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2.1. INTRODUCTION

The observation that large igneous province (LIP) 
magmatism has in some cases occurred concurrently 
with mass extinctions (Courtillot & Renne, 2003; Ernst, 
2014; Ernst & Youbi, 2017; Ernst et al., Chapter 1 this 
volume) leads to the question of  whether there is a cause-
and-effect relationship between them. While various 
hypotheses exist as to how LIPs lead to catastrophic cli-
mate change that can lead to ecosystem collapse and 
mass extinctions, they generally focus on volatile release 
from either magma-derived gases or indirectly through 

heating of  organic-, carbonate-, or evaporite-rich sedi-
ments (Bond & Sun, Chapter 3 this volume; Mather & 
Schmidt, Chapter 4 this volume; Self  et al., 2006; Svensen 
et  al., 2004; Thordarson & Self, 1996). Determining 
whether any of  these mechanisms are important contrib-
utors to climate change requires understanding the rela-
tive rate of  both extrusive and intrusive magmatism, and 
correlating these with paleoenvironmental records. The 
only way to directly date the rates of  LIP emplacement is 
through radioisotope geochronology. Furthermore, as 
LIP lava flows and biological evidence for mass extinc-
tions rarely occur in the same stratigraphic sections, 
making direct stratigraphic temporal correlation impos-
sible, geochronology is also essential to test the plausibil-
ity of  causality.

Although a wide range of geochronologic techniques 
have been applied to dating LIPs, uranium-lead (U-Pb) 
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ABSTRACT

There is an apparent temporal correlation between large igneous province (LIP) emplacement and global envi-
ronmental crises, including mass extinctions. Advances in the precision and accuracy of geochronology in the 
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this chapter, we review available geochronology of LIPs and of global extinction or climate events. We begin 
with an overview of the methodological advances permitting improved precision and accuracy in LIP geochro-
nology. We then review the characteristics and geochronology of 12 LIP/event couplets from the past 700 Ma of 
Earth history, comparing the relative timing of magmatism and global change, and assessing the chronologic 
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ogy in the last decade has shown that nearly all well-dated LIPs erupted in < 1 Ma, irrespective of tectonic set-
ting; (2) for well-dated LIPs with correspondingly well-dated mass extinctions, the LIPs began several hundred 
ka prior to a relatively short duration extinction event; and (3) for LIPs with a convincing temporal connection 
to mass extinctions, there seems to be no single characteristic that makes a LIP deadly. Despite much progress, 
higher precision geochronology of both eruptive and intrusive LIP events and better chronologies from extinc-
tion and climate proxy records will be required to further understand how these catastrophic volcanic events 
have changed the course of our planet’s surface evolution.
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and argon-argon (40Ar/39Ar) geochronometers are the 
most widely used geochronometers for this application 
because their parent isotopes are characterized by long 
half-lives and relatively high concentrations in a variety 
of mineral phases (Reiners et  al., 2017; Renne et  al., 
1998a). Temporal correlation between some LIPs and 
mass extinctions was suggested over 30 years ago 
(McLean, 1985), and this was rapidly tested using 
40Ar/39Ar geochronology on basalts (Courtillot et  al., 
1986; Duncan & Pyle, 1988). However, not until the 1990s 
were 40Ar/39Ar and U-Pb geochronology used to demon-
strate a temporal coincidence between the Siberian Traps 
LIP and the end-Permian mass extinction to within ~1 
Ma (Campbell et al., 1992; Dalrymple et al., 1995; Renne 
& Basu, 1991; Kamo et al., 2003; Reichow et al., 2002). 
Attempts to further correlate LIPs and mass extinctions 
have both capitalized on and pushed the development of 
higher precision geochronology. Because the duration of 
the hypothesized individual environmental effects of 
LIPs can vary in timescale from years (cooling associated 
with sulfate aerosols, acid rain, ozone depletion) to 100 
ka (warming associated with CO2) (Black & Manga, 
2017; Wignall, 2001), greater and greater precision is 
required to test hypotheses relating LIPs to paleoclimate 
and paleontological records. Geochronological uncer-
tainties >1 Ma, which were commonplace in data sets 
from the early efforts to date these events, obscure the 
relative timing of LIP eruptions versus global change on 
relevant climatic timescales, and limit assessment of the 
plausibility of a causal connection. However, the last dec-
ade has seen dramatic improvement in the precision and 
accuracy of dates generated by radiogenic geochronol-
ogy, such that recently published data sets can begin to 
compare and resolve relative timing differences between 
the onset and duration of LIP magmatism and potential 
downstream environmental effects, such as biotic decline, 
ecosystem deterioration, global warming and carbon 
cycling, and sea level change. With methodological 
advances in U-Pb geochronology, it is now possible to 
discern a coincidence of events with precision of 10–100 
ka, allowing testing of a potential causal connections at 
the sub-100 kyr level. However, further increases in ana-
lytical precision of dates for LIPs and of age models for 
stratigraphic sections that contain paleoenvironmental 
records will be required in order to resolve the timing of 
environmental effects operating on shorter timescales, 
such as cooling due to SO2.

In this chapter, after describing the methodological 
advances that have led to improved accuracy and preci-
sion in geochronology, we will review the geochronology 
of  12 LIP–global environmental change couplets 
(Fig. 2.1). We chose to focus on LIPs that coincided in 
time with a dramatic global environmental event, and 
further narrowed that focus to pairs wherein the LIP 

and/or the environmental event had been the subject of 
recent high-precision geochronological study. To com-
plement our narrative review below, we also present 
tables detailing the samples included in our analysis 
(see  Tables  2.1 and 2.2). This new compilation is able 
to  highlight some similarities and some differences 
between LIPs that permit discussion of  both the geody-
namics of  LIPs and their timing relative to environmen-
tal catastrophes.

2.1.1. Dating Methods for Large Igneous Provinces

Most dates for LIPs and their corresponding environ-
mental perturbations are derived from the 40Ar/39Ar or 
U-Pb techniques. Historically, 40Ar/39Ar studies have 
yielded a temporal framework of LIP emplacement at 
~1% resolution (e.g., Barry et al., 2013; Kerr et al., 2003; 
Marzoli et  al., 2018; Renne et  al., 1995), sufficient to 
establish a broad correlation, but in excess of that 
required to resolve the relative timing of LIP emplace-
ment relative to environmental change. This relatively 
coarse resolution is due to small concentrations of the 
parent isotope, 40K, found in whole-rock basalt samples 
or plagioclase separates. U-Pb geochronology can yield 
higher-precision dates (to better than ± 0.1%), but ame-
nable minerals (e.g., zircon, baddeleyite) are not ubiqui-
tous in LIPs. With their particular strengths and 
shortcomings, both techniques have been crucial to 
improving understanding of the connection between 
LIPs and environmental change, and working to better 
understand that connection has produced methodologi-
cal breakthroughs in both geochronometers. In this sec-
tion, we will briefly describe the methodological advances 
leading to improved accuracy and precision for both 
techniques, with a stronger focus on U-Pb methods as 
these have provided the majority of high-precision ages 
discussed in this review. We follow the definitions of 
accuracy and precision summarized in Schoene et  al. 
(2013): An accurate date agrees with the actual age of an 
event within uncertainty, while precision is defined as the 
reported uncertainties, which may include both random 
and systematic uncertainties (Renne et  al., 1998b; 
Schoene, 2014).

The accuracy of 40Ar/39Ar dates has increased as meth-
odology evolved from analyzing primarily LIP whole-
rock/groundmass samples, to more recent efforts focused 
on analysis of aliquots of plagioclase or biotite separated 
from basalts, or sanidines separated from intercalated 
silicic ashes. These recent studies have also used more 
careful means to handpick plagioclase grains to avoid the 
effects of weathering, and choosing grains of sufficient 
size to mitigate effects from 39Ar recoil (Renne et  al., 
2015). New procedures also treat translucent, inclusion-
free grains with an HF solution in an ultrasonic bath to 
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lessen the effect of surface alteration (Sprain et al., 2019). 
While these efforts aid in improving the accuracy of 
40Ar/39Ar dates, increases in analytical precision have 
resulted from increasing the number of different aliquots 
from the same sample used to derive a weighted mean 
plateau age, densely bracketing samples with standards 
during irradiation (Sprain et al., 2019), and advances in 
mass spectrometry, including the use of multicollector 
mass spectrometers (Jicha et  al., 2016). As will be dis-
cussed further below, the decades-long effort to reduce 
uncertainties resulting from neutron fluence monitors 
that act as age standards in 40Ar/39Ar geochronology 
(Kuiper et al., 2008; Renne et al., 1998b, 2010, 2011), as 
well as efforts to better quantify decay constants (Min 
et al., 2000; Renne et al., 2010, 2011), have also helped to 
advance the accuracy and precision of dates.

U-Pb geochronology has been applied to three different 
U-bearing accessory minerals in pursuit of dating LIPs: 
baddeleyite, perovskite, and zircon. Baddeleyite has 
proven useful for dating diabase dikes and gabbros as well 

as hydrothermal contact aureoles (Fraser et  al., 2004; 
Heaman & LeCheminant, 1993; Kamo et  al., 1989; 
Söderlund et al., 2103), but can be prone to Pb-loss (e.g., 
Rioux et  al., 2010). Perovskite has also been utilized to 
date LIPs, but >50% of the Pb in the mineral can be “com-
mon” Pb, not derived from radioactive decay, making the 
accuracy of perovskite dates accordingly sensitive to the 
chosen isotopic composition of common Pb (Burgess & 
Bowring, 2015; Kamo et al., 2003). Zircon lacks common 
Pb, but is rarely saturated and crystallized in LIP basalts. 
However, it has been dated from coarse-grained intrusions 
(sills and/or dikes) and thick lava flows (Blackburn et al., 
2013; Burgess & Bowring, 2015; Davies et  al., 2017; 
Dunning & Hodych, 1990; Kamo et  al., 1996; Krogh 
et  al., 1987; Schoene et  al., 2010; Svensen et  al., 2009, 
2010), and from silicic ashes intercalated with LIP lava 
stratigraphy (Kasbohm & Schoene, 2018; Schoene et al., 
2015, 2019). U-Pb dates are obtained through secondary 
ion mass spectrometry (SIMS), laser ablation inductively 
coupled plasma mass spectrometry (LA-ICPMS), and 
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Figure 2.1 Map of large igneous provinces. This map shows the current location of the large igneous provinces 
described in Chapter 2, after Bryan and Ferrari (2013). Below, a timeline shows the ages of the global events with 
which the LIPs are associated. LIP/event couplets are color coded, and the ages of the LIPs overlap with the ages 
of the events shown on the timeline. CAMP: Central Atlantic Magmatic Province; CRBG: Columbia River Basalt 
Group; EMC: Early-Middle Cambrian extinction; F-F: Frasnian-Famennian extinction; end-G: end-Guadalupian 
extinction; K-Pg: end-Cretaceous extinction; MCO: Miocene Climate Optimum; NAIP: North Atlantic Igneous 
Province; OAE: oceanic anoxic event; OJP: Ontong Java plateau; PETM: Paleocene-Eocene Thermal Maximum; 
Pl-To: Pliensbachian-Toarcian boundary event; P-T: end-Permian extinction; T-J: end-Triassic extinction.



Table 2.1 High-Precision Geochronology of LIPs

LIP
Formation(: Member) 
and/or Location Lithology Method Mineral Sample Age [X] [Y] [Z] MSWD n

Age  
interp.

Tracer/
Standard Reference

Franklin LIP intruding Wynniatt 
Formation

diabase sill U-Pb b S8 716.33 0.54 0.6 5 WMA Macdonald 
et al., 
2010

Franklin LIP Kikiktat Volcanics, 
Alaska

volcaniclastic U-Pb z F624B 719.47 0.29 0.57 WMA ET535 Cox et al., 
2015

Kalkarindji  
LIP

Milliwindi dolerite dike U-Pb z Z01 510.67 0.17 0.30 0.62 2.0 5 WMA ET2535 Jourdan 
et al., 
2014

Emeishan LIP Daheishan syenite syenitic pluton U-Pb z DHS-1 259.1 0.5 0.5 5 WMA BGC Shellnutt 
et al., 
2012

Emeishan LIP Woshui syenite metaluminous 
syenite

U-Pb z GS05-067 259.6 0.5 1.5 6 WMA BGC Shellnutt 
et al., 
2012

Emeishan LIP Huangcao syenite fayalite+quartz 
bearing syenite

U-Pb z GS05-059 258.9 0.7 0.7 5 WMA BGC Shellnutt 
et al., 
2012

Emeishan LIP Cida granite granite U-Pb z GS04-143 258.4 0.6 1.8 5 WMA BGC Shellnutt 
et al., 
2012

Emeishan LIP Dyke intruding Baima 
peralkaline syenite

mafic dyke U-Pb z GS05-005 259.2 0.4 1.9 8 WMA BGC Shellnutt 
et al., 
2012

Emeishan LIP Dyke intruding Baima 
peralkaline syenite

mafic dyke U-Pb z GS03-105 259.4 0.8 0.2 7 WMA BGC Shellnutt 
et al., 
2012

Emeishan LIP Dyke intruding Woshui 
syenite

mafic dyke U-Pb z GS03-111 257.6 0.5 0.5 6 WMA BGC Shellnutt 
et al., 
2012

Emeishan LIP Binchuan section, 
subunit P2-5

felsic ignimbrite U-Pb z JW-1 259.1 0.5 0.7 6 WMA BGC Zhong et al., 
2014

Siberian Traps Bratsk/Padunskii sill U-Pb z A10-23-1 251.681 0.063 0.091 0.28 1.2 8 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Bratsk/Padunskii sill U-Pb z A10-23-2 251.539 0.056 0.086 0.28 1.2 11 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Bratsk/Padunskii sill U-Pb z A10-23-3 251.460 0.051 0.083 0.28 1 12 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Nepa/lower sill/
Scholokhovskoie pipe

sill U-Pb z 194/35/ 
860

251.354 0.088 0.110 0.29 0.4 4 WMA ET2535 Burgess & 
Bowring, 
2015



LIP
Formation(: Member) 
and/or Location Lithology Method Mineral Sample Age [X] [Y] [Z] MSWD n

Age  
interp.

Tracer/
Standard Reference

Siberian Traps Nepa/Scholokhovskoie 
pipe

sill U-Pb z SHI-3085 251.501 0.071 0.097 0.29 0.34 10 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Lower Tungusskaya sill U-Pb z LT10-1-1 251.786 0.054 0.085 0.28 0.69 8 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Lower Tunguska sill U-Pb z LT10-2-2 251.795 0.070 0.096 0.29 1.3 14 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Lower Tunguska sill U-Pb z NT12-5-4 251.74 0.18 0.19 0.33 0.65 2 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Bratsk/Oktybroskoe 
deposit

sill U-Pb z S68-700 251.509 0.044 0.079 0.28 1.4 13 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Bratsk/Oktybroskoe 
deposit

sill U-Pb z O-6832 251.504 0.059 0.088 0.28 0.36 8 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Noril’sk/Kharaelakh sill U-Pb z KZ1818-
1691

251.71 0.14 0.16 0.31 0.13 3 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Noril’sk/Talnakh sill U-Pb z KZ1799-
1195

251.801 0.088 0.110 0.29 0.45 10 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Noril’sk/Chernogorsky sill U-Pb z R06-05 251.660 0.064 0.092 0.28 0.7 9 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Noril’sk/Noril’sk 1 sill U-Pb z G22-105-2 251.64 0.10 0.12 0.30 0.48 11 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Noril’sk/Noril’sk 1 sill U-Pb z G22-63-5 251.907 0.067 0.094 0.29 0.7 2 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Noril’sk/Noril’sk 1 sill U-Pb z G22-65-0 251.813 0.065 0.092 0.28 1 5 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Daldykansky sill U-Pb z N12-3-2 251.376 0.050 0.082 0.28 1.1 7 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Maymecha-Kotuy lava U-Pb ps K08-14-3 252.20 0.12 0.16 0.31 1.1 15 WMA ET2535 Burgess & 
Bowring, 
2015

(Continued)

Table 2.1 (Continued)



LIP
Formation(: Member) 
and/or Location Lithology Method Mineral Sample Age [X] [Y] [Z] MSWD n

Age  
interp.

Tracer/
Standard Reference

Siberian Traps Maymecha-Kotuy lava U-Pb ps K09-6-1 252.27 0.11 0.15 0.31 1.1 12 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Maymecha-Kotuy welded tuff U-Pb z M09-11-1 251.901 0.061 0.089 0.28 1.6 21 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Maymecha-Kotuy welded tuff U-Pb z M09-12-1 251.483 0.088 0.110 0.29 1.1 7 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Angara river pyroclastic 
breccia

U-Pb z A10-13-3 256.56 0.46 0.51 0.58 1 WMA ET2535 Burgess & 
Bowring, 
2015

Siberian Traps Noril’sk pyroclastic 
breccia

U-Pb z SG2610.4 255.58 0.38 0.43 0.51 1 YZ ET2535 Burgess & 
Bowring, 
2015

CAMP North Mountain Basalt Lava U-Pb z NMB-03-1 201.38 0.02 0.22 0.31 1.2 20 WMA ET535 or 
ET2535

Schoene 
et al., 
2010

CAMP North Mountain Basalt, 
Canada

Lava U-Pb z AVC-1-2 201.522 0.064 1.4 1.4 0.71 8 WMA ET2535 Blackburn 
et al., 
2013

CAMP North Mountain Basalt, 
Canada

pegmatite lens in 
lava

U-Pb z NMB_03 201.523 0.028 0.059 0.22 1.5 10 WMA ET2535 Davies et al., 
2017

CAMP North Mountain Basalt, 
Canada

Lava (base of 
flow)

U-Pb z SU1201 201.440 0.047 0.71 0.23 3.5 13 WMA ET2535 Davies et al., 
2017

CAMP Amelal Sill (Argana 
Basalt correlate), 
Morocco

Sill correlated as 
lava

U-Pb z MOR 201.564 0.054 0.075 0.23 0.93 10 WMA ET2535 Blackburn 
et al., 
2013

CAMP Palisades Sill, New 
Jersey, USA

Sill correlated as 
lava

U-Pb z NB08-13 201.515 0.033 0.02 0.22 1.7 10 WMA ET2535 Blackburn 
et al., 
2013

CAMP Butner Diabase, North 
Carolina, USA

Sill correlated as 
lava

U-Pb z Butner 
Diabase

200.916 0.064 0.075 0.23 1.5 14 WMA ET2535 Blackburn 
et al., 
2013

CAMP Preakness Basalt, New 
Jersey, USA

Lava U-Pb z NB08-12 201.274 0.032 0.062 0.22 0.71 15 WMA ET2535 Blackburn 
et al., 
2013

CAMP York Haven Diabase, 
Pennsylvania, USA

Sill U-Pb z YORK 201.509 0.035 0.063 0.22 0.77 6 WMA ET2535 Blackburn 
et al., 
2013

CAMP Rapidan Sheet, Virgina, 
USA

Sill U-Pb z 030507-2 201.498 0.033 0.062 0.22 0.44 5 WMA ET2535 Blackburn 
et al., 
2013

Table 2.1 (Continued)



LIP
Formation(: Member) 
and/or Location Lithology Method Mineral Sample Age [X] [Y] [Z] MSWD n

Age  
interp.

Tracer/
Standard Reference

CAMP Rossville Diabase, 
Pennsylvania, USA

Sill U-Pb z ROSSGPH 201.305 0.034 0.063 0.22 1.4 6 WMA ET2535 Blackburn 
et al., 
2013

CAMP Messejana dyke, Spain dyke U-Pb z MD48 201.585 0.034 0.063 0.22 2 8 WMA ET2535 Davies et al., 
2017

CAMP Shelborne dyke, Canada dyke U-Pb z SD1_2 201.364 0.084 0.099 0.24 0.01 2 WMA ET2535 Davies et al., 
2017

CAMP Foum Zguid dyke, 
Morocco

dyke U-Pb z AN731 201.111 0.071 0.089 0.23 1.7 3 WMA ET2535 Davies et al., 
2017

CAMP Hodh Sill, Mauritania gabbro sill U-Pb z HD38 201.440 0.031 0.061 0.22 4 7 WMA ET2535 Davies et al., 
2017

CAMP Foura Djalon sill, 
Guinea

Sill U-Pb z GUI22-26 201.493 0.051 0.073 0.23 1.5 8 WMA ET2535 Davies et al., 
2017

CAMP Kakoulima intrusion, 
Guinea

Sill (layered 
ultramafic 
intrusion)

U-Pb z GUI126 201.635 0.029 0.06 0.22 1.8 16 WMA ET2535 Davies et al., 
2017

CAMP Amazonia sill high Ti, 
Brazil

gabbro sill U-Pb z RP113 201.364 0.023 0.057 0.22 1.88 9 WMA ET2535 Davies et al., 
2017

CAMP Amazonia sill low Ti, 
Brazil

gabbro sill U-Pb z RP126 201.525 0.065 0.076 0.23 1.2 9 WMA ET2535 Davies et al., 
2017

CAMP Tarabuco sill, Bolivia Sill U-Pb z Bol 201.612 0.046 0.07 0.23 1.2 5 WMA ET2535 Davies et al., 
2017

CAMP Amelal sill, Morocco Sill U-Pb z LV34 201.569 0.042 1.1 4 WMA ET2535 Marzoli 
et al., 2019

CAMP Solimões Basin, Brazil Sill U-Pb z Amostra 8 201.470 0.089 0.13 0.25 0.16 3 WMA-YF ET535 Heimdal 
et al., 2018

CAMP Amazonas Basin, Brazil Sill U-Pb z 1-MA-1-PA- 
2883.18

201.477 0.062 0.11 0.24 1.7 5 WMA ET535 Heimdal 
et al., 2018

Ferrar LIP Storm Peak, Central 
Transantarctic 
Mountains (CTM)

uppermost lava U-Pb z 85-76-63 182.43 0.04 0.06 0.20 1.6 7 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Mt. Bumstead, CTM lowermost lava U-Pb z 96-55-2 182.48 0.20 0.21 0.28 0.81 3 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Mt. Bumstead, CTM uppermost lava U-Pb z 96-52-1 182.54 0.20 0.21 0.28 1 4 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Nilsen Plateau, CTM sill U-Pb z 96-65-11 182.59 0.08 0.093 0.22 0.94 6 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Mt. Picciotto, CTM sill A U-Pb z 85-4-18 182.633 0.049 0.069 0.21 1.3 9 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Mt. Picciotto, CTM sill B U-Pb z 85-4-4 182.616 0.049 0.068 0.21 0.47 4 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Dawson Peak, CTM sill U-Pb z 85-5-6 182.635 0.068 0.100 0.22 1.4 6 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Wahl Glacier, CTM sill U-Pb z 85-6-16 182.643 0.055 0.073 0.21 0.2 6 WMA ET535 or 
ET2535

Burgess 
et al., 2015

(Continued)
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LIP
Formation(: Member) 
and/or Location Lithology Method Mineral Sample Age [X] [Y] [Z] MSWD n

Age  
interp.

