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Abstract

Neoproterozoic evolution of the Arabian-Nubian Shield
(ANS) and East African Orogen (EAO), 870–541 Ma,
spanned revolutionary changes in Earth Systems, includ-
ing a supercontinent cycle (Rodinia break-up,
opening/closing of the Mozambique Ocean, Gondwana
assembly), extreme climate fluctuations between
long-lived glacial episodes as postulated by the Snowball
Earth Hypothesis (1992–2002), marked increases in
oceanic and atmospheric oxygen levels, and expansion
of the biosphere from simple microbial life to the
inclusion of larger and more diverse multicellular organ-
isms. Understanding of these Earth System transitions has
advanced tremendously over the past two decades
through the integration of global studies of Neoprotero-
zoic sedimentary successions with refined geochronologic
techniques. This approach applied to Neoproterozoic
Snowball Earth (NSE) localities now indicates that
Neoproterozoic glaciations included two global-scale
(panglacial) episodes, the *717–659 Ma Sturtian
and *650–640 to 635 Ma Marinoan glaciations—which
together comprise the Cryogenian Period, and more
regional episodes during the Ediacaran Period and
possibly, albeit controversially, during the earlier Tonian
Period. Recent geochronologic, geochemical, and sedi-
mentologic studies of low metamorphic grade ANS
successions substantially contribute to the global Neo-
proterozoic dataset and, along with recently revised age
constraints for the Cryogenian Period, facilitate an
updated assessment of how Neoproterozoic glaciations
may have influenced the sedimentary record of the ANS

during its development. Tonian and Sturtian glaciations
would have occurred following Rodinian break-up and
major phases of juvenile crust formation in arc/island arc
settings of the Mozambique Ocean (870–690 Ma), while
latent terrane accretion and magmatism were still active.
Paleogeographic reconstructions for these intervals gen-
erally place the ANS at tropical latitudes, where chemical
weathering rates of juvenile crust terranes would have
been high. Evidence supporting Tonian glaciation in the
ANS is unresolved, with banded iron formation (BIF) and
possible glacial diamictite scattered over the Central
Eastern Desert (CED) of Egypt, NW Arabia, and possible
correlative units in NE Sudan, as strongest candidates
based on available age control (*780–740 Ma) and
lithologic compatibility with NSE episodes. New age
constraints for some of these localities (i.e., Atud
diamictite and Um Nar, El-Hadid, Um Ghamis, and
Wadi Kareim BIF localities in the CED) now demonstrate
that deposition coincided with the Sturtian panglacial
interval. Strong evidence of Sturtian glaciation in the
ANS also occurs at the top of the Tonian-early Cryoge-
nian Tambien Group in Northern Ethiopia, where
polymict diamictite (<719.7 ± 0.5 Ma) bearing clasts
consistent with glacial transport transitionally overlies
limestone with pre-Sturtian 87Sr/86Sr values of 0.7066.
Diamictite clast compositions similar to lower Tambien
Group units suggest derivation from Tambien Group
source terranes within the ANS, such as may have
developed during early structural emergence of the EAO
and/or associated eustatic sea-level fall. Carbonate units
preserving negative carbon isotope excursions correlated
to the *800 Ma Bitter Springs anomaly, *737 Ma Islay
anomaly, and *720 Ma pre-Sturtian transition, demon-
strate that the Tambien Group is an important archive for
studying the Tonian transition to extreme climates of the
Cryogenian. The Marinoan (*645–635 Ma) glaciation
overlapped with incipient development of the EAO,
resulting from convergence, uplift, and structural

N. R. Miller (&)
Department of Geological Sciences, University of Texas at Austin,
Austin, TX 78712-1722, USA
e-mail: nrmiller@jsg.utexas.edu

R. J. Stern
Geosciences Department, University of Texas at Dallas,
Richardson, TX 75083-0688, USA

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
Z. Hamimi et al. (eds.), The Geology of the Arabian-Nubian Shield, Regional Geology Reviews,
https://doi.org/10.1007/978-3-030-72995-0_7

153

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72995-0_7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72995-0_7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72995-0_7&amp;domain=pdf
mailto:nrmiller@jsg.utexas.edu
https://doi.org/10.1007/978-3-030-72995-0_7


deformation of earlier formed arc and accreted arc
terranes, as the Mozambique Ocean closed between
cratonic fragments of West and East Gondwana. Because
most of the ANS was likely elevated above sea level, the
ANS/EAO had few depocenters capable of preserving
Marinoan sedimentation. Some peripheral margin basins,
such as Murdama and Furayh basins in Arabia, over-
lapped with the Marinoan glaciation, but their sedimen-
tary records have not been systematically studied for
glacigenic characteristics. The onset of sedimentation in
some post-amalgamation basins of the northern ANS
(e.g., Jibalah Group of NW Arabia and possible equiv-
alents in Jordan and Israel) may have overlapped with the
Marinoan glaciation or Marinoan sediments could have
been subsequently reworked in alluvial systems and
redeposited during early basin formation. Following
continental collision (*630–600 Ma), Ediacaran glacia-
tions would have coincided with continued shortening
and orogenic uplift (*600–540 Ma), when vast alluvial
fan systems transported sediments away from EAO
highlands. Ediacaran paleogeographic reconstructions
generally place the ANS at higher tropical or temperate
latitudes in the S. Hemisphere that may have supported
regional scale glaciation. Within post-amalgamation
basins of the northern Arabian Shield, the Jibalah Group
sedimentary record includes polymict conglomerate,
matrix-supported diamictite, and occasional dropstones
that could be glacigenic. Regional deposition, constrained
between underlying shield rocks (likely � 605 ± 5 Ma)
and the overlying Lower Cambrian basal unconformity
(*540–520 Ma) and confirmed by U–Pb zircon dating of
volcanic intervals within several basins, would have
spanned the *580 Ma Gaskiers glaciation, the *575–
567 Ma Shuram negative carbon isotope excursion, and
younger Ediacaran glaciations. Although highly variable,
sedimentary fill in many basins begins as polymict
conglomerate with increasing limestone abundance in
the higher succession, possibly consistent with a marine
transgression. Carbonate d13C values in combination with
detrital zircon ages indicate that the basal conglomerate
units pre-date the Shuram anomaly and could correlate
with the *580 Ma Gaskiers glaciation. Post-glacial
supersequences may have been similarly deposited
throughout northern Gondwana (Israel, Jordan, Saudi
Arabia, Oman). Metazoan trace and probable body fossils
are documented in Dhaiqa and Jifn basins above
conglomeratic strata (Mataar Fm and Jifn Polymictic
Conglomerate) that have been prospectively correlated
with the Gaskiers glaciation. The lowest fossil horizons
are no younger than 577 ± 5 Ma (Jifn) and 569 ± 3 Ma
(Dhaiqa), similar to the Newfoundland record, where
Ediacaran fauna appear *9.5 myr after the *580 Ma
Gaskiers glaciation (Pu et al. in Geology 44:955–958,

2016). Follow-up studies are needed to assess the timing
and glacigenic affinity of conglomerate and diamictite
units, and to establish if and when marine deposition
occurred within the Jibalah Group. A conspicuous strati-
graphic feature of the northern Gondwanan margin is the
widespread occurrence of an erosional unconformity
throughout North Africa and Arabia separating Neopro-
terozoic basement from Cambro-Ordovician age sand-
stone that was principally sourced from erosion of the
EAO. Although EAO erosion would have initiated as
soon as regional uplift began, the exceptional power of
Marinoan and Ediacaran ice sheets acting on a
Himalaya-scale orogen may have contributed to *650–
540 Ma beveling of the Afro-Arabian Peneplain.

Keywords

Arabian-Nubian Shield � East African Orogen �
Afro-Arabian Peneplain � Neoproterozoic glaciation �
Snowball Earth � Sturtian � Marinoan � Gaskiers

7.1 Introduction

The Arabian-Nubian Shield (ANS) is a vast tract of vari-
ably deformed and metamorphosed juvenile Neoprotero-
zoic crust, forming Precambrian basement terranes that
outcrop over substantial areas of NE Africa and Arabia.
The intersection of ANS evolution with late Neoprotero-
zoic glaciations, as popularized by the Snowball Earth
Hypothesis (SEH) (Kirschvink 1992; Hoffman et al. 1998;
Hoffman and Schrag 2002) and as defining the Cryogenian
Period (Knoll et al. 2004, 2006; Rooney et al. 2015) is the
topic of this chapter. To appreciate the timing of this
intersection over Earth history, consider the length of an
outstretched arm as an analogy for Earth’s 4.54 Ga time-
line, with the nail edge of the longest (index) finger being
today. ANS evolution roughly occurred within the palm of
the hand. The Cryogenian Period is where a snowball (or
slushball) would rest on the upper palm of the outstretched
arm. This is also about the time that life became more
complex. From the hand to the shoulder, the record of life
is simple and microbial. From the palm to the fingernail,
the size and complexity of multicellular life increased
dramatically with the rise of multicellular organisms.
Clearly, Neoproterozoic development of the ANS spanned
a dynamic and fascinating interval of Earth history.
The ANS stands out in that early Cryogenian glaciation
occurred within a regionally active intra-oceanic arc set-
ting, compared with more typical passive margin succes-
sions that dominate the Neoproterozoic Snowball Earth
(NSE) literature.
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Both volcanism and chemical weathering are potential
triggering mechanisms for Neoproterozoic glaciations (Stern
and Miller 2018). Compared to continental crust, juvenile
crust is more susceptible to chemical weathering in subaerial
and submarine environments, particularly in low latitude
settings, and may have fostered reverse greenhouse cooling
by burying carbon in sediments (Goddéris et al. 2003;
Donnadieu et al. 2004; Horton 2015; Gernon et al. 2016).
Thus, it is of particular interest to understand how the
magmatic and weathering history of ANS terranes relates to
Neoproterozoic climate. Within the tectonomagmatic evo-
lution of the ANS, depositional, chemical, and isotopic
characteristics of associated sedimentary rocks, especially
those of low metamorphic grade, are essential for under-
standing the history of Neoproterozoic interactions between
the evolving geosphere, hydro/cryosphere, atmosphere, and
biosphere. That sediments of this age and metamorphic
grade are preserved in the ANS is increasingly recognized
and has begun to attract international scientific attention to
its sedimentary archives. As a reference for further consid-
ering ANS development in relation to Neoproterozoic glacial
episodes, it is useful to first introduce the chronological
framework and significant global events of the Neoprotero-
zoic Era.

The Neoproterozoic Era (1000–541 Ma), subdivided into
Tonian (1000–720), Cryogenian (720–635.5 Ma), and Edi-
acaran (635.5–541 Ma) Periods, was a revolutionary time
interval in Earth history, involving tremendous changes in
Earth Systems (Fig. 7.1). Tectonically, Neoproterozoic time
witnessed a supercontinent cycle involving the break-up of
Rodinia in the first half of the era, and the reassembly of a
new supercontinent (Greater Gondwana or Pannotia) near
the end of the era (Stern 1994). Rocks bearing definitive
evidence of modern plate tectonic processes become abun-
dant during the Neoproterozoic (Stern 2018; Stern and
Miller 2018). Climatically, Neoproterozoic Earth experi-
enced multiple extreme swings between exceptionally
widespread and enduring glacial states and greenhouse
conditions (Kirschvink 1992; Hoffman et al. 1998). The
redefined Cryogenian Period (Knoll et al. 2004, 2006;
Rooney et al. 2015; Shields-Zhou et al. 2016) denotes the
interval of most intense glaciation: *717–659 Ma Sturtian
glaciation and *650–640 to 635 Ma Marinoan glaciation.
More regional shorter-lived glaciations occurred during the
Ediacaran, notably the Gaskiers glaciation. Potentially (al-
beit controversially) regional glaciations may also have
occurred earlier, during the Tonian.

Marked increases in oceanic and atmospheric oxygen
levels occurred during the Neoproterozoic (Fig. 7.1C), ter-
med the Neoproterozoic Oxygenation Event (NOE) (Och
and Shields-Zhou 2012). During the NOE, the redox profile
of deep Neoproterozoic oceans, as proxied by sulfur isotopes
in pyrite and gypsum of marine sediments, transitioned from

largely anoxic, ferruginous, and sulfate-poor [with episodic
euxinia (free-H2S) at mid-depths and oxygenated surface
waters] (Canfield et al. 2008; Poulton and Canfield 2011;
Guilbaud et al. 2015) to a more oxygenated sulfate-rich and
Fe-poor state by the end of the Ediacaran, conditions which
have prevailed in Phanerozoic oceans (Canfield et al. 2007;
Och and Shields-Zhou 2012; Sahoo et al. 2012; Planavsky
et al. 2014; Shields et al. 2019; Tostevin et al. 2019; Wu
et al. 2020).

The carbon and strontium isotopic composition of Neo-
proterozoic seawater, as proxied by marine carbonates
(Fig. 7.1A–B), respectively demonstrate multiple deep neg-
ative carbon isotope excursions (CIEs) from background
values *5–8‰ higher than modern seawater, considered to
reflect major perturbations to the carbon-cycle (Halverson
et al. 2005; Grotzinger et al. 2011; Halverson et al. 2018),
and an overall, but still poorly resolved, increase in 87Sr/86Sr
—consistent with increased weathering of continental crust
(Kaufman et al. 1993; Squire et al. 2006), but with inter-
mittent input of less-radiogenic Sr before and during Rodi-
nian break-up (Zhou et al. 2020).

Finally, the Neoproterozoic separates relatively simple
microbial ecosystems of the previous three-billion years
from larger and more complex multicellular organisms of the
Phanerozoic biosphere (Fig. 7.1C) (Butterfield 2015).
Although molecular-clock estimates suggest Tonian origins
(Dohrmann and Wörheide 2019), rocks close to the
Cryogenian-Ediacaran transition first document the presence
of metazoans as (sponge) biomarkers (McCaffrey et al. 1994;
Love et al. 2009; but see Antcliffe 2013) and a *600 Ma
specimen of probable poriferan affinity is described from the
Doushantuo Formation of South China (Yin et al. 2015).
Key increases in metazoan size and diversity occurred dur-
ing the Ediacaran Period. Recent age constraints indicate that
Ediacaran biota in Canada likely appeared after the *580
Ma Gaskiers glaciation (Pu et al. 2016) and before
the *575–567 Ma Shurum negative CIE (Rooney et al.
2020).

