10 and λ235 = 9.8485E-10 (Jaffey et al. 1971).
 d  % discordance = 100 - (100 * (206Pb/238U date) / (207Pb/206Pb date))
 e  Th contents calculated from radiogenic 208Pb and the 207Pb/235U date of the sample, assuming concordance between U-Th and Pb systems.
 f  Total mass of radiogenic Pb.
 g  Total mass of common Pb, assuming all common Pb is from blank.  Blank compositions are reported in the methods section.
 h  Ratio of radiogenic Pb (including 208Pb) to common Pb.
 j  Measured ratio corrected for fractionation and spike contribution only.
 k  Measured ratios corrected for fractionation, tracer and blank.



date ±2sig Th/U Y/89 ±2sig Zr/91 ±2sig Nb/93 ±2sig La/139 ±2sig Ce/140 ±2sig Pr/141 ±2sig Nd/146 ±2sig Sm/152 ±2sig Eu/151 ±2sig Gd/158 ±2sig Tb/159 ±2sig Dy/163 ±2sig Ho/165 ±2sig Er/166 ±2sig
a b b c d

DEC13&08
z4_BSLLL 65.549 0.061 1.09 5481 137 474669 2085 42.1 0.7 443.2 12.2 733.5 16.1 61.1 1.8 195.2 3.0 41.0 0.8 0.55 0.04 243.4 21.2 33.9 0.04 359.8 11.1 129.6 0.6 588.3 8.4
z3_BSLLL 65.574 0.028 1.10 5360 486 475777 14451 35.7 0.3 132.3 12.7 265.7 23.1 24.0 2.1 86.2 11.8 26.2 1.6 0.68 0.25 134.5 1.7 33.2 2.0 373.0 23.1 135.9 5.6 628.7 34.7
z10_KMSL 65.602 0.031 1.05 4512 50 477730 16131 39.0 0.2 50.5 6.5 143.9 0.4 12.4 1.0 50.3 5.0 22.8 2.3 0.42 0.06 98.5 5.2 26.7 1.2 298.5 0.2 108.5 2.5 496.1 1.9
z08_KMSL 65.602 0.049 0.85 3298 83 479596 24341 32.4 0.5 23.7 5.7 74.5 0.6 4.7 0.1 19.4 0.2 11.5 1.6 0.50 0.04 57.4 1.1 18.5 0.8 211.0 2.4 77.0 1.2 355.6 10.7
z06_KMSL 65.634 0.067 1.22 7068 3 473207 19455 40.2 0.5 8.9 12.6 76.8 3.2 4.3 0.5 26.2 1.5 30.1 2.6 0.92 0.08 133.2 1.6 43.3 1.3 475.9 14.8 172.3 0.3 753.4 21.4
z1_BSLLL 65.643 0.025 0.94 3698 89 478035 10702 47.6 0.8 1.1 3.1 20.9 0.2 0.9 0.1 5.7 0.4 8.0 0.9 0.31 0.11 49.5 1.5 23.6 0.6 316.9 14.5 116.0 0.4 546.2 3.5
z11_KMSL 65.667 0.029 0.96 10361 128 459159 15138 124.3 3.0 0.9 5.5 66.4 4.8 1.5 0.1 11.5 2.5 22.7 1.2 0.84 0.01 132.8 6.1 51.6 2.2 630.7 23.8 239.8 2.1 1137.1 20.7
z05_KMSL 65.671 0.054 1.09 7922 38 468676 3463 61.0 0.1 28.9 8.9 96.7 1.9 9.9 0.4 50.3 1.6 33.9 1.8 0.64 0.02 141.4 7.5 45.9 0.04 513.7 21.5 185.5 0.6 832.1 12.0
z02_KMSL 65.688 0.037 1.01 9843 382 467459 3827 41.0 1.2 72.2 10.0 160.5 8.5 23.2 1.2 111.4 5.9 52.9 2.5 1.51 0.01 192.3 8.6 51.0 2.4 538.2 0.5 194.7 5.3 868.4 52.8
z07_KMSL 65.694 0.029 1.12 12059 863 459030 22292 77.0 2.6 11.4 5.1 99.8 18.7 7.1 1.4 40.7 8.9 40.2 8.4 0.99 0.09 195.3 28.4 67.6 6.1 742.8 64.6 276.5 30.5 1234.9 160.0
z04_KMSL 65.697 0.036 1.07 8682 587 467157 24734 62.0 1.3 21.6 6.1 81.6 3.7 9.2 1.0 48.8 3.4 34.0 2.8 0.76 0.09 148.4 13.7 48.6 3.4 550.6 35.9 201.0 5.5 903.2 35.8

