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ABSTRACT 

The Neoproterozoic Era is a critical time interval when the Earth experienced fundamental changes, 
manifested as Snow bal l Earth climatic extremes, large fluctuations in oceanic and atmospheric 
compositions, and emergence and rapid diversification of animals. High-precision geochronology of 
Neoproterozoic stratigraphy is essential for constraining timings, durations, and rates of these major events, 
and for assessing the synchroneity and nature of interactions between them. Here we review recent advances 
in the CA-ID-TIMS zircon U-Pb dating method and discuss the factors that influence the choice of method 
used to date Neoproterozoic stratigraphy. Advances in the temporal calibration of major carbonate carbon 
isotope excursions, glaciations, and fossil assemblages of the Neoproterozoic using high-precision age 
constraints, are also reviewed. This enables us to construct a composite carbonate carbon isotope profile for 
the Neoproterozoic, which is anchored by radio-isotopic ages. Together with available biodiversity metrics, 
this provides critical insights into the co-evolution of life and environment in the Neoproterozoic. 
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ID-TIMS (Chemical Abrasion-Isotope Dilution- 
Thermal Ionization Mass Spectrometry) zircon 
U-Pb dating method used for Neoproterozoic 
geochronology. The Re-Os geochronometer has 
also been applied to many organic-rich Neopro- 
terozoic stratigraphic intervals and has become an 
important method to date sedimentary sequences 
devoid of volcanogenic rocks [7 ,8 ]. For a recent 
review of the Re-Os geochronometer, see Li et al. 
[9 ] in this issue. In this contribution we wi l l also 
discuss specific ex amples w here a better under- 
standing of the nature and inter-relationships of 
Neoproterozoic events has been achieved through 
increasing availability of precise radio-isotopic ages 
over the past decade. 

ADVANCES IN THE CA-ID-TIMS ZIRCON 

U-PB METHOD 

Methodological advances in CA-ID-TIMS zircon U- 
Pb geochronology over the past decade include low 

total procedural blank, a better understanding of 

©The Author(s) 2025. Published
Commons Attribution License (h
work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/12/9/nw

af206/8140049 by British G
eological Survey Edinburgh user on 19 Septem

ber 2025
NTRODUCTION 

he Neoproterozoic Era [10 0 0 to 538.8 mi l lion
ears ago (Ma), the International Chronostrati-
raphic Chart 2024] was a critical time interval when
he Earth experienced fundamental changes in envi-
onment and life evolution. Correlation and integra-
ion of disparate stratigraphic sections are crucial to
nderstanding the nature and causes of glaciations,
arge perturbations of biogeochemical cycles, and
ey evolutionary innovations that took place during
he Neoproterozoic. Development of a Neoprotero-
oic temporal framework of sufficient resolution has
een increasingly dependent on absolute age con-
traints from radio-isotopic dating, combined with
elative chronologies derived from stratigraphic rela-
ionships and astrochronology [1 –5 ]. 
A detailed review was published more than a

ecade ago that described various radio-isotopic
echniques used for dating of Neoproterozoic stratig-
aphy [6 ]. This present contribution wi l l mainly
ocus on the high-precision U-Pb geochronometer
nd provides an overview of advances in the CA-
byOxford University Press on behalf of China Science Publishing &Media Ltd. This is anOpen Access article distributed under the terms of the Creative
ttps://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
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Figure 1. Representative analytical precision (2 σ ) of dating 
results obtained by LA-ICP-MS carbonate, SIMS/LA-ICP-MS 
zircon, and CA-ID-TIMS zircon U-Pb methods. Modified after 
[38 ]. 
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hemical abrasion, precisely calibrated U-Pb tracers,
dvanced mass spectrometry, and more informed
ge interpretation [10 ]. 
Since the late 20th century, the development of

lean lab facilities, the use of ultra-clean reagents
nd Teflon products, standardized operation proce-
ures, and global phase-out of leaded gasoline have
ignificantly reduced the procedural Pb blank of the
D-TIMS zircon U-Pb method. Continued efforts in
ach of these aspects during the past decade have
ermitted very low procedural Pb blank at a level of
0.2 pg [11 ,12 ], which enables zircon grains with
oderate ( ≥10 pg) radiogenic Pb to be dated with

 precision of 0.1% on the U-Pb ratio for single-
rain analyses (Fig. 1 ). These advances have also fa-
ilitated a trend towards decreasing sample size in
A-ID-TIMS zircon U-Pb geochronology, permit-
ing high-precision dating of small zircon fractions
btained by micro-sampling techniques such as laser
nd focused ion beam and therefore adding spatial
esolution to high-precision dates [13 ,14 ]. 
Partial loss of radiogenic Pb is one of the main

bstacles to the accuracy and precision of zircon U-
b geochronology. Air abrasion was developed in
he last century to minimize the effect of Pb loss
ia mechanically removing the outer parts of zircon
rains [15 ]. To tackle Pb loss that might also af-
ect grain interiors, the chemical abrasion approach
as established in 2005 [16 ] and has been contin-
ally refined in the past decade [17 –19 ]. This ap-
roach combines a high-temperature annealing step
ollowed by a partial dissolution in hydrofluoric acid
o remove damaged parts of the zircon crystals that
nderwent Pb loss. The most commonly used or
ecommended temperatures and durations in zircon
hemical abrasion include 180°C for 12 h, 190°C for
Page 2 of 14
15 h [18 ], 210°C for 8 h [20 ], and 210°C for 12 h
[19 ]. Recently, microscale X-ray computed tomogra- 
phy, scanning electron microscopy, and Raman spec- 
troscopy were used to evaluate zircon dissolution 
behavior in HF [17 ]. These microstructural inves- 
tigations reveal that the degree of radiation dam- 
age, defect distribution, and the size and position 
of inclusions exert controls on zircon dissolution 
during chemical abrasion, indicating that the selec- 
tion of the chemical abrasion condition is sample- 
dependent [17 ]. 