The SEH is constantly modified as new information
amasses. The intersection of ANS evolution with evidence
for Neoproterozoic Snowball Earth (NSE) glaciations was
earlier explored in Stern et al. (2006), where diagnostic
evidence supporting glacial processes and post-glacial
warming was described, and the occurrence of ANS sedi-
mentary rocks with characteristics of NSE successions was
demonstrated. Since then much new has been learned about
Neoproterozoic glaciations, notably including the number
and timing of panglacial episodes that have redefined the
onset and termination of the Cryogenian Period, the strati-
graphic frequency and timing of negative CIEs and their
relationship to glacial intervals, the mainly pre- and
syn-Sturtian occurrence of sedimentary iron formation,
idiosyncratic characteristics of Sturtian and Marinoan cap
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carbonates, and possible triggering mechanisms for
global-scale glaciations. Important assessments of NSE
glaciation in new and established ANS localities have also
occurred since Stern et al. (2006). Here, we update what we
know about ANS successions that contain evidence of
Neoproterozoic climate and oxygenation events or whose
deposition may have been contemporaneous with Neopro-
terozoic glaciations but have not been systematically studied
for glacigenic influences (Fig. 7.2). For background on
evidence supporting Neoproterozoic glacigenic activity (i.e.,
glacial deposits such as diamictites and dropstones,
regional-scale unconformities, cap carbonates, sedimentary
iron formation, and globally synchronous low paleolatitude
glaciation and deglaciation), the reader is referred to Stern
et al. (2006), Hoffman et al. (2017), and Stern and Miller
(2019). For background on triggering mechanisms of NSE
episodes, the reader is referred to the synthesis in Stern and
Miller (2018). To encourage future work in the region, we
consider possible roles of ANS evolution (rapid and prolific
magmatism/volcanism production of juvenile continental
crust, amalgamation and orogenic uplift, weathering, and
erosion) as contributing factors (e.g., atmospheric pCO2

sequestration via the silicate weathering thermostat) for cli-
mate deterioration in the lead-ups to Neoproterozoic
glaciation.

7.2 Snowball Earth and Late Neoproterozoic
Glaciation

Earth’s most extreme icehouse intervals occurred twice
during Precambrian time, during Paleoproterozoic and
Neoproterozoic Eras, when ice sheets possibly extended to
equatorial latitudes (Fig. 7.3). Earth’s surface temperature
regime is controlled by several interrelated factors operating
on different time scales, the interplay of which has been
sufficient to maintain liquid water over most of Earth history
(Feulner 2012). Solar luminosity increases through time
(Newman and Rood 1977) and insolation would have
been *6–7% lower during the Cryogenian (Hoffman et al.
2017). The inclination of Earth’s rotational axis with respect
to its orbital plane (obliquity) controls the latitudinal distri-
bution of solar energy arriving at its surface (insolation), and

the surface reflectivity (albedo) affects the amount of solar
energy absorbed and reflected back into space. Earth’s sur-
face temperatures are also regulated by atmospheric green-
house gas concentrations, which absorb outgoing reflected
solar radiation and infrared radiation given off by the Earth
at night. Greenhouse gas concentrations are regulated by the
balance of sinks (formation of CaCO3 and photosynthesis)
and sources (volcanic emissions, metamorphic decarbona-
tion). Over millions of years, the fixing of CO2 by silicate
weathering buffers greenhouse gas concentrations. Times of
enhanced silicate weathering promote atmospheric cooling
by reducing greenhouse gas concentrations. This occurs
because of an increased transfer of carbon from the atmo-
sphere to sediments in the form of carbonates (carbonic acid
in rainfall promotes crustal weathering, delivery of dissolved
Ca ions to oceans, and carbonate formation) and organic
matter (photosynthesis removes atmospheric and dissolved
CO2 during formation and burial of marine biomass). The
ensuing cooling reduces the amount of silicate weathering
through the buildup of polar ice and reduced the intensity of
the hydrologic cycle, until CO2 levels rise through volcanic
and metamorphic degassing to resume warming. Perturba-
tions to surface warming mechanisms via extraterrestrial,
geodynamic, oceanographic, and biotic factors have been
variously proposed as possible causes of NSE (see summary
in Stern and Miller 2018).

Most triggering schemes for low-latitude glacial advances
presume that Neoproterozoic Earth had similar obliquity to
modern Earth; but an alternative explanation not requiring
global scale glaciation suggests that Neoproterozoic Earth
instead had much higher obliquity (>54°), such that the
equator was cooler than the poles (Williams 2008; Williams
et al. 2016). Global energy budget models for Earth with
modern obliquity (22.1–24.5°) indicate that glacial advances
into tropical latitudes would increase Earth’s albedo to a
critical tipping point where more solar energy was lost than
absorbed, resulting in rapid atmospheric cooling and global
coverage by ice sheets and sea ice (aka runaway albedo
effect). With global ice cover, CO2 sinks (silicate weather-
ing, photosynthesis) would become less vigorous and pos-
sibly cease to function but, lacking a rapid means of
increasing greenhouse gas concentrations, severe icehouse
states would have persisted for millions of years and have

b Fig. 7.1 Earth system transitions and glacial episodes (light blue columns) during the Neoproterozoic supercontinent cycle, involving the breakup
of Rodinia and assembly of Gondwana, and geologic evolution of the Arabian-Nubian Shield (ANS). A Carbon isotopic composition of seawater
based on marine limestones for localities compiled by Cox et al. (2016). Red vertical lines mark globally recognized negative carbon isotope
excursions (CIEs) or anomalies, as labeled. Horizontal dashed line shows d13C composition of modern sea water. B Strontium isotopic
composition of seawater based on marine limestones for localities compiled in Cox et al. (2016). Light purple bars show timing and relative
magnitude of Neoproterozoic large igneous provinces (LIPS) based on the compilation of Ernst et al. (2008). c Neoproterozoic biotic evolutionary
advances (modified after Spence et al. 2016, and references therein) and proposed rise in atmospheric oxygen concentration relative to present
atmospheric levels after Canfield (2005). Specific timing and magnitude of the Neoproterozoic Oxygenation Event (NOE) are poorly constrained
(Och and Shields-Zhou 2012). Roman numerals (I–V) correspond with mid-points of key phases of ANS development described in Sect. 7.3 (cf.
Fig. 7.4)
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Fig. 7.2 Arabian-Nubian Shield
(ANS) localities with evidence or
prospective evidence of
Neoproterozoic snowball Earth
episodes. A. Distribution of
Neoproterozoic basement
exposures of the ANS (grey area)
in countries flanking the Red Sea,
with prospective glacigenic
localities discussed in the text; red
box corresponds to area shown in
(B), below. Map modified from
Al-Husseini (2014).
Well-documented Sturtian and
Marinoan glacial deposits occur
in Huqf Supergroup of SW and
NE Oman (Mirbat and Abu
Mahara Groups), but Oman was
likely removed from the ANS
until amalgamation in the latest
Cryogenian and Ediacaran time
(645–544 Ma; Rieu et al. 2007).
Evidence of Ediacaran glaciation
also occurs in the Kahar
Formation of N. Iran and
prospectively within the Nafun
Group at the base of the Shuram
Formation in offshore Oman
(Misarah-1 well; Al-Husseini
2014), which along with ANS
localities were distributed over
the northern Gondwana margin
(present coordinates).
B Tectonostratigraphic terrane
map of the ANS (after Johnson
et al. 2013; De Sauza Filho and
Drury 1998) showing prospective
Tonian, Sturtian, Marinoan, and
Ediacaran glacigenic localities
(purple, blue, green, and red
numbered points, respectively).
Dashed line marks the southern
limit of Early Paleozoic
sandstone, where the
Afro-Arabian Peneplain is
exposed (from Avigad et al.
2005)
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Fig. 7.3 Occurrence of regional scale (light blue boxes) and panglacial (dark blue boxes) episodes in Earth history and geochronological
constraints supporting the synchroneity and long durations of Cryogenian icehouse episodes (modified from Stern and Miller 2019 and Rooney
et al. 2015). A Geological evidence supports two possible panglacial icehouse states, each involving global or near-global glacial episodes lasting
multiple millions of years: (1) Paleoproterozoic glacial strata on six cratons are constrained between 2.45 and 2.26 Ga (Hoffman 2013) and
(2) Cryogenian glacial units on all continents range between *0.720 and 0.635 Ga. B Cryogenian (Sturtian and Marinoan) glacial episodes
include an abundance of low paleolatitude localities and have distinctive deglacial cap carbonate successions. Ediacaran glacial episodes (*581–
547 Ma) are documented on several paleocontinents, but low latitude settings have yet to be confirmed and durations are comparable to Paleozoic
and Cenozoic glaciations (e.g., the *580 Ma Gaskiers glaciation had a *340 kyr duration; Pu et al. 2016). C U–Pb magmatic zircon ages (black
line datums) and Re–Os organic-rich rock ages (red line datums) from different paleocontinents constrain the timing of onsets and deglaciations for
the Sturtian and Marinoan panglacial episodes (see Rooney et al. 2015 for supporting references). Black dashed datums show zircon U–Pb
ID-TIMS ages determined in strata shortly underlying Sturtian diamictite topping the Tambien Group of N. Ethiopia (MacLennan et al. 2018).
Such age compilations demonstrate that Cryogenian glacial onsets and deglaciations were essentially synchronous in low latitude settings and had
long durations (Sturtian *717–659 Ma: *58 myrs; Marinoan *650–639 to *635 Ma; *4–15 myrs), with a non-glacial interim of <25 myrs
(Hoffman et al. 2017; Rooney et al. 2015)
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been termed “Snowball Earth” states or panglacial episodes
to distinguish them from more common regional scale ice-
house episodes, such as occurred in Paleozoic and Cenozoic
Eras (Fig. 7.3).

Kirschvink (1992) first coined the term “Snowball Earth”
and formulated the SEH as a mechanism to account for:
(1) the long-noted abundance of Neoproterozoic glacigenic
strata on most continents (Harland 1964), including evidence
of widespread continental glaciers within a few degrees of the
equator; (2) the common but odd lithostratigraphic associa-
tion of glacial deposits (indicating cold climate) sharply
bracketed by thick carbonate sequences, including
later-defined cap carbonates, or containing carbonate frag-
ments (suggesting warm climate); and (3) the recurrence of
banded iron formation (BIF) in some glacigenic successions
after a billion-year absence from the geologic record. That
runaway albedo icehouse transitions ever occurred was
originally rejected for lack of a known recovery mechanism.
Kirschvink (1992) realized that Earth’s climate would
eventually recover from Snowball Earth icehouse states fol-
lowing protracted build-up of atmospheric carbon dioxide
from volcanic and metamorphic outgassing and reduced
weathering. Once reaching critical levels of greenhouse gas
concentrations and albedo, he envisioned transitions to and
from glacial conditions would both have been rapid. To test
this hypothesis, he proposed that (1) glacial units for a given
episode should be globally synchronous; (2) that shallow
marine environments should record similar glacial-deglacial
successions around the world; and that (3) iron formation
recurrence could be explained by ocean-wide changes in
redox state-related to ice cover, whereby dissolved ferrous
iron built-up over millions of years of ice cover would sub-
sequently oxidize upon deglacial resumption of
ocean-atmosphere exchange. Detailed sedimentologic and
carbon isotope investigations of Cryogenian sequences in
northern Namibia (Hoffman et al. 1998; Hoffman and Schrag
2002) attracted further attention and extended the SEH,
notably documenting the odd characteristics of post-glacial
cap carbonate units, the coincidence of negative CIEs
approaching typical mantle-outgassing values (e.g., −5 to
−8‰; Javoy et al. 1986) leading into glacial episodes and
recoveries to near pre-excursion values within the overlying
cap carbonate sequence, and suggesting that negative CIEs
followed from decreased biological fractionation during
transitions to icehouse states and associated biosphere col-
lapse. The common occurrence of thick “cap-carbonate”
sequences directly overlying glacigenic sediments further
suggested that cap limestone and dolomite successions may
have been deposited very rapidly, as the warming deglacial
ocean became intensely supersaturated in carbonate. The
Neoproterozoic marine d13C evolution curve has since been
greatly refined through integration of global correlations with
varying levels of age control (e.g., Asmerom et al.1991;

Brasier et al.1996; Bartley et al. 2001; Kuznetsov et al. 2006;
Halverson 2006; Halverson et al. 2005, 2007a, b; Maloof
et al. 2005; Fike et al. 2006; Jones et al. 2010; Macdonald
et al. 2010a; Sawaki et al. 2010; Swanson-Hysell et al. 2010,
2015; Rooney et al. 2014; Bold et al. 2016; Cox et al. 2016;
Park et al. 2019; Canfield et al. 2020), and globally syn-
chronous negative CIE events have been proposed within
Tonian (Bitter Springs, Islay), Cryogenian (Rasthof, Tay-
shir, Trezona), and Ediacaran (Maiberg, Shuram,
end-Ediacaran) Periods (Fig. 7.1A). These negative CIEs,
some with nadirs well below mantle-outgassing levels
(e.g., *−12‰ for the Shuram CIE nadir; Burns and Matter
1993), are mainly interpreted to reflect large variations in
release, burial and oxidation of organic carbon (e.g., Kauf-
man et al. 1997; Hoffman et al. 1998; Rothman et al. 2003;
Tziperman et al. 2011; Schrag et al. 2013) and/or a sampling
depth-dependent d13C gradient in the water column (e.g.,
Fairchild et al. 2000; Klaebe et al. 2018), but not all (bold
above) coincided with panglacial episodes (e.g., Hill et al.
2000; Halverson et al. 2005; Bold et al. 2016; Husson et al.
2015).

It remains controversial whether or not the entire Earth
ever became ice-covered (e.g., Runnegar 2000; Hyde et al.
2000; Pollard and Kasting 2005), but it is largely accepted
that Neoproterozoic glaciations were more extensive than
the late Cenozoic “ice ages.” Efforts to test and refine the
SEH have progressed through the integration of regional
stratigraphy and sedimentology with improved dating of
events through radiometric, paleomagnetic, and geochemical
techniques. Precise determination of glacial unit age is often
difficult because of the absence of datable materials, such as
interbedded ash beds, within glacigenic units. Determina-
tions of paleolatitude face comparable preservational chal-
lenges, but paleomagnetic evidence now supports that
substantial volumes of glacial debris were deposited in
low-latitude settings (Harland 1964; Hoffman and Schrag
2002; Evans 2000; Evans and Raub 2011). Early work raised
the possibility of multiple (2–4) panglacial episodes
between *800 and 580 Ma. The present consensus
(Fig. 7.3) benefits from the recent addition of high-
resolution U–Pb and Re–Os ages (e.g., Rooney et al.
2015) and now supports two panglacial episodes, the Stur-
tian (c. 717–659 Ma) and the Marinoan (c. 645–635.5 Ma);
named for glacigenic successions in Australia but extended
globally in modern usage. The Sturtian episode (>55 myr)
seems to have encompassed a time span that was nearly as
long as the Cenozoic Era, whereas the Marinoan episode was
briefer, lasting for *15–5 myr.