DEC13&09
z12_KMSL 65.568 0.031 1.02 7912 63 469799 3283 94.8 0.6 6.3 10.5 68.4 4.3 2.5 0.1 16.8 2.2 22.8 1.8 0.69 0.30 118.5 1.0 43.2 0.7 491.1 7.7 186.0 0.1 849.9 23.8
z2_MITLLLLLL 65.589 0.041 0.92 9226 1558 463870 4632 59.1 4.1 b.d.l. b.d.l. 54.4 1.7 0.5 0.1 6.4 0.7 17.2 1.3 0.63 0.07 111.1 3.3 44.2 2.1 539.6 12.1 208.2 7.5 971.3 47.0
z5_MITLLLLLL 65.594 0.049 1.20 10259 1029 462625 1016 54.9 4.8 b.d.l. b.d.l. 89.9 7.3 0.4 0.1 8.5 0.4 26.8 1.9 0.59 0.10 162.5 9.4 57.8 2.8 650.8 112.0 236.1 22.4 1041.7 56.7
z2_BSLLL 65.608 0.034 1.11 2244 347 480417 18435 92.4 2.2 b.d.l. b.d.l. 7.0 0.6 0.2 0.0 1.9 0.1 4.5 0.2 0.34 0.11 30.4 1.2 15.2 0.4 185.7 7.1 67.8 2.3 316.8 4.9
z02_KMSL 65.623 0.027 0.97 6866 221 468820 8142 125.6 2.8 27.1 11.4 115.5 3.8 12.9 1.4 67.0 0.2 35.9 0.9 0.60 0.36 134.9 19.5 41.7 3.9 461.9 59.9 174.5 24.0 777.7 121.7
z10_KMSL 65.623 0.028 1.05 6705 1421 472700 4819 93.1 4.2 15.3 5.7 83.1 20.7 8.8 2.0 45.2 10.3 31.3 6.4 0.86 0.14 125.1 20.6 44.4 7.1 480.2 55.4 171.6 26.2 757.1 144.1
z1_MITLLLLLL 65.634 0.038 1.15 13199 1216 456780 30544 63.3 2.7 b.d.l. b.d.l. 67.9 5.5 0.5 0.1 7.9 0.2 27.9 0.1 0.81 0.15 167.0 3.9 64.7 5.3 772.0 35.7 284.2 11.5 1307.9 95.5
z3_MITLLLLLL 65.635 0.032 1.01 11652 3552 459081 21639 62.7 4.0 b.d.l. b.d.l. 73.0 15.1 0.4 0.2 7.0 1.4 23.8 5.7 0.81 0.28 146.5 34.8 57.0 11.1 674.4 135.4 246.7 53.7 1139.7 206.5
z4_MITLLLLLL 65.639 0.105 0.92 4867 27 477202 53223 19.1 0.4 b.d.l. b.d.l. 48.5 3.5 0.2 0.1 4.7 0.8 13.9 0.1 0.29 0.12 74.5 0.5 25.6 1.1 299.3 3.4 110.3 3.2 502.1 23.4
z07_KMSL 65.645 0.024 0.97 5205 3309 473948 73437 140.1 17.3 b.d.l. b.d.l. 10.3 5.5 0.1 0.1 1.9 0.9 7.8 4.3 0.44 0.37 60.7 31.0 32.9 16.5 420.3 185.5 160.3 71.0 763.5 344.8
z04_KMSL 65.646 0.033 1.13 4754 385 477314 33091 56.4 2.5 4.8 6.3 46.4 7.6 1.8 0.2 12.5 0.9 17.1 0.4 0.56 0.27 80.3 4.9 28.8 2.2 307.7 15.2 114.0 4.4 506.1 24.1
z08_KMSL 65.650 0.034 1.02 2919 17 480047 39244 35.2 1.2 372.9 6.8 515.9 9.3 64.4 2.4 208.0 2.0 40.6 5.3 0.54 0.35 173.4 7.5 23.1 0.5 206.4 25.2 74.9 5.9 337.6 33.2
z5_BSLLL 65.657 0.032 1.10 6741 689 471779 29356 82.3 4.9 2.7 16.6 68.1 3.9 2.6 0.3 17.3 2.5 21.6 0.4 0.53 0.04 110.1 5.0 39.7 3.6 426.1 39.7 155.4 13.6 700.7 104.9
z6_MITLLLLLL 65.659 0.157 0.99 5803 165 473505 31873 29.2 2.2 b.d.l. b.d.l. 58.3 2.3 0.6 0.3 6.8 3.7 14.6 0.7 0.24 0.13 93.0 2.1 32.2 0.5 380.3 23.7 136.7 3.0 622.5 3.5
z06_KMSL 65.659 0.045 1.04 6136 983 472215 15927 114.7 4.9 44.8 16.6 158.9 40.2 16.4 2.7 79.6 19.3 40.6 14.6 0.67 0.06 139.2 24.2 40.2 7.0 416.7 89.2 151.1 24.9 682.6 136.6
z1_BSLLL 65.669 0.024 0.94 3498 113 477821 8216 53.7 0.7 44.3 3.8 87.0 5.1 5.3 0.4 17.1 1.3 9.7 0.6 0.34 0.25 61.2 4.4 22.2 0.9 292.6 21.7 105.7 11.7 481.7 30.5
z09_KMSL 65.673 0.025 1.06 2810 873 480546 769 64.4 2.0 0.5 1.4 8.7 3.3 0.4 0.2 2.8 1.2 6.2 2.4 0.30 0.02 40.0 14.9 20.2 7.0 245.4 87.6 88.7 32.6 401.5 148.8
z11_KMSL 65.721 0.034 1.11 1298 396 482499 4245 48.5 1.1 337.2 85.3 562.0 121.2 61.3 13.1 201.7 39.9 37.2 4.6 0.66 0.06 152.4 25.1 15.2 3.3 138.0 27.2 45.9 6.7 217.3 40.7