The ID-TIMS U-Pb method requires isotopically 
enriched U-Pb tracers to determine the concentra- 
tion and isotopic composition of both U and Pb and 
therefore the U/Pb ratio of the sample. The devel- 
opment of nuclear reaction and isotope separation 
techniques had significantly facilitated the produc- 
tion of highly enriched U-Pb tracers [21 ] and the 
transition of tracers from a single, enriched natu- 
ral isotope (e.g. 208 Pb) to double, synthetic isotopes 
(e.g. 202 Pb-205 Pb) in the last century. During the 
past decade, two U-Pb tracers, ET535 (205 Pb-233 U- 
235 U) and ET2535 (202 Pb-205 Pb-233 U-235 U), have 
been prepared and precisely calibrated with their iso- 
topic compositions traced back to SI units under 
the auspices of the EARTHTIME Initiative [22 ,23 ]. 
These have since been widely used in high-precision 
U-Pb geochronology labs worldwide (Fig. 2 ), effec- 
tively eliminating a major source of inter-laboratory 
bias. The use of a 233 U-235 U double spike to cor- 
rect for mass fractionation requires a priori knowl- 
edge of the 238 U/235 U ratio of the sample [22 ], a 
prerequisite that is commonly met when dating zir- 
con grains that have an average 238 U/235 U value of 
137.818 ± 0.045 (2 σ ) [24 ]. This 238 U/235 Uzircon ra- 
tio and uncertainty can be applied to other high- 
temperature terrestrial dating materials, because of 
their similar 238 U/235 U ratios to that of zircon and 
limited 238 U/235 U variability [24 ]. The use of U- 
Pb tracers that include 233 U-236 U [18 ] is preferable 
when dating materials with unknown 238 U/235 U ra- 
tios, allowing simultaneous determination of U iso- 
tope composition provided enough U is present 
in the sample and uranium oxide isobaric interfer- 
ences can be accurately corrected. This can also be 
achieved by using a 233 U-236 U double spike on an 
aliquot of the sample in conjunction with U-Pb anal- 
yses using EARTHTIME U-Pb tracers [22 ]. 

While some high-precision U-Pb geochronology 
labs use MC-ICP-MS (Multicollector-Inductively 
Coupled Plasma-Mass Spectrometry) to measure 
U isotopic composition [18 ,25 ], most labs measure 
Pb and U by TIMS. Recent advances in TIMS have 
facilitated the high-precision measurements of small 
ion beams so that an unprecedented precision of 
0.01% or better for the ID-TIMS 206 Pb/238 U date 
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Figure 2. Comparison of ID-TIMS U-Pb analyses of the zircon standard Temora 2. Vertical bar lengths represent 2 σ analytical uncertainty of individual 
analyses; open bars are excluded from weighted mean date calculation following the original interpretations. Horizontal lines signify calculated sample 
dates and the width of the shaded band represents internal uncertainty in the weighted mean date at 2 σ level. The Royal Ontario Museum (ROM) data 
set is from [119 ]. The ETH Zurich data set is from [28 ]. And the data sets from the University of Geneva (UNIGE) are from [26 ]. CA = chemical abrasion. 
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s achievable [26 –29 ]. Newly developed amplifiers
or the Thermo ScientificTM TIMS (and also MC-
CP-MS), which are equipped with 1013 � feedback
esistors, have a theoretical improvement in sig-
al/noise of 10 times and better reproducibility of
aseline and external precision relative to the 1011 �
mplifiers, and yield more precise data compared
o secondary electron multiplier for beam sizes
igher than 20 kcps [30 ]. The amplifying system of
 Phoenix TIMS, another instrument widely used
n the ID-TIMS U-Pb community, has also been
pdated with the advent of ATONA (‘aA to nA’)
mplification technology. The ATONA is a capaci-
ive transimpedance amplifier characterized by low
nd stable noise, rapid amplifier decay, improved
ain stability, and a large dynamic range [31 ]. The
TONA-Faraday system can provide similar preci-
ion to Daly ion counting at average run intensities
f 0.5–1 mV, and is anticipated to become superior
o the ion counting measurements for ion currents
f > 1 mV ( ∼ 60 kcps) [27 ]. A further advance of
he ATONA, the Zeptona detector system, provides
ven better noise performance and baseline stability
nd larger dynamic range [32 ]. These advances in
mplification technology have greatly improved
he detection limits and noise levels of the Faraday
etectors and therefore expanded the applicability
f Faraday analyses to pg-sized Pb samples. 
A U-Pb age of geological significance is an inter-

retation of a date or a set of dates under the geolog-
cal context of the dated sample. This is not straight-
Page 3 of 14
forward and is usually complicated by date scatter 
caused by the presence of antecrysts, protracted zir- 
con growth, and residual lead loss [11 ,33 ]. In some
cases, antecrystic zircon grains can be identified 
by trace element compositions and Hf-O isotopes; 
however, distinguishing them from the protracted 
autocrystic zircon is sometimes subjective [34 ]. 
Protracted zircon growth has been revealed to be 
ubiquitous in magmatic systems [34 ], and its imped- 
iment to age interpretation could be eliminated by 
the Bayesian Markov Chain Monte Carlo approach 
which uses theoretical/empirical zircon crystalliza- 
tion distributions as prior information to constrain 
a likelihood-based Bayesian eruption age [35 ]. 
Residual lead loss remains a great challenge to zircon
CA-ID-TIMS U-Pb age interpretation even follow- 
ing chemical abrasion. The most commonly used 
statistical models in ID-TIMS U-Pb geochronology, 
namely the traditional weighted mean, the youngest 
single zircon U-Pb date [36 ], and the Bayesian 
Markov Chain Monte Carlo approach [35 ], would 
all yield younger results if residual lead loss existed. 
Although zircon dissolution during chemical abra- 
sion is not entirely controlled by radiation damage 
content [17 ], quantifying the radiation accumu- 
lation in zircon and optimizing chemical abrasion 
conditions accordingly wi l l mitigate the age inter- 
pretation bias caused by residual lead loss. Weighted 
mean ages that young-upwards and thereby follow 

the principle of stratigraphic superposition [37 ], 
along with increasingly large numbers of single grain 
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nalyses (10–20) per ash bed [10 ], should facilitate
ccurate interpretations of zircon U-Pb data. In cases
here zircon dates do not follow superposition, it
ay also be necessary to consider uncertainties in
tratigraphic correlation and the potential for these
ata to reveal cryptic structural displacements. 