Evidence for pre-Sturtian (c. 740 Ma) panglacial intervals
suggested for localities on cratons including the Kalahari
(Kaigas glaciation), Tarim (Bayisi diamictite), Egypt (Atud
diamictite) and Congo (Kundelungu Basin) are controversial
because of questionable age constraints, glacigenic origins,
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and/or demonstrable overlap with nonglacial sedimentation
in Laurentia (Rooney et al. 2015). These older prospective
glaciations have often been generalized as the Kaigas
glaciation after exposures mapped as the Kaigas Formation
in Southern Namibia, but the stratigraphy of this placename
locality has since been reinterpreted to correlate with the
younger Sturtian (Numees Formation) glaciation (Macdon-
ald et al. 2010b).

The possibility that Late Neoproterozoic panglacial epi-
sodes served as evolutionary bottlenecks for the appearance
of Ediacaran biota has stimulated paleontological investi-
gations of post-Marinoan (Ediacaran) glacial strata. The
occurrence of Ediacaran glacial deposits on multiple (8) pa-
leocontinents (Evans and Raub 2011), including some with
apparent low-paleolatitudes (10–30°; Gostin et al. 2010;
Pisarevsky et al. 2011), led to the concept of a
post-Marinoan panglacial event often referred to as the
“Gaskiers” glaciation (after well-dated glacigenic deposits in
eastern Newfoundland). With the addition of high-precision
radiometric age constraints, many Ediacaran glacial locali-
ties have since been shown to be diachronous or to have had
short durations inconsistent with multimillion-year-long
durations required for panglacial episodes, and glacial epi-
sodes definitely younger than the Gaskiers glaciation are
documented in eastern and western peri-Gondwana (e.g., c.
560 Ma glaciation in Iran, Etemad-Saeed et al. 2016; c.
565 Ma Weesenstein-Orellana glaciation, Linnemann et al.
2018). Recent radiometric dates now constrain the Gaskiers
glacial episode in Newfoundland between 580.90 ±

0.04 Ma and 579.63 ± 0.15 Ma, *9.5 myr prior to the
appearance of Ediacaran fauna (Pu et al. 2016). The Shuram
anomaly, Earth’s longest duration non-glacial, negative CIE,
is constrained by new Re–Os dates between 574 ± 4.7 and
567.3 ± 3.0 Ma, and thus at least 5.2 ± 4.8 myr younger
than the Gaskiers deglaciation (Rooney et al. 2020).

7.3 Overview of ANS and EAO Development

The Arabian-Nubian Shield (ANS) is a complex of juvenile
Neoproterozoic basement terranes (Fig. 7.2) that formed in
an accretionary orogen that comprises the northern sector of
the East African Orogen (EAO) (Johnson et al. 2013).
The ANS outcrops in nine countries around the Red Sea and
NE Africa (Israel, Jordan, Egypt, Saudi Arabia, Sudan,
Yemen, Eritrea, Ethiopia, and Kenya), with an areal extent
of *2.7 � 106 km2 (Johnson 2014)—slightly larger than
the Mediterranean Sea (2.5 � 106 km2). From the narrowest
exposures in S. Kenya and N. Tanzania that mark its
southern termination against high-grade rocks of the
Mozambique Belt, the ANS widens northwards over dis-
tance of 3500 km, with widest exposures (*1500 km)
between Sudan and Saudi Arabia (Johnson 2014). The ANS

formed during the early Neoproterozoic to early Cambrian
supercontinent cycle (aka Pan African Orogenic Cycle)
involving the breakup of Rodinia, opening and closure of the
Mozambique Ocean, and assembly of Greater Gondwana,
through phases of convergence and amalgamation of arc
terranes generated in the Mozambique ocean (Hoffman
1999; Stern 1994; Johnson and Kattan 2008; Johnson et al.
2011; Cox et al. 2012). ANS assembly also involved
suturing of terranes and emplacement of syntectonic and
posttectonic granitoids (Johnson et al. 2013). Arc terranes of
the ANS constitute significant growth of juvenile crust,
possibly the largest single tract of Neoproterozoic juvenile
crust on Earth (Patchett and Chase 2002), and would have
had a much larger areal extent prior to ocean closure.

ANS tectonostratigraphic terranes (Fig. 7.2B) are differ-
entiated on the basis of common formation age, stratigraphy,
isotopic composition, and structural style (Johnson 2014).
Evidence of juvenile oceanic crust affinities for arc assem-
blages is supported by a diversity of volcanic and volcani-
clastic rocks and large epizonal TTG-type intrusions with
tholeiitic to calc-alkaline and MORB chemistries (Zimmer
et al. 1995; Hargrove et al. 2006; Johnson 2014), in addition
to Nd (and Hf) isotopes which yield positive age-adjusted
eNd values (Stern 1994, 2002; Shang et al. 2010; Morag
et al. 2011a, b; Johnson and Kattan 2012; Johnson et al.
2013; Johnson 2014). Sutures between terranes, many with
dated ophiolites and metamorphic assemblages, document
collisional deformation and help constrain the timing of
terrane amalgamation. Many sutures have appreciable
strike–slip offsets, and these may broadly relate to *600
Ma escape tectonics (Burke and Sengör 1986), during which
ANS terranes were progressively sandwiched by, and offset
between, obliquely converging Gondwana cratonic blocks
(De Souza Filho and Drury 1998, and references therein).
Fault translations of uncertain extent accompanied closure of
the Mozambique Ocean and the ensuing Gondwanan colli-
sional orogeny, as indicated by contrasting tectonostrati-
graphic basement terranes of the southern ANS (Vail 1983;
Drury and Berhe 1993; Tadesse 1997; De Souza Filho and
Drury 1998; Tsige and Abdelsalam 2005). The ANS largely
escaped high-grade metamorphism because terminal colli-
sion was most intense in the south, allowing the EAO to
escape northward (Bonavia and Chorowicz 1992; Abdel-
salam and Stern 1996). In contrast, the southern EAO
(Tanzania and Madagascar) was more intensely deformed
and metamorphosed and contains abundant granulite-facies
rocks, many with pre-Neoproterozoic protolith ages (Kröner
et al. 2003). These rocks represent the intensely overprinted
margins of the colliding continents and testify to greater
thickening of the crust in the south and correspondingly
deeper erosion.

ANS evolution can be simplified into five phases as
shown in Fig. 7.4(I–V); more comprehensive reviews by
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Johnson et al. (2011) and Fritz et al. (2013) further elaborate
on the orogenic history of the ANS.

(I) 900–850 Ma Rifting and Break-up of Rodinia:
Rodinian breakup during the Tonian Period between
900 and 800 Ma is inferred from the oldest
(*870 Ma) juvenile Neoproterozoic rocks in the
ANS (Stern 1994; Küster et al. 2008) and events in
eastern Gondwana (Cawood 2005). This part of ANS
history is poorly understood.

(II) 870–690 Ma Seafloor Spreading, Arc and Back-arc
basin Formation, Ocean Closure, and Terrane
Accretion: ANS juvenile crust was generated within
spreading systems, and subduction-related oceanic
island arcs of the Mozambique Ocean, which formed
between rifting cratonic fragments of Rodinia (Stern
1994; Johnson 2014), likely separating Neoprotero-
zoic India from the Saharan Metacraton and
Congo-Tanzania-Bangweulu block (Johnson et al.
2011). Oceanic plateaux may also have formed above
mantle plumes within the ocean (Stein 2003). Oceanic

crust generation occurred from *870 to 600 Ma, as
indicated by dated ophiolite complexes (*845–
675 Ma) and arc assemblages (*870–615 Ma)
(Johnson and Kattan 2012). Juvenile arc and plateau
terranes collided and were welded into larger tracts of
juvenile crust as the Mozambique ocean closed
between fragments of East and West Gondwana,
forming arc-arc sutures, composite terranes, and ulti-
mately the ANS (Johnson and Woldehaimanot 2003).
Ocean closure was diachronous, beginning *650 Ma
(Squire et al. 2006). ICP–MS U–Pb ages on detrital
zircons and felsic magmatism intruding ophiolites
suggest final amalgamation and Mozambique Ocean
closure was complete *620 Ma in the Ediacaran
Period (Cox et al. 2012, 2018; Johnson 2014).

(III) 630–600 Ma Continental Collision (EAO formation):
Consolidation and amalgamation of ANS terranes
culminated with the protracted collision between
Eastern (Indian craton) and Western (Saharan,
Congo-Tanzanian cratons) Gondwana, resulting in the
EAO and the newly fused Greater Gondwana or

Fig. 7.4 Schematic illustration of ANS geological development relative to the Neoproterozoic supercontinent cycle spanning the break-up of
Rodinia andGondwana assembly, and timing of Cryogenian and Ediacaran glacial episodes (modified from Stern et al. 2006; Stern and Johnson 2010)
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Pannotia supercontinent at the end of Neoproterozoic
time (Stern 1994; Kröner 2001; Collins and Windley
2002; Meert 2003; Jacobs and Thomas 2004). In
reconstructed Gondwana, the EAO extends from the
Mediterranean (Tethys) southward along the eastern
margin of Africa and across East Antarctica (Stern
1994; Jacobs et al. 2003). The regional orogen,
thought to have been *8000 km long and >1000 km
wide, has also been termed the Transgondwanan
Supermountains (Squire et al. 2006). The ANS rep-
resents the northern sector of the EAO.

(IV) 600–570 Ma Continued Shortening, Escape Tecton-
ics, Post-Amalgamation Basin Formation, and Oro-
genic Collapse: Collisional orogenesis involved
considerable compression and shortening that con-
tinued during the first *50 million years of the Edi-
acaran Period (Veevers 2003). Deformation included
strike-slip shear zones and tectonic collapse structures
in the northern EAO (Egypt, Sudan, and northern
Arabia), formation of N-trending upright tight folds
and shear zones in the central EAO (Ethiopia, Eritrea,
and southern Arabia), and formation and uplift of
high-grade gneisses and granulites in the southern
EAO (Abdelsalam and Stern 1996). The most intense
collision occurred in the southern EAO, which had the
thickest crust, highest mountains, and the deepest
erosion. Accordingly, metamorphic grade of exposed
ANS rocks decreases northward, compared to higher
grade granulite facies further south (Stern 1994).
By *570 Ma, ANS assembly had accreted to the
Saharan Metacraton and evolution continued within
the southern Paleotethys realm of northern Gondwana
(Abdelsalam et al. 2003; Johnson et al. 2013). Greater
Gondwana began to break up almost as soon as it
formed at the end of Neoproterozoic time, shedding
microcontinents into especially Asia all through
Paleozoic and early Mesozoic time, with the core of
Gondwana finally rupturing in Late Jurassic time.

(V) 600–530 Ma Formation of the Afro-Arabian Pene-
plain: Extensive erosion of the EAO resulted in cutting
of a widespread regional unconformity prior to
Cambro-Ordovician time (Avigad et al. 2005), herein
termed the Afro-Arabian Peneplain (AAP) (see Powell
et al. 2015). This peneplain is recognized throughout
northern Gondwana (Fig. 7.5D), extending from
Morocco to eastern Arabia and Oman (Stern 1994;
Meert and Van Der Voo 1997; Garfunkel 1999; Avi-
gad et al. 2005; Squire et al. 2006; Avigad and
Gvirtzman 2009; Al-Husseini 2014). Although the
timing of the initial downcutting of the AAP is
unknown, erosion would have begun as soon as
regional uplift began. Some regional uplift could have
initiated during the Sturtian glaciation, but more

regional erosion of the ANS is likely to have spanned
Marinoan and Ediacaran glaciations. Relief would have
been enhanced by glacial eustasy, with isostatically
adjusted sea level falls on the order of *500 m or
more estimated for the Sturtian and Marinoan pangla-
cial episodes (Hoffman et al. 2007; Liu and Peltier
2013). Glaciation of the developing EAO would have
accelerated erosion, and we speculate here that it could
have contributed to initial peneplain formation. As a
singular erosion surface, the AAP principally corre-
sponds with deeply eroded highlands of the EAO, but
along the northern periphery of the EAO at least two
separate regional unconformities are recognized:
(1) the *585 Ma Sub-Jibalah Unconformity in N.
Arabia (with equivalents in Iran, Jordan, and Oman)
and (2) the a *530–520 Ma unconformity correlated
in Jordan (known as the Ram Unconformity), Saudi
Arabia (Sub-Siq Unconformity), Iran (Sub-Lalun
Unconformity and Oman (Angudan Unconformity)
(Al-Husseini 2011). We use the term AAP inclusively
to represent the significant erosional episodes that
affected the EAO prior to Cambro-Ordovician time and
consider it equivalent to the globally recognized Great
Unconformity. See Sect. 6.3.3 for further discussion.

Neoproterozoic paleogeographic reconstructions (720–
550 Ma, Fig. 7.5) generally place the ANS (as inferred
oceanic arcs) within the greater Mozambique Ocean between
India and Congo cratons. For example, Collins and Pis-
arevsky (2005) place ophiolite-bearing strata of the Adola
Belt (southern Ethiopia) outboard of the Congo Craton at
750 Ma. As the Adola Belt lies in the southern EAO, it is
reasonable to infer a similar outboard location for the ANS.
The earliest reliable regional palaeomagnetic data for the ANS
derive from the time of Gondwana amalgamation (Fig. 7.5C–
D); late Cryogenian (593 ± 15 Ma) Dokhan volcanics of
Egypt (Davies et al. 1980; Wilde and Youssef 2000), inter-
preted to have a subtropical paleolatitude (20.6 ± 5.08°,
Trindade and Macouin 2007; but see Nairn et al. 1987). Low
subtropical paleolatitudes (9–13°) are also reported for Huqf
Supergroup units in Oman between 722 and 544 Ma (Kempf
et al. 2000; Kilner et al. 2005; Allen 2007), with Oman likely
amalgamating with the ANS between 645 and 544 Ma (Rieu
et al. 2007). To the extent that the ANS occupied a latitudinal
range similar to the Congo- Sào Francisco and/or East-Sahara
cratons during the early Cryogenian (c. 750 Ma), as implied
by various paleogeographic reconstructions (e.g. Trindade
and Macouin 2007; Li et al. 2013; Pisarevsky et al. 2008), and
Oman was latitudinally adjacent, possibly along the margin of
the Indian craton (Denèle et al. 2012; Johnson 2014; White-
house et al. 2016; Alessio et al. 2017), the ANS may have
occupied low to intermediate paleolatitudes during much of
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Fig. 7.5 Global paleogeographic reconstructions showing the inferred position of the ANS during Neoproterozoic glacial intervals. A–
C. Paleogeographic reconstructions (Li et al. 2013) indicate that the ANS (purple shaded ellipses) generally occupied tropical to subtropical
latitudes during the Sturtian, Marinoan, and Ediacaran (Gaskiers) glaciations; see original reference for numbered localities. Rifting and break-up
of Rodinia (c. 900–750 Ma) were associated with seafloor spreading, arc and back-arc basin formation, and terrane accretion in the Mozambique
Ocean—the birthplace of juvenile Neoproterozoic crustal terranes that characterize the ANS. Accommodation space in most of the ANS likely
inverted by 630 Ma in response to the closure of the Mozambique Ocean between converging elements of West (Sahara, Congo) and East
Gondwana (Indian) and emergence of the EAO (aka Transgondwanan Supermountain, Squire et al. 2006, dashed ellipse in B). Craton/terrane
name abbreviations in A–C: A Amazonia; Ae—Avalonia (east); Aw—Avalonia (west); B—Baltica; C—Congo; CAFB—Central Asian Fold Belt;
EA—East Antarctica; ES—East Svalbard; G—Greenland; I—India; K—Kalahari; L—Laurentia; NA—Northern Australia; NC—North China; R—
Rio Plata; S—Sahara; SA—Southern Australia; SC—South China; Sf—Sao Francisco; Si—Siberia; T—Tarim; WA—West Africa. D Paleogeo-
graphic and structural setting of the ANS at c. 550 Ma within the context of Greater Gondwana amalgamation and continued structural shortening
of the EAO (modified from Meert and Lieberman 2008; Gray et al. 2008). Sedimentary records of extensional post-amalgamation basins, possibly

formed in association with escape tectonics ( ) along the Gondwanan margin (e.g., Jibalah Group basins), may preserve indications of Ediacaran

glaciation. The modern southern limit of Early Palaeozoic sandstone (dashed bold line) documents the continent-scale extent of the Afro-Arabian
Peneplain (AAP) that developed following uplift and erosion of the EAO (Avigad et al. 2005)
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the Neoproterozoic (Fig. 7.5A–C; Miller et al. 2011). The
closest modern analog to the ANS may be the Indo-Australian
Archipelago, the islands and shallow submerged regions of
which constitute portions of volcanic island arcs and volcanic
arcs within a tropical climate.