DEC13&10
z11_KMSL 65.508 0.081 0.93 8546 1832 467144 20322 83.8 2.4 b.d.l. b.d.l. 58.9 7.4 1.9 0.3 12.7 1.1 19.5 4.4 0.42 0.14 124.8 18.0 45.6 6.2 562.0 46.1 202.7 25.1 916.6 122.9
z9_MITLLLLLL 65.581 0.049 0.98 8629 72 463771 5642 65.5 1.2 b.d.l. b.d.l. 49.9 2.3 0.4 0.1 4.5 1.6 17.0 1.5 0.53 0.02 106.8 3.5 40.5 0.2 537.4 0.2 205.9 7.5 970.5 1.9
z7_MITLLLLLL 65.586 0.084 1.16 6787 156 474325 614 16.8 1.4 b.d.l. b.d.l. 57.6 5.8 1.7 0.6 10.0 3.3 22.3 0.8 1.64 0.23 116.7 8.5 36.5 7.1 443.7 1.7 158.9 10.0 717.7 37.1
z2_MITLLLLLL 65.594 0.035 1.01 10123 42 464132 25557 50.7 1.4 b.d.l. b.d.l. 78.7 0.8 1.3 0.2 12.3 0.3 28.6 0.6 0.72 0.11 150.6 7.5 52.4 0.3 662.9 14.1 245.1 3.9 1115.1 23.0
z4_BSLLL 65.597 0.059 1.11 6711 1233 472289 47703 65.4 5.7 6.9 23.2 89.9 13.4 5.5 1.4 29.9 6.6 25.4 6.3 0.35 0.04 119.9 12.3 40.5 4.1 466.0 75.7 169.8 28.6 731.1 133.9
z3_BSLLL 65.630 0.038 1.01 8754 2567 466445 35451 93.2 4.6 b.d.l. b.d.l. 62.3 14.2 1.5 0.5 10.0 0.8 20.5 8.2 0.36 0.03 121.8 28.2 45.6 13.7 540.1 103.2 201.5 44.7 912.9 179.5
z5_BSLLL 65.636 0.099 1.00 9504 1344 463283 29220 107.4 5.7 b.d.l. b.d.l. 65.8 9.7 2.5 0.5 13.2 3.0 17.3 3.9 0.47 0.88 120.3 14.9 46.4 8.2 569.1 74.3 215.4 37.2 975.4 170.3
z2_BSLLL 65.641 0.049 1.13 7361 404 469736 5341 76.6 0.6 b.d.l. b.d.l. 58.8 1.4 0.7 0.2 8.7 1.4 20.1 0.4 0.40 0.06 117.9 17.5 43.3 1.0 509.1 8.2 188.7 7.8 836.5 35.0
z8_MITLLLLLL 65.644 0.048 0.99 7087 115 472851 18702 18.1 0.3 0.5 7.2 56.9 2.0 1.2 0.1 11.8 0.8 23.0 0.2 0.69 0.21 105.0 6.8 35.2 0.0 446.8 2.0 163.7 5.5 758.7 3.2
z1_BSLLL 65.676 0.020 0.96 9101 737 466692 19773 108.7 0.3 b.d.l. b.d.l. 31.2 6.0 0.4 0.1 4.9 1.0 18.2 2.0 0.66 0.01 105.6 17.2 45.3 5.0 549.6 47.6 214.0 10.7 991.9 78.6
z10_MITLLLLL 65.712 0.104 0.91 8449 274 465770 20260 79.2 0.5 b.d.l. b.d.l. 48.9 1.9 0.7 0.3 3.9 1.2 16.9 1.8 0.83 0.05 103.1 7.9 39.8 0.7 525.2 24.6 198.7 19.3 931.4 33.9
z6_MITLLLLLL 65.712 0.205 0.91 2809 41 483750 20657 3.7 0.4 1.2 14.0 24.9 0.8 1.6 0.2 10.9 1.5 12.2 2.5 1.62 0.07 49.8 3.6 15.5 0.4 179.5 10.3 66.6 3.9 304.5 9.5
z10_KMSL 65.717 0.069 1.00 9310 1187 464094 31230 91.0 1.6 b.d.l. b.d.l. 74.1 17.6 2.3 0.5 12.2 3.9 20.0 2.4 0.45 0.09 140.0 30.4 50.0 10.5 593.9 115.5 214.2 41.8 988.4 64.0
z07_KMSL 65.757 0.114 1.50 2269 260 482484 3357 4.9 0.6 4.1 40.2 64.4 6.1 4.0 0.4 19.8 1.3 14.2 0.5 1.17 0.78 51.1 0.8 13.4 2.9 133.3 9.0 49.0 4.1 227.3 21.7
z09_KMSL 65.824 0.083 0.94 7733 31 470271 3644 108.4 1.3 b.d.l. b.d.l. 64.7 2.8 26.4 18.9 129.0 161.6 21.6 3.8 0.24 0.32 121.9 7.7 42.6 0.7 508.5 49.4 187.6 2.3 834.7 47.2

RBF
z2_BSLLL 65.537 0.181 0.92 2520 49 484682 7633 4.6 0.3 14.7 19.9 52.2 0.9 5.8 0.2 25.0 0.6 15.7 1.1 1.54 0.12 56.0 4.2 16.5 1.3 183.1 8.5 64.7 1.1 292.6 34.3
z03_KMSL 65.557 0.081 0.87 2200 116 484661 14618 5.8 0.4 29.8 8.3 85.6 8.2 10.1 1.1 45.0 1.8 16.8 0.1 1.53 0.25 58.2 0.7 13.7 0.9 146.3 1.9 51.5 2.2 235.5 8.4
z3_BSLLL 65.594 0.093 0.99 3227 23 482756 12337 7.7 0.3 b.d.l. b.d.l. 14.8 1.3 0.6 0.1 6.7 0.3 12.6 0.3 1.40 0.16 55.6 6.7 18.6 0.2 217.0 11.1 76.3 5.1 343.4 24.6
z06_KMSL 65.595 0.041 0.95 6964 401 471277 22802 56.7 4.4 22.8 26.4 42.6 3.6 0.7 0.2 4.1 0.8 16.1 0.2 0.62 0.08 99.0 0.9 35.7 1.3 445.7 24.3 166.1 10.0 766.7 47.5
z4_BSLLL 65.603 0.047 0.97 8936 679 466867 21655 76.6 3.6 b.d.l. b.d.l. 51.1 6.5 2.1 0.2 12.9 2.2 22.3 2.8 0.87 0.03 117.8 5.8 43.9 1.3 539.8 25.9 210.4 7.9 958.5 72.4
z5_BSLLL 65.639 0.034 1.04 10517 828 461585 27732 103.6 2.6 b.d.l. b.d.l. 65.1 8.8 0.5 0.1 7.1 0.8 22.9 3.8 0.75 0.07 140.9 9.7 52.7 5.6 658.5 31.5 242.7 16.2 1130.6 83.0
z01_KMSL 65.667 0.037 0.92 9590 125 463394 3792 95.4 1.1 b.d.l. b.d.l. 50.8 3.6 0.7 0.2 6.9 0.5 20.0 3.3 0.79 0.25 124.3 5.2 47.5 4.4 595.5 1.4 223.0 12.9 1027.4 66.6
z02_KMSL 65.674 0.067 0.98 8713 535 465423 17287 85.2 0.5 b.d.l. b.d.l. 54.6 7.7 1.1 0.3 7.1 3.7 16.2 1.3 0.54 0.09 116.9 10.9 43.0 4.8 532.7 46.1 204.7 30.7 915.2 36.9
z04_KMSL 65.714 0.041 1.43 6262 486 477521 33166 18.5 1.0 b.d.l. b.d.l. 35.5 3.3 1.0 0.1 13.3 0.3 26.4 2.3 1.97 0.69 119.4 2.6 40.0 4.9 445.3 12.6 155.0 11.7 667.5 43.5
z1_BSLLL 65.751 0.044 1.03 12156 2716 450004 29474 201.8 16.9 b.d.l. b.d.l. 205.5 41.4 3.7 0.7 29.0 3.8 55.6 4.2 1.82 0.44 311.3 44.9 99.6 18.0 1090.7 178.4 371.5 44.4 1540.9 262.8