HOICE OF METHOD 

ased on the U-Pb decay system, many analytical
rotocols have been employed to obtain absolute
ges from minerals and rocks. They yield different
evels of precision, with the most widely used meth-
ds yielding age uncertainties in the range ∼3% to
0.05% (Fig. 1 ). Specifically, the CA-ID-TIMS zir-
on U-Pb method yields individual crystal-fragment
nd weighted mean 206 Pb/238 U dates of 0.1% and
0.05% relative precision (2 σ unless otherwise
tated), respectively [38 ]. However, because of the
ariability of natural material (protracted growth,
he presence of antecrystic or xenocrystic domains,
r residual lead loss), repeated analysis of natural
eference zircon has not shown reproducibility of
ts 206 Pb/238 U date better than 0.05% [26 ]. A re-
ent interlaboratory experiment was conducted in
hich pre-spiked, homogeneous zircon solution was
ated using the ID-TIMS method at 11 institutions,
nd the results demonstrated that the weighted mean
06 Pb/238 U dates for the zircon solution agreed
ithin 0.05% (two standard deviations) [39 ]. Mean-
hile, repeated analyses of homogeneous, synthetic
ARTHTIME age solutions yield repeatability one
rder of magnitude better than the natural reference
Page 4 of 14
zircon [26 ]. In situ microbeam U-Pb dating methods 
have higher spatial resolution and are more efficient, 
but the precision of dating results is much lower than 
that of the CA-ID-TIMS method (Fig. 1 ). The pre- 
cision of SIMS (secondary ion mass spectrometry) 
and LA-ICP-MS (Laser Ablation-Inductively Cou- 
pled Plasma-Mass Spectrometry) zircon U-Pb dat- 
ing results is usually 1%–2% [40 ,41 ], and the LA-
ICP-MS U- Pb dates of carbonate typically exceed 3% 

precision [42 ]. 
The choice of radio-isotopic dating method 

mainly relies on the availability of datable mate- 
rial and the timescale of geological process to be 
resolved, which ranges from tens of mi l lions of 
years to sub-mi l lion years. The uncertainties of 
each radio-isotopic date wi l l be propagated into 
the duration (and therefore the rate) calculated 
from the dates. The implication is that, only when 
the absolute uncertainties of radio-isotopic dates 
are much lower than the duration, can we resolve 
the process/mechanism responsible for driving an 
event (e.g. volcanic episode driving climatic change 
leading to oceanic geochemical perturbation). For 
example, the ∼570 Ma DOUNCE/Shuram carbon- 
ate carbon isotope event lasted for ∼6Myr according 
to cyclostratigraphic estimates [43 ]. SIMS/LA-ICP- 
MS zircon U-Pb dating can give us a rough idea 
about the timing of this event. However, a mean- 
ingful duration of the event can only be achieved by 
high-precision dating approaches such as the CA-ID- 
IMS zircon U-Pb method (Fig. 3 ). In order to dis-

entangle the temporal relationships between short- 
duration events such as large igneous provinces 
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LIPs) and mass extinctions, and to temporally
alibrate Phanerozoic chronostratigraphic bound-
ries, high-precision dating approaches should be
rioritized. 

ATING THE NEOPROTEROZOIC 

eoproterozoic carbonate carbon 

sotope excursions 
nterpreting long-term changes in the global car-
on cycle from the carbon isotopic composition of
arine carbonates ( δ13 Ccarb ) can be complicated
y syn-to-post depositional over-printing of local
ffects including diurnal coupling between photo-
ynthesis and carbonate saturation in shallow car-
onate settings [44 ], local pools of dissolved inor-
anic carbon (DIC) with distinct isotopic compo-
itions [45 ], and facies-specific and porosity- and
ermeability-specific degrees and styles of diage-
esis [46 ]. Nevertheless, long-term secular trends
hat show gradual unidirectional shifts in δ13 Ccarb ,
hich are consistently recorded between multiple
lobally distributed but contemporaneous open-
arine settings, are most likely to represent global
hanges in the carbon cycle that are useful for global
hemostratigraphic correlation [47 ]. 
Page 5 of 14
The Neoproterozoic is marked by perturba- 
tions to the global carbon cycle, as evidenced 
by extreme fluctuations in carbonate carbon iso- 
topes [1 –4 ,48 ,49 ]. Carbonate carbon isotope 
excursions (CIEs) in the Neoproterozoic serve 
as chemostratigraphic markers for global correla- 
tion and data integration, and may also serve as 
meaningful proxies for global paleo-environmental 
change associated with perturbations to the climate- 
carbon cycle. Therefore, a globally-representative 
Neoproterozoic carbon isotope profile, especially 
across large-magnitude CIEs, needs to be calibrated 
by high-precision radio-isotopic dates. An age- 
calibrated Neoproterozoic carbon isotope profile is 
presented in Fig. 4 . The age constraints on the Bitter
Springs CIE, DOUNCE (Doushantuo negative car- 
bon isotope excursion)/Shuram, and BACE (Basal 
Cambrian negative carbon isotope excursion), 
which are the most intensively dated chemostrati- 
graphic markers in the Neoproterozoic, are discussed 
further below. Other Neoproterozoic chemostrati- 
graphic markers such as the ∼735 Ma Russøya 
[50 ] and ∼650 Ma Trezona [51 ,52 ] anomalies sti l l
require future high-precision dating via zircon U-Pb 
methods and are not discussed in detail here. Unless 
otherwise stated, the zircon U-Pb dates discussed 
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ating method and their errors are presented in
-sigma as analytical uncertainty ( Supplementary
aterial). 
The Bitter Springs CIE is a negative carbon iso-