7.4 Expected Manifestations
of Neoproterozoic Glaciations in the ANS
and EAO

Age constraints for Neoproterozoic glaciations have impli-
cations for the accumulation and preservation of Snowball
Earth episodes within the ANS and EAO (Fig. 7.4). The
long-duration Sturtian and Marinoan panglacial episodes are
particularly likely to have impacted depositional systems
within the evolving ANS and EAO. Because of the lack of
direct paleolatitude evidence constraining a low latitude for
the pre- *600 Ma ANS (Davies et al. 1980; Wilde and
Youssef 2000), any Tonian (pre-Sturtian) glacial activity in
the ANS could have been regional at higher latitudes similar
to Phanerozoic icehouse episodes. As mentioned above,
evidence of Tonian panglacial intervals is controversial
(Rooney et al. 2015). Nonetheless, the possibility of regional
glacial activity preceding the Sturtian panglacial episode
cannot yet be entirely refuted. Tonian and Sturtian episodes
(e.g., 800 * 660 Ma) would have occurred while ANS
juvenile crust was being generated by magmatism associated
with seafloor spreading, volcanic arcs, back-arc basins, and
oceanic plateaus within and around the Mozambique Ocean
(Fig. 7.4II). Such glacial episodes could also have accom-
panied or followed arc terrane accretion (*870–690 Ma),
possibly including early phases of contractional tectonics
associated with Mozambique Ocean closure prior to *630
Ma Gondwana fusion (Avigad et al. 2007). The recurrence
of Neoproterozoic BIF, now considered to have been largely
a Sturtian phenomenon (Cox et al. 2013), would have
overlapped with this phase of ANS development. The
physiography of continental shelves, oceanic plateaux, arcs,
and accreted arc terranes within the Mozambique Ocean
provided numerous basins with accommodation space cap-
able of holding sediments that reflected glaciation. A wide
range of water depths similar to those associated with
modern back-arc basins and intraoceanic forearcs is proba-
ble, from shallow depths of a few hundred meters within the
photic realm of continental shelves, oceanic plateaus, and
island arcs, to abyssal depths (2500–5000 m). Sedimentation
may also have involved marine carbonate deposition away
from significant siliciclastic/volcaniclastic input—perhaps
outboard of or along margins of magmatically dormant
accreted arc terranes. We note that Neoproterozoic carbonate
successions are particularly rare in the northern ANS but
poorly studied candidates exist in the Keraf and Nakasib

sutures of Sudan (Abdelsalam and Stern 1993; Abdelsalam
et al. 1998) and in N. Ethiopia. Because of the value of
marine C and Sr chemostratigraphy for Neoproterozoic
correlation, low-grade marine carbonate successions in the
ANS are of particular importance. Any sediments deposited
in association with pre-Sturtian or Sturtian glacial episodes
would have been deformed during later accretion and col-
lision events (Fig. 7.4III–IV). Because of the southward
increase in metamorphic grade within the ANS, optimal
preservation of any glacigenic successions is most likely to
occur within low grade greenschist the successions of middle
(e.g., N. Ethiopia) and northern portions of the ANS.

Preservation potential is lowest for Marinoan and Edi-
acaran glacial episodes because these occurred when the
ANS began to rise out of the sea in response to collisions
between various terrane fragments within the Mozambique
Ocean, culminating in terminal collision between E. and W.
Gondwana with full development of the EAO (Fig. 7.4III).
Most of the ANS was likely above sea level by *630 Ma.
As continental collision got underway, basins capable of
preserving syn-glacial sediments moved away from the EAO
to its flanks. By the end of the Neoproterozoic, the EAO may
have been located at intermediate (*30–60 °S) latitudes
(e.g., Dalziel 1997; Li et al. 2008) capable of hosting a thick
continental ice sheet. In addition, the EAO was the site of the
Transgondwanan Supermountains, which are thought to
have been Himalayan in relief (Squire et al. 2006) and these
were prone to glaciation. Continental glaciers are powerful
agents of erosion, thus Marinoan and/or Ediacaran ice sheets
could have contributed to erosion and downcutting of EAO
hinterlands, as initial phases of AAP beveling (Fig. 7.4III–
V). Associated glacial deposits could be preserved in deep
grabens around the margins of the ANS, such as those
preserving glacigenic successions of the Huqf Supergroup in
Oman (Stewart 2016), or possibly also in continental shelf
deposits on the northern flank of the end-Neoproterozoic
supercontinent, such as may exist beneath Israel and N. Iran
(Etemad-Saeed et al. 2016). Reworking of Marinoan and
Ediacaran glacial deposits by alluvial processes may
obfuscate definitive field evidence of primary glacial asso-
ciations. Evidence that clasts were transported over great
distances from terranes outside of the ANS may support an
earlier glacial association, for example in the case of the
Atud/Nuwaybah diamictite (Ali et al. 2010a). Minimum ages
from detrital zircons recovered from clasts and matrix con-
strain when these glacial deposits were reworked.

7.5 Evidence for Glaciation in the ANS

Prospective Neoproterozoic glacigenic deposits in the ANS
are reviewed below. These are presented in terms of four
glacial episodes: Tonian (*780–755 Ma), Sturtian (720–
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660 Ma), Marinoan (*645–635 Ma), and Ediacaran
(*585–550 Ma), of which the Sturtian and Marinoan epi-
sodes define most extreme global climate fluctuations of the
Cryogenian Period. Outside the ANS, the closest Neopro-
terozoic glacial localities are known in NW Africa
(Shields-Zhou et al. 2011), central Africa (Master and
Wendorff 2011; Tait et al. 2011), and Oman (Allen et al.
2011a, b). Glacial deposits in NW and central Africa were
hosted by different cratonic blocks outside of the Mozam-
bique Ocean. The relationship of Oman to the ANS (and
Mozambique Ocean) is poorly understood but Oman is
thought to be related to buried crust in eastern Arabia (e.g.,
Johnson and Stewart 1995). Although Oman’s crystalline
basement contains juvenile Neoproterozoic rocks similar to
the ANS, contrasts in the timing of magmatism and sedi-
mentation suggest Oman had a different geologic setting
(Johnson et al. 2011) prior to Gondwana amalgamation
during the latest Cryogenian and Ediacaran Periods (Rieu
et al. 2007). Gondwana consolidation shortened the W-E
distance (present coordinates) between the ANS northern
sector of the EAO and some of these terranes within the
northern peri-Gondwana margin. For brevity in the case of
occurrences reported in Stern et al. (2006) for which there is
no new information, this is simply stated.

7.5.1 Evidence for Tonian (c. 780–755 Ma)
Glaciation

7.5.1.1 ~780 Ma Diamictite in Eastern Sudan
(Meritri Group) and Central Arabian
Shield (Mahd Group)

Indications of possible Tonian glacial sedimentation in the
ANS include *780 Ma diamictite deposits on the southern
margin of the Nakasib-Bi’r Umq Suture Zone in the Meritri
group of E. Sudan (Fig. 7.2, locality 1) and Mahd Group of
the central Arabian Shield (Fig. 7.2, locality 2) (Stern et al.

2006, 2011). These were deposited in a passive margin
setting *30 million years prior to *750 Ma collision
between terranes (Hijaz-Gebeit, Jiddah-Haya) forming the
suture zone. Both groups are dominated by volcanic and
volcaniclastic rocks but contain basal polymict conglomerate
units. Exposures of the *2 km thick Meritri group are
located within the suture zone, and both the internal
stratigraphy of the Meritri group and its contact relationships
with bracketing units are unclear due to folding, faulting,
and shearing. Oldest Meritri group deposits consist of
polymict conglomerate bearing deformed clasts (� 70 cm
length) of granite, granodiorite, diorite, rhyolite, ignimbrite,
and carbonate (Abdelsalam and Stern 1993). Mahd group
outcrops occur further south of the suture zone, so strati-
graphic relationships are less affected by structural com-
plexities (Johnson et al. 2003; Stern et al. 2011). Oldest
Mahd group deposits are matrix-supported diamictite (1–
5 m in thickness), with abundant angular to sub-angular
clasts (� 30 cm length) of granitic and felsic volcanic rocks
(Fig. 7.6A–B) (Stern et al. 2011). Ages bracketing the
Meritri group (790 ± 2 Ma to 779 ± 3 Ma; Stern and
Absdelsalam 1998) and Mahd group (785 ± 6 Ma to
777 ± 5 Ma; Hargrove et al. 2006b) suggest that diamictite
deposition was largely contemporaneous over a *10 myr
interval. The Mahd group unconformably overlies diorite
and tonalite of the *811 Ma Dhukhr batholith (Stoeser and
Stacey 1988) indicating a substantial erosional interval
at *810–780 Ma, which could be associated with glaciation
(Johnson et al. 2003). The *790–780 depositional window
for basal diamictite in the Meritri and Mahd groups coin-
cides with deposition of the lower Tambien Group in the
southern ANS (Sect. 6.2.1); for example, Tsedia Slate
deposition was ongoing at 778.72 ± 0.24 Ma in Tsedia
synclinorium and followed the Bitter Springs CIE
(Swanson-Hysell et al. 2015). Additional mapping and study
Meritri and Mahd group deposits are required to understand
the origin of the unconformity at the base of the Mahd group

Fig. 7.6 Outcrop photographs of possible Tonian glacial diamictite at the base of the Mahd Group (from Stern et al. 2011). A Nonconformity
of *770 Ma Mahd Group basal diamictite resting on truncated 806 Ma Dhukhar batholith, Saudi Arabia (Fig. 7.2, locality 2). B Mahd Group
basal diamictite with dark matrix-supported angular granitic clasts
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and determine if they preserve evidence of glacial deposi-
tion. C and Sr isotope analysis of least altered carbonate
units, if present, could aid in regional correlation.

7.5.1.2 ~750 Ma Ghamr and Amudan
Volcanosedimentary Basins, Central
Arabian Shield

In the central Arabian Shield, Ghamr and Amudan basins
(Fig. 7.2, localities 3–4) contain 400–600 m thick, weakly
metamorphosed, volcano sedimentary successions that are
discontinuously exposed along and southward of Bi’r Umq
suture zone in west-central Arabian Shield. Named for the
Ghamr group (Kemp et al. 1982) and Amudan formation
(Ramsay 1986), these successions unconformably overlie
truncated 816–775 Ma arc-related basement rocks (Calvez
and Kemp 1982; Hargrove 2006a) and contain polymict
conglomerate and matrix-supported pebble conglomerate
units, with clasts sourced from underlying arc volcanic and
plutonic basement (Johnson et al. 2013). Deposition may
have occurred near volcanic centers in terrestrial (alluvial
fan, drainage channels) and near-shore marine environments
near a convergent margin, possibly in a retroforeland basin
setting (Johnson et al. 2013). The basal contact for the
Ghamr group is an angular unconformity where it overlies
eroded arc rocks, and a nonconformity where it overlies
plutonic rocks. Ages constraining Ghamr group deposition
derive from a Rb–Sr whole-rock isochron age of
748 ± 22 Ma for subvolcanic rhyolite (Calvez and Kemp
1982) and U–Pb zircon SHRIMP condordia ages of
753 ± 6 Ma, 752 ± 4 Ma, and 746 ± 6 for dacite and
andesite (n = 2) lavas, respectively (Hargrove 2006a). The
Amudan basin succession is structurally conformable above
arc rock basement but dating of the latter demonstrates a
15 myr erosional hiatus (Hargrove 2006a). Collec-
tively *745–755 Ma Ghamr and Amudan deposition fol-
lowed an extended erosional hiatus over older arc terranes.
This time interval would have partially overlapped and fol-
lowed *780–750 Ma collision and amalgamation of the
Bi’r Umq suture zone (Johnson et al. 2013). The lengthy
hiatus preceding Ghamr and Amudan deposition, along with
basal diamictite units, could be associated with glacial ero-
sion. No glacigenic deposits have been reported, but such
evidence has not been sought. The association of Tonian
arc-terrane collisional settings with intense erosional epi-
sodes (similarly applicable to the older Meritri and Mahd
group deposits) could bear on greenhouse gas concentrations
in the lead up to the Cryogenian, as juvenile crustal terranes
located at low latitudes would have been particularly sus-
ceptible to chemical weathering and drawdown of pCO2

through the burial of carbon in carbonates and organic
matter. The *775–750 Ma erosional interval preceding
Ghamr/Admudan deposition corresponded with deposition

of carbonate-rich facies in the S. ANS (Tambien Group), as
next discussed.