RBE
z6_MITLLLLLL 65.394 0.330 0.92 2721 118 483597 4825 2.8 0.2 4.4 14.5 30.0 0.6 2.3 0.2 13.3 3.0 12.6 1.0 1.51 0.40 50.5 1.0 16.1 1.3 175.6 2.9 62.6 0.9 281.7 0.4
z7_MITLLLLLL 65.394 0.225 0.94 2899 91 483672 30160 4.0 0.3 b.d.l. b.d.l. 23.7 1.8 1.2 0.3 9.6 0.8 11.3 2.0 1.34 0.37 50.0 0.4 17.3 0.6 186.7 8.9 66.9 1.5 301.4 12.8
z3_MITLLLLLL 65.492 0.245 0.92 2765 996 484385 76218 8.3 1.5 b.d.l. b.d.l. 11.6 2.8 0.5 0.1 6.6 1.2 10.7 2.7 1.61 0.40 43.7 6.8 15.8 1.8 172.2 25.7 61.2 7.4 274.9 35.5
z10_KMSL 65.502 0.057 1.06 3347 102 482581 12246 9.7 0.4 2.6 5.8 19.6 2.8 2.0 0.4 13.2 0.3 15.5 0.3 2.11 0.39 61.6 5.5 21.3 0.7 228.7 7.2 82.0 4.9 374.1 10.2
z5_BSLLL 65.511 0.065 0.94 1737 830 485549 12035 7.6 0.4 0.5 3.2 12.7 1.6 0.5 0.1 3.2 1.3 4.5 1.6 0.85 0.18 25.3 6.9 10.2 2.4 121.6 34.0 43.3 11.4 202.9 61.5
z2_BSLLL 65.566 0.146 1.02 3374 48 483345 3571 5.0 0.4 b.d.l. b.d.l. 12.2 1.6 0.8 0.1 8.0 0.8 14.4 1.2 2.09 0.23 55.8 2.6 18.7 1.1 226.3 11.8 78.3 3.7 352.5 2.7
z1_BSLLL 65.578 0.188 0.88 2395 217 485037 22963 4.9 0.6 b.d.l. b.d.l. 7.1 1.4 0.3 0.2 4.1 0.3 9.4 0.2 1.45 0.44 38.4 3.6 12.8 1.7 158.0 14.8 55.4 3.1 249.4 17.0
z2_MITLLLLLL 65.585 0.158 0.96 2783 719 484443 17614 8.3 0.1 b.d.l. b.d.l. 9.1 2.0 0.6 0.1 5.9 0.8 10.7 1.3 1.54 0.16 44.0 3.9 14.7 0.4 162.2 3.8 57.7 4.0 256.7 13.7
z01_KMSL 65.600 0.050 0.95 2853 173 484015 7253 5.4 0.1 b.d.l. b.d.l. 12.9 0.5 0.9 0.2 7.2 0.1 11.8 1.4 1.72 0.06 48.7 1.8 15.6 0.5 187.0 7.1 67.1 4.9 297.3 9.0
z4_MITLLLLLL 65.614 0.145 0.92 2734 418 484191 37629 3.9 0.6 b.d.l. b.d.l. 7.7 1.8 0.3 0.1 3.9 1.0 9.0 2.3 1.36 0.09 41.2 1.4 15.3 0.1 164.8 5.0 59.5 0.2 267.9 6.5
z08_KMSL 65.622 0.078 0.93 2267 152 484556 10843 9.3 0.1 3.4 6.4 19.6 0.6 1.8 0.1 12.1 1.3 10.3 1.0 1.54 0.41 43.1 0.1 14.0 1.9 159.4 17.3 56.7 6.0 259.6 30.5
z04_KMSL 65.648 0.070 0.88 2347 107 484312 31932 9.5 0.5 0.7 6.2 9.2 2.1 1.2 0.4 7.9 0.8 9.1 1.1 1.35 0.05 40.7 1.5 14.4 1.8 163.7 13.0 56.9 4.7 267.4 20.5
z3_BSLLL 65.670 0.063 0.95 2659 152 484524 2033 5.2 0.3 b.d.l. b.d.l. 4.8 1.3 0.3 0.0 3.8 0.5 9.4 0.9 1.54 0.29 41.5 2.3 15.0 1.2 179.2 12.7 62.9 6.1 286.1 15.0
z02_KMSL 65.724 0.056 0.90 2315 118 484522 10263 5.3 0.1 1.2 5.2 10.3 1.9 1.0 0.3 7.3 0.4 8.7 2.0 1.21 0.03 39.4 0.7 12.9 0.5 152.0 0.2 54.4 2.3 247.2 6.3