ope anomaly (Fig. 4 ) named after the Bitter Springs
ormation of Central Australia where it was first well
ocumented [53 ]. A large-magnitude negative car-
on isotope excursion recorded in the upper Fif-
eenmile Group, NW Canada, and a similar one
n the lower Tambien Group, Ethiopia, have been
egarded as equivalents to the Bitter Springs CIE
54 ,55 ]. If confirmed, the ash bed zircon U-Pb date
f 811.51 ± 0.25 Ma [54 ] and the black shale Re-Os
ate of 810.7 ± 6.3 Ma [56 ] both from horizons be-
ow the negative CIE interval in the upper Fifteen-
ile Group provide maximum age constraints (i.e.
he oldest permissible age of the event of interest) on
he Bitter Springs CIE, and the ash bed zircon U-Pb
ate of 788.72 ± 0.24 Ma from a horizon above the
egative CIE interval in the lower Tambien Group
rovides a minimum age constraint [55 ]. These
adio-isotopic dates suggest that the duration of the
itter Springs CIE is less than ∼23Myr, provided it is
 globally correlative event. A 1D thermal subsidence
ayesian age-depth model for the Svalbard compos-
te succession, which is underpinned by global corre-
ation of chemostratigraphic and radio-isotopic data,
ields refined timings for the onset and termination
f the Bitter Springs CIE of 808.7 + 3.3/ −3.5 Ma
nd 801.9 + 3.2/ −3.3 Ma, respectively, resulting
n a duration of 6.9 ± 0.2 Myr [48 ]. Nevertheless,
ore high-precision radio-isotopic dates are needed
o test and refine the timing and duration of the Bitter
prings CIE, given the lack of direct radio-isotopic
ge constraints on the CIEs from Australia and Sval-
ard, the uncertainty in global stratigraphic correla-
ion, and the duration of depositional hiatuses repre-
ented by unconformities. 
The late Ediacaran DOUNCE/Shuram is the

argest negative CIE recorded from marine carbon-
tes in the geologic record [57 ]. The timing of
ecovery from the DOUNCE in China was pre-
iously thought to be constrained by an ash bed
ircon U-Pb date of 550.14 ± 0.16 Ma from the
op of Miaohe Member, Doushantuo Formation
n the Yangtze Gorges area (intra-platform setting)
2 ,58 ,59 ]. However, the correlation between this U-
b date and the DOUNCE has aroused heated de-
ate, sparked by the regional stratigraphic complex-
ty of the Doushantuo and Dengying formations in
he Yangtze Gorges area [60 ,61 ]. An ash bed within
he stratigraphic interval above a prominent nega-
ive CIE in southeastern Guizhou Province (slope
etting) of China is dated at 556.38 ± 0.14 Ma
2 ]. This negative CIE is regarded as an equiva-
ent to the DOUNCE and therefore the date of
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556.38 ± 0.14 Ma is interpreted as its minimum age 
[2 ], which is further supported by the black shale 
Re-Os dates of 567.3 ± 3.0 Ma, 567.7 ± 7.4 Ma, 
and 562.7 ± 3.8 Ma from strata above the Shuram 

CIE in Oman and the Gametrail CIE in NW Canada 
[7 ,62 ]. The maximum age constraints for the onset 
of the DOUNCE/Shuram include black shale Re-Os 
dates of 574.0 ± 4.7 Ma and 578.2 ± 5.9 Ma from 

strata below the Gametrail CIE in NW Canada and 
below the Shuram CIE in Oman, respectively [7 ]. 
The duration of the DOUNCE/Shuram is suggested 
to be 6.1 ± 0.2 Myr based on cyclostratigraphy of 
the Doushantuo Formation in the Yangtze Gorges 
area [43 ]. Although a general consensus has been 
reached that the duration of the DOUNCE/Shuram 

is < 10 Myr, its precise onset and terminal timing are
yet to be determined by the CA-ID-TIMS zircon U- 
Pb method, hindering our ability to explore its tem- 
poral and causal relationships with Ediacaran biotic 
turnover events [2 ]. 

The BACE is another large-magnitude negative 
CIE recorded in Ediacaran-Cambrian transitional 
strata worldwide [63 ]. The age of the BACE was 
previously correlated with a radio-isotopically dated 
negative CIE in the A4 Member of the Ara Group, 
Oman at 541.00 ± 0.13 Ma [64 ]. However, the Ara 
Group was deposited in an evaporitic basin where 
depositional hiatuses are likely and the complex 
stratigraphic relationships of carbonate stringers re- 
sult in significant lithostratigraphic correlation un- 
certainty. The age of 541 Ma is derived from an ash
bed immediately below carbonates that record a neg- 
ative CIE in core, and thus should be considered as a
maximum age for onset of this CIE [64 ,65 ]. A maxi-
mum deposition age (i.e. the oldest permissible de- 
positional age of the stratigraphic horizon of inter- 
est) of 539.40 ± 0.23 Ma derived from zircon U- 
Pb dating of a sandy dolostone from the BACE in- 
terval in the La Ciénega Formation in Mexico also 
serves as a maximum age constraint on the BACE 