7.5.2 Evidence for Sturtian Glaciation (~717–
659 Ma)

7.5.2.1 Ethiopia/Eritrea—Tambien Group
Evidence of Sturtian glaciation in the ANS occurs in the
Tambien Group of northern Ethiopia (Tigrai province;
Fig. 7.2, locality 5). The Tambien Group is a mixed silici-
clastic and carbonate succession of Tonian and early Cryo-
genian age, preserved mainly in N–NE trending synclinoria
and related thrust belts. The most-studied localities include
the Shiraro region, Mai Kenetal, Tsedia, and Chemit syncli-
noria in western Tigrai, and Negash and Samre synclinoria in
the eastern Tigrai (Fig. 7.7A–D). Prospectively equivalent
upper Tambien Group strata of the Gulgula Group occur in
western Eritrea (west-directed arrow above Fig. 7.7A) just
west of the Shiraro area, as well as in the Adobha Abi terrane
and Bizen Domain to the north in Eritrea (north-directed
arrows above northern extent of Fig. 7.7). Carbonate transi-
tioning upward into polymict diamictite attributed to the
Sturtian glaciation is documented at the top of the Tambien
Group in eastern Negash (Miller et al. 2003, 2009; Alene
et al. 2006; Avigad et al. 2007; Swanson-Hysell et al. 2015)
and Samre synclinoria (MacLennan et al. 2018; Park et al.
2019). No post-Sturtian cap carbonate succession has been
discovered, making Tambien Group diamictites Ethiopia’s
youngest known Neoproterozoic metasediments. Tambien
Group exposures are unconformably overlain by Ordovician
Enticho Sandstone, and this unconformity corresponds with
the AAP (Fig. 7.4E).

Tambien Group deposition followed magmatism and
volcaniclastic deposition of the Tsaliet Group (*850–
755 Ma), corresponding with volcanic arc activity in the
Tigrai sector of the Mozambique Ocean (Fig. 7.4II). Ter-
minal collision between western and eastern fragments of
Gondwana to form the EAO deformed the Tsaliet-Tambien
Group supracrustal assemblage, producing tight upright
folds (Fig. 7.4III–IV) that host the studied inliers. This
collisional time interval overlapped with the long-duration
Sturtian glaciation. Subsequent crustal thickening and
melting of lower crustal rocks induced a phase of late- to
post-orogenic igneous activity (so-called “Mereb” grani-
toids) that peaked around 620 Ma (Teklay et al. 2001;
Bentor 1985; Stein 2003). Undeformed “Mereb” granitoids
penetrate the entire Tsaliet-Tambien Group supracrustal
sequence. The age of Tambien Group deposition is crudely
constrained between deformed syn-tectonic granitoids and
metavolcanics of the Tsaliet Group (*850–755 Ma) and
the post-tectonic emplacement of undeformed “Mareb”
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granitoids (*660–580 Ma) (see Avigad et al. 2007 and
Miller et al. 2011 for specific ages).

Previous work—The determination of Sturtian age glacial
deposits follows from the first investigations of prospective
NSE glacigenic sediments within the ANS, in metasedi-
ments of the Bizen Domain (Fig. 7.2, locality 6) and Tam-
bien Group in E. Eritrea and N. Ethiopia by Beyth et al.
(2003) and Miller et al. (2003) (Fig. 7.7). Early mapping in
this region by Verri (1909), Bibolini (1920, 1921, 1922),
Cecioni, 1940-41 (in Cecioni 1981) and Beyth (1972), well
before the concept of Snowball Earth had emerged
(Kirschvink 1992), identified putative Proterozoic glacigenic
sediments (variously termed: pebbly mudstones, conglom-
erate, arkosic sandstone, pebbly slate) in NE Eritrea, the
Shiraro region, and core of Negash syncline in N. Ethiopia.
From a small sampling of widespread carbonate units, some
with negative d13C values, Beyth et al. (2003) suggested that
the Tambien Group might preserve evidence of NSE epi-
sodes. From reconnaissance sampling, Miller et al. (2003)
established rudimentary C and Sr isotope stratigraphies for
the Tambien Group in Negash Syncline and concluded that
the diamictite was likely glacial and attributable to the
Sturtian glaciation. Prior to this study, the closest known
Sturtian glacial locality was in the Huqf Supergroup of SE
Oman, where glacigenic diamictite occurs in the basal
Ghubrah Member of the Ghadir Manqil Formation (Tschopp
1967; Glennie et al. 1974). Brasier et al. (2000) determined a
U–Pb zircon age of 723 + 16/−10 Ma for zircon recovered
from tuffaceous wackes interbedded within the Ghubrah
diamictite, providing one of the earliest age constraints for
the onset of Sturtian glaciation. Resampling of this bed
subsequently yielded zircons producing a more precise CA–
TIMS U–Pb age (Bowring et al. 2007; 206Pb/238U date of
711.52 ± 0.20 Ma and 207Pb/206Pb date of 714.2 ±

0.6 Ma), indicating that glaciation began prior to *713 Ma
in Oman.

More systematic studies of the Tambien Group over the
past 15 years have since confirmed its association with the
Sturtian panglacial episode, extended understanding of its
regional litho- and chemostratigraphy and depositional age,
and now establish the Tambien Group as an exceptional
archive of environmental change during the Tonian transi-
tion to Cryogenian Earth systems (Fig. 7.8). In Mai Kenetal

synclinorium, Alene et al. (2006) identified a negative d13C
excursion in the lower carbonate unit (Assem limestone) of
the Tambien Group, with likely equivalents in Tsedia and
Chemit synclinoria to the east, and suggested it correlated
with the non-glacial *800 Ma Bitter Springs negative CIE.
Avigad et al. (2007) published SHRIMP U–Pb ages for
magmatic and detrital zircons in units below, within, and
above the Tambien Group that further constrained its
depositional age. Miller et al. (2009, 2011) documented
more detailed C and Sr isotope stratigraphies for Tambien
Group exposures in the Shiraro Area, Mai Kenetal and
Negash synclinoria, and the Samre area, proposed a regional
chemostratigraphic correlation scheme, and suggested from
field reconnaissance and satellite imagery that the Samre
region might also host Sturtian diamictite above black
limestone (Matheos Fm) similar to Negash. Subsequent
investigations of the Samre region verified the occurrence of
stratigraphic units equivalent to the Negash facies, including
glacial diamictite (Bussert 2010; MacLennan et al. 2018;
Park et al. 2019). Recent studies have also enhanced C- and
Sr-isotope stratigraphies and added important absolute age
constraints for deposition of Tambien Group units, including
the diamictite (Swanson-Hysell et al. 2015; MacLennan
et al. 2018; Park et al. 2019).

Characteristics, age, and origin of glacigenic deposits—
The transition from Matheos Formation black limestone to
diamictite appears to be conformable in Negash and Samre
inliers, involving increasing proportions of non-calcareous
phyllitic slate that pass upward into pebbly slate without
interbedded carbonate (Fig. 7.8). At Negash, the diamictite
interval is *200 m thick above its transitional base.
Diamictite clasts, initially sub-centimeter in scale, increase
in abundance and size (up to 20 cm in diameter) upward
(Fig. 7.8C–E). Clasts are matrix-supported and the finer
matrix retains horizontal layering (1–3 cm), with lateral
pinching and swelling. Syn-orogenic compression deformed
the diamictite to varying extents, including elongated clasts
with pressure shadows and foliation of pelitic intervals.
Despite this, clasts that appear to preferentially deform
underlying matrix laminae (possible dropstone textures) are
common (Fig. 7.8F). Larger diamictite clasts have sub-
rounded, elongate, and angular shapes (including some
bullet-nosed clasts; Fig. 7.8E) and striated clast surfaces

b Fig. 7.7 Location of key Tambien Group exposures (unshaded units) within northern Ethiopia (Tigrai Province): A Shiraro area; B Mai Kenetal
Synclinorium; C Negash Synclinorium; D Samre area). Metavolcano–sedimentary block boundaries (Tadesse et al. 2000) occur only within the
Tsaliet Group and are inferred to represent accreted arc terranes or slivers in a supra-subduction zone setting. Stars show geochronological
localities for syn-tectonic intrusives (white), post-orogenic intrusives (black), and detrital zircons (white stars with black dots) discussed in the text.
Prospectively equivalent upper Tambien Group strata of the Gulgula Group occur in western Eritrea (arrow) just west of the Shiraro area, as well as
in the Adobha Abi terrane and Bizen Domain (arrows) to the north in Eritrea. M. Alem (Madahne Alem) marks the western limb locality in the
Negash Synclinorium bearing 774.7 ± 4.8 Ma zircons in slate *16 m below lowest Tambien Group carbonate beds (Avigad et al. 2007). Negash
Synclinorium is structurally bounded to the east by the Atsbi Horst (AH). Inset map (below) shows the location of an unnamed pebbly mudstone
unit in northeastern Eritrea (Cecioni 1981) that could correlate to the Tambien Group. Figure modified from Miller et al. (2011)
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have been reported (Miller et al. 2003; MacLennan et al.
2018). Clast lithologies are polymictic, including felsic
volcanic rocks, granite, fine-grained limestone retaining
primary depositional textures, and dolomite, low-grade

semipelitic sediments, and rare volcanic conglomerate con-
sistent with the upper Tsaliet Group (Miller et al. 2011).
Carbonate clasts in the diamictite show a wide range of d13C
values consistent with derivation from older Tambien Group

Fig. 7.8 Sturtian glacial diamictite of the Tambien Group exposed in the cores of Negash (A) and Samre (B) synclinoria. C–F Diamictite photos
from Negash Synclinorium: C Steeply bedded diamictite with matrix-supported clasts (N. Miller for scale). D. Polymictic matrix-supported
pebbles. E Outsized rounded cobble in fine-grained weakly-foliated pelitic matrix. F Probable dropstone (well-rounded volcaniclastic cobble)
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carbonate units, including negative d13C values similar to
negative CIE intervals identified in western (e.g., Mai
Kenetal, Tsedia, Chemit; Miller et al. 2006; Alene et al.
2006) and eastern (Negash, Samre; Swanson-Hysell et al.
2015; MacLennan et al. 2018; Park et al. 2019) inliers.

SHRIMP U–Pb detrital zircon analysis of the Ordovician
Enticho Sandstone, interpreted to reflect the proximal crustal
composition of the southern ANS in Ordovician time,
demonstrates two magmatic modes, an older mode
at *800 Ma (major concentration between 820 and
760 Ma) consistent with contributions from Tsaliet-like crust
generated in island arc settings, and a younger mode at
620 Ma (major concentration between 660 and 580 Ma),
consistent with contributions from late- to post-tectonic
“Mereb” granitoids formed in association with Gondwana
collision and crustal thickening (Avigad et al. 2007).
The *688 Ma midpoint of the Sturtian glacial interval
(*717–659 Ma) is conspicuously centered within
this *100 myr interval of reduced igneous activity. Subsi-
dence and deposition of shallow marine carbonates and
mudrocks of the Tambien Group therefore likely occurred in
the magmatic lull of waning arc volcanism. Detrital zircon
analysis of the Negash diamictite (and prospectively equiv-
alent arkosic sandstone in the Shiraro region) found no zir-
cons younger than *740 Ma, suggesting glacial deposition
occurred between *740 Ma and the onset of “Mereb”
magmatism (660–580 Ma; Avigad et al. 2007). In the Samre
area, the culminating diamictite has recently been con-
strained to be younger than 719.7 ± 0.5 Ma, based on
nearly identical U–Pb ID–TIMS dates from tuffaceous silt-
stones 74 and 84 m lower in the underlying transition
(Marian Bohkakho Fm) from Matheos Formation black
limestones (MacLennan et al. 2018). These ages, in addition
to 87Sr/86Sr values of 0.7066 in uppermost carbonate inter-
vals (Miller et al. 2003, 2009), strongly support that the
Negash and Samre diamictite intervals are products of
the *717–659 Ma Sturtian panglacial episode and poten-
tially correlative with the Atud/Nuwaybah diamictites of
Egypt and Saudi Arabia.

The diamictites appear to have been derived from a
proximal source, as neither clast inventory nor the detrital
zircon spectra indicate significant contributions from pre-
Neoproterozoic sources outside the ANS (Avigad et al. 2007).
Clast lithologies consistent with derivation from underlying
Tambien group carbonate and Tsaliet volcanics could mean
the entire Tambien Group (*1500 m) was locally uplifted or
tectonically inverted to generate the diamictite source terrane.
Dramatic eustatic sea-level lowering on the order of >500 m
related to expansion of the Sturtian cryosphere (Hoffman et al.
2007; Liu and Peltier 2013) would have enhanced erosion of
shallow marine terranes.

Regional lithostratigraphy and timing of Tambien Group
deposition—There remain many unanswered questions about

the timing of Tambien Group deposition and its regional
lithostratigraphy prior to diamictite deposition. The most
complete successions occur in Mai Kenetal and Negash
synclinoria, but they have differing lithostratigraphies and it
has proven difficult thus far to establish radiometric ages to
definitely establish how they may correlate. The Mai Kenetal
sequence involves successive alternations between slate and
dark limestone, the lower limestone unit (Assem Limestone)
of which is associated with a sharp basal contact and neg-
ative d13C compositions. The Negash succession begins with
slate and increasing proportions of dolomite (Didikama
Formation), below a sharp contact with overlying dark
limestone (Matheos Formation) that in turn grades upward
into glacial diamictite. Some regional correlation challenges
follow from different lithostratigraphic frameworks used in
compiling four map sheets (Mekele: Arkin et al. 1971; Adi
Arkay: Hailu 1975; Adigrat: Garland 1980; and Axum:
Tadesse 1999) that cover Tambien Group exposures in
Tigrai. Regional facies differences are possible, if not likely,
because Tambien Group deposition may have occurred
while arc terranes were still amalgamating and/or during
Mozambique ocean closure and relief differentiation from
early compressional shortening. There are two broad schools
of interpretation for regional correlation, related to how
depositional units in Mai Kenetal synclinorium correlate to
those exposed in Negash and Samre synclinoria. Several
workers have established chemostratigraphic arguments,
consistent with the suggestion of Beyth (1972) that the Mai
Kenetal and Negash successions, both of which begin above
Tsaliet Group metavolcanics, must somehow correlate lat-
erally (Miller et al. 2003, 2009, 2011; Alene et al. 2006),
although a significant unconformity may occur in the
Negash succession below its contact with upper dark lime-
stone unit (Garland 1980). The other interpretation is
gleaned from the Adi Arkay map, which in one key area
interprets the entire Mai Kenetal succession to underlie the
Negash succession. The field relationships underlying this
interpretation should be confirmed, as these map compila-
tions were substantially made from aerial photography with
ground-truthing in selective field traverses.