DEC13&30
z4_BSLLLLLL 66.286 0.035 2.33 9432 1445 414504 7254 23.4 0.3 b.d.l. b.d.l. 137.9 17.6 2.7 0.5 31.3 4.2 69.2 12.5 2.17 0.83 272.3 31.6 84.6 11.1 809.5 85.3 236.7 33.4 897.9 89.4
z10_KMSL 66.289 0.077 2.62 15016 976 399515 35614 144.4 2.6 b.d.l. b.d.l. 204.4 15.1 3.9 2.4 37.3 12.6 119.8 22.4 4.67 3.41 468.2 52.0 145.1 9.3 1275.0 173.7 366.8 3.8 1337.2 68.8
z5_BSLLLLLL 66.291 0.042 1.69 7478 569 433312 22966 51.7 1.0 b.d.l. b.d.l. 108.8 7.7 4.3 1.4 27.2 6.7 66.8 5.3 2.26 1.00 237.5 12.9 69.3 0.6 636.6 6.4 173.4 0.2 642.4 40.2
z6_BSLLL 66.325 0.024 2.47 11086 813 409009 9809 32.9 0.8 b.d.l. b.d.l. 164.8 9.5 2.6 0.3 37.6 6.6 77.6 0.6 2.21 0.21 308.7 1.2 98.0 6.6 914.4 32.7 267.9 15.0 989.0 9.5
z10_BSLL 66.343 0.031 1.90 8856 47 430999 1885 57.6 1.1 b.d.l. b.d.l. 112.6 3.7 3.8 0.7 50.8 1.3 97.4 9.6 3.84 1.27 323.5 4.1 98.0 0.6 821.2 2.9 223.3 1.6 789.2 7.7
z08_KMSL 66.390 0.024 2.27 10979 622 414471 29239 23.6 0.4 b.d.l. b.d.l. 121.9 3.6 4.7 0.3 65.1 5.1 118.4 9.3 6.41 1.31 385.5 19.7 115.3 1.1 1017.0 17.7 274.2 9.1 953.9 47.9
z07_KMSL 66.465 0.037 2.35 15036 276 399181 3415 24.7 0.4 b.d.l. b.d.l. 226.8 2.6 9.5 0.2 93.8 7.1 149.0 4.9 12.86 0.35 507.6 11.4 155.1 1.4 1368.3 59.1 373.2 6.9 1365.7 20.8
z09_KMSL 66.478 0.122 2.14 10805 451 413427 14488 17.8 0.3 b.d.l. b.d.l. 95.1 2.7 8.0 0.4 74.1 4.2 103.6 1.7 12.15 0.95 334.5 4.7 104.1 1.7 937.0 13.3 269.3 2.6 1023.4 15.5

RBP
z1_BSLLL 65.512 0.199 1.08 3574 19 481590 19178 2.0 0.6 b.d.l. b.d.l. 20.1 2.7 1.2 0.8 9.0 1.1 11.8 2.1 2.09 0.15 57.3 7.7 19.9 2.9 229.8 7.9 80.4 3.0 361.0 19.7
z4_BSLLL 65.653 0.128 1.19 1427 7 483983 30868 2.0 0.2 b.d.l. b.d.l. 14.3 0.9 0.5 0.2 3.0 0.9 4.2 0.9 1.09 0.61 24.1 0.9 7.5 0.1 81.7 6.5 31.8 1.7 147.6 10.4
z5_BSLLL 65.673 0.380 1.17 4521 144 481110 28066 b.d.l. 44.6 b.d.l. b.d.l. b.d.l. b.d.l. 3.9 29.3 b.d.l. b.d.l. b.d.l. b.d.l. 32.91 6.18 81.6 72.3 26.1 4.3 61.9 28.1 148.2 6.1 266.2 24.6
z2_BSLLL 65.787 0.183 1.02 3191 3 482336 1443 1.9 0.4 b.d.l. b.d.l. 23.2 2.1 1.3 0.3 7.8 0.9 12.5 0.6 2.04 0.52 54.6 5.7 18.2 1.5 205.4 1.8 74.7 2.3 331.9 13.6

a.LsampleLnameLfollowedLwithLspecificLzirconLlistedLbeneath.L_BSLandL_KMSLindicateLgrainsLmeasuredLatLPULandL_MITLareLthoseLmeasuredLatLMIT.
b.LdatesLandLTh/ULderivedLfromLTIMSLanalysis;LseeLTableLS1
c.LtotalLconcentrationLofLelementLlistedLwithLisotopeLmeasuredLindicated.LLDataLareLpresentedLasLppmLinLzircon,LbyLusingLconcentrationsLmeasuredLinLsolutionsLandLnormalizingLtoLstoichiometricLZr+Hf+REE...L
d.LuncertaintiesLincludeLanalyticalLuncertaintiesLandLblankLsubtraction,LbasedLonLmeasuredLvariabilityLinLtotalLproceduralLblanks

Table S2: zircon trace element data



Tm/169 ±2sig Yb/172 ±2sig Lu/175 ±2sig Hf/178 ±2sig Ta/181 ±2sig Th/232 ±2sig
a

DEC13&08
110.0 2.0 854.1 22.5 165.6 0.7 10200 386 5.7 0.1 3286 34 z4_BSLLL
114.8 5.7 934.3 110.2 180.1 9.6 10388 227 5.5 0.3 3008 88 z3_BSLLL
93.2 1.4 727.8 21.2 139.6 1.1 10516 177 6.5 0.1 2547 18 z10_KMSL
66.0 3.0 545.7 14.6 103.8 1.9 11067 186 8.3 0.1 2059 32 z08_KMSL
135.4 0.4 1051.4 45.2 199.6 1.0 9397 277 5.4 0.1 4750 100 z06_KMSL
104.2 5.9 886.6 17.2 158.1 5.8 11319 303 7.8 0.4 2298 53 z1_BSLLL
215.3 8.6 1704.4 28.3 324.0 18.8 12380 92 19.4 0.3 10957 285 z11_KMSL
150.7 0.2 1218.2 37.3 222.6 2.4 10822 245 9.5 0.1 6536 221 z05_KMSL
152.8 3.8 1216.1 17.0 235.1 1.8 10158 163 6.6 0.1 6246 109 z02_KMSL
220.2 27.2 1728.9 139.0 335.2 29.9 11103 649 12.9 0.6 10327 690 z07_KMSL
164.7 9.3 1287.9 70.6 244.1 12.9 11019 377 10.2 0.2 6924 416 z04_KMSL