Tracer/
Standard Reference

Ferrar LIP Roberts Massif, CTM sill U-Pb z 96-74-6 182.746 0.054 0.072 0.21 0.7 7 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Rougier Hill, CTM sill U-Pb z 96-51-67 182.753 0.037 0.060 0.20 0.9 10 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Mt. Falla, CTM sill U-Pb z 90-63-6 182.779 0.033 0.061 0.20 0.98 14 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Dawson Peak, CTM sill U-Pb z 90-3-12 182.85 0.34 0.35 0.40 0.23 2 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Brimstone Pea, South 
Victoria Land (SVL)

uppermost lava U-Pb z 97-55-1 182.635 0.077 0.090 0.9 4 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Bull Pass, SVL basement sill U-Pb z 05-06-01 182.680 0.038 0.061 0.20 0.84 8 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Pandora Spire, SVL Peneplain sill U-Pb z A-236-A 182.689 0.038 0.061 0.20 0.87 6 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Labyrinth Intrusion, SVL intrusion U-Pb z 04-03-04 182.750 0.048 0.067 0.21 0.74 7 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Pearse Valley, SVL basement sill U-Pb z 90-76-13 182.776 0.059 0.098 0.22 0.78 6 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Red Hill, Tasmania sill U-Pb z 97-17 182.540 0.059 0.075 0.21 1.1 6 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Forrestal granophyre, 
Dufek intrusion

Granophyre U-Pb z PRR-8633 182.700 0.050 0.066 0.21 0.85 7 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Ferrar LIP Lexington granophyre, 
Dufek intrusion

Granophyre U-Pb z PRR-09305 182.629 0.029 0.056 0.20 1.3 11 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Karoo LIP New Amalfi Sheet, 
South Africa

intrusion U-Pb z I-247 182.246 0.045 0.066 0.21 0.74 5 WMA ET535 or 
ET2535

Burgess 
et al., 2015

Deccan Traps Jawhar Fm (lower) coarse grained 
gabbro veinlets

U-Pb z DEC13-30 66.296 +0.037 
/-0.030

+0.042 
/-0.038

+0.081 
/-0.080

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Thakurvadi Fm 
(lower-middle)

redbole U-Pb z RBAB 66.225 +0.077 
/-0.071

+0.078 
/-0.075

+0.104 
/-0.104

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Thakurvadi Fm (middle) redbole U-Pb z RBAG 66.185 +0.061 
/-0.056

+0.068 
/-0.060

+0.094 
/-0.093

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Khandala Fm 
(uppermost)

redbole U-Pb z RBBQ 66.161 +0.066 
/-0.069

+0.070 
/-0.073

+0.099 
/-0.101

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Bushe Fm (2m below 
Poladpur Fm)

redbole U-Pb z RBBL 66.132 +0.069 
/-0.058

+0.071 
/-0.064

+0.100 
/-0.096

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Poladpur Fm (10 m 
above Bushe contact)

breccia fill 
redbole

U-Pb z RBBI 66.088 +0.032 
/-0.026

+0.043 
/-0.034

+0.081 
/-0.077

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Poladpur Fm (middle) breccia fill 
redbole

U-Pb z RBBM 66.07 +0.031 
/-0.028

+0.036 
/-0.032

+0.077 
/-0.078

TPB ET2535 Schoene 
et al., 2019
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and/or Location Lithology Method Mineral Sample Age [X] [Y] [Z] MSWD n

Age  
interp.

Tracer/
Standard Reference

Deccan Traps Poladpur Fm (middle) breccia fill 
redbole

U-Pb z RBBR 66.055 +0.017 
/-0.018

+0.026 
/-0.024

+0.074 
/-0.073

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Poladpur Fm (middle) redbole U-Pb z RBBJ 66.052 +0.015 
/-0.018

+0.023 
/-0.023

+0.073 
/-0.072

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Poladpur Fm (upper) redbole U-Pb z RBBS 66.047 +0.017 
/-0.020

+0.025 
/-0.027

+0.073 
/-0.073

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Poladpur Fm 
(uppermost)

redbole U-Pb z RBAW 66.044 +0.019 
/-0.022

+0.026 
/-0.028

+0.073 
/-0.073

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Poladpur Fm 
(uppermost)

redbole U-Pb z RBX 66.039 +0.022 
/-0.030

+0.027 
/-0.029

+0.074 
/-0.075

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Ambenali Fm (lower) breccia fill 
redbole

U-Pb z RBBH 65.926 +0.035 
/-0.028

+0.045 
/-0.036

+0.081 
/-0.079

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Ambenali Fm breccia fill 
redbole

U-Pb z RBBF 65.92 +0.032 
/-0.031

+0.039 
/-0.040

+0.080 
/-0.079

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Ambenali Fm (middle) redbole U-Pb z RBB2 65.905 +0.033 
/-0.033

+0.042 
/-0.045

+0.082 
/-0.082

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Ambenali Fm (middle) breccia fill 
redbole

U-Pb z RBAY 65.895 +0.032 
/-0.030

+0.042 
/-0.041

+0.082 
/-0.081

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Ambenali Fm (middle) redbole U-Pb z RBAO 65.889 +0.029 
/-0.028

+0.041 
/-0.043

+0.081 
/-0.080

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Ambenali Fm (middle) redbole U-Pb z RBAN 65.885 +0.027 
/-0.029

+0.042 
/-0.044

+0.081 
/-0.082

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Ambenali Fm 
(middle-upper)

redbole U-Pb z RBP 65.879 +0.024 
/-0.029

+0.045 
/-0.053

+0.084 
/-0.086

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Ambenali Fm (upper) redbole U-Pb z RBO 65.875 +0.022 
/-0.042

+0.047 
/-0.057

+0.085 
/-0.088

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Mahableshwar Fm redbole U-Pb z RBE 65.631 +0.053 
/-0.030

+0.059 
/-0.037

+0.088 
/-0.080

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Mahableshwar Fm redbole U-Pb z RBF 65.62 +0.028 
/-0.021

+0.033 
/-0.029

+0.075 
/-0.075

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Mahableshwar Fm greenbole U-Pb z DEC13-09 65.614 +0.015 
/-0.017

+0.024 
/-0.025

+0.073 
/-0.073

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Mahableshwar Fm 
(middle-upper)

redbole U-Pb z RBG 65.59 +0.026 
/-0.027

+0.032 
/-0.033

+0.077 
/-0.075

TPB ET2535 Schoene 
et al., 2019

Deccan Traps Jawhar Fm lava 40Ar/39Ar pl KAS15-2 66.234 0.168 0.186 38 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Jawhar Fm lava 40Ar/39Ar pl KAS15-3 66.413 0.134 0.158 45 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Neral Fm lava 40Ar/39Ar pl MG7 66.153 0.100 0.132 36 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

(Continued)
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Deccan Traps Thakurvadi Fm lava 40Ar/39Ar pl BOR14-1 65.912 0.136 0.158 38 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Bhimashankar Fm lava 40Ar/39Ar pl KHK15-1 66.171 0.152 0.176 36 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Khandala Fm lava 40Ar/39Ar pl MAT14-6 66.105 0.204 0.224 53 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Khandala Fm lava 40Ar/39Ar pl MAT14-7 66.158 0.164 0.186 57 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Bushe Fm lava 40Ar/39Ar pl VER14-3 
(pooled)

65.974 0.168 0.186 86 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Bushe Fm lava 40Ar/39Ar pl POL15-2 66.059 0.158 0.180 43 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Poladpur Fm lava 40Ar/39Ar pl KJA14-1 65.977 0.302 0.316 ## WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Poladpur Fm lava 40Ar/39Ar pl KJA15-1 
(pooled)

65.988 0.638 0.658 44 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Poladpur Fm lava 40Ar/39Ar pl KJA14-2 
(pooled)

65.94 0.184 0.202 91 WMA FCs = 28.294;  
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Poladpur Fm lava 40Ar/39Ar pl POL15-1 
(pooled)

66.112 0.308 0.324 72 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Ambenali Fm lava 40Ar/39Ar pl AMB14-4 65.968 0.496 0.508 28 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Ambenali Fm lava 40Ar/39Ar pl AMB14-5 65.733 0.362 0.376 50 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Ambenali Fm lava 40Ar/39Ar pl AMB15-1 
(pooled)

65.667 0.208 0.228 50 WMA FCs = 28.294; 
Renne  
et al., 2011

Sprain et al., 
2019

Deccan Traps Mahableshwar Fm lava 40Ar/39Ar pl AMB14-13 65.521 0.130 0.156 65 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Deccan Traps Mahableshwar Fm lava 40Ar/39Ar pl AMB14-14 65.466 0.200 0.220 40 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

Table 2.1 (Continued)



LIP
Formation(: Member) 
and/or Location Lithology Method Mineral Sample Age [X] [Y] [Z] MSWD n

Age  
interp.

Tracer/
Standard Reference

Deccan Traps Mahableshwar Fm lava 40Ar/39Ar pl PAN15-3 65.422 0.206 0.224 51 WMA FCs = 28.294; 
Renne et al., 
2011

Sprain et al., 
2019

NAIP Tardree Rhyolite 
(between Antrim 
Plateau Volcanics), 
UK

Rhyolite U-Pb z Tardree 
forest

61.32 0.09 1.1 6 WMA Oslo 205Pb- 
235U tracer

Ganerød 
et al., 
2011

NAIP Vøring margin sill, 
offshore Norway

Sill U-Pb z Utgard 
Upper Sill

55.6 0.3 0.4 4 WMA Oslo 235U- 
205Pb- 
202Pb 
tracer

Svensen 
et al., 
2010

NAIP Vøring margin sill, 
offshore Norway

Sill U-Pb z Utgard 
Lower Sill

56.3 0.4 0.5 1 YZ Oslo 235U- 
205Pb- 
202Pb  
tracer

Svensen 
et al., 
2010

NAIP Skaergaard Intrusion, 
lower zone b, East 
Greenland

gabbroic 
pegmatite sill

U-Pb z SK-218 55.960 0.018 0.031 0.064 1.4 7 WMA ET535 or 
ET2535

Wotzlaw 
et al., 
2012

NAIP Skaergaard Intrusion, 
Basistoppen Sill, East 
Greenland

tholeiitic sill U-Pb z BZN 55.895 0.018 0.031 0.064 0.51 8 WMA ET535 or 
ET2535

Wotzlaw 
et al., 
2012

NAIP Skaergaard Intrusion, 
Sandwich Horizon, 
East Greenland

ferrodiorite sill U-Pb z SH-428 55.838 0.019 0.032 0.064 0.1 5 WMA ET535 or 
ET2535

Wotzlaw 
et al., 
2012

CRBG Steens Basalt Tuff 1 in Main 
Scarp

40Ar/39Ar a TB-124 16.592 0.028 WMA FCs = 28.02; 
Renne  
et al.,

Mahood & 
Benson, 
2017

CRBG Steens Basalt Tuff 2 in Main 
Scarp

40Ar/39Ar a TB-125 16.606 0.034 WMA FCs = 28.02; 
Renne  
et al.,

Mahood & 
Benson, 
2017

CRBG Steens Basalt Tuff 3 in Main 
Scarp

40Ar/39Ar pl TB-128A 16.499 0.104 WMA FCs = 28.02; 
Renne  
et al.,

Mahood & 
Benson, 
2017

CRBG Steens Basalt Tuff 4 in Main 
Scarp

40Ar/39Ar pl TB-128B 16.490 0.090 WMA FCs = 28.02; 
Renne  
et al.,

Mahood & 
Benson, 
2017

CRBG Steens Basalt Ignimbrite in East 
Creek

40Ar/39Ar pl ML-316 16.513 0.120 WMA FCs = 28.02; 
Renne  
et al.,

Mahood & 
Benson, 
2017

CRBG Steens Basalt Tuff 5 in Main 
Scarp

40Ar/39Ar pl TB-129 16.495 0.048 WMA FCs = 28.02; 
Renne et al.,

Mahood & 
Benson, 
2017

CRBG Steens Basalt Tuff in Rosebriar 
Creek

40Ar/39Ar pl TB-382 16.532 0.046 WMA FCs = 28.02; 
Renne et al., 
1998

Mahood & 
Benson, 
2017

CRBG above Steens Basalt Alkali rhyolite 
lava capping 
Main Scarp

40Ar/39Ar s TB-130 16.485 0.028 WMA FCs = 28.02; 
Renne et al., 
1998

Mahood & 
Benson, 
2017

(Continued)
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CRBG above Steens Basalt Tuff capping 
Steens Basalt in 
East Creek

40Ar/39Ar pl TB-397 16.474 0.042 WMA FCs = 28.02; 
Renne et al., 
1998

Mahood & 
Benson, 
2017

CRBG above Steens Basalt Tuff in 
Cottonwood 
Creek

40Ar/39Ar s TB-103A 16.475 0.054 WMA FCs = 28.02; 
Renne et al., 
1998

Mahood & 
Benson, 
2017

CRBG above Steens Basalt Tuff of Monument 
Basin

40Ar/39Ar s TB-101 16.479 0.042 WMA FCs = 28.02; 
Renne et al., 
1998

Mahood & 
Benson, 
2017

CRBG Steens Basalt: Lower 
Steens

Redbole U-Pb z CRB1625 16.653 0.063 0.071 0.073 1 YZ ET535 Kasbohm & 
Schoene, 
2018

CRBG Steens Basalt: Upper 
Steens

Redbole U-Pb z CRB1624 16.589 0.031 0.032 0.037 1 YZ ET535 Kasbohm & 
Schoene, 
2018

CRBG Imnaha Basalt Lapilli tuff U-Pb z CRB1586 16.572 0.018 0.018 0.026 1 YZ ET2535 Kasbohm & 
Schoene, 
2018

CRBG Grande Ronde Basalt: 
Wapshilla Ridge 
(lower)

Redbole U-Pb z CRB1634 16.288 0.039 0.043 0.046 1 YZ ET535 Kasbohm & 
Schoene, 
2018

CRBG Grande Ronde Basalt: 
Meyer Ridge / 
Wapshilla Ridge 
(upper)

Redbole U-Pb z CRB1556 16.254 0.034 0.037 0.041 1 YZ ET535 Kasbohm & 
Schoene, 
2018

CRBG Grande Ronde Basalt: 
Meyer Ridge / 
Wapshilla Ridge 
(upper)

Redbole U-Pb z CRB1519 16.210 0.043 0.044 0.047 1 YZ ET2535 Kasbohm & 
Schoene, 
2018

CRBG Wanapum Basalt: 
Frenchman Springs / 
Grande Ronde Basalt: 
Sentinel Bluffs 
(Vantage Interbed)

Pumice clasts U-Pb z CRB1533 16.066 0.040 0.040 0.043 1 YZ ET2535 Kasbohm & 
Schoene, 
2018

CRBG Wanapum Basalt: Priest 
Rapids (Basalt of 
Rosalia) / Roza

Ash U-Pb z CRB1506 15.895 0.019 0.020 0.026 1 YZ ET535 Kasbohm & 
Schoene, 
2018

Note: This table compiles individual high-precision ages of LIPs, with stratigraphic and geographic context, the method by which an age was obtained, statistical information required to 
report the appropriate uncertainty, and references to the original studies in which these ages were presented. For comprehensive summaries of high-quality 40Ar/39Ar geochronology from the 
CAMP and NAIP, readers are directed to Marzoli et al. (2018, 2019) and Wilkinson et al. (2017). All U-Pb studies included are U-Pb CA-ID-TIMS. Abbreviations for Mineral: a = anorthoclase, 
b = baddeleyite, pl = plagioclase, ps = perovskite, s = sanidine, z = zircon. Abbreviations for Age interpretation: WMA = weighted mean age; WMA-YF = weighted mean age of youngest few 
zircons; YZ = youngest zircon; TPB = triangular prior in Bayesian age model. Abbreviations for Tracer/Standard used: ET = EARTHTIME; FCs = Fish Canyon Sanidine; BGC = Berkeley 
Geochronology Center tracer.
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Table 2.2 High-Precision Geochronology of Environmental Events

Event Location Formation Lithology Method Mineral Sample Age [X] [Y] [Z] MSWD n Age interp.
Tracer/
Standard Reference

Sturtian 
Glaciation

Tambien Group, 
Ethiopia

Upper Mariam 
Bohkahko 
Formation

tuffaceous 
siltstone

U-Pb z SAM-ET-03 719.68 0.56 0.64 1.0 0.54 3 WMA ET535 or 
ET2535

Maclennan 
et al., 2018

Sturtian 
Glaciation

Tambien Group, 
Ethiopia

Upper Mariam 
Bohkahko 
Formation

tuffaceous 
siltstone

U-Pb z SAM-ET-04 719.68 0.46 0.54 0.94 1.3 8 WMA ET535 or 
ET2535

Maclennan 
et al., 2018

Sturtian 
Glaciation

Tambien Group, 
Ethiopia

over contact betw 
Didikama & 
Matheos

crystal-rich tuff U-Pb z T46-102_2Z 735.25 0.25 0.39 0.88 0.36 5 WMA ET535 or 
ET2535

Maclennan 
et al., 2018

Sturtian 
Glaciation

Bald Hill, Coal Creek 
Inlier, Canada

Mount Harper 
Volcanic Complex

quartz-phyric 
rhyolite

U-Pb z F837B 717.43 0.14 0.8 7 WMA ET535 Macdonald 
et al., 2010

Sturtian 
Glaciation

Tango Tarn, Coal Creek 
Inlier, Canada

Eagle Creek Fm green/pink 
brecciated 
tuff

U-Pb z F840A 716.47 0.24 1.1 6 WMA ET535 Macdonald 
et al., 2010

Sturtian 
Glaciation

SW inlier, Coal Creek 
Inlier, Canada

Mount Harper 
Volcanic Complex

welded 
rhyolitic tuff

U-Pb z 15PM06 718.1 0.3 0.5 0.9 0.42 4 WMA ET535 Macdonald 
et al., 2017

Sturtian 
Glaciation

SW inlier, Coal Creek 
Inlier, Canada

Mount Harper 
Volcanic Complex

welded 
rhyolitic tuff

U-Pb z 15PM08 718.1 0.2 0.4 0.8 0.98 6 WMA ET535 Macdonald 
et al., 2017

Sturtian 
Glaciation

Bald Hill, Coal Creek 
Inlier, Canada

Mount Harper 
Volcanic Complex

rhyolite flow U-Pb z F837A 717.8 0.2 0.4 0.8 0.64 4 WMA ET535 Macdonald 
et al., 2017

Sturtian 
Glaciation

Bald Hill, Coal Creek 
Inlier, Canada

Mount Harper 
Volcanic Complex

rhyolite flow U-Pb z F837C 717.7 0.3 0.5 0.9 0.29 3 WMA ET535 Macdonald 
et al., 2017

Sturtian 
Glaciation

Tango Tarn, Coal Creek 
Inlier, Canada

Eagle Creek Fm green tuff in 
diamictite

U-Pb z F917-1 716.9 0.4 0.5 0.9 1.5 5 WMA ET535 Macdonald 
et al., 2017

Sturtian 
Glaciation

Jabal Akhdar region, 
Oman Mtns

Ghubrah Formation tuffaceous 
sandstone

U-Pb z WM 54 711.52 0.20 0.31 1.09 0.18 5 WMA ET535? Bowring et al., 
2007

Early-Middle 
Cambrian 
Extinction

Shropshire, England Upper Comley 
Sandstone 
Formation

bentonite U-Pb z Comley ub 509.1 0.22 0.56 0.77 0.51 7 WMA ET535 Harvey et al., 
2011

Frasnian-
Famennian 
bounday

Steinbruch Schmidt 
Quarry, Germany

Bed 36 bentonite U-Pb z Bed 36 
bentonite

372.36 0.053 0.11 0.41 1.47 8 WMA ET2535 Percival et al., 
2018

end-
Guadalupian 
Extinction

Sutherland, Northern 
Cape Province, South 
Africa

Poortjie Member, 
Tekloof Formation, 
Beaufort Group

white tuff 3.5 
m above 
basal sstn

U-Pb z K1202-B1 260.259 0.081 0.14 0.31 1.5 4 WMA-YF ET535 Day et al., 
2015

End-Permian 
Extinction

Meishan, China Changhsing 
Formation, Bed 25; 
extinction onset

ash U-Pb z Bed 25- 
MBE0203

251.941 0.037 0.28 1.3 16 WMA ET2535 Burgess et al., 
2014

End-Permian 
Extinction

Meishan, China Yinkeng Formation, 
Bed 28; extinction 
end

ash U-Pb z Bed 28- 
MBE0205

251.880 0.031 0.28 0.76 13 WMA ET2535 Burgess et al., 
2014
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Event Location Formation Lithology Method Mineral Sample Age [X] [Y] [Z] MSWD n Age interp.
Tracer/
Standard Reference