87Sr/86Sr chronostratigraphy could help rectify lithos-
tratigraphic relationships if all Tambien Group carbonate
units were deposited in open marine basins of the Mozam-
bique Ocean. The Tonian seawater evolution curve is still in
an early stage of refinement (Fig. 7.1B), but the dominant
trend over 850–700 Ma indicates increasing 87Sr/86Sr values
from *0.7055 to 0.7068 by *770 Ma, followed by
somewhat lower values 0.7067 before further decreasing
near the onset of the Sturtian glaciation (Zhou et al. 2020).
Sr isotope data in Miller et al. (2009) show increasingly
radiogenic compositions up-section in the most-studied
Negash and Mai Kenetal inliers. In Negash, values
increase within the Didikama Fm, from *0.7055 ± near
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the base to *0.7062 near its top, before abruptly jumping to
0.7066 in overlying Matheos Fm black limestones. This
jump, in addition to the abrupt lithologic change (dolomite to
black limestone) may indicate an unconformity in the
Negash sequence at this level (as previously indicated by
Garland 1980). In the higher Matheos transition to diamic-
tite, 87Sr/86Sr values decrease to values approaching 0.706.
In Mai Kenetal, a nearly comparable range of 87Sr/86Sr
values are documented. Values in the Assem Limestone
(*0.7062) and Tsedia Slate (0.7063) are less radiogenic
than the culminating Mai Kenetal Limestone (0.7067). If the
Negash facies are younger than the Mai Kenetal facies, and
the measured 87Sr/86Sr values are close to depositional val-
ues, then the Tonian seawater 87Sr/86Sr evolution curve
requires a strong decrease of 0.0012 following Mai Kenetal
Limestone deposition to reach values obtained in the lower
Didikama Formation. In addition to similar 87Sr/86Sr com-
positions, the Mai Kenetal LS, and Matheos Formation
limestones have comparable d13C values and uniquely
enriched Sr concentrations. Although 87Sr/86Sr values could
be differentially affected by dolomitization/alteration, they
could indicate that Negash Didikama strata are older than the
Mai Kenetal Limestone.

The addition of absolute age constraints for Tambien
Group units in key inliers, particularly from ash falls that can
provide depositional ages, is critically needed and has
recently begun using U–Pb ID–TIMS dates in recent pub-
lications. In Mai Kenetal synclinorium, deposition of Tsaliet
Group volcanics was ongoing at 822.2 ± 1.3 Ma
(Swanson-Hysell et al. 2015; Park et al. 2019). In eastwardly
adjacent Tsedia syncline, tuff samples correlated within the
Werri Slate and Tsedia Slate respectively indicate ongoing
deposition at 815.29 ± 0.32 Ma and 778.72 ± 0.24 Ma
(Swanson-Hysell et al. 2015). The lower limestone unit
(Assem Limestone) at Mai Kenetal and its negative CIE is
inferred to have been deposited between these ages
(Swanson-Hysell et al. 2015). Consistent with this inter-
pretation are U–Pb zircon and Re–Os dates from the Fif-
teenmile Group of northwest Canada, which constrain a
maximum age for the onset of the Bitter Springs CIE of
811.51 ± 0.25 (Macdonald et al. 2010a) and 810.7 ±

6.3 Ma (Cohen et al. 2017), respectively. In Negash syn-
clinorium, Tsaliet Group metavolcanic deposition was
ongoing at 794.3 ± 0.6 Ma (Park et al. 2019) and detrital
zircons in the overlying Amota Formation (considered
within the Didikama Formation by Beyth 1972; Miller et al.
2003, 2009; Alene et al. 2006) indicate that overlying
deposition was younger than 794.2 ± 0.7 Ma (Swanson-
Hysell et al. 2015).

The Tambien Group appears to contain at least three
negative CIE events, which have been linked to the *800
Ma Bitter Springs event, the *737 Ma Islay anomaly, and
the *720 Ma transition into the Sturtian diamictite

(Fig. 7.1A). Interestingly, the Bitter Springs event has been
linked to an episode of true polar wander (Maloof et al.
2006), suggesting a rapid reorientation of Earth’s magnetic
field relative to its lithospheric shell. If the correlation is
accurate, this perturbation followed deposition of the basal
Tambien Group (Werii Slate) in western inlier exposures
(Mai Kenetal, Chemit, Tsedia). In eastern inliers (Negash
and prospectively Samre), basal Tambien Group deposition
(Amota Formation, Negash E. Limb) is younger than
794.3 ± 0.6 Ma (Park et al. 2019) and deposition of lowest
dolomite beds of the overlying Didikama Formation
(Negash W. Limb) was younger than 774.7 ± 5.7 Ma
(Miller et al. 2009). These dates bracket the 788.1 ± 0.2 Ma
age of ongoing deposition of the Tsedia Slate in the Tsedia
inlier (Swanson-Hysell et al. 2015), which followed recov-
ery from the prospective Bitter Springs negative CIE in the
Assem Limestone in Mai Kenetal synclinorium. The other
two negative CIE events are currently only resolved in
eastern inliers (Negash and Samre). A negative CIE
prospectively correlated with the Islay anomaly, which
precedes the Sturtian glaciation by >10 myr (Rooney et al.
2014) appears to be reasonable based on age constraints (U–
Pb ID–TIMS data of 735.25 ± 0.25 Ma for tuff layers
within basal Matheos Formation; MacLennan et al. 2018).
However, the anomaly in Negash and Samre inliers begins
within the uppermost Didikama Formation and recovers in
overlying black limestone of the Matheos Formation. The
abrupt lithologic change, previous reporting of a possible
angular unconformity (Garland 1980), and abrupt jump in
87Sr/86Sr (Miller et al. 2009, 2011) across this contact may
indicate a considerable hiatus. The uppermost negative CIE
occurs in the transition to diamictite deposition. This nega-
tive excursion from positive values following recovery from
the Islay Anomaly is represented in other Sturtian glacigenic
successions (e.g., Halverson et al. 2005; Rooney et al. 2011;
Fairchild et al. 2018). Future efforts can greatly clarify
Tambien Group regional lithostratigraphy by further con-
straining the age of units associated with negative CIEs, in
least altered successions with minimal structural
complications.

Opportunities for further study—As a relatively contin-
uous Tonian to Cryogenian succession, greenschist grade
metasediments of the Tambien Group offer valuable
opportunities to understand the lead up to extreme climate
transitions of the Cryogenian. Although Tambien Group
deposition occurred in a period of reduced magmatic activ-
ity, volcanic ashes occur sporadically throughout the
sequence providing samples suitable for absolute age dating.
The occurrence of shallow marine carbonate intervals with
well-preserved primary depositional textures allows C and
Sr isotopic determinations on least altered samples,
whereas slate intervals may reveal the extent of chemical
weathering.
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The onset of the Cryogenian may have been driven by
consumption of atmospheric CO2 and reverse greenhouse
cooling associated with weathering of large volumes of
juvenile Neoproterozoic crust and/or flood basalts emplaced
at low latitudes (Goddéris et al. 2003; Donnadieu et al.
2004). Carbonate and organic carbon in the Tambien Group
may constitute a portion of this sequestered greenhouse
carbon, and the associated siliciclastic intervals may repre-
sent weathering of volcanic arc terranes generated in the
Mozambique basin. Preliminary work on thick slate units
comprising the lower Tambien Group demonstrates high
chemical weathering indices, consistent with Tsaliet arc
accretion complexes undergoing protracted and intensive
and silicate weathering prior to carbonate deposition (Sifeta
et al. 2005; Miller et al. 2009). The contribution of weath-
ering of ANS arc terranes to initiation of Cryogenian
glaciation is a topic worthy of future studies. The paleolat-
itude of Tigrai during Tambien Group deposition is still
poorly constrained. Extensive paleomagnetic testing of
Matheos Formation limestone in the core of Negash syncline
proved unsuccessful due to probable Quaternary remagne-
tization (Kidane et al. 2014). Further paleomagnetic testing
of other inliers may reveal valid depositional paleolatitudes
for the Tambien Group.

7.5.2.2 Banded Iron Formation of Egypt
and Arabia

BIFs are found in the Central Eastern Desert of Egypt and in
the Silasia Formation of the Midian region in NW Saudi
Arabia (Fig. 7.2, localities 7, 9; Fig. 7.10A–D). These dis-
tinctive sedimentary rocks occur as centimeter- to
meter-scale interbeds in wackes distributed over a
200 � 100 km area (Fig. 7.9), possibly representing por-
tions of an extended ANS BIF basin (Stern et al. 2006).
They are metamorphosed into greenschist facies.

BIF deposition occurred in a marine basin associated with
arc/backarc basin volcanism and immature clastic sedimen-
tation. Beds are composed of alternating iron- and silica-rich
laminae (Fig. 7.10D), which may reflect seasonal changes in
deposition of Fe vs. Si. Fe-rich layers are dominantly com-
posed of primary fine-grained hematite “dust” and minor
apatite, with abundant secondary magnetite. Rapid deposi-
tion is revealed by (1) major and trace element data indi-
cating that ANS–BIF are very pure (<20% detrital input)
chemical sediments in spite of being deposited in a basin
with high sedimentation rates, and (2) pervasive evidence for
soft-sediment deformation, suggesting that rapid sedimen-
tation of dense, weak materials caused slumping (Fig. 7.10
C). Nd and Pb isotopic compositions are predominantly
mantle-like, indicating the dominance of hydrothermal
sources or weathering of juvenile ANS crust for these ele-
ments. REE data show HREE-enriched patterns typical of
modern seawater, with small positive Eu and small negative

Ce anomalies. Low abundances of transition elements that
are commonly abundant in proximal hydrothermal deposits
of modern oceans indicate that ANS–BIF formed at some
distance from hydrothermal vents (El-Shazly et al. 2019;
Kiyokawa et al. 2020). REE data and Zn/Co share charac-
teristics of both modern seawater and hydrothermal vent
fluids suggesting derivation from a mixture of shallow
suboxic seawater with a dilute, low-T hydrothermal vent
fluid. Considered in conjunction with BIF of similar age on
other paleocontinents, these observations support that rapid
and widespread re-oxygenation of Fe+2 in previously anoxic
or suboxic seawater led to rapid precipitation of hematite
“dust” and BIF deposition.

A similar conclusion about the origin of ANS BIF was
provided by Abd El-Rahman et al. (2020) for BIF at Wadi
Hamama in the Egyptian CED. They suggested that the BIF
may have formed as low-temperature hydrothermal fluids on
the floor of an island-arc basin. The iron formations were
deposited during periods of volcanic quiescence, with metals
having been derived from low-temperature pervasive
hydrothermal alteration of volcanic and volcaniclastic rocks
exposed on the seafloor. Precipitation took place due to
mixing of metal-bearing hydrothermal fluids and cold,
oxygenated seawater.

Until very recently, ANS BIF was thought to have
formed *750 Ma, prior to the Sturtian glacial episode
(which began *717 Ma). Age constraints obtained by Ali
et al. (2009, 2010b) come from ages of underlying Ghawjah
Formation metavolcanic rocks in Saudi Arabia and
“Younger Metavolcanics” of the CED. Ghawjah metavol-
canic rocks are mostly basalts and andesites with tholeiitic to
calc-alkaline affinities. These erupted in an arc or back-arc
basin and yield a U–Pb zircon age of 763 ± 25 Ma (Ali
et al. 2010b). Ghawjah metavolcanic rocks are correlated
with the “Younger Metavolcanic” rocks from the CED of
Egypt, in terms of stratigraphic relations, chemical compo-
sitions, Nd-isotopic compositions, and U–Pb zircon ages
(*750 Ma; Ali et al. 2009). These volcanic rocks showed a
wide range of U–Pb zircon ages due to inherited zircons, so
ages are not tightly constrained. A younger age constraint for
Silasia Fm BIF comes from the observation that it is intruded
by 725–710 Ma plutons of the Muwalylih suite (Hedge
1984). With the onset of the Sturtian glaciation at *717
Ma, these constraints were taken to indicate that ANS BIFs
were pre-Sturtian deposits.

The inference that BIF deposition occurred *750 Ma
has recently been challenged by U–Pb zircon age constraints
of El-Shazly and Khalil (2016), for zircons in intrusions and
metavolcaniclastic rocks interpreted as magmatic, and zircon
overgrowths in metavolcaniclastic rocks interpreted as
metamorphic or hydrothermal, and Abd El-Rahman et al.
(2020), for zircons in metavolcaniclastic units interpreted as
magmatic. These results indicate that ANS BIF formed
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during the Sturtian (c. 717–659 Ma) glaciation. El-Shazly
and Khalil (2016) dated interbedded volcaniclastic sediments
at Um Nar, El-Hadid, Um Ghamis, and Wadi Kareim BIF
localities in the CED. These gave a wide range of ages but
youngest ages of 725 ± 9 Ma, 687 ± 10 Ma and
689 ± 15 Ma (N = 10, 8, 4, respectively) at Um Nar,
718 ± 11 Ma (N = 15) at El Hadid, and 722 ± 4.5 Ma
(N = 20) at Wadi Kareim suggest deposition at 687–
725 Ma, indicating a Sturtian age for ANS–BIF. Abd-El
Rahman et al. (2020) confirm a Sturtian age for ANS BIF.
They dated three samples from volcaniclastic sedimentary
rocks that host the BIF at Hamama using U–Pb zircon SIMS
techniques. Twenty-two analyses of banded tuff underlying
the BIF gave an age of 693.0 ± 4.1 Ma. Forty-six analyses
of zircons from dacitic cobble from a conglomerate above
the BIF gave an age of 696.8 ± 2.9 Ma. A third sample from
tuffaceous matrix of conglomerate overlying the BIF yielded
two zircon populations, both concordant: an older group of

12 zircons at 841.4 ± 5.8 Ma and a younger group of 6
zircons at 701 ± 8 Ma. These results tightly constrain the
Hamama BIF to be *695 Ma, well within the Sturtian
glaciation interval.

Further detailed studies like those of Abd-El Rahman et al.
(2020) are needed in other localities to determine the age range
of ANS-BIF deposition, but presently these seem to be Stur-
tian in age.

7.5.2.3 Atud Diamictite (Egypt) and Nuwaybah
Formation (Zaam Group) (NW Arabia)

The Atud diamictite and Nuwaybah Formation are part of
the same metasedimentary succession as ANS–BIF
(Fig. 7.2, localities 8, 10; Fig. 7.9). Originally called the
Atud Conglomerate, the term diamictite is more appropriate
because the clasts are very poorly sorted in size. Clasts up to
1 m across of granitoid, quartz porphyry, quartzite, basalt,
greywacke, marble, arkose, and microconglomerate are set

Fig. 7.9 Location of the Atud
and Nuwaybah diamictite and
associated BIF, as well as
ophiolitic rocks in Egypt and
Saudi Arabia, northern ANS, with
the Red Sea closed. Diamictites
and BIFs in this area are thought
to be early Cryogenian in age. See
Fig. 7.2 for regional location
(modified after Ali et al. 2010a, b)
and Stern et al. 2011) for
geographical coordinates of sites
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in a wacke matrix. Stratigraphic relations indicate that the
diamictite was deposited in a marine environment. Atud
diamictite is associated with ANS BIF at the Wadi Kareim
locality; elsewhere BIF and diamictite are found separately
but within the ANS BIF basin. Ali et al. (2010a) studied the
Atud diamictite in Wadi Kareim and Wadi Mobarak in the
Eastern Desert of Egypt and the Nuwaybah Formation in
NW Saudi Arabia (Fig. 7.10E–H). They concluded from U–
Pb zircon analyses (igneous zircon from Ghawjah volcanic
rocks) that *750 Ma ages are dominant with a significant
component of older materials, characterized by minor
Mesoproterozoic and more abundant Paleoproterozoic and
Neoarchean material. Ali et al. (2010a) found that some
matrix and metasedimentary clast zircons yield 713–722 Ma
ages that are significantly younger than the youngest clast
(754 ± 15 Ma) but considered these anomalous. They
concluded that Atud/Nuwaybah diamictite deposition
occurred *750 Ma or slightly later.