DEC13&09
158.5 1.7 1291.2 73.6 241.7 2.1 10557 87 13.0 1.5 5672 108 z12_KMSL
186.9 9.9 1526.2 83.3 287.5 11.9 12024 506 14.9 0.5 8498 260 z2_MITLLLLLL
194.6 8.6 1546.0 107.6 290.8 16.0 10810 721 12.8 0.7 9569 833 z5_MITLLLLLL
61.1 0.3 525.4 33.4 92.8 1.5 11455 170 12.2 0.6 2102 74 z2_BSLLL
140.5 15.5 1163.8 187.0 221.8 35.7 12155 560 17.4 0.4 6247 858 z02_KMSL
140.6 19.2 1150.9 80.1 218.1 24.8 11075 612 13.2 0.0 3710 627 z10_KMSL
241.2 17.5 1932.4 163.4 363.2 34.4 11076 280 11.9 0.1 11242 535 z1_MITLLLLLL
215.8 42.7 1727.8 360.0 321.7 74.4 11411 1250 15.7 2.1 10784 2284 z3_MITLLLLLL
93.4 2.8 769.9 12.6 145.2 1.2 10659 68 5.8 0.1 2805 59 z4_MITLLLLLL
149.7 71.5 1295.2 557.9 229.8 106.6 12213 1439 18.2 1.9 2875 1143 z07_KMSL
91.7 0.6 772.1 2.8 143.7 0.9 10266 545 7.7 0.5 3091 197 z04_KMSL
62.5 4.4 525.8 28.7 99.2 8.2 10376 278 5.6 0.1 1546 74 z08_KMSL
131.0 8.1 1062.1 110.6 200.3 16.3 11061 359 11.0 0.6 5034 895 z5_BSLLL
114.6 1.0 934.3 38.3 179.0 5.8 11308 7 8.4 0.1 4412 373 z6_MITLLLLLL
124.9 17.0 1017.7 218.9 191.4 38.0 11272 260 12.2 0.2 4780 961 z06_KMSL
94.1 12.3 773.2 62.3 140.9 14.2 11413 299 9.5 0.4 2701 63 z1_BSLLL
76.1 26.1 670.6 246.9 118.4 42.6 11013 645 8.5 0.6 1503 542 z09_KMSL
40.0 7.0 343.3 85.4 60.4 10.9 11032 196 7.8 0.1 505 73 z11_KMSL

DEC13&10
178.5 23.5 1357.9 143.2 263.1 47.9 11450 357 15.5 1.5 6618 923 z11_KMSL
187.8 0.5 1508.2 78.7 278.9 8.7 12117 340 13.9 1.0 9140 437 z9_MITLLLLLL
141.2 4.5 1116.2 33.1 213.7 11.1 9209 261 4.8 0.5 4263 110 z7_MITLLLLLL
206.9 9.9 1639.7 51.5 301.5 8.7 11085 169 8.7 0.1 7750 255 z2_MITLLLLLL
140.8 26.3 1091.6 178.8 211.0 36.7 10521 1104 11.0 1.0 4920 832 z4_BSLLL
173.6 35.0 1362.1 337.1 259.5 57.7 11273 697 16.6 1.1 7332 1769 z3_BSLLL
190.0 23.8 1545.3 229.7 287.6 38.0 11648 510 19.0 1.0 9023 1410 z5_BSLLL
152.4 0.9 1211.4 62.5 228.4 11.5 10845 220 13.5 0.1 6222 848 z2_BSLLL
144.8 0.8 1149.2 29.4 212.8 5.2 10536 422 2.0 0.2 4042 249 z8_MITLLLLLL
187.8 9.3 1574.6 59.2 295.7 11.5 12031 154 14.9 0.1 5674 863 z1_BSLLL
185.5 3.3 1522.8 59.9 273.7 5.3 11904 732 16.0 1.9 7567 422 z10_MITLLLLL
59.4 1.8 482.9 13.9 95.1 5.8 8836 342 1.2 0.1 940 43 z6_MITLLLLLL
185.8 17.9 1409.1 203.8 271.5 32.9 11458 861 17.5 0.4 8626 2016 z10_KMSL
46.9 5.1 396.3 40.4 84.7 3.5 8605 475 1.9 0.8 3154 156 z07_KMSL
158.6 7.6 1259.1 32.4 238.5 28.1 10581 487 12.4 0.9 5291 258 z09_KMSL

RBF
56.7 1.7 449.4 4.8 92.8 2.2 8430 261 1.3 0.2 682 23 z2_BSLLL
46.1 3.4 379.1 23.5 76.7 7.1 8940 467 1.8 0.0 639 74 z03_KMSL
65.5 3.8 538.6 25.1 106.8 0.5 8964 32 2.2 0.2 1230 33 z3_BSLLL
147.6 15.1 1161.1 5.6 222.8 16.2 11374 358 11.2 0.2 4791 326 z06_KMSL
183.3 3.3 1486.8 22.0 279.5 18.7 11154 620 12.6 1.5 6690 555 z4_BSLLL
205.0 18.6 1658.9 87.2 310.5 34.4 11098 596 16.6 0.1 9815 874 z5_BSLLL
200.1 15.2 1591.6 71.0 299.9 18.3 11965 103 16.8 0.9 8376 850 z01_KMSL
180.3 18.0 1395.5 124.8 264.0 9.6 11469 535 16.0 0.2 8162 978 z02_KMSL
127.7 7.8 989.8 47.9 191.6 21.0 8019 628 3.6 0.1 2985 238 z04_KMSL
268.7 54.4 2055.1 315.0 369.9 70.8 12313 897 12.3 0.4 16510 2431 z1_BSLLL