End-Triassic 
Extinction

Pucara Basin, North 
Peru

onset of δ13C 
excursion

ash U-Pb z LM4-86 201.510 0.15 1 YZ; MCMC ET2535 Schoene et al., 
2010; 
Wotzlaw 
et al., 2014

OAE2 
(beginning)

Yezo Group, Hokkaido, 
Japan

Saku Formation, 
Hakkin Member

bentonite 
(felsic tuff)

U-Pb z HK017 94.436 0.093 0.14 0.8 5 WMA-YF ET2535 Du Vivier 
et al., 2015

OAE2 (next; 
beginning)

Yezo Group, Hokkaido, 
Japan

Saku Formation, 
Hakkin Member

bentonite 
(felsic tuff)

U-Pb z CT103 94.536 0.170 0.21 0.4 6 WMA-YF ET2535 Du Vivier 
et al., 2015

OAE2 (end) Yezo Group, Hokkaido, 
Japan

Saku Formation, 
Hakkin Member

bentonite 
(felsic tuff)

U-Pb z HK018 93.92 0.031 0.11 2 3 WMA-YF ET2535 Du Vivier 
et al., 2015

K-Pg boundary Kiowa Core, Denver 
Basin, USA

D1 sequence; 1 ft 
above boundary

ash U-Pb z KJ10-04 66.019 0.024 0.038 0.08 0.94 5 WMA ET535 Clyde et al., 
2016

K-Pg boundary Bowring Pit, Denver 
Basin, USA

D1 sequence; 1.5 ft 
below boundary

ash U-Pb z KJ08-157 66.082 0.022 0.037 0.08 0.78 12 WMA ET535 Clyde et al., 
2016

K-Pg boundary Bowring Pit, Denver 
Basin, USA

D1 sequence; 3.2 ft 
above boundary

ash U-Pb z KJ04-70 65.889 0.027 0.044 0.083 1.1 11 WMA ET535 Clyde et al., 
2016

K-Pg boundary Denver Basin, USA D1 sequence K-Pg boundary U-Pb z 66.021 0.024 0.039 0.081 interpolated 
age

Clyde et al., 
2016

K-Pg boundary Hell Creek, Montana, 
USA

Hell Creek Fm / Fort 
Union Formation

Iridium Coal 
layer

40Ar/39Ar af IrZ 66.052 0.016 0.086 730 pooled WMA FCs = 
28.294; 
Renne 
et al., 
2011

Sprain et al., 
2018

PETM Longyearben, 
Spitsbergen, Norway

Frysjaodden Fm, 
mid-excursion

bentonite U-Pb z SB01-1 55.785 0.034 0.066 0.086 0.88 5 WMA-YF ET535 Charles et al., 
2011

Note: This table compiles individual high-precision ages of global change events, with stratigraphic and geographic context, the method by which an age was obtained, statistical information 
required to report the appropriate uncertainty, and references to the original studies in which these ages were presented. All U-Pb studies included are U-Pb CA-ID-TIMS. Abbreviations for 
Mineral: a = anorthoclase, af = alkali feldspar, z = zircon. Abbreviations for Age interpretation: MCMC = Markov Chain Monte Carlo; WMA = weighted mean age; WMA-YF = weighted mean 
age of youngest few zircons; YZ = youngest zircon. Abbreviations for Tracer/Standard used: ET = EARTHTIME; FCs = Fish Canyon Sanidine.
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isotope dilution–thermal ionization mass spectrometry 
(ID-TIMS). While SIMS and LA-ICPMS techniques are 
rapid and well suited to studies requiring high spatial reso-
lution, both of these techniques yield dates with analytical 
precision on the order of 2%–3% (Schoene, 2014). Because 
LIP emplacement and potentially associated environmen-
tal effects occur on timescales between 10 and 100 ka, here 
we focus only on U-Pb data sets generated via ID-TIMS, 
which commonly yields precision on the order of 0.1%.

ID-TIMS has seen a number of methodological 
advancements that have improved the accuracy and pre-
cision of analyses while reducing sample size. Reduction 
of laboratory blank and improvements in mass spectrom-
etry over decades has enabled routine dating of single zir-
con grains and even fractions of single grains (e.g., Davis 
et  al., 2003; Krogh, 1973; Michard-Vitrac et  al., 1977; 
Parrish, 1987; Schoene, 2014). A key development allow-
ing for substantial improvement to the accuracy of zircon 
ages came with the introduction of the chemical abrasion 
(CA) protocol, which preferentially dissolves portions of 
zircon grains that have been affected by radiation dam-
age, and thus are more prone to Pb-loss (Mattinson, 
2005). The EARTHTIME initiative has pushed for 
enhanced interlaboratory calibration through the use of 
the (202Pb-)205Pb-233U-235U tracer solutions (Condon et al., 
2015; McLean et al., 2015), as well as a detailed account 
of uncertainties that factor into each date generated, 
allowing for comparison with dates derived from other 
methods (Bowring et  al., 2011; McLean et  al., 2011; 
Schmitz & Schoene, 2007).

While improvements in accuracy and precision have 
allowed geochronologists to better assess the correlation 
between LIPs and environmental perturbations, these 
breakthroughs have illuminated further complications 
inherent in interpreting the accuracy of an unknown 
quantity: the age of the rock being dated. Once a date is 
obtained, by using mass spectrometry to solve radioac-
tive decay equations for time, geological uncertainty must 
be addressed at every stage of data interpretation, ulti-
mately yielding an age, an interpretation of that date in 
terms of geological processes (Schoene, 2014). Geological 
uncertainty may be reflected in macroscopic questions, 
such as how well the timing of an intrusive unit aligns 
with its corresponding extrusive unit, or in essential 
smaller-scale questions of how to deal with complex age 
populations, when high-precision techniques yield indi-
vidual dates that do not overlap within analytical uncer-
tainty (Davydov et al., 2010; Keller et al., 2018; Mundil 
et al., 2004; Ramezani et al., 2007; Schoene et al., 2010).

Interpreting pre-eruptive zircon growth in volcanic 
ashes provides an instructive example of addressing com-
plex age populations and geological uncertainty in geo-
chronological data. This interpretation is an important 
consideration, as zircon geochronology of volcanic ashes 

has yielded most of the age constraints for the environ-
mental perturbations described in this paper and for 
some of the constraints on the timing of LIP eruptions 
(e.g., Burgess et al., 2014; Clyde et al., 2016; Kasbohm & 
Schoene, 2018; Maclennan et  al., 2018). Zircon dates 
obtained for dikes and sills are understandably more 
reproducible because zircon saturates very late during 
crystallization of mafic magmas. However, detecting age 
dispersion among single crystals is not unique to U-Pb 
zircon geochronology; high-precision 40Ar/39Ar studies 
utilizing multicollector mass spectrometry are beginning 
to resolve complex age populations of single sanidine 
crystals (Andersen et al., 2017), and the ramifications of 
these new data sets have yet to be teased out. Below, we 
discuss how this geological uncertainty has been 
addressed in zircon geochronology in the past decade, as 
it has not yet been routinely dealt with in the 40Ar/39Ar 
community.

Many of the studies presented here use weighted means 
of several individual zircon dates to provide an age for an 
ash bed, yielding lower uncertainty than that obtained for 
individual measurements. Calculating a mean square of 
weighted deviates (MSWD), with an expected value of 1, 
can assess how well analytical uncertainty explains the 
observed dispersion of dates about the mean (Wendt & 
Carl, 1991). However, a weighted mean should be used 
when the analytical uncertainty of the data corresponds 
to the actual error. Given evidence for protracted zircon 
crystallization and incorporation of xenocrysts and ante-
crysts in magma chambers, ~100 ka or even 1 Ma before 
an ash is deposited (Charlier & Zellmer, 2000; Ramezani 
et  al., 2007; Schmitt, 2011; Schoene et  al., 2010), a 
weighted mean age may underrepresent the geologic 
uncertainty in the age of an ash. An alternative approach 
using the youngest zircon dated in a population as the age 
of the rock may be more tenable, as one may assume this 
youngest crystal most closely approximates the timing of 
eruption (Kasbohm & Schoene, 2018; Schoene et  al., 
2010). This approach minimizes age bias from pre-erup-
tive crystallization, though it assumes the youngest zircon 
in the rock was sampled, and yields a lower-precision age 
than a weighted mean approach. Its accuracy may be 
assessed by observing whether or not the youngest zircon 
ages young upward in a comprehensively dated strati-
graphic section. Some U-Pb studies utilize a combination 
of these approaches, by presenting the weighted mean 
age of the youngest few grains of the sample, which over-
lap within analytical uncertainty (Day et  al., 2015; 
Kasbohm & Schoene, 2018; Meyers et  al., 2012; Du 
Vivier et  al., 2015). Importantly, unless high-precision 
single analyses are obtained by the method, either U-Pb 
or 40Ar/39Ar, geologic scatter cannot be recognized and 
accuracy cannot be assessed to better than the approxi-
mate precision of a single analysis.
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While geological uncertainty can complicate interpre-
tation of geochronological data, geological or strati-
graphic constraints have been used to improve the 
accuracy and precision of geochronology through statis-
tical modeling. Bayesian statistical models have been 
used in combination with high-precision data to evaluate 
eruptive ages for samples based on the timing of crystal-
lization of individual zircon grains leading up to eruption 
(Keller et al., 2018; Schoene et al., 2019). Additionally, 
several studies incorporate Markov Chain Monte Carlo 
sampling of numerous samples taken from a single strati-
graphic sequence, inspired by the practices of the radio-
carbon community (Buck et al., 1991; Haslett & Parnell, 
2008). Stratigraphic position has been leveraged to refine 
the precision of groups of zircon ages using this tech-
nique (Guex et al., 2012; Keller et al., 2018; Meyers et al., 
2012; Schoene et  al., 2015, 2019; De Vleeschouwer & 
Parnell, 2014). The combination of using high-precision 
dates and robust statistical models can test whether age 
interpretations of individual ash beds themselves are 
permissible.

Although accuracy and precision have improved in 
recent decades for U-Pb and 40Ar/39Ar geochronology, 
systematic uncertainties remain in radioactive decay con-
stants, isotope tracer composition for U-Pb analysis, and 
ages of fluence monitors used in 40Ar/39Ar geochronol-
ogy. Indeed, an early observation that U-Pb and 40Ar/39Ar 
ages for the Siberian Traps were offset at the ~1% level 
considering analytical uncertainty alone led to greater 
efforts to report and propagate systematic uncertainties 
for both methods (Renne et  al., 1998b; Schoene et  al., 
2006). This offset has largely been attributed to inaccu-
racy in the 40K decay constants (Renne et  al., 2010). 
Although the 238U and 235U decay constants are among 
the best characterized in geochronology, with 0.11% and 
0.14% uncertainty, respectively (Jaffey et al., 1971), these 
estimates derive from a single set of measurements, leav-
ing open the possibility that inaccuracies in one or both 
U decay constants may exist (Parsons-Davis et al., 2018; 
Schoene et al., 2006).

Perhaps the most important remaining source of sys-
tematic uncertainty for Cenozoic samples is the adopted 
age of neutron fluence monitors used in 40Ar/39Ar geo-
chronology. These monitors, also known as reference 
materials or standards, are natural minerals whose 
prescribed ages directly influence the calculated ages of 
samples. A typical monitor used is the Fish Canyon 
Sanidine, for which most 40Ar/39Ar labs have adopted the 
age of either 28.201 or 28.294 Ma (Kuiper et al., 2008; 
Renne et al., 2010, 2011). However, the U-Pb date for zir-
cons from the Fish Canyon tuff  from which the sanidine 
is derived is 28.196 ± 0.038 Ma (youngest zircon from 
Wotzlaw et  al., 2013), agreeing better with the younger 
Fish Canyon sanidine age estimate of Kuiper et al. (2008). 
Studies working to intercalibrate U-Pb, astrochronology, 

and 40Ar/39Ar geochronology have shown improved con-
cordance of U-Pb with 40Ar/39Ar ages when using the 
28.201 Ma age for the Fish Canyon Sanidine (Kuiper 
et al., 2008; Meyers et al., 2012). This source of uncer-
tainty affects the ability to compare U-Pb to 40Ar/39Ar 
dates as well as discern the existence of pre-eruptive zir-
con crystallization but is irrelevant for comparing dates 
within the 40Ar/39Ar system, if  the same age, standard, 
and decay constants are used.

2.1.2. Data Reporting

In the sections below and in Tables 2.1 and 2.2, all U-Pb 
zircon dates reported are 238U/206Pb dates, and all 40Ar/39Ar 
are reported with the fluence monitor standard age used. 
All age uncertainties are reported in this paper at 2σ or 
95% confidence. When possible, the ages in the text and 
table are reported at multiple levels of uncertainty, con-
ventionally defined as follows: [X], the internal or random 
uncertainty, suitable for intralab comparison and interlab 
comparison when the same tracer is used; [Y], the uncer-
tainty in tracer calibration or the age of the reference 
material used, for comparisons between labs using differ-
ent ages or tracer solutions; and [Z], the uncertainty 
including decay constant uncertainty, permitting compar-
ison between different geochronological methods 
(Schoene, 2014). High-precision U-Pb dates are calibrated 
with an EARTHTIME tracer, unless otherwise indicated 
in the text or in Table  2.1. To facilitate comparison of 
high-precision geochronology to that obtained for envi-
ronmental crises, we have plotted the relative timing of 
both events with corresponding uncertainties in Figure 2.2

Many of the data sets are plotted as probability density 
functions (see Figs. 2.3–2.7, 2.9, and 2.10) to display the 
range of dates obtained from a LIP by various approaches; 
for plotting purposes, the maximum probability of each 
data set included in these figures has been scaled to a 
probability of 1. It is important to note that none of these 
plots are meant to represent rates or pulses of magma-
tism; they simply are a way to display what dates have 
been produced from rocks sampled for comparison pur-
poses. Determining eruptive or intrusive rates requires 
integration of geologic and stratigraphic data with geo-
chronology (e.g., Siberian Traps, CAMP, Deccan, NAIP).

2.2. GEOCHRONOLOGY OF 12 PAIRS OF LIPS 
AND ENVIRONMENTAL CRISES

2.2.1. Franklin LIP and Sturtian Snowball Earth

The Neoproterozoic Franklin LIP consists of lava 
flows, dikes, and sills emplaced over 2.25 million km2 
stretching across northern Canada from Alaska to 
Greenland. As one of the largest dike swarms on Earth, it 
includes diabase dikes up to 20 m wide in mainland 
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Canada, Baffin Island, and Greenland, with sills on 
Victoria Island, Northwest Territories, and Greenland 
(Denyszyn et  al., 2009). The Natkusiak Volcanics of 
Victoria Island represent the thickest extrusive member 
of the Franklin LIP, with a maximum thickness of ~1,100 
m (Cox et al., 2015).

Baddeleyite U-Pb ID-TIMS ages from Franklin dikes 
in Ellesmere Island, Devon Island, and Greenland indi-
cate that the swarm was emplaced from 721 ± 2 Ma to 
712 ± 2 Ma (Denyszyn et al., 2009). More recent work 
has yielded a baddeleyite date for a diabase sill from the 
Minto Inlier on Victoria Island of 716.33 ± 0.54 Ma 
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Figure 2.2 Relative timing of LIP eruptions and environmental events. This figure plots the timing and duration of 
each LIP, relative to that of the environmental event with which it is associated, plotted adjacently. For each cou-
plet, 0 (black dashed line) is set at the most precise age constraint for the environmental change, or at the mid-
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(Macdonald et  al., 2010), and a U-Pb CA-ID-TIMS 
detrital zircon date of 719.47 ± 0.29 Ma for a volcaniclas-
tic unit in the Kikiktat Volcanics in Arctic Alaska, which 
are interpreted to be connected to the Franklin LIP on 
the basis of this age overlap, proximity in paleogeogra-
phy, and petrogenetic similarities (Cox et al., 2015). These 
dates from the Franklin LIP have been noted for their 
general synchronicity with the onset of the Sturtian 
Snowball Earth event, a period of global glaciation pre-
ceded by a large negative excursion in δ13C (Macdonald 
et al., 2010). The cooling that potentially caused the runa-
way ice albedo feedback, allowing for these conditions, is 
hypothesized to be connected to the emplacement of the 
Franklin LIP (Macdonald et al., 2010). In this model, the 
equatorial paleolatitude for the Franklin LIP would have 
maximized CO2 drawdown through the silicate weather-
ing feedback (Goddéris et  al., 2003; Macdonald et  al., 
2010). Further, the emplacement of the Natkusiak sills 
into sulfur-rich evaporites of the Shaler Supergroup 
could have allowed for cooling through injection of sul-
fate aerosols into the stratosphere (Macdonald & 
Wordsworth, 2017).

Maclennan et al. (2018) present CA-ID-TIMS zircon 
ages for the onset of Sturtian glaciation from tuffs under-
lying the Negash Diamictite of the Tambien Group in 
Ethiopia at 719.68 ± 0.46 Ma and 719.68 ± 0.56 Ma, as 
well as a tuff  2 m above the preceding nadir in δ13C 
at  735.25 ± 0.25 Ma. Assuming a constant sediment 
 accumulation rate in the basin, they suggest that the base 
of the diamictite was deposited at 717.1 +0.7/-0.9 Ma. 
This estimate agrees well with findings from the Coal 
Creek Inlier in Yukon, Canada, where CA-ID-TIMS zir-
con dates bracket the onset of glaciation to between 
717.43 ± 0.14 Ma and 716.9 ± 0.4 Ma (Macdonald et al., 
2010, 2017). The previously mentioned sample from the 
Kikiktat Volcanics also underlies the Sturtian Hula Hula 
diamictite, providing another maximum age constraint 
for glaciation at 719.47 ± 0.29 Ma (Cox et  al., 2015), 
while a volcaniclastic interval within the Ghubrah diam-
ictite in the Huqf Supergroup of Oman provides a mini-
mum age constraint of 711.5 ± 0.3 Ma (Bowring et al., 
2007). Collectively, these results indicate a globally syn-
chronous onset for the Sturtian glaciation at the several-
million-year level (Maclennan et al., 2018).

High-precision geochronology indicates concurrent 
onset of the Sturtian glaciation and Franklin sill emplace-
ment on Victoria Island (Fig.  2.2) (Macdonald et  al., 
2010), although baddeleyite dates suggest Franklin intru-
sions likely began a few million years earlier elsewhere in 
the province (Denyszyn et  al., 2009). These age con-
straints leave open the possibility that weathering of the 
Franklin LIP could have contributed to the cooling cli-
mate prior to the Sturtian Snowball Earth (Youbi et al., 
Chapter 8 this volume), even if  it may not have been the 

primary driver of the event (Park et al., Chapter 7 this 
volume).

Difficulties in sampling accessibility and preservation 
of the Franklin LIP result in a paucity of high-precision 
dates for the Franklin LIP relative to other, more acces-
sible LIPs. While there is decent horizontal coverage 
across the regional breadth of the LIP, the lack of con-
tinuous preserved extrusive sections prohibit a compre-
hensive vertical sampling strategy, which would be the 
ideal way in which to assess eruption rates and durations 
in the province. To date, most ages have been generated 
from dikes and sills, which lack stratigraphic context and 
relative order, and it is thus unclear when the bulk of 
magmatism occurred (Macdonald et  al., 2010). 
Additionally, the total volume emplaced by the Franklin 
LIP is unknown, which inhibits attempts to model cli-
matic impact. While its equatorial paleolatitude provides 
a useful condition for maximizing CO2 drawdown 
through silicate weathering, this effect may not have been 
as significant if  the volume of the LIP was small.

2.2.2. Kalkarindji LIP and Early-Middle Cambrian 
Extinction

The Kalkarindji LIP was emplaced in Australia, and is 
the oldest known Phanerozoic LIP (Glass & Phillips, 
2006). Encompassing the Antrim Plateau Volcanics and 
Table Hill Volcanics, among other units found to have 
similar geochemistry, the Kalkarindji is characterized by 
tholeiitic basalt to basaltic andesite dikes, sills, and lava 
flows emplaced over 2.1 million km2 across northern and 
central Australia (Evins et  al., 2009), with a minimum 
estimated volume of 500,000 km3 (Glass & Phillips, 
2006). Individual lava flows range from 20 to 200 m, and 
the thickest stratigraphic sections of the province expose 
a cumulative thickness of 1,500 m (Jourdan et al., 2014). 
However, limited exposure prevents the development of 
robust stratigraphic division of the province.

U-Pb CA-ID-TIMS and 40Ar/39Ar dates from distant 
regions of the Kalkarindji yield ages overlapping at 511 
Ma (Jourdan et  al., 2014). Zircons extracted from the 
Milliwindi dolerite dike in the northern portion of the 
province were dated through CA-ID-TIMS, and yielded 
a weighted mean age of 510.67 ± 0.62 Ma ([Z]; MSWD = 
2.0, n = 5). Baddeleyites extracted from mafic enclaves, 
the product of Kalkarindji sills intruding basement rock 
in the Munro well, were dated with TIMS and yielded a 
concordant upper intercept crystallization age of 511 ± 5 
Ma (MSWD = 1.6). Plagioclase from dolerite sills in the 
Table Hill Volcanics, in the southern extent of the prov-
ince, was dated via 40Ar/39Ar to 510 ± 4 Ma (MSWD = 
0.74); pyroxene extracted from the same sills has been 
dated with 40Ar/39Ar to 506.28 ± 3.40 Ma ([X]; MSWD = 
0.64) (Ware & Jourdan, 2018). Most of these ages agree 
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within uncertainty, obscuring the relative order of 
emplacement of these units and tentatively suggesting 
relatively brief  emplacement of the province (Jourdan 
et al., 2014).