[66 ]. Terminal Ediacaran and possible earliest Cam- 
brian strata in Namibia and South Africa have also 
been precisely dated via zircon U-Pb CA-ID-TIMS 
[67 –69 ]. However, carbon isotope chemostratigra- 
phy of these strata shows no evidence for promi- 
nent negative CIEs, which either suggests that the 
BACE onset postdates 538.04 ± 0.14 Ma (corre- 
sponding to the youngest dated ash bed interbed- 
ded with carbonates that record positive δ13 Ccarb 
data [68 ]), or is not recorded in the Nama car-
bonate rocks due to local effects, the evidence for 
which remains to be found. It is generally accepted 
that the BACE nadir always predates the base of 
the Cambrian as defined by the first appearance da- 
tum (FAD) of the ichnospecies Treptichnus pedum 

[47 ,65 ]. However, the precise age for the base of the

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf206#supplementary-data
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ambrian is not well determined, and a recent study
65 ] has suggested that it could be ≥5.8 Myr younger
han the age of 538.8 ± 0.6 Ma used in the lat-
st International Chronostratigraphic Chart. Thus,
ore high-precision dates from fossiliferous BACE-
earing Ediacaran-Cambrian transitional strata are
equired to calibrate the ages of the BACE and the
ase of the Cambrian. 

eoproterozoic glaciations 
he Neoproterozoic hosts at least two globally
xtensive and long-lived Snow bal l Earth events,
he Sturtian and Marinoan, which represent global
laciations with ice sheets that extended to low lat-
tudes for mi l lions of years [70 ]. Although some pre-
turtian and post-Marinoan glaciations are known,
he majority of these were not global in extent and
thers remain under consideration. 
The pre-Sturtian Kaigas glaciation was initially

roposed based on interpreted glacial deposits of
he Kaigas Formation in southern Namibia [71 ],
he Bayisi Formation in NW China [72 ], the Grand
onglomerate in Zambia [73 ], and the Konnarock
ormation in the eastern United States [74 ]. A rhyo-
ite zircon U-Pb date of 752.38 ± 0.26 Ma from the
verlying Rosh Pinah Formation confirms that the
aigas Formation was deposited prior to the Sturtian
laciation [75 ]. However, detailed stratigraphic and
ectonic mapping of the eponymous location sug-
ests that the glacial deposits previously assigned to
he Kaigas Formation instead correspond to diamic-
ites of the Sturtian Numees Formation [75 ]. In NW
hina, SHRIMP zircon U-Pb dates of 740 ± 7 Ma
nd 725 ± 10 Ma are from volcanic rocks which have
lear context with the Bayisi glacial deposits [72 ].
owever, the individual zircon U-Pb dates display a
ubstantial degree of spread, implying the possibil-
ty of inheritance and/or lead loss [75 ] which needs
o be further tested by CA-ID-TIMS U-Pb dating.
he black shale of the upper Mwashya Formation
n Zambia is dated at 727.3 ± 4.9 Ma by the Re-
s isochron method, indicating that the overlying
rand Conglomerate is probably correlated to the
turtian glaciation [76 ]. While the Konnarock di-
mictite has been precisely dated by CA-ID-TIMS
ircon U-Pb at ∼752–751 Ma [74 ], its association
ith an active volcanic rift complicates the interpre-
ation of a glaciogenic origin for the diamictites [75 ].
he apparent lack of synchronous glacial deposits
orldwide does not presently support any Snow bal l
arth events during the Tonian, but it remains pos-
ible that high-latitude glacial deposits formed prior
o the Sturtian glaciation in some regions. 
Zircon U-Pb dating of rhyolite and ash beds

rom horizons below and within the Eagle Creek
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glacial diamictite has constrained the onset timing 
of the early Cryogenian glaciation in NW Canada 
to between 717.4 ± 0.2 and 716.9 ± 0.4 Ma [77 ].
Other radio-isotopic ages from strata directly un- 
derlying the early Cryogenian glacial deposits 
include 719.47 ± 0.29 Ma from northern Alaska 
[78 ], 719.68 ± 0.46 Ma from Ethiopia [79 ], and 
720.2 ± 1.4 Ma from South China [80 ]. A zircon
U-Pb date of 711.52 ± 0.20 Ma from a volcaniclastic 
interval within the Ghubrah diamictite provides a 
minimum age constraint on the onset timing of the 
early Cryogenian glaciation in Oman [64 ]. There 
are some volcanic ash beds within the non-glacial 
mid-Cryogenian Datangpo Formation, and CA- 
ID-TIMS U- Pb dating of zircon grains from these 
deposits yield precise constraints on the deglacia- 
tion timing of the early Cryogenian glaciation in 
South China. Here, two ash bed zircon U-Pb dates of
658.97 ± 0.22 Ma [81 ] and 658.80 ± 0.50 Ma [25 ]
from strata directly overlying the Tiesi’ao diamic- 
tite in western Hunan Province indicate that the 
early Cryogenian glaciation probably ended prior 
to 659 Ma in South China. This is supported by
the ash bed zircon U-Pb date of 660.98 ± 0.18 Ma
from the basal Datangpo Formation in southeastern 
Guizhou Province where the Datangpo Formation 
is conformably overlying the Fulu sandstone [81 ]. 
However, the correlation between this U-Pb date 
and the early Cryogenian glaciation has been com- 
plicated by the uncertainty in the glaciogenic origin 
of the Fulu Formation [82 ,83 ], compromising the 
utility of this date to constrain the terminal timing of
the early Cryogenian glaciation. In South Australia, 
an ash bed zircon U-Pb date of 663.03 ± 0.11 Ma
from the uppermost Wilyerpa diamictite provides 
a maximum age constraint on the end of the early
Cryogenian glaciation [84 ]. These early Cryogenian 
glacial deposits worldwide have been collectively 
regarded as the records of the Sturtian Snow bal l
Earth event, and the age constraints discussed above 
support that the onset and termination of the Stur- 
tian were globally synchronous as predicted by the 
Snow bal l Earth hypothesis. 