RBE
54.2 1.7 455.8 7.9 90.0 0.3 9189 223 1.8 0.1 883 75 z6_MITLLLLLL
57.5 1.0 486.7 9.6 95.4 1.9 8645 116 2.0 0.2 1116 67 z7_MITLLLLLL
51.6 8.4 442.1 61.7 87.4 10.8 8618 768 2.0 0.1 687 98 z3_MITLLLLLL
69.2 3.2 572.1 28.8 112.4 1.7 9058 341 1.7 0.1 1066 28 z10_KMSL
39.4 11.0 332.6 70.5 64.3 17.3 9068 539 1.6 0.1 416 92 z5_BSLLL
66.1 1.9 539.0 8.8 107.8 1.5 8553 274 1.5 0.1 884 56 z2_BSLLL
47.9 5.3 407.4 42.3 81.3 12.6 8492 274 1.7 0.1 639 56 z1_BSLLL
49.0 1.6 403.8 13.0 81.7 1.8 8466 166 1.9 0.0 846 75 z2_MITLLLLLL
58.5 0.4 475.7 30.5 96.7 1.9 8601 298 1.8 0.0 885 59 z01_KMSL
51.1 0.4 428.5 8.0 86.3 0.3 8769 469 1.5 0.1 808 139 z4_MITLLLLLL
49.5 5.2 413.5 37.5 81.4 8.5 9023 157 1.5 0.1 659 16 z08_KMSL
50.4 3.3 417.8 17.4 83.7 6.6 9248 165 1.7 0.0 597 24 z04_KMSL
54.9 5.1 450.6 25.0 90.4 10.0 8512 167 1.6 0.2 739 63 z3_BSLLL
46.9 1.0 398.5 22.1 80.0 0.1 9031 186 1.8 0.1 703 38 z02_KMSL

DEC13&30
154.5 18.3 1029.9 102.2 169.9 25.6 7361 142 2.7 0.3 62393 8886 z4_BSLLLLLL
222.7 8.9 1444.7 73.0 229.9 15.1 7688 50 2.7 1.2 69147 3676 z10_KMSL
105.8 5.2 676.7 1.5 167.1 2.8 7033 309 1.9 0.5 46857 1830 z5_BSLLLLLL
162.6 17.6 1089.9 71.1 171.7 10.0 7551 463 3.1 0.5 65563 2322 z6_BSLLL
129.6 5.9 842.5 3.7 133.3 7.2 7134 176 1.9 1.0 46846 120 z10_BSLL
148.7 4.3 980.9 19.6 139.8 3.6 7622 15 1.7 0.2 59880 1653 z08_KMSL
214.8 2.6 1415.1 0.1 217.0 2.3 7351 129 3.0 0.4 69759 1131 z07_KMSL
161.7 8.7 1086.4 25.2 175.8 2.7 7639 207 1.8 0.1 61196 466 z09_KMSL

RBP
70.5 5.0 538.3 17.0 111.5 2.2 8832 298 1.5 0.4 2126 126 z1_BSLLL
30.8 2.3 255.2 16.4 53.8 3.4 10717 320 1.7 0.1 834 29 z4_BSLLL
249.8 106.7 664.8 660.5 552.0 228.1 9828 17941 b.d.l. b.d.l. b.d.l. b.d.l. z5_BSLLL
61.7 2.2 497.2 3.9 99.3 3.3 8896 89 1.3 0.2 1814 39 z2_BSLLL



Table S3: U-Pb age interpretation 

Constant'(Th/U)'partition'coefficient'between'magma'and'zircon'of'0.33'and'imposed'uncertainty'of'±0.3'on'Th/U'of'resulting'magma'(preferred'interpretation)
PREFERRED'INTERPRETATION

Youngest'grain Weighted'mean GeochemicallyMguided'weighted'means'(IWMs) Monte'Carlo'ages'from'IWMs Monte'Carlo'ages'from'single'grain Calculated'durations'and'ages'of'imporant'events
#"of"analyses deltaT"(ka) date"(Ma) ±"2σ date"(Ma) ±"2σ N MSWD date"(Ma) ±"2σ N MSWD age"(Ma) ±"2σ age"(Ma) ±"2σ duration"(kyr)"or"age"(Ma) ±"2σ

DEC13@08"(PU) 11 150 65.574 0.028 65.586 0.018 4 1.2 65.583 0.020 3 failed"superposition failed"superposition duration"of"C29r"(Monte"Carlo"single"grain)
DEC13@09"(PU) 12 150 65.568 0.031 65.606 0.015 4 2.9 754 56
DEC13@09"(MIT) 6 70 65.589 0.041 65.619 0.019 6 1 65.579 0.022 3 0.56 failed"superposition failed"superposition Minimum"duration"of"Deccan"(Monte"carlo"single"grain)
DEC13@10"(PU) 9 320 65.508 0.081 65.608 0.028 4 2.6 809 69
DEC13@10"(MIT) 6 220 65.581 0.049 65.602 0.024 5 1.6 65.566 0.037 3 1.3 65.535 0.027 65.477 0.059
RBF"(PU) 10 200 65.557 0.081 65.592 0.027 5 0.34 65.569 0.058 3 0.24 65.545 0.026 65.513 0.045 PREFERRED'INTERPRETATION'(from'Monte'Carlo'of'IWMs)
RBE"(PU) 11 250 65.502 0.057 65.512 0.039 5 0.5 65.511 0.037 9 0.50 65.552 0.026 65.532 0.044 duration"of"C29r"
RBE"(MIT) 5 220 65.39 0.33 65.54 0.09 5 1.0 736 37
RBP"(PU) 5 270 65.51 0.20 65.658 0.09 4 1.4 65.658 0.09 4 1.4 65.661 0.087 65.60 0.11 Minimum"duration"of"Deccan
DEC13@30"(PU) 15 180 66.286 0.035 66.309 0.017 3 2.1 66.288 0.027 2 0.03 66.288 0.027 66.286 0.035 753 38