The Early-Middle Cambrian (EMC; Series 2-3, Stage 
4-5) extinction is the first significant extinction following 
the Cambrian explosion, with more than 45% of genera 
going extinct (Jourdan et al., 2014). Reef-building archae-
ocyaths and a variety of reef-dwelling organisms, includ-
ing many trilobites suffered most prominently (Zhuravlev 
& Wood, 1996). The period is marked by oceanic anoxia, 
a positive excursion in δ34S (Hough et al., 2006), a nega-
tive excursion in δ13C (Gozalo et al., 2013), and sea-level 
fall recognized as the Hawke Bay regression, hypothe-
sized to be caused by uplift resulting from a mantle plume 
(Williams & Gostin, 2000).

The age of the EMC extinction has been bracketed by 
ID-TIMS U-Pb zircon geochronology on air-abraded zir-
cons from three different ash beds in the Somerset Street 
Member of the Hanford Brook Formation of New 
Brunswick, Canada, in the Cambrian Series 2, Stage 4, 
and dated with ID-TIMS (Landing et  al., 1998). The 
youngest grains from each of these samples were all ~511 
Ma, thus the authors prefer a date of 511 ± 1 Ma for the 
stratigraphic unit, which can be interpreted as a maxi-
mum age, though this date should be treated with caution 
as it was acquired before chemical abrasion was intro-
duced to ID-TIMS (Mattinson, 2005), and without the 
use of the EARTHTIME spike (Condon et  al., 2015). 
More recently, Harvey et  al. (2011) performed CA-ID-
TIMS zircon geochronology on an ash bed at the base of 
the Upper Comley Sandstone Formation in Shropshire, 
England, in the Cambrian Series 3, Stage 5. The ash was 
dated to 509.10 ± 0.22/0.56/0.77 Ma, yielding a minimum 
age for the EMC extinction.

The temporal connection between the eruption of the 
Kalkarindji LIP and the EMC extinction was noted by 
Glass and Phillips (2006), and strengthened by the most 
recent high-precision geochronology of both the LIP and 
extinction (Harvey et al., 2011; Jourdan et al., 2014). The 
precise minimum age of the EMC from Harvey et  al. 
(2011) overlaps with the baddeleyite and 40Ar/39Ar dates 
of Jourdan et al., (2014), though it postdates the zircon 
age obtained by Landing et al. (1998) by 1 Ma. This prox-
imity in time, combined with analysis of volcanic breccias 
noting the explosive nature of some of the Kalkarindji 
volcanism, and sulfur concentration measurements from 
<50 to 1,900 μg/g, leads to the suggestion that the 
Kalkarindji LIP played a causative role in the EMC 
extinction (Jourdan et al., 2014).

While there is strong evidence suggesting a temporal 
correlation between these two events, the resolution of 
the geochronology cannot discern the relative order of 
the extinction versus volcanism (Marshall et  al., 

Chapter  19 this volume). There is a paucity of high- 
precision geochronology samples, which are from dispa-
rate regions (i.e., not from a single vertical section). 
Because all current dates overlap, the duration of 
Kalkarindji eruptions cannot yet be constrained other 
than by estimation of maximum and minimum durations 
based upon the uncertainty on these dates. The limited 
surface exposure of the LIP also inhibits calculation of 
volume estimates for the province.

2.2.3. Yakutsk-Vilyui LIP and Frasnian-Famennian (Late 
Devonian) Mass Extinction

The Yakutsk-Vilyui LIP was emplaced on the north-
eastern Siberian platform in a triple junction rift system 
associated with the Late Devonian breakup of the east-
ern margin of Siberia. Dikes, lava flows, sills, and layered 
basalt breccia, with some intercalated ashes and tuffs, are 
found in outcrops on the Lena, Markha, and Viluy Rivers 
(Ricci et  al., 2013). The Viluy rift, the NE/SW-striking 
branch of the triple junction, is 800 km long and 450 km 
wide and is bounded by parallel dike swarms on either 
side that are 700 km in length (Ricci et al., 2013). There is 
a wide range in estimates for the volume of the Yakutsk-
Vilyui LIP. Polyansky et al. (2017) tally the total length of 
middle Paleozoic mafic dikes in the region, multiplied by 
thicknesses of 50–250 m, in addition to the volume of 
basalts and sills calculated from borehole and surface 
exposure, to estimate a minimum volume for the province 
of 100,000–215,000 km3. Meanwhile, others estimate that 
over 300,000 km3 erupted from the Viluy rift; if  similar 
volumes were erupted from the other branches of the tri-
ple junction, the total volume emplaced by the Yakutsk-
Vilyui LIP may have been up to 1 million km3 (Ricci 
et  al., 2013). The uncertainty in volume estimates may 
arise from the fact that exposure of the Yakutsk-Vilyui 
LIP is currently limited due to erosion, the overlying 
Siberian Traps LIP to the west, and thick Mesozoic sedi-
mentary cover to the east (Ricci et al., 2013).

While there is a lack of high-precision geochronology 
for the Yakutsk-Vilyui LIP relative to other LIPs, 
40Ar/39Ar work by Courtillot et  al. (2010) provides 
40Ar/39Ar plateau ages of 372.46 ± 1.4 Ma and 362.36 ± 
1.8 Ma (2σ analytical uncertainties, recalculated with 
FCs = 28.201 Ma; Kuiper et  al., 2008). Incorporating 
these results with other new dates from plagioclase phe-
nocrysts separated from sills and lava flows, Ricci et al. 
(2013) also identify two separate 40Ar/39Ar age groups, at 
366.6 ± 3.4 and 379.0 ± 3.4 Ma (2σ total error, recalcu-
lated with FCs = 28.201 Ma; Kuiper et al., 2008), although 
individual ages in each of these groups overlap with indi-
vidual ages from the other group at the 2σ level.

The Frasnian-Famennian mass extinction, as one of 
the “Big Five” mass extinctions of the Phanerozoic, 
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resulted in the disappearance of >75% of marine species, 
particularly affecting reef systems, stromatoporoids, and 
benthic and planktonic marine invertebrates. The 
extinction took place in five pulses over a few Ma in the 
late Frasnian through early Famennian (McGhee, 2013). 
After the extinction began, there were two episodes of 
marine anoxia, known as the Kellwasser events, in the 
Upper Famennian, and a positive carbon isotope excur-
sion (Joachimski et  al., 2002; Joachimski & Buggisch, 
1993). Hypotheses for the causal mechanism of the 
extinction include fluctuating sea level, bolide impact, the 
development of terrestrial plants (Algeo & Scheckler, 
1998), and massive volcanism of the Yakutsk-Vilyui LIP 
(Racki, 1998; Ricci et al., 2013).

A bentonite horizon in uppermost Frasnian sediments 
in Steinbruch Schmidt, Germany, located 2.5 m below the 
Frasnian-Famennian boundary and between the Upper 
and Lower Kellwasser events, was dated with U-Pb 
ID-TIMS zircon geochronology to 377.2 ± 1.7 Ma; inter-
polating between this date and other ID-TIMS ages in the 
late Famennian led to an estimate of 376.1 ± 1.7 Ma for 
the Frasnian-Famennian boundary (Kaufmann et  al., 
2004). However, this date was found to be inconsistent 
with a Re-Os study that dated the Frasnian-Famennian 
boundary to 372.4 ± 3.8 Ma (Turgeon et al., 2007) and 
with a Monte Carlo analysis used in the most recent 
Geologic Time Scale, which placed the boundary at 372.2 
± 1.6 Ma (Becker et  al., 2012). Following this disagree-
ment, Percival et  al. (2018) restudied the Steinbruch 
Schmidt bentonite with modern chemical abrasion U-Pb 
ID-TIMS zircon geochronology, and obtained a date of 
372.360 ± 0.053/0.11/0.41 Ma. This date overlaps with the 
Re-Os date and with statistically calibrated ages. The prior 
ID-TIMS date may be incorrect because it predates the 
introduction of the chemical abrasion technique 
(Mattinson, 2005), thereby leading to ambiguity in how to 
interpret a complicated age spectrum that may have 
resulted from unresolved Pb loss. Several of the younger 
single crystal dates in that study, interpreted there as hav-
ing been affected by Pb loss, also overlap with the most 
recent CA-ID-TIMS date (Kaufmann et al., 2004).

Astronomical tuning of the Kellwasser horizons in a 
number of stratigraphic sections suggests a time interval of 
400–450 ka between the Kellwasser horizons (De 
Vleeschouwer et al., 2017). With this estimate and assuming 
a constant sediment accumulation rate, Percival et al. (2018) 
place the Frasnian-Famennian boundary at 371.86 ± 0.08 
Ma, which postdates the 40Ar/39Ar age for the Siljan impact 
crater in Sweden of 377 ± 2 Ma (Reimold et al., 2005).

Given the sparse dates and low precision for Yakutsk-
Vilyui LIP geochronology, it is possible that volcanic 
eruptions were concurrent with the Frasnian-Famennian 
boundary, and the pulses of extinction before and after 
the boundary. Alternatively, future high-precision dating 

of the LIP may find that these events are unrelated. An 
enrichment of sedimentary Hg has been observed at or 
near the Frasnian-Famennian boundary in three different 
sedimentary records, indicating that, if  Hg enrichment is 
a robust proxy-stratigraphic marker of active LIP volcan-
ism (Percival et  al., Chapter  11 et  al.), there may have 
been ongoing Yakutsk-Vilyui LIP activity during the 
Upper Kellwasser horizon (Racki et al., 2018).

2.2.4. Emeishan LIP and End-Guadalupian (Late 
Permian) Mass Extinction

The Emeishan LIP represents one of the primary erup-
tions of continental flood basalts on Pangea during the 
Late Permian. Approximately 300,000 km3 erupted over 
250,000 km2 of the Yangtze craton (southwest China and 
northern Vietnam) in eastern Pangea, at roughly equato-
rial latitude (Shellnutt, 2014). However, the current expo-
sure of the Emeishan LIP likely does not reflect its 
original extent, as the region has undergone extensive 
postemplacement deformation due to the collision of the 
North China block and South China block during the 
Mesozoic, and the Indo-Eurasian collision during the 
Cenozoic (Shellnutt et al., 2012). The Emeishan LIP con-
sists of flood basalts, layered mafic-ultramafic intrusions, 
and silicic plutonic rocks. Ultramafic (picritic) rocks are 
found in the lower half  of the flood basalts, while silicic 
volcanic rocks (andesite, trachyte, rhyolite, ignimbrite) 
and basaltic andesites are found in the upper half. The 
thickness of the LIP ranges from 1 to 5 km in the west of 
the province to 0.2 to 2.6 km in the east, with an average 
thickness of 700 m (Shellnutt, 2014).

Geologic, paleontological, and paleomagnetic evidence 
suggest the Emeishan LIP erupted rapidly. In basalt 
sequences, few flows have weathered flow tops beneath 
overlying flows or sediments (Shellnutt, 2014). The 
majority of Emeishan units have been identified as nor-
mal polarity thought to represent a single chron, with a 
few upper units indicating a reversed polarity, leading to 
the assessment that the LIP erupted in ≤1–2 Ma (Ali 
et  al., 2002; Zheng et  al., 2010), corresponding to the 
Capit-N normal chron of the Geomagnetic Polarity 
Timescale (Henderson et al., 2012). The Emeishan LIP 
has also been the subject of numerous geochronological 
studies of volcanic and plutonic rocks, yielding more 
than 50 published 40Ar/39Ar, U-Pb SHRIMP, U-Pb 
LA-ICP-MS, and U-Pb ID-TIMS ages, which range from 
the Capitanian (266 ± 5 Ma) through the early Triassic 
(246 ± 4 Ma) (Shellnutt et al., 2012) (Fig. 2.3). This seem-
ingly long duration, in conflict with the brief  duration 
suggested by paleomagnetic studies, likely arises from 
inaccurate geochronologic studies, low precision of anal-
yses, and uncertainty regarding the relationship between 
volcanic and plutonic rocks. 40Ar/39Ar ages range from 
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256.2 ± 0.8 to 251.5 ± 0.9 Ma, suggesting that the 
Emeishan LIP emplacement extended past the Permian-
Triassic boundary, concurrent with onset of Siberian 
Traps emplacement. Shellnut (2014) interprets these 
younger ages as erroneous, compromised by open system 
behavior resulting from postemplacement thermal reset-
ting by regional tectonic events.

Recent high-precision U-Pb zircon CA-ID-TIMS dates 
have refined understanding of the timing and duration of 
Emeishan LIP emplacement (Chen & Xu, Chapter  18 
this volume). Shellnutt et al. (2012) reported three ages 
from diabase dikes, ranging between 259.4 ± 0.8 Ma 
(MSWD = 0.2, n = 7) and 257.6 ± 0.5 Ma (MSWD = 0.5, 
n = 6), and from four granites between 259.6 ± 0.5 Ma 
(MSWD = 0.5, n = 5) and 258.4 ± 0.6 Ma (MSWD = 1.8, 
n = 5), indicating emplacement over ~2 Ma, consistent 
with age constraints from paleomagnetic data (Ali et al., 
2002; Zheng et  al., 2010). Shellnutt et  al. (2012) also 
refuted the hypothesis that high-Ti rocks represented the 
waning phase of volcanism, as the high-Ti diabase dikes 
seem to have erupted throughout the duration of the 
Emeishan LIP. Additionally, Zhong et al. (2014) dated a 
felsic ignimbrite in the uppermost portion of the 
Emeishan LIP lavas with U-Pb CA-ID-TIMS, reporting 
259.1 ± 0.5 Ma (MSWD = 0.7, n = 6) as the termination 
age for the Emeishan LIP. All of these dates were cali-
brated with a non-EARTHTIME tracer solution, but 
only reported analytical uncertainty [X]. Combined, 
these new data suggest that eruption of the Emeishan 
LIP may have lasted less than 1 Ma, and that volcanism 
ended more than 7 Ma before the Permian-Triassic 
boundary (Ramezani & Bowring, 2017).

The end-Guadalupian mass extinction affected both 
marine fauna and terrestrial flora and fauna, particularly 
affecting foraminifera, brachiopods, ammonoids, large 
bivalves, corals, and plants, though it was far less deadly 
than the Permian-Triassic mass extinction, which 
occurred only ~9 Ma later. It is also marked by fluctua-
tions in seawater carbon isotopes and temperatures, and 
a major sea-level regression (Chen et al., 2011; Ramezani 
& Bowring, 2017). The age of this event has been con-
strained through CA-ID-TIMS geochronology in both 
marine and terrestrial sections. Mundil et al. (2004) dated 
ash beds in the marine Shangsi section in central China 
above the Guadalupian-Lopingian boundary to 259.1 ± 
1.0 Ma (MSWD = 0.3, n = 6) and 260.8 ± 0.8 Ma (MSWD 
= 0.8, n = 5), providing a minimum age for the extinction, 
though obtained without the EARTHTIME tracer. On 
land, an ash bed in the lower Beaufort Group of the 
Karoo Basin in South Africa yielded a weighted mean 
age of 260.259 ± 0.081/0.14 Ma ([X/Y]; MSWD = 1.5, n 
= 4, EARTHTIME spike) for the top of the Tapinocephalus 
assemblage zone (Day et  al., 2015). Between the 
Tapinocephalus assemblage zone and the following 
Pristerognathus assemblage zone, there is a 74%–80% loss 
of generic richness of all tetrapod fauna, particularly 
affecting the dinocephalian therapsids (Day et al., 2015).

Prior to publication of high-precision geochronology, 
the Emeishan LIP was implicated as a potential cause of, 
or contributor to, the end-Guadalupian mass extinction, 
as volcanic rocks were interbedded with Permian carbon-
ates that exhibited the extinction (Wignall et al., 2009). 
The fact that the Emeishan LIP erupted through carbon-
ate-rich sediments lends credence to this proposal, as the 
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Figure 2.3 Geochronology of the Emeishan LIP, China. Probability density function for 40Ar/39Ar and U-Pb 
ID-TIMS geochronology obtained for the Emeishan LIP, as compiled by Shellnutt (2014).
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emplacement would have allowed for the degassing of 
thousands of gigatons of CH4 and 40,000 Gt of CO2 
(Shellnutt et al., 2012). Ganino and Arndt (2009) calcu-
late that observed dolomite-to-marble host-rock thermal 
metamorphism would have produced 11–26 times more 
CO2 than the degassing of magmatic CO2 from the 
 intrusion. δ18Ο evidence for warming immediately before 
the Guadalupian-Lopingian boundary may reflect such 
an influx of  CO2 (Chen et al., 2011). The shorter dura-
tion of  Emeishan emplacement proposed by Shellnutt 
et  al. (2012) and Zhong et  al. (2014) suggests a more 
intense pulse of degassing of the carbonate-rich country 
rock that could have caused greater disruption to the 
biosphere.

The differing levels of precision on ages for Emeishan 
LIP emplacement and that for the ashes bracketing the 
end-Guadalupian extinction complicate interpretation of 
the temporal connection between these events (Fig. 2.2). 
The most precise constraint on their coincidence is the 
maximum age of the end-Guadalupian extinction (Day 
et al., 2015), which suggests that extinction predates the 
Emeishan LIP (Shellnutt et  al., 2012), though the LIP 
dates are an order of magnitude less precise. This allows 
for the absence or presence of a causal connection 
between Emeishan LIP magmatism and extinction. 
Uncertainties for Emeishan dates were not reported at 
the level to permit comparison of different tracers used 
[Y]; taking that systematic uncertainty into account 
would increase the uncertainty on each of the LIP dates, 
potentially allowing for greater overlap with the extinction 
constraint of Day et al. (2015). Some geochemical studies 
of end-Guadalupian sections from various sections 
 globally indicate little climatic disturbance at the time 
(Sheldon et  al., 2014) or a diagenetic, rather than 
environmentally controlled carbon isotope excursion 
(Jost et al., 2014), which complicates the simple hypothe-
sis of the Emeishan LIP causing the end-Guadalupian 
extinction.

Alternatively, if  the extinction occurred closer in time to 
the minimum, less precise age constraint of Mundil et al. 
(2004), it may suggest coincidence with Emeishan LIP 
eruptions. Because the Emeishan dates and that of Mundil 
et al. (2004) were obtained in the same laboratory with the 
same tracer solution, these results can be compared con-
sidering analytical uncertainty [X] alone. While the 
Emeishan intrusions described above seem to have been 
emplaced in ~2 Ma duration around 259 Ma, the diffi-
culty in directly correlating these intrusions with extrusive 
units does not preclude lavas having been erupted over a 
different duration. Obtaining ages from lava flows has not 
yet been possible due to the lack of zircons in basalt flows 
and thermal resetting affecting 40Ar/39Ar geochronology 
(Shellnutt et al., 2012). Further, the uncertainty in erup-
tive duration as well as having only a minimum estimate 
for the volume of the LIP prohibit a robust calculation of 

effusion rate. Finally, obtaining high-precision dates from 
other sections capturing the end-Guadalupian extinction 
would aid in better assessing whether extinction was glob-
ally synchronous and contemporaneous with emplace-
ment of the Emeishan LIP.

2.2.5. Siberian Traps LIP and End-Permian Extinction

The late Permian to early Triassic Siberian Traps LIP 
is the largest volume (~3 million km3) Phanerozoic con-
tinental magmatic province (Burgess & Bowring, 2015) 
(Fig. 2.4). Following implication of  the Siberian Traps 
as a potential trigger of  the end-Permian mass extinc-
tion, efforts to date the timing of  LIP emplacement 
focused primarily on the mineralized intrusions of  the 
Noril’sk region, using the 40Ar/39Ar or U-Pb geochro-
nometers (Baksi & Farrar, 1991; Campbell et al., 1992; 
Dalrymple et al., 1995; Kamo et al., 1996; Renne, 1995; 
Renne & Basu, 1991; Venkatesan et  al., 1997). This 
work roughly constrained the timing of  Siberian Traps 
emplacement from ~245 to 253 Ma (see review in Baksi, 
2014). Subsequent 40Ar/39Ar on whole rock, plagioclase 
and biotite separates by Reichow et  al. (2002, 2009) 
increased the overall footprint of  Siberian Traps mag-
matism, and decreased the duration of  magmatism to 
<2 Ma, with the volumetric bulk of  emplacement cen-
tered around ~250 Ma. Kamo et  al. (2003) corrobo-
rated this approximate age via U-Pb geochronology on 
baddeleyite and zircon, suggesting magmatism occurred 
over an even shorter interval of  ~1 Ma, and began 
immediately prior to 251.7 ± 0.4 Ma (Fig. 2.4). A rela-
tively short duration of  “main phase” LIP magmatism 
is consistent with observations from other LIPs (see 
other sections of  this chapter), however some 40Ar/39Ar 
and U-Pb (SIMS and TIMS) geochronology suggests 
multiple pulses of  Siberian Traps emplacement, and 
contemporaneous granitic magmatism potentially 
related to the LIP occurring until ~20 Ma after emplace-
ment of  the main volume (Ivanov et al., 2009, 2013 and 
references therein; Malitch et  al., 2012; Paton et  al., 
2010; Reichow et al., 2016).

Advances in U-Pb ID-TIMS geochronology permitted 
reinvestigation of the timing and duration of Siberian 
Traps emplacement, with a focus on resolving the tempo 
of main-phase magmatism; the relative timing of pyro-
clastic, intrusive, and effusive extrusive components of 
LIP emplacement; and the relative timing of LIP emplace-
ment and the end-Permian mass extinction. Application 
of the U-Pb CA-ID-TIMS protocol to sills, lavas, and 
pyroclastic rocks from throughout the LIP by Burgess 
and Bowring, (2015) and Burgess et  al. (2017) suggests 
emplacement of the volumetric majority of the Siberian 
Traps in three distinct stages, all of which occurred within 
~1 Ma. In this framework, the Siberian Traps magmatic 
activity began just prior to 252.24 ± 0.10 Ma and was 
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characterized by initial pyroclastic eruptions followed by 
lava effusion. During this emplacement stage, ~2/3 of the 
total volume of the LIP was emplaced (>1 million km3). 
Stage 2 began at 251.907 ± 0.067 Ma and was character-
ized by cessation of  extrusion and the onset of  widespread 
sill-complex formation. Intrusive magmatism continued 
throughout Stage 2 with no apparent hiatus (see also 
Svensen et al., 2009), with the close of Stage 2 at 251.483 
± 0.088 Ma. Extrusion of lavas resumed after a ~420 ka 
hiatus, marking the beginning of Stage 3, wherein both 
extrusive and intrusive magmatism continued until at 
least 251.354 ± 0.088 Ma, an age defined by the youngest 
sill dated in the province (Burgess et al., 2017; Burgess & 
Bowring, 2015). Estimates of this relatively rapid erup-
tion tempo are supported by magnetic secular variation 
data, which suggest the early large-volume Siberian Traps 
lavas were emplaced in a few pulses, each lasting between 
10 kyr and 100 kyr (Pavlov et al., 2019).