Glacial deposits presumably corresponding to 
the late Cryogenian Marinoan Snow bal l Earth are 
widely distributed [70 ]. However, its onset tim- 
ing has not been well determined by radio-isotopic 
dating. Available ash bed zircon U-Pb dates of 
657.17 ± 0.27 Ma [81 ], 654.2 ± 2.7 Ma [85 ], and
654.5 ± 3.8 Ma [86 ] from the middle-upper non- 
glacial Datangpo Formation provide maximum age 
constraints on the onset of the late Cryogenian Nan- 
tuo glaciation in South China. Cyclostratigraphic es- 
timates suggest that the duration of the Datangpo 
Formation is 9.8Myr [87 ], implying that the Nan- 
tuo glaciation could start at ∼650 Ma. A maximum 
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epositional age of 651.69 ±0.64 Ma from a siltstone
n the upper Kingston Peak Formation of the Death
alley region, California, provides a lower age limit
or the late Cryogenian Wildrose glaciation in Lau-
entia [51 ]. Recently, four ash beds within the late
ryogenian Ghaub glacial deposit were dated, and
he oldest date 638.93 ± 0.32 Ma corresponds to a
orizon 3.8 m above a gradational contact with the
nderlying Franni-aus Formation and below the first
vidence for locally grounded ice, implying a maxi-
um onset age of ∼639 Ma for hard Snow bal l con-
itions recorded within the Ghaub Formation [52 ].
hese late Cryogenian glacial deposits have been re-
arded as records of the Marinoan Snow bal l Earth,
nd the available age constraints on these deposits
re currently insufficient to infer the globally syn-
hronous onset of the Marinoan Snow bal l Earth.
he terminal timing of the Marinoan glaciation in
outh China has been well constrained at 635 Ma by
wo ash bed zircon U-Pb dates of 634.57 ± 0.88 Ma
25 ] and 635.23 ± 0.57 Ma [58 ] from the top-
ost diamictite and the cap carbonate, respectively.
ther age constraints on the termination of the
arinoan glaciation include a zircon U-Pb date of
36.41 ± 0.34 Ma from a sandstone bed within the
ppermost Cottons Breccia in Tasmania [88 ], an ash
ed zircon U-Pb date of 635.21 ± 0.59 Ma from the
pper Ghaub diamictite in Namibia [89 ], and a black
hale Re-Os date of 632.3 ± 5.9 Ma from the post-
arinoan Sheepbed Formation in NW Canada [76 ].
hese dates indicate that Marinoan deglaciation was
lobally synchronous. 
There is an increasing number of glacial deposits

eported from Ediacaran successions. Within them,
he Gaskiers Formation and its equivalents in east-
rn Newfoundland have been directly dated by CA-
D-TIMS zircon U-Pb of ash beds that occur below,
ithin and above the glacial deposits. The results
ndicate that the Gaskiers diamictite on the Avalon
eninsula was deposited between 580.90 ± 0.40
nd 579.88 ± 0.44 Ma, and the Trinity diamic-
ite on the Bonavista Peninsula was deposited be-
ween 579.63 ± 0.15 and 579.24 ± 0.17 Ma, re-
ulting in a duration of less than one mi l lion years
ssuming approximately synchronous deglaciation
90 ]. A recent study has also found that the upper
art of the Mall Bay Formation, which conformably
nderlies the Gaskiers Formation, also hosts sedi-
entological evidence for deposition under cold cli-
atic conditions, including the presence of glen-
onite, dropstones, and iceberg-rafted debris, which
ogether indicate that the duration of the Gaskiers
laciation is likely to have been longer than previ-
usly thought [91 ]. While other possible Ediacaran
iamictites have been reported from nearly every
alaeocontinent [92 ], either the age of these units
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is less well constrained and/or the glaciogenic ori- 
gin of them remains equivocal, resulting in difficulty 
in assessing their synchroneity [3 ,93 ]. Nevertheless, 
available age constraints from detrital zircon U-Pb, 
chemostratigraphy, and biostratigraphy indicate that 
several of them were deposited in the late Ediacaran 
[3 ,92 –94 ]. Given that the late Ediacaran witnessed 
the rapid rise of complex macroscopic life and the 
dawn of the Cambrian explosion, additional high- 
precision geochronological studies on the late Edi- 
acaran glaciations are warranted to further constrain 
their timing, synchroneity, mechanism, and impacts 
on the early evolution of animals. 

Neoproterozoic fossil records 
The biosphere underwent unprecedented 
macroevolutionary change during the Neopro- 
terozoic. This time interval records the emergence 
and rapid diversification of multicellular eukaryotes 
and animals, which is archived in numerous excep- 
tionally well-preserved fossil lagerstätten, including 
the Lantian biota and Weng’an biota of South China, 
and the subsequent Ediacaran fossil assemblages 
globally (Fig. 4 ), which include some of the earliest 
animal representatives. Precise age constraints on 
these records are critical for the calibration of the 
timescale of early animal diversification. 

The Lantian biotic assemblage is preserved in 
black shales of the Lantian Formation, which were 
deposited on the lower slope to basin in southern 
Anhui Province, China. It constitutes a macroscopic 
fossil assemblage of morphologically differentiated 
benthic algae and putative animal affinities [95 ]. 
There are no robust radio-isotopic age constraints 
on the Lantian biota. The middle part of the Mem- 
ber II of Lantian Formation, which hosts the Lantian 
biota, is dated at 602 ± 7 Ma by the black shale Re-
Os isochron method [8 ]. The upper boundary of the 
Lantian biota interval is near the Lantian Member II- 
III boundary. This horizon is concurrent with a neg- 
ative CIE below the correlated DOUNCE/Shuram 

interval, which is interpreted as an equivalent to the 
one recorded near the Doushantuo Member II-III 
boundary in the Yangtze Gorges area. This CIE in 
the Yangtze Gorges area occurs near the transition 
between the Tanarium conoideum-Cavaspina basicon- 
ica and Tanarium pycnacanthum-Ceratosphaeridium 

glaberosum acritarch assemblage biozones and is cor- 
related to the 580 Ma Gaskiers glaciation. The Lan- 
tian biota is therefore interpreted to be older than 
580 Ma [8 ]. 