Age"of"C30n/C29r"reversal
66.288 0.027/0.047/0.085

Age"of"C29r/C29n"reversal
65.552 0.026/0.047/0.085

Constant'magma'Th/U'of'2.8'±'0.5'(NOT'preffered'interpretation)

Youngest'grain Weighted'mean GeochemicallyMguided'weighted'means'(IWMs) Monte'Carlo'ages'from'IWMs Monte'Carlo'ages'from'single'grain Calculated'durations
#"of"analyses deltaT"(ka) date"(Ma) ±"2σ date"(Ma) ±"2σ N MSWD date"(Ma) ±"2σ N MSWD age"(Ma) ±"2σ age"(Ma) ±"2σ duration"(kyr) ±"2σ

DEC13@08"(PU) 11 150 65.543 0.062 65.585 0.019 5 1.3 65.577 0.021 3 1.5 failed"superposition 65.496 0.043 duration"of"C29r"(Monte"Carlo"single"grain)
DEC13@09"(PU) 12 150 65.565 0.033 65.604 0.016 4 2.5 687 63
DEC13@09"(MIT) 6 70 65.584 0.051 65.615 0.02 6 0.93 65.577 0.023 3 0.47 failed"superposition failed"superposition Minimum"duration"of"Deccan
DEC13@10"(PU) 9 320 65.508 0.082 65.561 0.048 2 2.6 736 64
DEC13@10"(MIT) 6 220 65.577 0.085 65.599 0.025 4 1.3 65.563 0.039 3 1.2 65.532 0.027 65.514 0.041
RBF"(PU) 10 200 65.560 0.081 65.592 0.029 5 0.29 65.57 0.058 3 0.2 65.542 0.026 65.531 0.04 duration"of"C29r"(monte"carlo"from"IWM)
RBE"(PU) 11 250 65.497 0.059 65.512 0.039 5 0.5 65.51 0.037 9 0.47 65.550 0.026 65.545 0.042 697 43
RBE"(MIT) 5 220 65.39 0.33 65.54 0.09 5 1.0 Minimum"duration"of"Deccan
RBP"(PU) 5 270 65.51 0.20 65.651 0.09 4 1.4 65.651 0.09 3 1.4 65.543 0.087 65.62 0.11 715 43
DEC13@30"(PU) 15 180 66.232 0.047 66.269 0.022 4 1.9 66.247 0.034 2 0.78 66.247 0.034 66.232 0.047

Calculated"durations"for"C29r"are"age"of"DEC13@30"minus"RBE."
Minimum"duration"of"Deccan"is"calculated"as"DEC13@30"minus"DEC13@
10.""Uncertainties"are"added"in"quadrature."Uncertainties"for"ages"are"
given"as"±X/Y/Z,"where"X"="analytical,"Y="+tracer"calibration,"Z"="+decay"
constants

Total"number"of"analyses,"
including"xenocrysts,"but"
deltaT"@"the"difference"
between"the"oldest"and"
youngest"grain"@"does"not"

include"xenocrysts

Analyses"included"in"these"weighted"means"are"
chosen"based"age"equivalence"including"the"
youngest"grain.""

Total"number"of"analyses,"
including"xenocrysts,"but"
deltaT"@"the"difference"
between"the"oldest"and"
youngest"grain"@"does"not"

include"xenocrysts

Analyses"included"in"these"weighted"means"are"
chosen"based"age"equivalence"including"the"
youngest"grain.""

Analyses"included"in"these"weighted"means"are"
chosen"based"on"both"age"and"geochemical"
equivalence"of"the"selected"grains.""Reported"dates"
for"each"sample"represent"combined"weighted@
means"of"analyses"from"MIT"and"PU.""IWM"="
intelligent"weighted"means."

Ages"reported"here"are"outputs"from"the"Monte"
Carlo"Markov"Chain"model"that"imposes"the"
constraint"of"stratigraphic"continuity"@"namely"
that"stratigraphically"higher"beds"must"be"
younger.""Failed"superposition""indicates"that"
<0.1%"of"randomly"chosen"paths"met"these"
criteria"for"these"samples,"and"were"thus"
discarded."Monte"Carlo"IWMs"are"the"preferred"
interpretation"that"appear"in"the"text"and"in"
Figs."1,2

Dates"in"bold"are"used"for"
Monte"Carlo"simulations."For"
RBE,"RBF,"the"youngest"mean"
dates"were"significantly"less"
precise"than"the"2nd"youngest,"
so"the"2nd"youngest"was"
chosen

Dates"in"bold"are"used"for"
Monte"Carlo"simulations."For"
RBE,"RBF,"the"youngest"mean"
dates"were"significantly"less"
precise"than"the"2nd"youngest,"
so"the"2nd"youngest"was"
chosen

Analyses"included"in"these"weighted"means"are"
chosen"based"on"both"age"and"geochemical"
equivalence"of"the"selected"grains.""Reported"dates"
for"each"sample"represent"combined"weighted@
means"of"analyses"from"MIT"and"PU.""IWM"="
intelligent"weighted"means.

Ages"reported"here"are"outputs"from"the"Monte"
Carlo"Markov"Chain"model"that"imposes"the"
constraint"of"stratigraphic"continuity"@"namely"
that"stratigraphically"higher"beds"must"be"
younger.""Failed"superposition""indicates"that"
<0.1%"of"randomly"chosen"paths"met"these"
criteria"for"these"samples,"and"were"thus"
discarded.

Calculated"durations"for"C29r"are"age"of"DEC13@30"minus"RBE."
Minimum"duration"of"Deccan"is"calculated"as"DEC13@30"minus"DEC13@
10.""Uncertainties"are"added"in"quadrature."Uncertainties"for"ages"are"
given"as"±X/Y/Z,"where"X"="analytical,"Y="+tracer"calibration,"Z"="+decay"
constants
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