Li et al. (2018) reported zircon U–Pb age and Hf–sO
isotopes for a felsic volcanic cobble and wacke matrix
samples from the type locality of the Atud Formation near
Gebel Atud in the CED. They interpreted their results for
110 detrital zircons in wacke matrix to indicate that the Atud
Formation was deposited between c. 720 and 700 Ma. The
origin of pre-Neoproterozoic zircon in the Atud Formation
has been variously interpreted. Citing a lack of known
source areas for Neoarchean and Paleoproterozoic clasts
within the ensimatic Arabian Nubian Shield, Ali et al.,
(2010a) suggested allogenic transport from erosion of
flanking tracks of older crust, whereas Li et al. (2018)
interpreted pre-Neoproterozoic zircon ages as relicts of old
continental crust substrate in this part of the shield. How-
ever, the distribution of pre-Neoproterozoic ages in the
Atud/Nuwaybah diamictite is similar to the distribution of
the pre-Neoproterozoic basement ages in Yemen and the
Saharan Metacraton, suggesting that these clasts were
transported hundreds of kilometers, maybe by ice-rafting.

The conclusion of Ali et al. (2010a) that the Atud
diamictite was deposited *750 Ma needs to be reassessed.
Determining the age of diamictites depends on correctly
identifying the age of the youngest clast and/or zircon and
even this only provides a maximum age constraint. If
diamictite and ANS BIF are approximately correlative in age
—as they seem to be at Wadi Kareim—then the
tight *695 Ma age for Hamama BIF make it likely that the
Atud/Nuwaybah diamictite is also about this age. Further

studies focused on the age of the youngest clasts and zircons
in wacke matrix are needed to more tightly constrain the age
of Atud diamictite and determine whether or not this is
indeed a Sturtian deposit.

7.5.2.4 Um Zariq and Zaghara Formations, Sinai
Peninsula, Egypt, Northern ANS

Helmy et al. (2021) report evidence of possible Sturtian
glaciation in the amphibolite-grade Um Zariq Formation
(UZF) of SE Sinai Peninsula, Egypt (Fig. 7.2, locality 11), a
metasedimentary stratigraphic succession that may be
equivalent to BIFs and diamictite exposures further south in
the CED and northern Arabia. The 1.5 km thick UZF
sequence, within the highly deformed Kid metamorphic
complex, is mainly volcanic-free pelitic schist and sub-
greywacke, but the upper formation contains diamictite,
conglomerate, and possible dropstones, which are overlain
by a thinly laminated pink-buff metacarbonate unit that is
10 s of meters in thickness. BIF is reported near the base of
the exposed sequence (Gad and Kusky 2007), but its
stratigraphic relationship with the UZF is uncertain due to
structural complexities (faulting, folding, and shear zones).
Fowler et al. (2015) reported dropstone boulders in the
nearby (*45 km NNW) Zaghara Formation, within the
Sa’al metamorphic complex (Fig. 7.2, locality 12), which
may correlate within the upper UZF. Age constraints for
UZF deposition support deposition during the latest Tonian
and Cryogenian. Moghazi et al. (2012) reported concordant
SIMS 206Pb/238U ages for detrital zircons recovered from a
UZF metapelitic schist sample, suggesting maximum and
minimum depositional ages of 813 ± 16 Ma (n = 19) and
647 ± 12 Ma, respectively. Eyal et al. (2014) obtained
magmatic SIMS U–Pb age peaks of 885, 825, 760, and
735 Ma for zircons (n = 21 with <10% discordance) iso-
lated from schist near the center of the UZF formation,
suggesting a maximum depositional age of *730 Ma. Zir-
cons from an undeformed granitic vein intruding UZF
metasediments provided a concordia age of 611 ± 4 Ma,
interpreted as a crystallization age (Eyal et al. 2014). The
depositional window for the UZF is thus loosely constrained
between *730 and 647 ± 12 Ma. The local association
with BIF, with documented Sturtian equivalents further
south in the CED and the northern Arabian Shield, could be
consistent with regional Sturtian glaciation but the minimum
age constraint could include the Marinoan glaciation. More
stringent age control is required for the upper UZF (from

b Fig. 7.10 Outcrop photos of banded iron formation and diamictite from Saudi Arabia. Photos A–D Silasia Formation banded iron formation.
A Dark high ridge is Silasia formation. B Closer view of steeply dipping well-bedded iron formation (P. Johnson for scale). C Internal folding is
likely related to slope deposition of iron formation. Banding corresponds to alternating silica-rich (lighter) and iron-rich (darker) layers. D Close-up
view of banded iron formation. Photos E–H Nuwaybah Formation diamictite outcrop on the Midyan Red Sea highway. E View eastward of
Nuwaybah outcrop. F Possible glacial striated boulder. G Possible dropstone in vertically bedded matrix-supported diamictite; note deformed
bedding to right of clast. H Matrix-supported diamictite with variably rounded and angular polymict clasts
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diamictite and lonestone bearing intervals in addition to the
overlying metacarbonate succession), in addition to delib-
erate sedimentological investigations for evidence of glaci-
genic deposition. If a glacial association is confirmed, the
metacarbonate would be the first Cryogenian cap carbonate
identified in the ANS. Similar studies are required to assess
the age and glacigenic association of the Zaghara Formation.
The high metamorphic grades of these successions may limit
interpretations of primary depositional characteristics.

7.5.2.5 Hadiyah Group, NW Arabian Shield
The Hadiyah group (Pellaton 1979; Kemp 1981) is a thick
(7000 m) succession of volcaniclastic and siliciclastic sedi-
ments exposed in three elongate structures that parallel the
Yanbu suture in northwestern Hijaz terrane (Fig. 7.2,
locality 13). This ophiolite-decorated suture marks the col-
lision between the Midyan terrane and overriding Hijaz arc
terranes, with 780–705 Ma ophiolites constraining the per-
iod of collision and the orientation of the arc trench (Johnson
et al. 2013). Hadiyah group basins are located 25–50 km
inboard of the suture and mainly overly sedimentary arc
rocks assigned to the 735–705 Ma Al Ays magmatic arc, the
magmatic axis of which trends >100 km east of the suture.
This configuration suggests that Hadiyah group deposition
occurred between the arc trench and the magmatic axis,
possibly as a fore-arc accretionary prism (Johnson et al.
2013). Intrusion of the suture by the *695 Ma Jar-Salajah
batholith (Pallister et al. 1988), which cuts folds of the
Hadiyah group that continues into the Al Ays group, indi-
cates that convergence was complete by *700 Ma and that
both groups were earlier affected by collisional deformation
and intrusion. Despite deformation, the Hadiyah group has
low greenschist grade facies.

The Hadiyah group is subdivided into three formations,
the mostly volcanic Siqam followed by sedimentary Tura’ah
(with lower Jammazin and upper Qaraqah members) and
Aghrad formations (Kemp 1981). The basal contact with the
Al Ays group has been variously interpreted as uncon-
formable, with truncation of up to 4000 m of the Al Ays
group (Kemp 1981), and intercalated with Al Ays group
rocks (Johnson 1995). Zircon U–Pb ion probe ages between
708 ± 4 Ma and 736 ± 5 Ma for Al Ays group rocks and a
697 ± 5 Ma crystallization age for rhyolite in the Siqam
formation (Kennedy et al. 2004, 2005) provide constraints
for these interpretations. Regolith development at the contact
between Al Ays and Hadiyah groups supports a period of
weathering between deposition of the two groups (Johnson
et al. 2013).

Of possible glacial significance are diamictite, limestone,
and polymict conglomerate intervals within the Tura’ah and
Aghrad formations. Hadiyah group deposition (*695 Ma)
would have occurred during the Sturtian panglacial episode

(717–659 Ma), for which there is strong supporting evidence
of glacial influence in the S. ANS (Tambien Group). Puta-
tive 4-km incision of the Al Ays group could be consistent
with the effects of continental-scale glaciation and eustatic
sea-level fall (Fig. 7.4II), in addition to supplying a clast
source for matrix-supported conglomeratic intervals (John-
son et al. 2013). Deliberate studies of the character and
origin of matrix-supported pebble and boulder sandstone
intervals (e.g., Jammazin member) are required to determine
if evidence supporting glacigenic processes exists within the
Hadiyah group (Johnson et al. 2013). If confirmed, these
deposits (possibly along with the Um Zariq and Zaghara
Formations of Sinai) would be the youngest evidence of
Sturtian glaciation in the ANS. Environmental conditions of
syn-Sturtian microbial limestone deposition would be rele-
vant for understanding biotic responses to glaciation.

7.5.3 Evidence for Marinoan (Onset ~650–639,
to ~635 Ma) and Ediacaran (~580–
550 Ma) Glaciation

Orogeny associated with closure of the Mozambique Ocean,
the uplift and emergence of the EAO, and the consolidation
of Gondwana transformed the Cryogenian marine basin into
a great Ediacaran mountain range. The so-called “Trans-
gondwanan Supermountain” chain resulting from the pro-
tracted continent-continent collision between E and W
Gondwana *650–515 Ma extended from East Africa to
Antarctica (length: >8000; width >1000 km; Jacobs and
Thomas 2004) and is estimated to have shed sediments in
excess of 100 Mkm3 over a period of >100 Myr, as evi-
denced by common detrital zircon U–Pb age spectra in
flanking terranes of India, Arabia, Africa, Australia, New
Zealand, South America, and Antarctica (Squire et al. 2006).
Widespread erosional unconformities throughout northern
Africa and Arabia, separating Neoproterozoic basement
from continentally derived Cambro-Ordovician quartz-rich
sediments, testify to massive and sustained erosion of this
vast collisional mountain range (Burke and Kraus 2000;
Avigad et al. 2003). Fritz et al. (2013) argued that regions in
the southern EAO experienced the greatest crustal thicken-
ing and uplift; the regions now occupied by Tanzania and
Madagascar, in particular, experienced a Himalayan-type
orogen with doubly thickened crust and correspondingly
great uplift. Earliest orogenesis likely followed from the
collision of northeastern Africa with the ANS at *650–
590 Ma (Boger and Miller 2004). By about 630 Ma, much
of the ANS was probably above sea level. In orogenic hin-
terlands of the ANS, sediments that may have been depos-
ited in association with the Marinoan panglacial episode
would have been uplifted and increasingly eroded.
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Metamorphic mineral T and P relationships, in addition to
40Ar/39Ar studies that constrain Neoproterozoic basement
uplift (cooling) histories provide regional estimates of the
extent of regional mountain range relief and beveling. For
example, high-grade kyanite-bearing rocks in east Eritrea
(Ghedem Domain) suggest formation at depths exceeding
40 km (Beyth et al. 1997; Ghebreab 1999), implying that the
southern EAO had a crustal thickness of *70 km (Beyth
et al. 2003). Structurally overlying low-grade metasediments
(Bizen Domain), akin to the Tambien Group, underwent
burial metamorphism at considerably shallower burial
depths. In Ethiopia, greenschist metamorphism of Tsaliet
Group arc volcanic rocks in the northern Tigre area likely
occurred at depths of 6–8 km (e.g., Asrat et al. 2004), but as
a result of subsequent bevelling there is no known record of
post-Sturtian sediment accumulation in Ethiopia. In the NE
Arabian Shield, Cole (1988) postulated epeirogenic uplift as
the cause of major 615–585 Ma erosion. Consistent with this
interpretation is 40Ar/39Ar uplift histories from micas that
indicate rapid cooling at *600 Ma (Cosca et al. 1999).
Most explanations for *600 Ma exhumation invoke tec-
tonic unroofing (e.g., Al-Husseini 2000; Blasband et al.
2000), but we suggest Marinoan and younger Ediacaran
glaciation could also account for much of this deep erosion.
Unroofing farther south, in Sudan and southern Egypt, may
have occurred *570 Ma, and thus could have intersected
Ediacaran glaciation (Bailo et al. 2003).

Marinoan or Ediacaran glacial episodes in the ANS
would have involved continental glaciations, possibly as
continental ice sheets. These powerful erosional agents
could have rapidly lowered relief of growing EAO moun-
tains, shedding sediments that ultimately were deposited far
from the high mountains. Greatest erosion likely occurred in
the southern EAO, where high-grade metamorphic terranes
indicate relief was highest and unroofing has removed any
post-Sturtian sedimentary record, but how and when this
region was beveled is not understood. The extent of EAO
uplift was not limited to juvenile terranes of the ANS, but
also included bounding cratonic terranes of east and west
Gondwana. The provenance of sediments shed across
northern Gondwana was therefore not exclusively limited to
uplifted ANS terranes (e.g., Dor et al. 2018). Any late
Cryogenian or Ediacaran marine sediments in the ANS
would have been deposited on the margins of consolidated
Gondwana or in later-formed structural basins (e.g., Najd
Fault Basins; Stern 1985, 1994; Johnson et al. 2011, 2013).
In marginal marine settings, Marinoan and Ediacaran gla-
cioeustasy likely played a role in controlling the composition
and architecture of sediment packages. As carbonate rocks
of this age are uncommon in the ANS, their chemostrati-
graphic records are of particular importance for comparison
with well-calibrated marine basinal records.

7.5.3.1 Post-amalgamation (Ediacaran) Basins
Although definitive evidence of glacial deposition has not
yet been reported, ANS depocenters capable of preserving
evidence of Marinoan and/or Ediacaran glacigenic sedi-
mentation include post-amalgamation basins of the northern
Arabian Shield (Johnson 2003). Candidates capable of pre-
serving evidence of the Marinoan glaciation include Furayh
and Murdama basins in the Arabian Shield and buried basins
in the Rub-al Khali (Stewart 2016) (Fig. 7.2, localities
14-16). Furayh basin contains <665 Ma volcaniclastic, epi-
clastic, and carbonate sediments that were deposited in
shallow water to subaerial settings until convergence during
the Nabitah orogeny (680–640 Ma) eliminated accommo-
dation space. Some record of the Marinoan glaciation could
be preserved in clastic and carbonate rocks (Johnson et al.
2013). Murdama basin is filled by sediments of the Mur-
dama group and volcanic units (Afif and Hibshi formations).
U–Pb SIMS zircon ages in tuffs from these units range from
649 ± 6 Ma to 624 ± 6 Ma (Kennedy et al. 2010b) and
thus deposition would have intersected the Marinoan
glaciation (Johnson et al. 2013). Ediacaran age sediments of
the Jibalah Group (Delfour 1970) might provide evidence of
Ediacaran glaciation(s) in the northern ANS. The Jibalah
Group, together with the overlying Kurayshah Group
(known only in the Al ‘Ula area; Nicholson et al. 2008),
represent youngest Precambrian depositional units in the
Arabian Shield.