The Weng’an biota occurs in the upper part of 
the Doushantuo Formation in the Weng’an area 
in Guizhou Province, China, and hosts excep- 
tionally well-preserved eukaryotic microfossils in 
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hosphorite. Precise age constraints on the Weng’an
iota are sti l l lacking. The lowest part of the Weng’an
iota interval is near the Sequence 1/2 boundary
f the Doushantuo Formation and a negative CIE
2 ,59 ]. This horizon is marked by a clay bed at
he Zhangcunping section which was previously
ated at 609 ± 5 Ma using the SIMS zircon U-Pb
ethod [96 ], but CA-ID-TIMS U-Pb analyses of
ircons from this bed indicate their detrital origin
nd the youngest CA-ID-TIMS date 612.5 ± 0.9 Ma
rovides the maximum depositional age. A corre-
ated horizon at the Jiulongwan section is dated at
87.2 ± 3.6 Ma using the black shale Re-Os isochron
ethod [2 ]. The Weng’an biota extends to the up-
ermost part of the Doushantuo Formation, which
ecords a DOUNCE/Shuram equivalent negative
IE. Thus, the upper limit of the Weng’an biota is
robably at ∼575–570 Ma. 
Globally distributed complex macroscopic fossils

f the Ediacara biota have been broadly grouped
nto three assemblages, from oldest to youngest: the
valon, White Sea, and Nama assemblages [97 ]. The
valon assemblage is characterized by deep-water
ommunities and has been well constrained by ash
ed zircon U-Pb ages ranging from 574.17 ± 0.19 Ma
o 564.13 ± 0.20 Ma in Newfoundland [37 ], and to
etween 565.22 ± 0.33 Ma and 556.6 ± 6.4 Ma (ash
ed zircon LA-ICP-MS U-Pb age) in the Charn-
ood area, England [98 ]. Some representatives of
he Avalon assemblage continue to be preserved in
lobally-distributed strata that post-date the fossil-
ferous Avalonian deposits of Newfoundland and
entral England, indicating a long temporal range
or the Avalon assemblage [99 ]. The White Sea
ssemblage represents the apex of diversity and dis-
arity among Ediacaran macrofossil deposits. Two
sh deposits interbedded with strata that host White
ea assemblage macrofossils in the White Sea area of
orthwestern Russia, are dated at 557.28 ± 0.14 Ma
nd 552.96 ± 0.19 Ma [2 ]. The FAD of Dickinsonia ,
ogether with the oldest metazoan lipid biomarkers,
s ∼90 m below the 557.28 Ma ash bed, and one of
he oldest bilaterian body fossils, Kimberella , which
s a probable lophotrochozoan, occurs slightly above
he 557.28 Ma ash bed in the White Sea area [2 ].
ossible Dickinsonia specimens have also been
eported from the Dengying Formation in South
hina [100 ]. The lower boundary of the Nama
ssemblage is constrained by a negative CIE, which
s assumed correlative to a CIE from immediately
bove an ash bed dated to 550 Ma from the Yangtze
orges area of South China [2 ]. The upper limits
f Nama assemblage fossils are radiometrically
onstrained to be < 538.74 Ma (tubular and skeletal
loudinids) and < 538.57 Ma (soft-bodied erni-
ttomorphs) by high-precision zircon U-Pb dates
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from the uppermost Schwarzrand Subgroup of the 
Nama Group in Namibia and northwest Republic 
of South Africa [67 ,68 ]. While the main phases
of assemblage dominance are distinctive, there are 
temporal overlaps between the Avalon, White Sea, 
and Nama assemblages. 

NEOPROTEROZOIC EVOLUTION 

The advances in high-precision age constraints on 
the carbonate carbon isotope excursions, large-scale 
magmatism, glaciations, and fossil assemblages in 
the Neoproterozoic permit a better understanding of 
the interactions between these events. For example, 
the interactions between the Franklin LIP and the 
onset of the Sturtian Snowball Earth, and between 
environmental change and life evolution, have been 
reassessed based on their refined relative temporal 
calibrations. 

LIPs can affect climate change in multiple ways. 
Volcanic eruptions cause transient climate cooling 
through injection of sulfate aerosols into the strato- 
sphere, and the climate is subsequently expected to 
return to its background state within years unless the 
aerosol-driven cooling effect is sufficient to result 
in ice-albedo runaway and resulting Snow bal l Earth 
[101 ]. Emplacement of LIPs could increase global 
weatherability and therefore cooling; however, the 
magnitude of LIP-driven chemical weathering is 
controlled by its surface extent, latitude and to- 
pography of its locality, background climate state, 
and the regolith and soil shielding that would have 
developed several mi l lion years after emplacement 
[102 ]. Statistical analyses [102 ] and modeling [103 ]
suggest that most LIPs have limited significance for 
global cooling on long timescales. By contrast, the 
elevated release of volatiles via protracted outgassing 
and contact metamorphism with host sedimentary 
rocks could occur prior to, concurrent with, and sub- 
sequent to the main phase of LIP emplacement, driv- 
ing climate warming and reduced biospheric stability 
on multimi l lion year timescales [104 ,105 ]. The new
high-precision age constraints on the Franklin and 
Hubei-Shaanxi LIPs (from 720.21 ± 0.32 Ma to 
718.43 ± 0.21 Ma) [106 –108 ] and the onset of
Sturtian glaciation [77 ] indicate that large-scale 
mafic magmatism occurred ∼1–3Myr prior to the 
onset of the Sturtian Snow bal l Earth. This apparent 
lag time may be inconsistent with direct connec- 
tions between volcanic sulfate aerosol emissions 
and the onset of the Sturtian Snow bal l Earth [101 ].
Continued exhumation of the low-latitude Franklin 
and other late Tonian LIPs (Fig. 4 ) by superplume-
induced continental doming during the break-up of 
the Rodinia supercontinent [109 ] may have substan- 
tially enhanced chemical weathering, which lowered 
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tmospheric CO2 levels below the threshold re-
uired to plunge Earth into the Snow bal l climate
tate. 
A recent quantitative study [110 ] has shown