Temporal coincidence and thus a causal relationship 
between Siberian Traps LIP emplacement and the end-
Permian mass extinction has long been postulated 

(e.g., Rampino & Stothers, 1988), and efforts to understand 
the timing and duration of extinction and recovery, and 
to weigh probable trigger and kill mechanisms have pro-
gressed concomitantly with advances in radiometric dat-
ing. Early work established a broad timeline for extinction, 
with the Permian-Triassic boundary at ~251 Ma (Bowring 
et al., 1998; Renne et al., 1995). Subsequent efforts utiliz-
ing both 40Ar/39Ar and U-Pb data sets result in varied 
placement of the extinction timing, ranging from ~249 to 
253 Ma (Mundil et al., 2001, 2004; Reichow et al., 2009). 
Following the advent and broad adoption of the chemi-
cal abrasion protocol to single-grain zircon U-Pb TIMS 
geochronology, Shen et al. (2011) placed the P-T bound-
ary at 252.17 ± 0.06 Ma, with an extinction duration of 
less than 200 kyr based on bracketing zircon U-Pb TIMS 
dates. Subsequent to this work, further advances in zircon 
U-Pb TIMS analysis and data reduction protocol (see 
review in supplement to Burgess et al., 2014) enabled an 
increase in both accuracy and precision, leading Burgess 
et  al. (2014) to place the Permian-Triassic boundary at 
251.902 ± 0.024 Ma, the onset of extinction just after 
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Figure 2.4 Geochronology of the Siberian Traps, Russia. Probability density function for 40Ar/39Ar and U-Pb 
ID-TIMS geochronology obtained for the Siberian Traps. U-Pb TIMS data from Burgess and Bowring (2015); 
sources for other data are Baksi and Farrar (1991); Basu et al. (1995); Campbell et al. (1992); Dalrymple et al. 
(1995); Ivanov et al. (2005, 2009, 2013); Kamo et al. (1996, 2003); Malitch et al. (2012, 2010); Paton et al. 
(2010); Reichow et al. (2002, 2009); Renne (1995); Renne and Basu (1991); Svensen et al. (2009); Venkatesan 
et  al. (1997); Vernikovsky et  al. (2003); Walderhaug et  al. (2005). The different stages of emplacement from 
Burgess and Bowring (2015) and Burgess et al. (2017) are labeled.
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251.941 ± 0.037 Ma, and cessation prior to 251.880 ± 
0.031 Ma, a maximum duration of ~60 kyr. This punctu-
ated extinction interval is corroborated by astrochrono-
logic timescales developed for the interval, which suggest 
extinction over a maximum of ~80 ka (Wu et al., 2013) or 
< 40 ka (Li et al., 2016). Employing similar methodology 
and protocol as Burgess et al. (2014), Baresel et al. (2017a) 
demonstrate synchrony of the Permian-Triassic bound-
ary within the section dated by Burgess at al. (2014) and 
at two additional stratigraphic intervals in China, both 
characterized by much more rapid sediment accumula-
tion rate prior to, and across the extinction interval. This 
synchrony permits Baresel et  al., (2017b) to define a 
weighted mean Permian-Triassic boundary age of 
251.959 ± 0.18 Ma for China, and to suggest that at the 
resolution of their  geochronology (± ~40 ka), the extinc-
tion interval and timing of the Permian-Triassic bound-
ary cannot be resolved from one another. Shen et  al. 
(2018) utilize a similar dating protocol to date zircon 
from one of the two expanded stratigraphic intervals 
studied by Baresel et al. (2017a). Shen et al. (2018) place 
the Permian-Triassic boundary at 251.939 ± 0.031 Ma, 
and more tightly constrain the maximum duration of 
extinction to ~30 kyr.

As the geochronologic, paleontologic, and paleostrati-
graphic data sets linking emplacement of the Siberian 
Traps and the end-Permian extinction have become more 
accurate, comprehensive, and precise, the plausibility of a 
causal connection has been affirmed (see review in Burgess 
et al., 2014; 2017), and has moved far beyond broad tem-
poral coincidence and an assumption of causality. The 
paleophysiologic selectivity of the extinction (see review in 
Knoll et al., 2007), evidence for widespread ocean anoxia 
and geographic selectivity of extinction (e.g., Cui et  al., 
Chapter  14 this volume; Kendall et  al., Chapter  13 this 
volume; Penn et al., 2018), and evidence for rapid global 
temperature increase (see Black et al., 2018; Bond & Sun, 
Chapter 3 this volume; Kiehl & Shields, 2005; Sun et al., 
2012), all point toward a massive influx of greenhouse gas 
into the atmosphere system immediately preceding the 
onset of mass extinction. Currently, general consensus 
suggests Siberian Traps magmatism likely drove this rapid 
input of extinction-triggering greenhouse gasses via direct 
degassing from erupted lavas, and more importantly via 
metamorphism of sediments contacted by ascending and 
ponding magmas (e.g., Burgess et al., 2017; Chen & Xu, 
Chapter 18 this volume; Ganino & Arndt, 2009; Svensen 
et al., 2009). Using this mechanism and the geochronol-
ogy and emplacement age model of Burgess and Bowring 
(2015), Burgess et al. (2017) propose that the initial pulse 
of Siberian Traps sill emplacement triggered the massive 
burst of greenhouse gases necessary to drive extinction. 
Because the ability of a LIP to drive massive environmen-
tal change is likely predicated on the tempo of magma-

tism, with faster emplacement rates more likely to 
overwhelm environmental buffering capacity, Burgess 
et al. (2017) suggest the initial pulse of sill emplacement 
led to sufficiently rapid gas generation. With conservative 
eruption rates of ~3–4 km3/yr, emplacement of Siberian 
Traps lavas may also have played a key role in rapid green-
house gas generation (Burgess & Bowring, 2015).

2.2.6. Central Atlantic Magmatic Province  
and End-Triassic Extinction

The Central Atlantic Magmatic Province (CAMP) was 
erupted and emplaced in association with the initial 
breakup of Pangea ca. 200 Ma, and has been implicated 
in the end-Triassic mass extinction event (Fig. 2.5). Due 
to its association with rifting, the CAMP was highly 
fragmented and distributed on numerous continents such 
that its extent and volume have been difficult to estimate 
(Marzoli et  al., 1999; McHone, 2003). The exposed 
volume of the CAMP is likely <1 x 106 km3, whereas 
estimates of the total original volume are >2–3 x 106 km3 
(Marzoli et al., 2018). Basaltic rocks of the CAMP have 
been identified in outcrop and drill core from North and 
South America, west Africa, and southern Europe. The 
chronology of the CAMP has been the subject of many 
studies over several decades, but here we focus on studies 
from the last ~20 y, for which numerous compilations 
exist. Because of this fragmented record of CAMP 
emplacement and eruption, it is hard to know how 
representative the geochronologic record is of the actual 
eruption and intrusion history, which is important 
when comparing emplacement timing to the end-Triassic 
mass extinction. Nonetheless, a combination of geochro-
nological, geochemical and geological work has assem-
bled a framework of global correlations for the magmatic 
history of the CAMP that serve geologic and biologic 
events. For example, observations of eruptive strati-
graphic sections, where well exposed, record three main 
eruptive pulses of lavas separated by sedimentary hori-
zons. These pulses are often unique geochemically, and 
can be correlated between isolated CAMP sections on 
different continents (Bertrand, 1991; Blackburn et  al., 
2013; Deenen et  al., 2010; Marzoli et  al., 2004, 2019; 
Olsen et al., 2003; Whiteside et al., 2007).

Modern geochronology for the CAMP includes both 
40Ar/39Ar and U-Pb data. While hundreds of K-Ar and 
40Ar/39Ar data exist, recent compilations have focused on 
the most reliable data, typically composed of handpicked 
plagioclase separates from both intrusive and extrusive 
units that cover the entirety of known CAMP stratigraphy 
(Marzoli et al., 2018, 2019). Recent compilations (Marzoli 
et al., 2018, 2019) contain ~90 step heating plateau dates, 
each typically with uncertainties of ± 1–2 Ma, that when 
plotted together range over ~10 Ma, from 204 to 192 Ma 
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(Fig.  2.5). However most analyses fall within a briefer 
window of about 1–2 Ma centered around 200 Ma, rela-
tive to an age for the Fish Canyon Sanidine neutron flu-
ence monitor from Kuiper et  al. (2008) of 28.201 Ma 
(Jourdan et al., 2009; Knight et al., 2004; Marzoli et al., 
2011, 2018, 2019; Nomade et al., 2007). These data form 
an asymmetric distribution with younger tails that gener-
ally correspond to lavas high in the stratigraphy in 
Morocco, but also include some intrusive rocks (Nomade 
et al., 2007).

U-Pb geochronology on the CAMP has been carried 
out primarily on sills and dikes that, because of slow 
cooling rate and internal differentiation, crystallized zir-
con (Blackburn et al., 2013; Davies et al., 2017; Dunning 
& Hodych, 1990; Heimdal et  al., 2018; Krogh et  al., 
1987). However, several thick basaltic lava flows in North 
America that are also zircon bearing and dated with high 
precision (Blackburn et  al., 2013; Davies et  al., 2017; 
Schoene et al., 2010). A high precision baddeleyite date 
from the mafic Freetown Layered Complex, Sierra Leone, 
has been published but these data show large dispersion 
and are ca. 2 Ma younger than other U-Pb dates, perhaps 
indicating Pb loss (Callegaro et al., 2017). Other estimates 
for the timing of the main eruptions from CAMP flows in 
Morocco and North America are derived from correlat-
ing dated sills with flows geochemically (Blackburn et al., 
2013). The U-Pb data, similar to the 40Ar/39Ar data, show 

that the CAMP erupted in <1 Ma. However, all the of the 
U-Pb dates produced so far fall from 201.6 to 200.9 Ma, 
with precision of ± 20–50 ka. In North American strati-
graphic sections, younging upward is maintained and 
durations of hiatuses between the three main basalt for-
mations are consistent with predictions from cyclostrati-
graphic analysis of sedimentary interbeds (Blackburn 
et al., 2013).

The apparent discrepancy in timescales derived from 
40Ar/39Ar versus U-Pb geochronology likely derives from 
the relatively larger uncertainties associated with the 
reported 40Ar/39Ar dates. However, excess dispersion in 
the 40Ar/39Ar dates, demonstrated by high MSWDs on 
weighted means of culled data sets (Jourdan et al., 2009; 
Marzoli et al., 2018, 2019; Nomade et al., 2007), suggests 
that either the 40Ar/39Ar geochronology has dated rocks 
that have not been sampled by U-Pb geochronology, or 
that some 40Ar/39Ar dates were affected by open-system 
behavior, excess Ar, or Ar recoil. Given the larger data set 
obtained by 40Ar/39Ar geochronology, it is possible that 
younger dates represent a more prolonged lifetime of the 
CAMP than sampled by U-Pb geochronology. Most of 
the anomalously young dates (i.e., <198 Ma) are from 
older studies (Baksi & Archibald, 1997; Deckart et  al., 
1997; Marzoli et al., 1999; Verati et al., 2005) and have 
not been redated by U-Pb or 40Ar/39Ar geochronology for 
confirmation. Regardless, these younger dates, if  accurate, 
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Figure 2.5 Geochronology of the Central Atlantic Magmatic Province (CAMP). Probability density function for 
40Ar/39Ar and U-Pb ID-TIMS geochronology obtained for the CAMP, as compiled by Marzoli et al. (2018, 2019) 
with some additional data from Heimdal et al. (2018).
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likely represent a volumetrically small portion of the 
CAMP, so it seems likely that the majority of the magma-
tism fell within a period of <1 Ma between ca. 201.6 and 
200.9 Ma (Davies et al., 2017; Marzoli et al., 2018).

The CAMP is implicated in the end-Triassic mass 
extinction event, and geochronology has both supported 
and refined that assertion (Marzoli et  al., 1999; Pálfy 
et al., 2000a; Schoene et al., 2010). The extinction event is 
recognized in both the terrestrial and marine biospheres 
(Tanner et al., 2004), although the position of the extinc-
tion interval is defined based on ammonite biostratigra-
phy (Guex et al., 2004; Von Hillebrandt et al., 2007). The 
extinction event has been dated by U-Pb zircon ID-TIMS 
geochronology in three locations: the Queen Charlotte 
Islands, western Canada; the Pucara Basin, Peru; and 
New York Canyon, Nevada, USA. The zircon data from 
the Queen Charlotte Islands location was complicated, 
and potentially affected by Pb loss, giving a weighted-
mean date of 199.6 ± 0.3 Ma (2σ, [X])(Pálfy et al., 2000a). 
Data from the Pucara Basin represent the efforts of three 
studies, with more than a dozen zircon dates spanning the 
interval from the Norian-Rhaetian boundary to the 
Haetangian-Sinnemurian boundary (Guex et  al., 2012; 
Schoene et al., 2010; Wotzlaw et al., 2014). The resulting 
age for the Triassic-Jurassic boundary is 201.36 ± 0.17 
Ma, defined as the first occurrence of Jurassic ammonite 
Psiloceras spelae. The onset of the end-Triassic extinction 
is represented by the last occurrence of Triassic ammo-
nite Choristoceras crickmayi and the onset of an initial 
carbon isotope excursion (Guex et al., 2004; Lindström 
et al., 2017), which is most closely stratigraphically asso-
ciated with an ash bed dated at 201.51 ± 0.15 Ma (Schoene 
et al., 2010; Wotzlaw et al., 2014). These dates are cor-
roborated by a single ash-bed date from Nevada that 
occurs near the Triassic-Jurassic boundary (Schoene 
et al., 2010). Another widely cited date for the Triassic-
Jurassic extinction comes from the Newark basin, where 
a palynological turnover event occurs just below the low-
ermost CAMP basalt, the Orange Mountain Basalt 
(Whiteside et al., 2007). Using cyclostratigraphy to gener-
ate an age model below the basalt, Blackburn et al. (2013) 
calculate an age of 201.564 ± 0.015 Ma for the extinction 
event. However, whether or not the palynological event is 
representative of the global extinction event remains dis-
puted (Cirilli et al., 2009), so we consider the date from 
the ammonite extinction record in Peru at 201.51 ± 0.15 
Ma to be a more conservative and accurate date for the 
onset of the end-Triassic extinction.

The oldest high-precision U-Pb date of CAMP mag-
matism comes from an intrusion in west Africa, and is 
201.635 ± 0.029 Ma (Davies et al., 2017), likely older than 
the date of the extinction event from Peru, and ca. 100 ka 
older than the date from the Newark Basin. In the Newark 
Basin, the oldest high-precision date from extrusive vol-

canism associated with the CAMP is that of the North 
Mountain Basalt and Orange Mountain Basalts (corre-
lated geochemically with Palisades Sill) at 201.566 ± 
0.031 / 201.481 ± 0.021 Ma (dates from Blackburn et al., 
2013; Schoene et  al., 2010) and 201.520 ± 0.034 Ma 
(Blackburn et  al., 2013), respectively. The North 
Mountain Basalt was recently redated in Davies et  al. 
(2017), and they adopt an age that averages existing data 
to get 201.498 ± 0.028 Ma. A date from the Amelal Sill in 
the Argana Basin in Morocco is 201.564 ± 0.054 Ma 
(Blackburn et  al., 2013), which was placed within the 
intermediate lavas stratigraphically. Marzoli et al. (2019) 
report an additional date from the Amelal Sill of 201.569 
± 0.042 Ma, but correlate their sample with the 
stratigraphically lower lavas, implying rapid eruption for 
the lower and intermediate basalts in Morocco. Thus, it 
has become increasingly clear that the end-Triassic extinc-
tion coincides within tens of ka of the onset of extrusive 
CAMP volcanism in eastern North America and may 
postdate the beginning of sill emplacement by up to 100 
ka. Underlining this observation is that the timescales of 
intrusive and extrusive magmas may not coincide 
(Fig.  2.5), although it is difficult to say at this point 
because high-precision dates on lavas are not very abun-
dant. Understanding this record and continuing to search 
for older CAMP magmatic events will help tie down more 
precisely the timing of the onset of magmatism to the 
onset of extinction. Furthermore, higher-precision dates 
that can be tied closely to biostratigraphic and stable iso-
tope data for the extinction interval itself  will be key to 
understanding cause and effect in the end-Triassic biotic 
crisis (see Whiteside et al., Chapter 12 this volume).

2.2.7. Karoo-Ferrar LIP and Pliensbachian-Toarcian 
Boundary Event

The Karoo-Ferrar LIP is composed primarily of basal-
tic lavas, sills, and dikes, and was emplaced in the early 
Jurassic during breakup of Gondwana (e.g., Elliot, 2013; 
Elliot & Fleming, 2008; Fleming et  al., 1997; Pálfy & 
Smith, 2000; Svensen et  al., 2012). At present, the LIP 
extends over multiple continents, with the two primary 
portions of the LIP being the Karoo, which is found in 
South Africa, and the Ferrar, which crops out 
predominantly in Antarctica, with volumetrically 
subordinate intrusive rocks found in Australia, Tasmania, 
and New Zealand (Elliot & Fleming, 2004, 2008). Volume 
estimates for the entire province are on the order of 2.5 x 
106 km3 (Cox, 1988; Encarnación et al., 1996). This LIP 
has received considerable attention due to emplacement 
of the province in broad temporal coincidence with 
global environmental perturbations in the early Jurassic, 
near the Pliensbachian-Toarcian boundary (Pl-To), and 
the possibility that LIP magmatism triggered these 
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instabilities (e.g., Bergman et al., Chapter 9 this volume; 
Burgess et al., 2015; Huang & Hesselbo, 2014; Jourdan 
et al., 2008; Moulin et al., 2017; Sell et al., 2014; Suan 
et al., 2008; Svensen et al., 2012).

Early efforts to date Karoo-Ferrar magmatism sug-
gested broad synchrony between emplacement of  dispa-
rate portions of  the LIP and a total emplacement 
duration of  >10 Ma (see review in Burgess et al., 2015). 
For the Karoo, initial work was primarily done via the 
40Ar/39Ar chronometer, with a total duration of  sill and 
lava emplacement eventually constrained to ~3 Ma 
including uncertainty on dates (Duncan et  al., 1997; 
Encarnación et  al., 1996; Jourdan et  al., 2005, 2007, 
2008; Moulin et  al., 2011). The idea of  a protracted 
emplacement interval for the Karoo has subsequently 
been revised, with zircon U-Pb TIMS dates suggesting a 
much narrower emplacement interval of  <0.5 Ma start-
ing at ~182.7 Ma (Corfu et  al., 2016; Svensen et  al., 
2012). Further U-Pb TIMS work on zircon and badde-
leyite by Sell et al. (2014) indicate that Karoo intrusive 
magmatism progressed over 2 Ma, however there is some 
debate as to whether all of  these rocks are associated 
with the main phase of  Karoo LIP magmatism, and 
whether baddeleyite dates were affected by Pb loss 

(Corfu et  al., 2016; Sell et  al., 2016). Similarly, a pro-
tracted emplacement interval characterized by multiple, 
shorter-lived episodes of  voluminous eruption is sup-
ported by K-Ar and 40Ar/39Ar work by Moulin et  al. 
(2017). One U-Pb TIMS zircon date by Burgess et  al. 
(2015) falls within the largest-volume pulse defined by 
Moulin et al. (2017), and is slightly older than, but within 
uncertainty of  the older sample dated by Sell et al. (2014) 
and emplacement range defined by Svensen et al. (2015). 
At present, dates characterized by the highest analytical 
precision suggest emplacement of  the Karoo over less 
than 1 Ma, while less precise but more stratigraphically 
inclusive K-Ar and 40Ar/39Ar dates suggest Karoo 
emplacement over nearly 10 Ma (Fig. 2.6).

For the Ferrar, initial dating efforts by U-Pb and 
40Ar/39Ar chronometers constrained emplacement dura-
tion to between ~1 and 2 Ma (e.g., Duncan et al., 1997; 
Encarnación et  al., 1996; Fleming et  al., 1997; Foland 
et  al., 1993; Heimann et  al., 1994; Minor & Mukasa, 
1997). Subsequent CA-ID-TIMS U-Pb zircon dates by 
Burgess et al. (2015) significantly decreased this range, 
suggesting emplacement over 349 ± 49 kyr, with magma-
tism starting by 182.779 ± 0.033 Ma and persisting until 
at least 182.430 ± 0.036 Ma. This duration is consistent 
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Figure 2.6 Geochronology of the Karoo-Ferrar LIP . Probability density function for 40Ar/39Ar and U-Pb ID-TIMS geo-
chronology obtained for the Karoo-Ferrar LIP, highlighting high-precision U-Pb results of Burgess et al. (2017). Sources 
for other age data are Antonini (1998); Brewer et al. (1996); Duncan et al. (1997); Elliot et al. (1999); Encarnación 
et al. (1996); Fleming et al. (1997); Foland et al. (1993); Le Gall et al. (2002); Hargraves et al. (1997); Heimann et al. 
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with U-Pb ID-TIMS baddeleyite dating of  Ferrar rocks 
from Tasmania by Ivanov et al. (2017), within the bounds 
of  40Ar-39Ar pyroxene and plagioclase geochronology on 
Tasmanian dolerites by Ware and Jourdan (2018), and 
falls within the bounds defined for the Karoo by Sell 
et  al. (2014) and Svensen et  al. (2012). Together, these 
data sets indicate broadly contemporaneous magmatism 
in what are now two geographically disparate Ferrar 
provinces. Extending this correlation with the Karoo 
requires temporal resolution beyond what currently 
exists for the Karoo. Estimates of  average emplacement 
tempo for the Karoo-Ferrar are similarly precarious due 
to uncertainty on eruption duration and total province 
volume, as LIP erosion and concealment by Antarctic ice 
may bias volume estimates. Based on the range in erup-
tion duration from the Karoo and Ferrar of  between 10 
Ma and 1 Ma, reasonable estimates for average eruption 
tempo range from 0.25 to 2.5 km3/my, with the potential 
for short-lived (<100 ka) higher flux pulses within the 
broader LIP emplacement interval.

Broad coincidence between Karoo-Ferrar LIP emplace-
ment and the Pl-To biotic crises and oceanic anoxic event 
(OAE) has been recognized for decades (e.g., Sepkoski, 
1986). Recent work indicates multiple extinction events at 
this time, with the two most impactful events occurring 
coincident with the Pl-To boundary and in the early 
Toarcian (see review in Moulin et  al., 2017). This time 
period is also characterized by multiple large amplitude 
excursions in the carbon isotope record, evidence for 
widespread ocean anoxia, global warming and cooling 
events, and fluctuations in sea level (e.g., Al-Suwaidi 
et al., 2010; Boulila et al., 2014; Guex et al., 2012; Huang 
& Hesselbo, 2014; Kendall et al., Chapter 13 this volume; 
Pálfy et al., 2002; Suan et al., 2008, 2011, and many oth-
ers). Determining coincidence between Karoo-Ferrar 
LIP emplacement and environmental perturbations in 
the early Jurassic requires not only a stratigraphically 
comprehensive, accurate, and precise age model for LIP 
emplacement, but also on the Pl-To boundary date, and 
the timing and tempo of various environmental perturba-
tions. The absolute temporal record of the LIP is in this 
instance more thoroughly characterized than geochro-
nology of the environmental crises. Accepting the Pl-To 
boundary age from Pálfy et al. (2000b) of 183.6 +1.7/-1.1 
Ma, which is consistent within uncertainty with con-
straints from Sell et al. (2014), Ferrar emplacement occurs 
within uncertainty of the boundary date and carbon 
cycle perturbation and is contemporaneous with the 
onset of the early Jurassic carbon isotope excursion, 
extinction, and ocean anoxia (Burgess et  al., 2015). A 
more detailed temporal relationship between Ferrar 
emplacement and Toarcian perturbations is difficult to 
ascertain due to large uncertainty in the timing and 
tempo of these events (e.g., Boulila et al., 2014; Hesselbo 

et al., 2007; Hesselbo & Pienkowski, 2011). Age uncer-
tainty on the timing and, importantly, tempo of Karoo 
eruption/emplacement is high relative to that on the 
Ferrar, which further exacerbates efforts to conclusively 
link emplacement with environmental perturbation. 
Recent geochronology efforts do not preclude coinci-
dence, but additional high-precision geochronology with 
age uncertainty smaller than the duration of events being 
compared is required to make robust comparison.

2.2.8. Cretaceous Oceanic LIPs and Oceanic Anoxic 
Events

The Cretaceous is marked by the prevalence of oceanic 
LIP eruptions and oceanic anoxic events, which appear to 
be broadly correlative. OAEs were brief  episodes of 
disturbance to the carbon cycle, with enhanced organic 
carbon burial, evidenced by the widespread deposition of 
black shales, and positive carbon isotope excursions of 
1.5–2‰ (Jenkyns, 2010). They are associated with global 
warming, sea-level rise, and the drowning of carbonate 
platforms (Jenkyns, 2010). OAEs appear to have been 
concurrent with the eruptions of the Cretaceous oceanic 
flood basalts, which may have provided excess carbon to 
the ocean that allowed for greater marine productivity, 
and pCO2 to the atmosphere, allowing for global warming 
that accelerated the hydrological cycle, increasing 
continental weathering and nutrient discharge to the 
ocean (Ogg et al., 2012). Greater productivity allowed for 
an increase in organic matter, which placed a greater 
demand for oxygen in the water column as it was buried, 
leading to widespread anoxia (Jenkyns, 2010) as the warm 
global climate did not allow for cold oxygenated bottom 
water (Schlanger & Jenkyns, 1976; see also Bergman 
et al., Chapter 9 this volume). Here we will focus on two 
of the largest Cretaceous oceanic LIPs, Ontong Java 
Plateau and the Caribbean LIP, because they are con-
nected to the two most widespread OAEs, the Early 
Aptian OAE1a, and the Cenomanian-Turonian OAE2 
(the Selli and Bonarelli events, named for their initial rec-
ognition in Italy).

Ontong Java Plateau and OAE1a
The Ontong Java Plateau (OJP) is the largest oceanic 

large igneous province and largest series of volcanic 
eruptions in the last 250 Ma, with an estimated volume of 
60 million km3 over an area of 2 million km2 in the 
southwestern equatorial Pacific (Courtillot & Renne, 
2003). The Greater OJP also includes the minor plateaus 
of Manahiki, Hikurangi, and South Kerguelen, and is 
exposed above sea level in the Solomon Islands Arc 
(Bergman et al., Chapter 9 this volume; Kerr, 2014), and 
the eastern portion of the plateau is thought to have been 
emplaced near or at sea level (Chambers et al., 2004).
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Given its uniform normal polarity and biostratigraphy, 
the OJP is thought to have formed in the early Aptian, 
during the Cretaceous normal polarity superchron 
(Tarduno et al., 1991). All radioistopic geochronology in 
the OJP has been performed using the 40Ar/39Ar method, 
primarily on whole-rock samples. Mahoney et al. (1993) 
report that six whole-rock samples from ODP Site 807 
yield eruption ages indistinguishable from one another, 
with a weighted mean value of 122.3 ± 2.0 Ma (range 
from 124.7 ± 4.4 Ma to 119.9 ± 5.2 Ma). Age results from 
Site 289, which was sampled 500 km away, and from the 
island of Malaita, over 1,600 km away, overlap with this 
mean value. Further dating from exposed OJP basement 
on the Solomon Islands yielded ages overlapping with the 
122 Ma age group (Tejada et al., 1996, 2002). These early 
studies also had suggested a second pulse of volcanism at 
~90 Ma, given ages obtained from ODP Site 803 
(Mahoney et al., 1993) and the island of Sigana (Tejada 
et al., 1996). However, these younger ages are thought to 
be affected by argon recoil, given the low potassium 
content of the rocks and the few plateau heating steps 
used to obtain the ages, and thus should be interpreted as 
minimum ages (Chambers et al., 2002). Total fusion ages 
on plagioclase crystals extracted from OJP basalts 
sampled at ODP Site 1184, in the eastern salient of the 
plateau, yield a weighted mean age of 123.5 ± 3.6 Ma, 
overlapping with the age population obtained elsewhere 
in the plateau (Chambers et al., 2004).

Though these ages lack the precision of more recent 
40Ar/39Ar and U-Pb studies on other LIPs, they do sug-
gest that OJP volcanism was occurring simultaneously 
across a widespread area at ~122 Ma. It cannot yet be 
assessed whether volcanism occurred on the short time-
scale of other LIPs in <1 Ma, or if  it occurred in the 9 Ma 
permitted by the range of dates, which would allow 
calculated emplacement rates to vary over an order of 
magnitude (Fitton & Godard, 2004). With the current 
data, there is no apparent geographic age progression, 
though this may be obscured by the precision of the ages 
and by the limitations of sampling over only 9 m–2 km of 
stratigraphy at a given sampling site (Tejada et al., 1996, 
2002).

OAE1a, also known as the Selli event, is recognized for 
its apparent concurrence with the emplacement of the 
OJP in the early Aptian. It is marked by the deposition of 
organic-rich black shales in all major ocean basins, and a 
complex geochemical signature in δ13C, with a negative 
excursion followed by a major positive excursion 
(Menegatti et  al., 1998). The influx of light carbon 
causing the negative excursion is thought to result from 
injection of CO2 from submarine volcanic outgassing 
(Larson & Erba, 1999; Tejada et  al., 2009), or by the 
dissociation of methane hydrates (Jahren, 2002). The 
biostratigraphic record of the event is manifested by first, 

an increased speciation of calcareous nannofossils, 
followed by a drastic decrease in the calcification of these 
fossils as well as of planktonic foraminifera, known as 
the “nannoconid crisis” (Erba, 1994).

While there are no radiometric ages available for 
OAE1a, two different astronomical tuning models have 
attempted to constrain the duration of the event, even 
though the astronomical solution of Laskar et al. (2004) 
does not apply in the Cretaceous. Li et al. (2008) correlate 
the carbon isotope records from Italy, Mexico, and the 
Iberian shelf  to estimate a 1.27 Ma duration for OAE1a, 
with the initial negative δ13C excursion occurring over 
27–41 ka. Meanwhile, Malinverno et al. (2010) suggest a 
duration of OAE1a of 1.11 ± 0.11 Ma through 
astronomical tuning of the Cismon APTICORE borehole 
in Italy. They suggest that the record be tied to the base of 
polarity chron M0r, formerly estimated at 121 Ma 
(Channell et  al., 1995), making the timing of OAE1a 
from 120.21 to 119.11 Ma. However, a review of advances 
in Early Cretaceous geochronology suggest that the base 
of chron M0r, which is also the Barremian-Aptian bound-
ary, is conservatively between 123.8 and 121.8 Ma, fol-
lowing U-Pb CA-ID-TIMS and 40Ar/39Ar studies (Corfu 
et  al., 2013; He et  al., 2008; Midtkandal et  al., 2016; 
Olierook et al., 2019). Thus, the timing of OAE1a is likely 
to have occurred at least 1 Ma if  not a few Ma earlier 
than previously suggested. This time period would be a 
fruitful interval to pursue more high-precision radiomet-
ric constraints, to better ascertain the timing of this 
boundary and OAE1a.

The current state of geochronology for OJP and 
OAE1a allows for correlation of the events, since the ages 
for OJP overlap with the age assigned to OAE1a at ~120 
Ma, though at an order of magnitude lower resolution. 
Higher-precision ages are required to improve this corre-
lation, and to assess a causal relationship between oce-
anic LIP volcanism and this global climate event at the 
same resolution as other events in this chapter. 
Geochronology of the OJP is hindered by sample 
availability: there have been only a few ODP cores to drill 
into OJP basement, and it is exposed above sea level in 
only a few small islands, inhibiting wide sampling across 
both area and depth of the province. Furthermore, there 
is no description of felsic ash beds or gabbroic intervals in 
the basalts that may potentially yield zircon. Additionally, 
the low K content of the basalts has limited the precision 
of 40Ar/39Ar dating (Fitton & Godard, 2004). The pCO2 
proxy records suggest that the documented shift to lighter 
oceanic 187Os/186Os isotopes (Bottini et al., 2012; Tejada 
et al., 2009), reflecting volcanogenic mantle values, was 
concurrent with the rise in oceanic CO2, strengthening 
the connection between OJP emplacement and the carbon 
cycle perturbation of OAE1a (Bergman et al., Chapter 9 
this volume; Naafs et al., 2016).



56 LARGE IGNEOUS PROVINCES

Caribbean LIP and OAE2
The Caribbean LIP consists of 4.5 million km3 (Kuroda 

et al., 2007) of highly faulted basaltic or picritic lavas and 
sills, layered gabbros, and ultramafic rocks interpreted to 
be a remnant of an eastern Pacific oceanic plateau that 
was inserted between North and South America (Bergman 
et al., Chapter 9 this volume). These rocks were obducted 
and exposed around the Caribbean margin and the north-
western coast of South America, and exhibit a thickness 
of 8–20 km (Sinton et  al., 1998). With carbonized tree 
trunks and corals occasionally interbedded with the 
basalts, parts of the LIP appear to have been emplaced 
subaerially or in shallow water (Kerr, 2014). The limited 
presence of interbedded sediments and ash layers in the 
Caribbean LIP suggests rapid eruptions with few hiatuses 
(Kerr, 2014).

Like the OJP, most age constraints for the Caribbean 
LIP are based on whole-rock 40Ar/39Ar dates, constrained 
by biostratigraphic ages of surrounding sediments, which 
indicate that much of the LIP was emplaced before the 
Coniacian (89.8–86.3 Ma; Ogg et al., 2012). These dates 
similarly suffer from low precision as most of the rocks 
sampled were tholeiitic, with low K2O content (Sinton 
et  al., 1998; Snow et  al., 2005). The primary pulse of 
Caribbean LIP volcanism seems to have occurred between 
92 and 88 Ma (ranging from 92.0 ± 9.6 to 87.9 ± 4.2 Ma), 
as evidenced by dates from outcrops on Haiti, Colombia, 
Costa Rica, Curacao, as well as from DSDP cores 
sampling the Venezuelan basin (Kerr et al., 2003; Sinton 
et al., 1998). More recent whole-rock 40Ar/39Ar dating has 
yielded a weighted mean of four dates of 93.96 ± 0.38 Ma 
for the Dumisseau Formation in Haiti, and 92.75 ± 0.46 
Ma for a sample from Curacao (Snow et al., 2005). These 
dates suggest that volcanism was broadly synchronous 
across the region over a short period of time, potentially 
1–2 Ma. A second set of ages from basalts in Columbia, 
a sill in Curacao, volcanics in Haiti, and from DSDP Site 
152 reveal a younger phase of volcanism from 76 to 72 
Ma, which is as extensive in area as the first phase, but is 
likely less voluminous, and may be related to extension as 
the plateau was emplaced in its current location (Sinton 
et al., 1998).

OAE2 was first recognized as a 1-m-thick package of 
laminated black shale with total organic carbon content 
>30% in the Umbria-Marche region of Italy (Schlanger 
& Jenkyns, 1976). The black shale has been found across 
the globe, most prominently in pelagic Atlantic settings, 
the Caribbean, and Alpine-Mediterranean areas, and to a 
lesser extent in north Africa and Asia (Jenkyns, 2010). 
This global distribution suggests a widespread reducing 
environment occurring in the context of a major sea-level 
transgression, higher global temperatures with elevated 
pCO2, and a positive carbon isotope excursion of 4–5‰, 
reflecting increased rates of productivity and organic 

 carbon burial (Jenkyns, 2010). The timing of this event, 
overlapping the Cenomanian-Turonian boundary, is also 
coincident with an extinction event in which 26% of 
known genera were lost, particularly affecting more than 
half  of ammonoid and brachiopod genera (Kerr, 2014). 
Oceanic LIP volcanism has been implicated as a potential 
cause of OAE2 because of this loss in deep marine biota, 
the geochemical signature of black shales resembling oce-
anic plateau, and the increase in productivity related to a 
greater flux of nutrients provided by volcanism (Kerr, 
2014).

Sedimentary sections containing the records of OAE2 
have been astronomically tuned to suggest a range of 
possible durations of the event: 1.8 Ma for the Bonarelli 
level in central Italy, with the event beginning at 94.21 or 
93.72 Ma (Mitchell et  al., 2008), 430–445 ka for the 
Wunstorf section in northern Germany (Voigt et  al., 
2008), 600 ka for the Greenhorn Formation in the west-
ern USA (Meyers et al., 2001; Sageman et al., 2006). A 
recent high-precision U-Pb zircon geochronology study 
of bentonites bracketing OAE2 in the Yezo Group of 
Japan has refined the timing and duration of the event, 
which begins at 94.436 ± 0.093/0.14 Ma ([X/Z], MSWD = 
0.8, n = 5), and ends at 93.920 ± 0.031/0.11 Ma ([X/Z], 
MSWD = 2, n = 3) (Du Vivier et  al., 2015). This age 
model yields a duration of 392–640 ka, in broad agree-
ment with prior astrochronological constraints. The age 
model’s timing for OAE2 also overlaps with the 
Cenomanian-Turonian Boundary age of 93.90 +0.07/-
0.09 Ma, (± 0.15 Ma) [X/Z], which was derived from 
intercalibrated 40Ar/39Ar, U-Pb, and astrochronology of 
the Western Interior Seaway (Meyers et al., 2012).

Given its observed temporal coincidence, the Caribbean 
LIP has frequently been implicated as one of the causes 
of OAE2, though other LIPs, such as the High Arctic 
LIP (Polteau et al., 2016) and the flood basalt volcanism 
from the rifting of Madagascar (Storey et  al., 1995; 
Turgeon & Creaser, 2008) have also been implicated as 
possible causes (Bergman et al., Chapter 9 this volume; 
Kendall et al., Chapter 13 this volume). However, high-
precision geochronology studies of these LIPs will be 
required to better understand this connection now that 
the occurrence of OAE2 is well constrained to ~94 Ma 
(Fig. 2.2). With uncertainty on the order of a few million 
years, many of the ages used to suggest a first main phase 
of Caribbean volcanism at 92–88 Ma overlap with the 
OAE2 zircon ages (Kerr et al., 2003; Sinton et al., 1998; 
Du Vivier et  al., 2015), including the higher-precision 
40Ar/39Ar dates from the Dumisseau Formation (Snow 
et al., 2005). While it is also possible that the main phase 
of the Caribbean LIP eruption could have postdated 
OAE2 entirely, and may in fact align better with the 
Turonian-Coniacian boundary (Ogg et al., 2012), a vari-
ety of osmium isotope records suggest that a large mag-
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matic pulse triggered the onset of OAE2 (Turgeon & 
Creaser, 2008; Du Vivier et al., 2014). While the Caribbean 
LIP suffers from its fragmentary, fault-bounded nature, 
complicating sampling across its full vertical stratigraphy 
and horizontal extent, higher-precision ages would allow 
for a better understanding of its timing, duration, effu-
sion rate, and connection to OAE2.

2.2.9. Deccan Traps and End-Cretaceous Extinction

In the late Cretaceous at ca. 90 Ma, the Indian subcon-
tinent rifted from Madagascar, marking the initial drift 
of India toward Eurasia, an event that culminated in the 
Himalayan Orogeny (Besse & Courtillot, 1988; Raval & 
Veeraswamy, 2003). The impingement of the Reunion 
plume under the western Indian margin occurred ca. 66 
Ma, which resulted in the eruption of the Deccan Traps 
flood basalt province. As outlined below, the timing 
of  the Deccan Traps corresponds well with the 
end-Cretaceous mass extinction event, though whether it 
played a role in that disaster remains heavily debated due 
to the simultaneous occurrence of the Chicxulub bolide 
impact and the evidence that the impact coincided with 
the potentially very rapid extinction of marine organisms 
(Keller et al., 2012; Schulte et al., 2010).

The Deccan Traps covers ~500,000 km2 of western 
India, with estimated volumes ranging from 1–2 million 
km3 (Jay & Widdowson, 2008; Richards et al., 2015; Self  
et  al., 2008). Large uncertainties in the total volume 
derive from both the portion of the Deccan that is eroded 
and also from the amount of basaltic magma that is 
currently below sea level on the continental shelf  off  the 
west coast of India. However, by comparison to other 
flood basalts, the stratigraphy of the Deccan Traps is well 
exposed along the western margin of the 1,000 m elevation 
Deccan plateau, called the Western Ghats, where deep 
erosion down to the coastal plain has resulted in 
outstanding exposure of the volcanic stratigraphy. As a 
result, geological, paleomagnetic, and geochemical 
studies conducted over several decades have generated a 
very well-characterized stratigraphy of the Deccan Traps 
relative to many other flood basalt provinces (Beane 
et al., 1986; Chenet et al., 2007, 2008, 2009; Khadri et al., 
1988; Subbarao et al., 2000).

The stratigraphy of the Deccan Traps has been divided 
into 12 formations within three subgroups that can be 
well correlated over ~80,000 km2 surrounding the Western 
Ghats. The stratigraphy becomes less certain toward the 
east, south, and north, though geochemical and 
paleomagnetic data have been used to correlate with the 
Western Ghats (Courtillot et al., 2000; Jay & Widdowson, 
2008; Schöbel et al., 2014; Self  et al., 2008; Shrivastava & 
Pattanayak, 2002). As one spectacular example, basalt 
flows exposed in quarries on the southeast coast of India 

are thought to have traveled thousands of kilometers 
within the Krishna-Godavari paleo river valley from the 
Western Ghats into the Indian Ocean. Paleomagnetic, 
geochemical, and chronologic data support an affiliation 
with the Deccan Traps, though exact correlations have 
yet to be confirmed (Keller et  al., 2008; Knight et  al., 
2003; Self  et al., 2008). While these peripheral flows are 
important for understanding of the overall evolution of 
the Deccan Traps, they are volumetrically less significant 
and therefore perhaps less important for understanding 
the paleoclimatic implications of the Deccan eruptions.

Because portions of the Deccan Traps are interstratified 
with sediments containing late Cretaceous flora and 
fauna, they have been long known to potentially overlap 
with the end-Cretaceous mass extinction (McLean, 1985). 
K-Ar, 40Ar/39Ar, Re-Os geochronology and paleomagnetic 
data were gathered over several decades (Allègre et  al., 
1999; Baksi, 1994; Chenet et  al., 2007; Courtillot et  al., 
1986, 1988, 2000; Duncan & Pyle, 1988; Hofmann et al., 
2000; Hooper et  al., 2010; Knight et  al., 2003; Pande, 
2002; Venkatesan et al., 1993), which confirmed that the 
majority of the eruptions occurred during chron C29r 
(now known to be between ca. 66.3 and 65.6 Ma), but 
beginning and finishing during normal polarity (Chenet 
et al., 2009; Courtillot et al., 2000) (Fig. 2.7). Chron 29r 
contains the end-Cretaceous mass extinction and the 
Cretaceous-Paleogene boundary, which has been defined 
as the timing of the Chicxulub impact (see review in Smit, 
1999). However, uncertainties of ± 1–2 Ma or more on the 
dates for the Deccan Traps prevented a high-resolution 
correlation of the Deccan Traps with the Chicxulub 
impact and the biotic crisis. Additionally, the age uncer-
tainties when combined with paleomagnetic data led sev-
eral authors to conclude that an early pulse of volcanism 
as old as 68 Ma predated the main phase in the western 
Ghats sections (Chenet et  al., 2007) indicating a total 
duration of volcanism to be several millions of years.