hat the diversity of Neoproterozoic eukaryotes is
arkedly different before and after the Cryogenian
laciations (Fig. 4 ). Eukaryotic diversity appears to
ave been relatively stable in the Tonian and Cryo-
enian, although some minor fluctuations in diver-
ity may have occurred in the time interval from
re- to syn-Bitter Springs CIE (Fig. 4 ). Redox prox-
es such as Cr isotopes [111 ] and I/(Ca + Mg) ra-
ios [112 ,113 ] suggest that shallow marine anoxia
ay have been a persistent feature of Tonian paleo-
nvironmental settings, but was interrupted by a
ransient atmospheric-oceanic oxygenation event
uring this time interval, which may be partially re-
ponsible for the concurrent fluctuations in biodi-
ersity. However, we note that geochemical proxy
ata with which to constrain long term regional and
lobal changes in Tonian paleo-environmental con-
itions are sparse and more data and integration into
lobal chronostratigraphic frameworks is required. 
The early Ediacaran shows an increase in total eu-

aryotic diversity, which is followed by a rapid de-
rease between the Gaskiers glaciation and the on-
et of DOUNCE/Shuram event (Fig. 4 ). From the
OUNCE/Shuram event onward, the diversity of
diacaran eukaryotes is dominated by the macro-
copic Ediacara-type organisms, which show max-
mum diversity during the White Sea interval and
wo possible extinctions, which were characterized
o a very different extent based on changes to stand-
ng diversity, across the White Sea-Nama transition
nd Ediacaran-Cambrian transition [3 ,114 ]. At the
urrent resolution, these transitions in the Ediacaran
ossil record coincide with CIEs (Fig. 4 ), which are
uggestive of a potential causal relationship between
nvironmental perturbations recorded in the carbon
ycle and biological turnovers [2 ]. Thus, glaciations
nd changing ocean chemistry may have exerted crit-
cal extrinsic controls on evolution, demonstrating
omplex interactions in the Neoproterozoic Earth-
ife system. 

UMMARY AND FUTURE DIRECTIONS 

he advances in total procedural blank, chemical
brasion, U-Pb tracers, mass spectrometry, and data
nterpretation have significantly increased the preci-
ion, accuracy, and inter-lab reproducibility of high-
recision CA-ID-TIMS zircon U-Pb dating results.
he continuing application of CA-ID-TIMS zircon
-Pb dating to sedimentary successions and large-
cale magmatism is resulting in an increasing number
f high-precision radio-isotopic age constraints with
Page 10 of 14
which to calibrate timings and rates of major events 
in deep time [115 ,116 ]. The temporally calibrated 
LIPs, glaciations, fossil biodiversity data, and car- 
bonate carbon isotope profile of the Neoproterozoic 
present evidence for connections between Earth’s in- 
terior and exosphere, and between environmental 
change and life evolution, providing critical insights 
into the coevolution of Earth and life in the Neopro-
terozoic Era. 

Synthetic 202 Pb and 205 Pb tracers are the cor- 
nerstones of ID-TIMS U-Pb geochronology. All of 
the synthetic Pb tracers used by the ID-TIMS U- 
Pb community were produced in the last century. 
The increasing usage and limited amount of the syn- 
thetic Pb tracers make their availability the ‘Sword 
of Damocles’ for ID-TIMS U-Pb geochronology 
[117 ]. Thus, an urgent effort is needed to secure 
new sources of synthetic Pb tracers. Besides, sample- 
specific customization of chemical abrasion con- 
ditions and continued recalibration the U decay 
constants are also important directions to further 
advance CA-ID-TIMS zircon U-Pb geochronology. 

Although there has been a marked increase in 
the number of radio-isotopic age constraints for 
Neoproterozoic sedimentary successions, some key 
horizons (such as the onset of the late Cryoge- 
nian glaciation, the DOUNCE/Shuram, and the 
basal Cambrian) lack direct high-precision age con- 
straints, and a temporal framework of sufficient res- 
olution is yet to be achieved for the Neoprotero- 
zoic. While dating more volcanic interbeds within 
Neoproterozoic successions is the most straightfor- 
ward way to advance this effort, the datable ma- 
terials are often intermittently distributed and are 
not necessarily co-located with the record of inter- 
est, which demands a fully integrated approach that 
considers available geochronologic and chemostrati- 
graphic data. High-precision dating of detrital zir- 
con grains from widely distributed siliciclastic rocks 
by combining SIMS/LA-ICP-MS and CA-ID-TIMS 
methods [51 ,118 ] provide precise maximum age 
constraints which, together with other direct radio- 
isotopic ages and Bayesian age-depth models, can 
refine the temporal framework of a sequence and 
estimate the depositional ages of key horizons. 
Another key to this effort is the continuation and de- 
velopment of new collaborations between the high- 
precision geochronology and astrochronology com- 
munities, which could facilitate the combination of 
absolute age constraints with floating astronomical 
time scales to produce a highly resolved Neoprotero- 
zoic geochronology. 
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