Two recent ongoing efforts using 40Ar/39Ar and U-Pb 
geochronology have established a much higher resolution 
timeline for the eruption of the Deccan Traps. The 
40Ar/39Ar geochronology has focused on multigrain 
plagioclase separates from Deccan basalt flows (Renne 
et al., 2015; Sprain et al., 2019), whereas the U-Pb geo-
chronology is based on dating single zircons from vol-
canic ash interstratified with the basalts (Schoene et al., 
2015, 2019). Both data sets show that over 90% of the 
Deccan Traps erupted between ~66.3 and 65.6 Ma, and 
therefore do not support a prolonged eruption over mil-
lions of years in the Western Ghats. Neither of the stud-
ies have dated the C30n portion of the Deccan Traps nor 
the topmost formations, so the total duration cannot yet 
be calculated. However, U-Pb geochronology of the same 
outcrop originally reported to be 67–68 Ma (Chenet 
et  al., 2007) and of transitional polarity was shown to 
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represent the C30n-C29r transition at ca. 66.3 Ma 
(Schoene et al., 2015) supporting a short duration.

Both the recent 40Ar/39Ar and U-Pb data sets (Renne 
et al., 2015; Schoene et al., 2015, 2019; Sprain et al., 2019) 
have excellent coverage of the entire Deccan stratigraphy 
and reveal good agreement between the two methods, but 
a direct comparison of absolute ages remains difficult. 
This is because of systematic uncertainties between the 
40Ar/39Ar to U-Pb dating methods that arise from the 
decay constants and physical constants of both the 238U 
and 40K decay schemes (Min et  al., 2000; Renne et  al., 
1998a, 2010; Schoene et al., 2006), which are discussed in 
the dating methods section, 2.2.1. Given these uncertain-
ties, we refrain from comparing the 40Ar/39Ar and U-Pb 
data at better than the 200 kyr level, but instead focus on 
the data sets and calculated eruption rates internally and 
compare to geochronology from the same system for 
assessing their temporal relation to the Chicxulub impact.

Because of the spectacular exposure and preservation 
of the Deccan Traps in the western Ghats, the 40Ar/39Ar 
and U-Pb data sets can be combined with models for the 
relative volumes of each formation (Richards et al., 2015) 
and used to calculate volumetric eruption rates for the 
flood basalts. Doing so with the U-Pb data set reveals that 
the Deccan Traps erupted in four major pulses, separated 
by relative lulls in volcanism of up to 100 ka (Fig. 2.8). 
The 40Ar/39Ar data set, in contrast, shows roughly con-
stant eruption rates over the entirety of the Deccan Traps.

However, the comparably large uncertainties associ-
ated with the 40Ar/39Ar data set make it impossible to test 
the presence of pulses identified by the U-Pb data set. A 
challenge facing both dating methods in calculating 
eruption rates is the large uncertainties in the volume 
models for the flood basalt, in addition to the unknown 
volume or age of basalts located offshore to the west of 
the Indian margin. Furthermore, the intrusive component 
of the Deccan Traps is poorly exposed, compared with 
other LIPs, and thus difficult to compare with the 
eruption record. As a result, estimating volatile release 
associated with the Deccan Traps remains a challenge.

The end-Cretaceous mass extinction has not been 
directly dated. Terrestrial records have low stratigraphic 
resolution, making it difficult to pinpoint an extinction 
horizon, and no geochronology has been published from 
marine records. However, ejecta material from the 
Chicxulub impact has been well dated by both U-Pb and 
40Ar/39Ar geochronology. Given the stratigraphic corre-
spondence between the impact ejecta and the peak marine 
extinction, these dates may also calibrate the timing of 
the extinction. U-Pb dates on impact ejecta come from 
zircon geochronology of ash beds bracketing Chicxulub 
ejecta in the Denver Basin, Colorado (Clyde et al., 2016); 
the 40Ar/39Ar date comes from both sanidine extracted 
from ash beds bracketing Chicxulub ejecta in Hells Creek, 
Montana, and on glassy tektites defining the Cretaceous-
Paleogene boundary from both Haiti and Columbia 
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(Renne et al., 2013, 2018; Sprain et al., 2018). Both U-Pb 
and 40Ar/39Ar data sets show that the Deccan Traps began 
several hundred thousand years before the Chicxulub 
impact and continued for a similar duration afterward. It 
has been hypothesized that seismic energy from the 
impact itself  may have influenced the eruption of the 
Deccan Traps, for example by leading to an increase in 
eruption rates (Renne et al., 2015; Richards et al., 2015). 
While the 40Ar/39Ar data set cannot rule this model out 
(Sprain et al., 2019), the U-Pb data set shows a pulse of 
eruptions likely beginning before the impact and a 
decrease afterward, suggesting the Chicxulub impact and 
Deccan Traps were completely independent of one 
another (Schoene et al., 2019).

There remains much to learn about what the effect of 
the Deccan Traps may have been on the end-Cretaceous 
mass extinction event. Several data sets have argued for a 
role for Deccan Traps in late Maastrichtian ecological 
changes, such as a warming and cooling event evidenced 
by oxygen isotopes records in foraminifera (Barnet et al., 
2017; Li & Keller, 1998; Tobin et al., 2012) and fossil leaf 
evolution (Wilf  et al., 2003), evidence for biologic distur-
bance in the lead-up to the Chicxulub impact (Henehan 
et  al., 2016; Petersen et  al., 2016; Punekar et  al., 2014; 
Wilson, 2014; Wilson et  al., 2014), and a significant 
change in silicate weathering documented by seawater Os 
isotopes (Ravizza & VonderHaar, 2012; Robinson et al., 
2009). The pulse of Deccan volcanism identified in the 
U-Pb data set that begins within tens of ka before the 
Chicxulub impact may hint at a closer temporal link 
between volcanism and the main extinction event. 
However, environmental, climate, and biologic records 
within this timeframe do not paint a clear picture as to 
what the effect of volcanism was. Some evidence of a 
hyperthermal event prior to the Chicxulub impact in 
Elles, Tunisia, has been suggested (Thibault et al., 2016), 
but corroborating records are scarce. A better under-
standing of the contribution of the Deccan Traps to the 
end-Cretaceous mass extinction and recovery period will 
require continued stratigraphic work generating very 
high resolution biotic and proxy records, geochronology 
from marine sections, as well as continued geochronology 
on the Deccan Traps to test recently established eruptive 
histories, including the intrusive history.

2.2.10. North Atlantic Igneous Province 
and Paleocene-Eocene Thermal Maximum

The North Atlantic Igneous Province (NAIP) initiated 
when the proto-Icelandic plume impinged on the base of 
Greenland (Larsen et  al., 1999; Richards et  al., 1989). 
Magmatism initiated as a result ca. 61–62 Ma in what is 
now West and East Greenland, Baffin Island, the Faeroe 
Islands, and throughout the British Isles (Saunders, 

2016). Magmatism continued during rifting of east 
Greenland and Europe, where inferred plume magma-
tism is superimposed on midocean ridge magmatism of 
the mid-Atlantic ridge, forming thickened crust ridges 
leading toward Iceland (Saunders, 2016; Saunders et al., 
1997). In addition to the exposed basalt stratigraphy 
associated with the NAIP, abundant submarine sills have 
been imaged seismically along the continental margins 
(so-called seaward dipping reflectors; White et al., 1987), 
some of which have been dated from drill core and shown 
to be synchronous with the NAIP (Svensen et al., 2010). 
Given the fragmentary nature of the NAIP and the abun-
dance of submerged intrusive rocks, the volume of the 
NAIP has been difficult to determine. An estimate of pre-
erosion volume for extrusive rocks of ~1.8 million km3 is 
often cited (Eldholm & Grue, 1994), and estimates for the 
total magmatic volume including intrusive rocks range 
between 5 and 10 million km3 (Eldholm & Grue, 1994; 
White et al., 1987). Despite potentially being one of the 
largest LIPs, there is no mass extinction associated with 
the NAIP. However, geochronology suggests that peak 
magma production rates may have coincided with the 
Paleocene-Eocene boundary and the associated hyper-
thermal event (the PETM). Testing this correlation 
requires high-precision geochronology on both basalts, 
intrusive rocks, and sedimentary sections that contain the 
PETM.

Published geochronology for the NAIP includes data 
from the 40Ar/39Ar, K-Ar, U-Pb, Re-Os, and Rb-Sr meth-
ods. In a recent comprehensive review of existing geo-
chronology, Wilkinson et  al. (2017) rejected the vast 
majority of these dates based on criteria including poor 
data quality, incomplete data reporting, dubious inter-
pretations, ambiguous data handing, and questionable 
sample quality. Their resulting database focuses on suba-
erial sampling localities and includes between ~80 and 
120 40Ar/39Ar and U-Pb dates; the number of acceptable 
dates depends predominantly on whether groundmass, 
glass, or whole-rock data were included for 40Ar/39Ar data 
(Fig.  2.9a). Our summary here focuses on their more 
restrictive database that contains only pure mineral sepa-
rates, given that whole-rock, groundmass, and glass 
40Ar/40Ar dates are too often inaccurate (see other sec-
tions of this chapter).

The majority of dates within the subset are 40Ar/39Ar 
dates from a handful of studies on basalts and gabbros 
from West Greenland, East Greenland, the Faeroe 
Islands, and the British Isles (Fig. 2.9b). Both intrusive 
and extrusive samples have been dated, and some studies 
(Larsen et al., 2014, 2016; Storey et al., 2007b) focus on 
sampling from known stratigraphic sections in order to 
make regional correlations and estimate volumetric erup-
tion rates. Modern ID-TIMS U-Pb geochronology for 
the NAIP is sparse. Eight dates have been published, 
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from the British Isles (Chambers et al., 2005; Hamilton 
et al., 1998) and from submarine cores off  the coast of 
Norway (Svensen et  al., 2010). One study of the 
Skaergaard intrusion in East Greenland was not included 
in the compilation of Wilkinson et  al. (2017) in which 
construction of the mafic complex was estimated to be 
between 56.02 ± 0.02 and 55.84 ± 0.02 Ma (Wotzlaw 
et al., 2012).

The results show that magmatism began in the early 
Paleocene and continued well beyond the Paleocene-
Eocene boundary. These geochronologic data have led to 
the hypothesis that the NAIP was erupted and intruded 
in two main phases, one that predates the initial breakup 
of Greenland, North America, and Europe ca. 63–61 
Ma, and a second beginning ca. 56 Ma (Larsen et  al., 
2014, 2016; Storey et al., 2007a, 2007b). Wilkinson et al. 
(2017) argue that, given their full compilation of available 
geochronology, this gap in magmatism is less significant. 
However, assessing changes in the rates of magmatism 
that may define different phases requires robust volumet-
ric estimates of eruption rates, which are difficult to cal-
culate given the fragmentary preservation of the NAIP. 
In an attempt to reconcile this, Storey et  al. (2007a, 
2007b) combined stratigraphically resolved 40Ar/39Ar 
geochronology from eastern Greenland with estimates of 
volumes of each formation to calculate an order of mag-
nitude increase in eruption rates that defines the onset of 
the second phase of magmatism ca. 56 Ma. In a similar 
effort in western Greenland, Larsen et al. (2016) also cal-
culate higher eruption rates in the prebreakup phase prior 
to ca. 61 Ma.

The most severe hyperthermal event in the Cenozoic, 
the Paleocene-Eocene Thermal Maximum (PETM), may 
overlap with the onset of the second phase of NAIP mag-
matism. The PETM is marked globally in marine and ter-
restrial stratigraphic records. It is recorded by both a 
negative δ13C anomaly of carbonate and organic carbon 
of several permill, and also a negative δ18O anomaly in 
foraminifera that indicates a warming of seawater of 
3–4°C (Cui et al., 2011; Zachos et al., 2001, 2005; see also 
Bond & Sun, Chapter 3 this volume). The duration of the 
PETM has been estimated to be either 170 ka or 220 ka, 
by cyclostratigraphy on astronomically tuned sediments 
(Röhl et al., 2007) and extraterrestrial 3He accumulation 
(Murphy et al., 2010), respectively. The absolute timing 
of the onset of the PETM has been calibrated through a 
combination of U-Pb and 40Ar/39Ar geochronology on 
volcanic ash beds and cyclostratigraphic estimation of 
the time between the onset and stratigraphic position of 
the ash bed (Charles et al., 2011; Jaramillo et al., 2010; 
Storey et al., 2007a; Westerhold et al., 2009). These result 
in a range of estimates spanning 500 ka between ca. 55.7 
and 56.2 Ma, despite reported uncertainties on the geo-
chronology of 100 ka or better. The uncertainties in these 
estimates derive from both the uncertainties in standard 

ages used for 40Ar/39Ar dates, the interpretation of the 
U-Pb zircon data, and the assumptions inherent in 
cyclostratigraphy, for example that observed cyclicity is 
caused by Milankovitch cycles and that there are no 
hiatuses.

There is agreement that the PETM was likely driven by 
delivery of a large amount of isotopically light carbon to 
the ocean-atmosphere system, but the source and iso-
topic composition of that carbon remain debated. 
Possible sources include methane hydrate dissociation 
(Dickens et  al., 1995), organic carbon volatilization 
through contact with NAIP sills (Svensen et  al., 2004, 
2010), weathering of exposed organic-rich epicontinental 
seaways (Higgins & Schrag, 2006), and mantle carbon 
derived directly from NAIP magmatism (Gutjahr et al., 
2017). It is difficult to reconcile the negative carbon iso-
tope shift of the PETM with mantle carbon extracted 
from the NAIP, thus explaining the attraction to methane 
hydrate or organic carbon volatilization. However, 
Gutjahr et al. (2017) argue based on the pH of seawater 
derived from boron isotope measurements combined 
with carbon isotope mass balance that volcanic/mantle 
carbon was an important source of CO2 for the driving 
the PETM (see also Babila & Foster, Chapter 17 this vol-
ume). In order to resolve this issue, more stratigraphically 
linked, high-precision geochronology is necessary from 
the NAIP to calculate eruption rates during the breakup 
phase of the magmatism. Also, the differences in esti-
mates for the onset of the PETM need to be resolved 
(Charles et  al., 2011), likely through a combination of 
geochronology and potentially cyclostratigraphy in sec-
tions that record the PETM. It is unlikely that cyclostrati-
graphic estimates for the timing of the PETM alone will 
have the accuracy to resolve this question (Westerhold 
et al., 2012).

2.2.11. Columbia River Basalt Group and Miocene 
Climate Optimum

The Columbia River Basalt Group (CRBG), the 
youngest, smallest, and best-preserved continental flood 
basalt, erupted 210,000 km3 of lava over Washington, 
Oregon, and Idaho, USA from ~17–6 Ma. Due to its 
accessibility, it has been the subject of numerous strati-
graphic, paleomagnetic, geochemical, mapping, and geo-
chronological studies, providing an unparalleled level of 
detail for LIP researchers. The province has been divided 
into five formations (Steens Basalt, 15.3% of total vol-
ume; Imnaha Basalt, 5.3%; Grande Ronde Basalt, 72.3%; 
Wanapum Basalt, 5.9%; and Saddle Mountains Basalt, 
1.2%), and each of these has been subdivided into 2–24 
stratigraphic members based on mineralogy, geochemis-
try, and paleomagnetic signature. Volume estimates exist 
for each member, consisting of 1–20 tholeiitic basalt to 
basaltic andesite lava flows (Reidel, 2015).
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For decades, K-Ar and 40Ar/39Ar geochronology tech-
niques have been used in order to assess the timing and 
duration of CRBG volcanism. However, large uncertain-
ties (>1 Ma) in these analyses, with ages overlapping 
despite known stratigraphic order, have precluded the 
development of an unambiguous chronology. The most 
recent review of 40Ar/39Ar dates for the basalts (Fig. 2.10) 
suggests an age model of Steens Basalt erupting from 
16.9–16.7 Ma, the Imnaha Basalt from 16.7–16.0 Ma, the 
Grande Ronde Basalt from 16.0–15.6 Ma, the Wanapum 
Basalt from 15.6–15.0 Ma, and the Saddle Mountains 
Basalt in small events between 15 and 6 Ma (Barry et al., 
2013). This age model yields several inconsistencies with 
the Geomagnetic Polarity Timescale (GPTS) (Hilgen 
et al., 2012). For example, the universally normally mag-
netized Imnaha Basalt would have erupted during an 
interval with two complete magnetic field reversals, while 
the Grande Ronde Basalt, which does exhibit two com-
plete reversals, would have erupted during a reversed 
chron.

Recent high-precision geochronological studies using 
both 40Ar/39Ar and U-Pb methods have provided a reas-
sessment of the CRBG age model. Since plagioclase phe-
nocrysts extracted from basalt contain low concentrations 
of K2O, and basaltic groundmass can be easily altered, 
Mahood and Benson (2017) performed 40Ar/39Ar geo-
chronology on feldspar phenocrysts extracted from rhy-
olitic and trachytic tuffs intercalated with and below the 
Steens Basalt. Improving on the precision of prior studies 
by an order of magnitude, the oldest tuff  in their study of 

the Main Scarp section of the southern Pueblo Mountains 
is dated at 16.699 ± 0.028 Ma, and the youngest tuff  is 
16.601 ± 0.048 Ma. Twenty-four lava flows comprising 
230 m of section were emplaced between the tuffs, allow-
ing for the calculation of an average eruption rate of 2.4 
m/ka (1.3–11 ka at 95% confidence interval). With these 
constraints, they estimate that the Steens Basalt erupted 
from ~16.75–16.54 Ma, and that the Steens Mountain 
geomagnetic reversal occurred at 16.602 ± 0.028 Ma (all 
dates recalculated with Fish Canyon Sanidine age of 
28.201 (Kuiper et al., 2008) and expressed with 2σ model 
error).

A similar approach was undertaken by Kasbohm and 
Schoene (2018), who extracted zircons from silicic ash 
beds interbedded throughout the CRBG stratigraphy and 
dated them with U-Pb geochronology through CA-ID-
TIMS. Zircon ages show that 95% of the eruptive volume 
was emplaced in 758 ± 66 ka, 2.4 times faster than previ-
ous estimates (Camp, 2013), between 16.653 ± 0.063 Ma 
in the lower Steens Basalt, and 15.895 ± 0.019 Ma in the 
upper Wanapum Basalt. Zircon dating in the Steens 
Basalt gives good agreement with the results of Mahood 
and Benson (2017). The volume estimates for CRBG 
stratigraphic members allow the calculation of an average 
effusion rate of 0.334 ± 0.042 km3/year for the Steens, 
Imnaha, and Grande Ronde Basalts; volcanism slows 
during the emplacement of the Wanapum Basalt, to a rate 
of 0.055 ± 0.014 km3/year. The samples also indicate at 
least one effusive pulse of volcanism; the Wapshilla 
Ridge Member, which makes up 20% of the total CRBG 
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Figure 2.10 Geochronology of the Columbia River Basalt Group (CRBG). Probability density function for 40Ar/39Ar 
and U-Pb ID-TIMS geochronology obtained for the CRBG, comparing the compilation of 40Ar/39Ar dates by Barry 
et al. (2013) with age constraints on the Steens Basalt (Mahood & Benson, 2017) and CRBG zircon geochronol-
ogy (Kasbohm & Schoene, 2018). Dates for Saddle Mountains Basalt are omitted.
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volume, was emplaced at an average rate of 1.18 km3/year, 
though the dates for the top and bottom of the member 
overlap with ~30 ka precision, permitting extremely rapid 
eruption.

A connection between the emplacement of the CRBG 
and the ~17–15 Ma Miocene Climate Optimum (MCO) 
has long been suggested (Hodell & Woodruff, 1994; see 
also discussion by Babila & Foster, Chapter  17 this 
 volume). This interval was marked by elevated high- 
latitude sea surface temperatures 4–6°C above back-
ground (Shevenell et  al., 2004), with a benthic δ18O 
minimum, a benthic δ13C maximum, and an inferred 
reduction in high-latitude ice sheet extent (Armstrong 
McKay et  al., 2014). Vertebrates migrated poleward as 
temperatures warmed, with increased species origina-
tions (Böhme, 2003). A variety of pCO2 proxy records, 
including stomata (Kürschner et  al., 2008), alkenone 
(Zhang et al., 2013), and δ11B (Foster et al., 2012) proxies 
indicate a possible doubling of atmospheric CO2 levels to 
>400 ppm concurrent with the warming. CRBG volcan-
ism has been suggested as the source of the CO2 that led 
to this warming, and the prior age model for volcanism 
(Barry et al., 2013) offered a reasonable temporal overlap 
for these events.

However, there are no radiometric dates calibrating the 
timing and duration of the MCO, inhibiting an assess-
ment of its connection to the CRBG, particularly in light 
of new high-precision age models for flood volcanism. 
The early and middle Miocene has proven to be the most 
difficult interval of the Neogene for establishing precise 
independent chronologies in the marine sediments 
that exhibit the MCO due to problems obtaining undis-
turbed stratigraphic sections that yield reliable magneto-
stratigraphy, biostratigraphy, astronomical tuning, and 
radiometric ages (Hilgen et al., 2012). All Miocene time-
scales depend in some way on correlation with the GPTS, 
for which there are currently several proposals. The most 
recent, Geologic Time Scale 2012 (Hilgen et  al., 2012), 
notes that the interval from 17 to 14 Ma is the only por-
tion of the Neogene GPTS that is not calibrated by astro-
nomical tuning of a core with reliable magnetostratigraphy. 
Instead, this interval was calibrated by seafloor anomaly 
profiles of the Antarctic and Australian plates, and 
assuming a relatively constant spreading rate to give a 
23.03 Ma age for the Oligocene-Miocene boundary. 
Proxy records of the MCO use a variety of age models 
that yield conflicting accounts of the timing of the event, 
inhibiting the ability to compare its timing to that of 
CRBG eruptions (Foster et  al., 2012; Holbourn et  al., 
2007, 2015).

In the absence of  radiometric ages for the MCO, one 
way forward, as suggested by Kasbohm and Schoene 
(2018), may be to focus on MCO records with reliable 
magnetostratigraphy. By integrating U-Pb zircon dates 

into the magnetostratigraphic framework of  the 
CRBG, Kasbohm and Schoene (2018) suggest four 
absolute age constraints on the ages of  magnetic field 
reversals concurrent with CRBG eruption. These abso-
lute ages differ from all prior calibrations of  the GPTS, 
indicating that prior GPTS age models may be in error. 
However, isotopic records of  the MCO that also 
yielded magnetostratigraphy may be aligned with the 
proposed GPTS recalibration, and compared with the 
zircon-derived age model for CRBG eruptions. At 
Sites 1090 (Billups et al., 2004; Channell et al., 2003) 
and U1335 (Kochhann et al., 2016), the decline in ben-
thic δ18O, a proxy for deep-ocean temperature, occurs 
in chron C5Cr, which is the same chron in which CRBG 
eruptions began with the lower Steens Basalt, and 
reach a nadir during chrons C5Cn.3n–C5Cn.1r, during 
which time the Grande Ronde Basalt was erupting. 
The astronomically tuned record from U1335 suggests 
that the decline in δ18O may have begun 100–200 ka 
before the onset of  Steens eruptions. This offset may 
be explained by the onset of  cryptic degassing of  CO2 
as magma migrated through CRBG dike swarms 
(Armstrong McKay et al., 2014), or it may suggest that 
these events are unrelated. Further work improving 
age models for the MCO is required in order to deter-
mine its relationship to the CRBG.

Regardless of adjustments to individual proxy records 
that may occur through refining MCO age models, global 
proxy data (Zachos et al., 2008) indicate that the MCO 
continued for ~1 Ma after the termination of all but the 
smallest CRBG eruptions by 15.895 ± 0.019 Ma 
(Kasbohm & Schoene, 2018). A continuation of warm 
temperatures following the cessation of volcanism may 
be explained by the long response time of the silicate 
weathering feedback, which may occur on 200–500 ka 
timescales (Stolper et al., 2016), allowing for volcanogenic 
CO2 drawdown over 1 Ma. Alternatively, the CRBG may 
not be the primary driver for the MCO. Other explanations 
include changing dynamics of the East Antarctic Ice 
Sheet (Foster et al., 2012) and changes in global oceanic 
circulation (Holbourn et al., 2014).

2.3. DISCUSSION

Our review of  high-precision geochronology of  LIPs 
and their corresponding environmental perturbations 
permits new insights to be gained toward understanding 
the temporal overlap of  these events (Fig.  2.2), and 
potential patterns across these LIP/event couplets in 
three different areas: (1) the duration and dynamics of 
LIP magmatism; (2) correlation of  LIP magmatism with 
mass extinctions and environmental change; and (3) 
challenges and future opportunities in geochronology to 
better assess how LIPs disrupt the Earth system.
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2.3.1. Duration and Dynamics of LIP Magmatism

Continued improvement in the accuracy and precision 
of both U-Pb and 40Ar/39Ar geochronometers and their 
widespread application to LIP rocks have progressively 
narrowed estimates for the total duration of LIP 
emplacement in most cases (Figs. 2.3–2.9). In particular, 
40Ar/39Ar and K-Ar data sets published before ca. 2010 
seemed to indicate eruption durations of at least several 
Ma for most LIPs, whereas recent refinements, predomi-
nantly by U-Pb geochronology, have drastically short-
ened that duration to <1 Ma. This pattern of decreasing 
emplacement duration as age accuracy and precision 
increase applies to the Emeishan LIP, Siberian Traps, 
CAMP, Karoo-Ferrar, Deccan Traps, and CRBG. 
Improved LIP age models also agree with magneto- and 
cyclostratigraphic timescales, as demonstrated by new 
age models for the CAMP, Deccan Traps, and CRBG 
(Blackburn et  al., 2013; Kasbohm & Schoene, 2018; 
Schoene et al., 2015), which yield ages for magnetic field 
reversals in the basalt stratigraphy that are largely 
concordant with reversal ages suggested by astronomical 
tuning (Kochhann et al., 2016; Westerhold et al., 2008), 
and, in the case of the CRBG, yield better agreement 
with reversal ages proposed by the Geologic Time Scale 
2012 (Hilgen et al., 2012) than the most recent 40Ar/39Ar 
age model (Barry et  al., 2013). While these LIPs are 
sourced from a variety of geodynamic processes (related 
to mantle plumes, continental rifting, or upwelling related 
to subduction), they seem to have been emplaced in a 
characteristically brief  timeframe, placing constraints on 
how long voluminous eruptions can be sustained.

One notable exception to the <1 Ma emplacement 
duration is the NAIP (Fig. 2.9), which shows magmatism 
extending over several million years. The changing geo-
graphic locus of  emplacement may result from the move-
ment of  the North American and Eurasian plates over 
the hotspot thought to supply magma, and/or a varying 
contribution of  mid-ocean ridge magmatism to erupted 
volume. Meanwhile, the other LIPs described in this 
chapter lack sufficient high-precision geochronology to 
sufficiently resolve emplacement duration at the ~1 Ma 
level.

In addition to a better understanding of overall 
emplacement duration, better dates have led to a more 
complete knowledge of the relative timing of intrusive 
and extrusive magmatism. For those LIPs with suffi-
ciently high-precision geochronology and comprehensive 
sample coverage to resolve the timing of intrusion and 
extrusion (Siberian Traps, CAMP, Ferrar LIP, and 
NAIP), all permutations are seen, indicating that there is 
no characteristic pattern for the order of intrusive and 
extrusive emplacement of LIPs. For example, in the 
Siberian Traps, “Stage 1” extrusive magmatism is  followed 

by “Stage 2” intrusion, which is followed by contempora-
neous intrusion and extrusion in “Stage 3” (Burgess et al., 
2017). For the CAMP, while further sampling may reveal 
new insights, currently geochronology is consistent with 
intrusion slightly predating extrusive magmatism, 
although both are ongoing through most of the LIP’s 
duration (Davies et  al., 2017; Fig.  2.5). In the Ferrar, 
weighted mean ages for sills are mostly older than the 
dates for lavas, though there is considerable overlap 
among individual zircon analyses from lavas and sills 
(Burgess et al., 2015). In the case of the NAIP, the high-
est-precision dates indicate contemporaneous extrusive 
and intrusive magmatism throughout the relatively long 
duration of emplacement. However, U-Pb dates, which 
have been instrumental in refining the timelines of other 
LIPs, are still scarce in the NAIP. For the Franklin and 
Kalkarindji LIPs, high-precision dates have been obtained 
only from intrusive units (Cox et al., 2015; Jourdan et al., 
2014; Macdonald et al., 2010), while in the Deccan Traps 
and CRBG, high-precision age constraints have been pro-
vided only for lava flows (Kasbohm & Schoene, 2018; 
Mahood & Benson, 2017; Schoene et  al., 2015, 2019; 
Sprain et al., 2019). For the remaining LIPs, both intru-
sive and extrusive rocks have been dated, but these dates 
lack the precision necessary to discern the relative order 
of emplacement style.

Continued improvement in radiometric dating accu-
racy and precision has also led to hypotheses regarding 
eruptive pulses within the overall LIP emplacement 
duration. These pulses are manifested as short periods of 
high-tempo volcanism punctuating periods of relative 
quiescence and have been documented via U-Pb geochro-
nology in the Siberian Traps, CAMP, Deccan Traps, and 
CRBG. The CAMP age model of Blackburn et al. (2013) 
suggests CAMP emplacement in three discrete pulses 
over ~700 kyr emplacement duration, with the astrochro-
nologically determined timing and duration of hiatuses 
(totaling ~600 ka) supported by U-Pb zircon dates. 
Similarly, Schoene et  al. (2019) propose Deccan Traps 
emplacement occurred in four high-output pulses, with 
durations ranging from 50 to 200 ka, while Kasbohm and 
Schoene (2018) suggest that the emplacement of the 
Wapshilla Ridge Member of the CRBG, which makes up 
20% of the total LIP volume, likely occurred over tens of 
ka. In the Siberian Traps, a study of magnetic secular 
variation suggests that a large portion of magma was 
emplaced in as little as ~10 ka, though this estimate does 
not take into account the length of hiatuses (Pavlov et al., 
2019). Models for pulsed eruptions of LIPs need to be 
tested with additional geochronology from a broader 
area to test whether the apparent hiatuses are simply 
changes in depositional locations or eruptive center 
migration. This is a challenge given the large geographic 
distribution of LIPs and also variable preservation.
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2.3.2. Correlation Of LIP Magmatism 
With Environmental Change and Biotic Extinctions

While a broad temporal overlap of LIPs and environ-
mental perturbations was once sufficient to hypothesize a 
causal relationship (e.g., Courtillot & Renne, 2003), 
 progressively higher precision geochronology of LIPs and 
their corresponding crises has enabled a more detailed 
interrogation of this hypothesis. In Figure 2.2, we present 
the relative timing (zero is set as the age or midpoint timing 
of environmental event) and total duration of each event, 
incorporating the most recent geochronology (with 2σ 
uncertainty). This visualization shows the progress made 
in assessing the relative timing of these events and the 
plausibility of a causal connection, as well as fruitful areas 
to pursue future work. While all of the pairs of events 
show temporal overlap, for many, uncertain age constraints 
on at least one of the events hinders the assessment of the 
possible effects of LIP emplacement. A minority of pairs 
have high-precision age constraints for both events: 
Siberian Traps/end-Permian Extinction, CAMP/end-Tri-
assic Extinction, Deccan Traps/end-Cretaceous Extinction, 
and the CRBG/MCO. The CRBG and MCO show the as-
yet unique relationship of the climate event apparently 
beginning before LIP volcanism, though it is necessary to 
obtain absolute age constraints on the MCO in addition to 
its current astronomical calibration. If the MCO were 
shown to begin before CRBG emplacement, it would sug-
gest that either other processes, such as changing ocean 
circulation patterns and fluctuations in the East Antarctic 
Ice Sheet, were more important in driving the MCO (Foster 
et al., 2012; Holbourn et al., 2014), or that cryptic degas-
sing of the CRBG affected climate prior to the start of 
extrusive volcanism (Kasbohm & Schoene, 2018). Efforts 
to find evidence for cryptic degassing in other LIPs are 
described in the following section and could be applied to 
the CRBG.

For the other three couplets (Siberian Traps, CAMP, 
and Deccan), geochronology suggests emplacement 
beginning ~100–300 ka prior to the onset of corresponding 
extinction. For the Siberian Traps, Svensen et al. (2009) 
propose that the most lethal aspect of the LIP was wide-
spread sill emplacement into an organic-rich sedimentary 
basin, and Burgess et al. (2017) observe that the end-Per-
mian extinction coincides with the beginning of emplace-
ment Stage 2, dominated by sill emplacement. For the 
CAMP, the timing of the first intrusive emplacement in 
western Africa and sill emplacement into an organic-rich 
basin in Brazil also overlaps with the end-Triassic 
Extinction (Davies et al., 2017; Heimdal et al., 2018). In 
the Deccan Traps, Schoene et al. (2019) resolve the largest 
pulse of Deccan volcanism immediately before the end-
Cretaceous mass extinction, suggesting that the LIP may 
have played a role, along with the Chicxulub impact, in 
creating catastrophic conditions for the biosphere. The 

Deccan Traps emplacement and the K-Pg event do not 
adhere to the model of Burgess et al. (2017), which argues 
that the emplacement of sills into a volatile-rich sedimen-
tary basin makes a LIP deadly, rather than voluminous 
extrusive volcanism or dike emplacement. A  significant 
volume of intrusive rocks have not been described, and 
the rocks through which the Deccan was emplaced are 
not obviously volatile-rich relative to those of the Siberian 
Traps, leading Burgess et  al. (2017) to suggest that the 
Chicxulub impact would have played an equal if  not 
greater role in causing the extinction as Deccan emplace-
ment. Alternatively, the pronounced increase in Deccan 
effusion rate just prior to extinction (Schoene et al., 2019) 
would have been accompanied by more rapid loading of 
deadly gases into the atmosphere, potentially creating 
high-stress conditions immediately prior to the Chicxulub 
impact.

Broadly, Figure 2.2 and the information reviewed above 
allow LIP–environmental crisis couplets to be divided 
into three groups: (1) LIPs connected to mass extinctions 
(Kalkarindji, Yakutsk-Vilyui, Emeishan, Siberian, 
CAMP, Deccan); (2) LIPs associated with oceanic anoxic 
events (Karoo-Ferrar, OJP, Caribbean LIP); and (3) LIPs 
related to global climate perturbations without mass 
extinction or oceanic anoxic events (Franklin, NAIP, 
CRBG). With existing data sets, it is premature to develop 
a single general model describing why certain LIPs drive 
specific environmental feedbacks. For example, LIP size 
doesn’t seem a uniquely deadly trait, as the largest LIP, 
OJP, was not the most deadly to the biosphere, though its 
underwater emplacement seems to have disrupted ocean 
chemistry (Naafs et al., 2016). Nor is duration a unique 
indicator of deadliness, as the CRBG is of comparable 
life span to the Siberian Traps, CAMP, and Deccan Traps, 
but is not related to a mass extinction, though it is 
disputed whether the Deccan Traps played a role in the 
end-Cretaceous extinction. In every case, the duration of 
LIP volcanism continues beyond the age of the extinction, 
indicating that the simple presence of magmatic activity 
is insufficient to create lasting climatic distress; other 
aspects of LIP emplacement, such as effusion rate or 
emplacement style, are likely to drive the short-lived per-
turbations. While the Franklin LIP‘s original location in 
the tropics is hypothesized to be a necessary condition for 
the onset of the Sturtian Snowball Earth through CO2 
drawdown via silicate weathering (Goddéris et al., 2003; 
Macdonald et  al., 2010; Youbi et  al., Chapter  8 this 
volume), this mechanism does not explain why larger 
LIPs that were emplaced at the equator (Kalkarindji LIP, 
CAMP, Caribbean LIP, Deccan Traps) did not also cause 
similarly dramatic global cooling events (Park et  al., 
Chapter 7 this volume). It is likely that the effect a LIP 
had on the climate and biosphere is at least partly a 
reflection of the weaknesses inherited in that particular 
climate or ecosystem state, which have yet to be fully 
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characterized. Further high-precision geochronology in 
conjunction with development of paleoclimate and 
biostratigraphic records, and a better understanding of 
the causes, isotopic composition, and quantity of volatile 
release (Mather & Schmidt, Chapter 4 this volume), will 
be necessary to improve our understanding of the 
temporal connection between LIPs and their correspond-
ing environmental catastrophes.

2.4. CHALLENGES AND FUTURE OPPORTUNITIES

Geological limitations to improving LIP geochronol-
ogy occur on macroscopic and microscopic scales. At the 
macroscopic scale, there is a limit to stratigraphically 
comprehensive sample collection due to access 
(particularly for oceanic LIPs), and in some cases, to 
erosive or depositional processes, which may eliminate 
much of the LIP stratigraphy from the rock record. At 
the microscopic scale, obtaining precise geochronology 
depends on finding the necessary minerals. 40Ar/39Ar 
studies require unaltered minerals, and even when ideal 
minerals are isolated, can still be hindered by a lack of 
radiogenic parent isotope and therefore low precision. 
While U-Pb ID-TIMS zircon studies yield ages with 
greater precision, they can only be applied to LIPs from 
which zircons can be extracted from gabbroic segregations 
or interbedded ashes. A promising approach to improving 
the precision of 40Ar/39Ar geochronology of LIPs may 
also lie in targeting interbedded ash deposits that contain 
K-feldspar, which can yield much higher precision than 
plagioclase (Mahood & Benson, 2017), though it may be 
prone to similar issues of pre-eruptive residence time as 
seen in zircon geochronology of ashes (Andersen et al., 
2017).

For many LIPs, these geological limitations have 
impeded the calculation of magmatic volumes and the 
creation of a detailed timeline for eruptions across the 
original horizontal extent of the LIP and the vertical 
stratigraphy of eruptions. For example, the limited expo-
sure and relatively low-precision ages of the Kalkarindji 
LIP make it difficult to ascertain the overall duration of 
volcanism and the total volume emplaced; current geo-
chronology permits this LIP to have erupted rapidly for 
over ~10 Ma (Fig.  2.2). Well-established stratigraphies 
based on geochemistry and magnetic polarity of the 
basalts have been constructed for only a minority of LIPs 
(e.g., Siberian Traps, CAMP, Deccan Traps, CRBG), as 
both widespread exposure and somewhat complete verti-
cal sections remain for these events. Without this detail, 
however, it is difficult to assess volumetric eruptive rates, 
which may be as important as overall emplacement 
 volume to the environmental impact of LIPs.

Geological limitations may also affect the age 
calibration of environmental events, as radiometric 
dating of these events would require volcanic ash 

deposition in the middle of the sedimentary successions 
in which they are recorded, which is rarely the case. 
Future geochronological studies of environmental crises 
would also benefit from a horizontal approach, which 
would assess the synchroneity of an event across different 
geographic locations (e.g., Baresel et  al., 2017a, 2017b; 
Schoene et al., 2010), as well as a vertical approach, which 
would provide a greater number of dates constraining not 
only an extinction horizon, but also any biogeochemical 
or paleoecological changes that occur before or after that 
horizon (e.g., Maclennan et al., 2018; Shen et al., 2018; 
Du Vivier et al., 2015). When radiometric dating cannot 
be used to constrain the timing of environmental events, 
astronomical tuning methods may be effectively used to 
obtain age models, specifically in the Cenozoic for events 
like the MCO (Kochhann et  al., 2016). Improving 
assessments of the timing, duration, and synchrony of 
these events at a global scale will yield not only greater 
insights into their connection to LIP emplacement, but 
also better temporal constraints to calibrate future ver-
sions of the Geologic Time Scale.

Overcoming analytical limitations will also be necessary 
to provide more detailed assessments of the timescales of 
LIP eruption and environmental change. Even with meth-
odological advances yielding U-Pb zircon ages with preci-
sion to better than ± 0.1%, this resolution is inadequate to 
address the relative order of LIPs and climatic perturba-
tions that are several hundred Ma old. For younger LIPs, 
such as the Deccan Traps and CRBG, with geochrono-
logical uncertainty on the order of 10–30 ka, a more 
nuanced account of LIP eruptions can be generated, 
which indicates rapid pulses of voluminous eruptions and 
periods of relatively slow, or quiescent eruptions 
(Kasbohm & Schoene, 2018; Schoene et al., 2019). If  ana-
lytical limits to absolute precision for eruption and 
emplacement dates can be overcome, it might be possible 
to observe such pulsed volcanism in older LIPs.

With new high-precision geochronology improving age 
constraints on both LIP emplacement and environmental 
perturbations, demonstrating a simple age overlap for 
event couplets is insufficient to assess whether or not 
LIPs play a causative role in these events. Instead, it 
becomes essential to consider the timing and timescales 
of different climatic effects of LIPs that may not be 
recorded in the rock record, such as volatile, aerosol, and 
particulate release, acid rain, and ozone depletion, and 
how these are temporally related to intrusive and extrusive 
LIP emplacement. The effects of ozone depletion from 
Cl2, acid rain, and cooling due to sulfate aerosols occur 
on the timescales of months to years (Wignall, 2001), far 
below both the analytical precision of today’s most 
precise radiometric ages and the typical temporal 
resolution of the rock record. The environmental effects 
of CO2 release, evident on 10 ka–100 ka timescales 
(Wignall, 2001) may be more easily captured by pCO2 
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proxy records and compared to LIP emplacement age 
models with 10 ka–100 ka resolution. With this resolution 
already obtained, these age models provide crucial 
temporal constraints for researchers seeking to model the 
environmental effects of LIP volcanism.

To constrain the timing of CO2 liberation from LIPs, it 
may be possible to date rocks that show geological 
evidence for degassing. For example, Svensen et al. (2010) 
performed U-Pb zircon geochronology on NAIP sills 
sampled in drill cores offshore Norway, which contained 
contact aureoles indicative of violent gas release from 
organic-rich host sediments, as well as a connection to 
hydrothermal vent complexes; these ages thereby 
constrain the timing of degassing. Obtaining ages for 
other intrusive units in contact with metamorphosed 
organic-rich sediments, for which studies have modeled 
the amount of CO2 and methane released (Aarnes et al., 
2011; Ganino & Arndt, 2009), would be a fruitful target 
for future geochronology. Stratigraphic proxy records, 
such as Hg concentration in sediments (Percival et  al., 
Chapter  11 this volume) and osmium isotope records 
(Bottini et  al., 2012; Dickson et  al., Chapter  10 this 
volume; Tejada et al., 2009; Turgeon & Creaser, 2008; Du 
Vivier et  al., 2014), are proving to be promising for 
identifying volcanic episodes in sedimentary basins that 
are distant from LIPs.

The goal of this review was to show how high-precision 
geochronology has progressively reinforced and refined 
temporal correlations between LIP emplacement and 
global environmental perturbations, and to seek out pat-
terns in LIP eruption that may suggest when and how 
LIPs directly trigger these perturbations. The relative effi-
cacy of various LIP characteristics (area, volume, effu-
sion rate, host rock composition) in driving situational 
change is dependent on a number of factors, paramount 
of which is accurately knowing the timing and duration 
of both events to a level of precision on par or better than 
the durations of the events themselves. As discussed, this 
has been and continues to be a main goal of the broader 
geochronologic community. Without accurate and pre-
cise dates and rates, the detailed role of LIPs in driving 
environmental change, and why some LIPs are more 
deadly than others, will remain frustratingly opaque.
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