Jibalah Group Basins—In the northern Arabian Shield,
the Ediacaran (post-Marinoan) age Jibalah Group (Delfour
1970) is preserved in more than 10 isolated pull-apart basins
caused by strike- and dip-slip movements of the
NW-trending Najd fault system (Sultan et al. 1988)
(Fig. 7.2, localities 18a–g). These small basins are spread
out over 100 s of kilometers. Jibalah basin sedimentary fill,
with thicknesses ranging from *500 to >3300 m, is largely
volcano-sedimentary but also includes carbonate units.
Probable metazoan trace and body fossils are reported in two
Jibalah Group basins (Dhaiqa and Jifn) (Vickers-Rich et al.
2013). Volcanic flows and pyroclastic beds demonstrate that
the region was magmatically active during deposition.
Jibalah Group regional correlation is not straightforward
owing to high lithologic variability from basin to basin.
Basal fill in many basins begins as polymict conglomerate
(Fig. 7.11A) and limestone generally increases in abundance
in the upper succession (Vickers-Rich et al. 2013). Matrix
supported cobble and boulder diamictite intervals
(Fig. 7.11H–J) are reported in at least one basin (Dhaiqa;
Miller et al. 2008). Possible dropstones (Fig. 7.11B–C) have
also been noted in Jifn Basin (Kusky and Matsah 2003) and
in the Naghr Formation (Shagab Quadrangle, NW Arabia;
presumed to be correlative with the Jibalah Group
(Vickers-Rich et al. 2010). Jibalah Group intervals
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associated with polymict conglomerate, matrix-supported
diamictite, and dropstones are prime targets for follow-up
studies of possible glacigenic sedimentation. Jibalah Group
correlatives could be found in rift basins buried beneath the
Rub Al-Khali (Fig. 7.2, locality 19; Stewart 2016) and
similar buried basins beneath the Western Desert of Egypt.
Jibalah Group sediments may also be correlative with
Hammamat sediments of Egypt, Saramuj Conglomerate of
Jordan, and Elat Conglomerate of Israel (Fig. 7.2, localities
20–22). An unresolved problem is whether Jibalah Group
deposition directly followed basin subsidence from local
sediment sources or if the deposition was more regionally
sourced and only subsequently preserved in down-dropped

basins (Johnson 2003). The upward increase in carbonate
units among basins suggests a marine transgression, but the
prior isolated character of each basin could alternatively
indicate a series of fault-controlled lakes (Johnson et al.
2003). Basin development could also have been diachronous
along different Najd fault zones. The occurrence of metazoan
trace fossils demonstrate that Ediacaran animals were pre-
sent in some Jibalah Group basins, raising intrigue about
their origins in marine vs. non-marine environments.

Jibalah Group regional deposition is constrained to be
younger than underlying shield rocks (� 618 Ma; Nettle
et al. 2013) and likely � 605 ± 5 Ma;) and older than the
overlying Lower Cambrian basal unconformity (*540–

Fig. 7.11 Outcrop photographs of prospective glacigenic intervals in the Ediacaran Jiabalah Group, Arabian Shield. A Polymict basal
conglomerate unconformably overlying Murdama rhyolite basement; photo from Kusky and Matsah (2003). B–C Possible dropstones in Jifn
(Kusky and Matsah 2003 and Naghr basins (Vickers-Rich et al. 2010; photo from Cui et al. 2020). Photos D–J Dhaiqa basin. D Eastward view of
well-bedded carbonate in the Dhaiqa Formation, showing underlying Mataar Formation siliciclastics, positions of metazoa and a diamictite
interval, and the Siq Unconformity. E–F Outsized boulders in the ferruginous basal Mataar Formation (R. Stern for scale). G Closer view of
Mataar polymictic conglomerate. I Stratigraphic transition from the Mataar Formation to initial carbonate beds of the Dhaiqa Formation. I–J
Intra-Dhaiqa diamictite interval
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520 Ma) formed by peneplanation of the EAO. U–Pb zircon
dating of volcanic intervals in several Jibalah Group basins
confirm this depositional interval. Jibalah Group chronos-
tratigraphy is currently best documented in three widely
separated basins further detailed below: Jifn (aka Jif’n) basin
in the NE Arabian Shield, Antaq basin in the E Arabian
Shield, and Dhaiqa basin in the NW Arabian Shield (west of
Al ‘Ula).

In Jifn Basin (Fig. 7.2, locality 18c), deposition of
a *3 km thick sequence of conglomerate, limestone and
shale, is constrained by TIMS U–Pb zircon techniques
between 625 ± 4 (Murdama Group basement) and
577 ± 5 Ma (felsite dyke cutting Jifn Formation) (Kusky
and Matsah 2003). The Jifn Jibalah Group succession above
basement consists of Lower Conglomerate (500 m), Umm
al-Aisah Limestone (*340 m), and the clastic Jifn Forma-
tion (*1870 m), which begins with *290 m of Jifn
Polymictic Conglomerate. Interestingly, Kusky and Matsah
(2003) show an outcrop photo of a “possible dropstone”, but
its position within the stratigraphic succession was not
reported and its possible significance was not further
explored. Metazoan (multi-cellular; tissue grade organism;
string-of-beads like; Horodyskia-like) macrofossils were
later discovered in lime-rich dark mudstones of the Jifn
formation (Vickers-Rich et al. 2013). The stratigraphic
position of this sample within the Jifn formation is also
unclear, but the regional interval was described as consisting
of brownish conglomerates with well-rounded pebbles, thin
grey limestone beds, dark red calcareous sandstones, and
repetitive grey clastic sediments (sandstone to shale).
Halverson et al. (2013) obtained a LA-ICP-MS U-Pb zircon
age of � 589.5 ± 0.5 Ma for an ash bed in the lower part of
the Umm al-Aisah Limestone and also documented d13C
values of 5–8‰ for this unit, which if marine could be
consistent with deposition before the onset of the Shuram
negative d13C excursion (similar to Khufai Fm of the Nafun
Group in Oman; Al-Husseini 2014).

In Antaq basin (Fig. 7.2, locality 18a), the Jibalah Group
consists of a *2500 m thick conformable succession of
nearly undeformed and unmetamorphosed clastic and car-
bonate sediments, consisting from base to top of Rubtayn,
Badayi, and Muraykhah formations (Hadley 1974; Nettle
et al. 2013). The succession is constrained by CA–TIMS
(Nettle et al. 2013) and SHRIMP (Kennedy et al. 2010a, b)
U–Pb zircon dates of Antaq Basement to be younger than
618–597 Ma. Nettle et al. (2013) established LA–ICP–MS
U–Pb zircon dates for ash beds within the overlying Jibalah
group of � 596 ± 17 Ma (Rubtayn Fm, above Polymictic
Conglomerate); 579 ± 17 Ma (Muraykhah Fm, 255 m);
and � 604 ± 18 Ma (Muraykhah Fm, 325 m). Carbonate
d13C values for three sections of the Muraykhah Fm mainly
span from −4 to 0‰, with considerable stratigraphic scatter
(Nettle et al. 2013). If Muraykhah deposition occurred in a

marine environment, the modestly negative d13C values
could conceivably intersect the Shuram negative d13C
excursion, possibly during its recovery as demonstrated in
the Buah Formation of the Nafun Group in Oman (Fike et al.
2006; Nettle et al. 2013; Al-Husseini 2014). The *1000 m
thick Antaq Polymictic Conglomerate interval within the
Rubtayn Fm is a prospective candidate for glacigenic
deposition. It is described as blocky, with occasional
cross-beds, predominantly consisting of sub-rounded white
quartz clasts in a quartz-feldspathic matrix (Nettle 2009).
The 596 ± 17 Ma date just above this unit (Muraykhah Fm,
255 m) could mean the conglomerate was deposited before
this time; possibly during the *580 Ma Gaskiers glaciation.

In Dhaiqa Basin (NW Arabian Shield, Fig. 7.2, locality
18f, Fig. 7.11D–J), near the confluence of Wadi al Jizl and
Wadi Dayqah, the Jibalah Group begins above basement as
the Mataar Formation (Davies 1985), a *150 m thick sili-
ciclastic unit, consisting of poorly sorted arkose and con-
glomerate bearing subangular to subrounded clasts,
including matrix-supported outsized boulders with up to
m-scale diameters, which grades upward into arkose and
lithic arenite (Fig. 7.11E–G). The Mataar Formation is gra-
dationally and conformably overlain by the Dhaiqa Forma-
tion (Davies 1985), a 300–400 m thick carbonate
succession, consisting of low-relief microbial and algal
structures with evidence of subaerial exposure (desiccation
cracks) and high energy deposition (carbonate intraclast
rip-ups/tempesites?) in the lower portion. Miller et al. (2008)
logged the stratigraphic section, established baseline Sr and
C isotope stratigraphies, and documented the possible
occurrence of metazoan trace fossils within the middle
portion of the Dhaiqa Formation. Trace fossils have since
been verified and probable Ediacaran body fossils discov-
ered at higher levels in the Dhaiqa Formation (Vickers-Rich
et al. 2010, 2013).

Available U–Pb zircon ages support that Dhaiqa Jibalah
Group deposition occurred between � 609 and *530 Ma
and was ongoing at 570–560 Ma in the upper portion of the
Dhaiqa Formation. The undated Mataar Formation overlies
granitoids having a SHRIMP U–Pb zircon age of 609 Ma
(Kennedy et al. 2010a). No upper contact is preserved in the
basin, but the Dhaiqa Formation certainly unconformably
underlies the Cambrian Siq Sandstone below the *530 Ma
Sub-Siq Unconformity, which correlates regionally with the
Ram Unconformity in Jordan and Angudan Unconformity in
Oman (Al-Husseini 2014; Powell et al. 2015). Two strati-
graphic intervals within the Dhaiqa Formation provide fur-
ther age constraints. A distinct 2–3 m-thick interval of
glauconitic arenite overlain by poorly sorted polymict con-
glomerate (Intra-Dhaiqa Diamictite) with clast diameters up
to 0.5 m (Fig. 7.11I–J), interrupts carbonate deposition in
the upper Dhaiqa Formation (*180 m). Detrital zircons
recovered from a fine-grained sandstone interval have
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SHRIMP U–Pb ages as young as 599 ± 4.8 Ma and
570 ± 4.6 Ma (measured from the core and rim of the same
grain, respectively; Miller et al. 2008). Above the diamictite
interval, in a different area of the basin, Vickers-Rich et al.
(2010) determined detrital zircon LA–ICP–MS U–Pb ages
between 837 ± 25 and 555 ± 15 Ma for a suspected
re-deposited volcanic ash bed. An age of 560 ± 4 Ma
obtained for youngest zircons (n = 17) was interpreted as the
maximum depositional age for the Dhaiqa Formation at this
level. Youngest detrital zircon ICP–MS U–Pb ages of
569 ± 3 Ma were obtained for a tuff at a level above the
diamictite interval in yet another locality (Vickers-Rich et al.
2013). These dates demonstrate mid-to-upper Dhaiqa lime-
stone deposition at 570–560 Ma.

Metazoan trace fossils (Miller et al. 2008) and probable
body fossils (Vickers-Rich et al. 2010, 2013) have been
found in the Dhaiqa Formation, including Beltanelloides/
Nemiana, a Pteridinium-like impression, a Cyclomedusa/
Aspidella-like holdfast structure, rod-shaped fossils with
oblique transverse marks similar to Harlaniella sp., and
curvilinear conical tubes suggestive of frond-like taxa with a
basal holdfast (e.g., Charnia). Lowest documented trace
fossils occur *30 m below the level of the Intra-Dhaiqa
Diamictite, indicating that they are older than *570–
560 Ma, if the dated volcanic units (prospective reworked
ash and tuff) higher in the Dhaiqa sequence are eruptive
(depositional) ages.

On the basis of sedimentology (matrix-supported
polymictic clasts and boulders), both the Mataar Formation
and Intra-Dhaiqa Diamictite are candidates for glacigenic
deposits. If so, the Intra-Dhaiqa Diamictite, constrained to
be � 570 Ma, must correspond to a glacial interval younger
than the *580 Ma Gaskiers glaciation (Pu et al. 2016),
whereas the Mataar Formation (� 609–570 Ma) could cor-
respond to the Gaskiers glaciation. Seawater C- and
Sr-isotope evolution curves generated from least-altered
marine carbonates indicate that Ediacaran oceans were
characterized by large perturbations and systematic trends
that provide a means for unambiguous regional correlation
between marine sections. Sr isotope values of Dhaiqa for-
mation carbonates (0.704–0.706), however, are well-below
Ediacaran seawater values (Miller et al. 2008), indicating
that the depositional setting may have been isolated (lake?)
or that primary isotopic compositions were reset by diage-
netic fluid exchange involving a predominant ensimatic Sr
source—compatible with regional basement and Ediacaran
volcanism, or hydrothermal alteration by juvenile fluids (Cui
et al. 2020). C-isotopes in the Dhaiqa Formation, which are
less susceptible to alteration, are predominantly positive
(2.4 ± 2.3‰). If marine, the d13C compositions constrain
deposition either before or after the long-lived Shuram
negative d13C excursion. The Gaskiers glaciation is now
thought to have slightly preceded the negative Shuram

anomaly (574 ± 4.7 to 567.3 ± 3.0 Ma; Rooney et al.
2020). The available age control and positive d13C compo-
sitions support that Dhaiqa deposition likely followed the
Shuram anomaly, and the Intra-Dhaiqa Diamictite interval is
younger than the Gaskiers glaciation. The underlying Mataar
Formation remains a candidate for a pre- *570 Ma
glaciation. Establishing depositional ages for Mataar For-
mation and extending the d13C database to include transi-
tional carbonate beds grading into the Dhaiqa formation,
which might have overlapped with the negative Shuram CIE,
could further constrain regional correlations. Until then,
distinguishing the lacustrine, paralic, or marine depositional
setting of the Dhaiqa Formation remains to be resolved.

Ediacaran successions with similar lithologies and
thicknesses, but lacking U–Pb zircon geochronology, occur
in the Mashhad area near Al Ula, about 100 km ESE of
Dhaiqa Basin, in addition to other basins further ESE. In the
Jabal Rubtayn section, (Fig. 7.2, locality 18e) Hadley (1974)
described the Mashhad area Ediacaran succession as con-
sisting of Rubtayn (375 m), Badayi (120–150 m) and
Muraykhah (330–370 m) formations. The succession is
unconformably bracketed between the Shammar Rhyolite
Group (*620–585 Ma, Al-Husseini 2011) and lower
Cambrian Siq Sandstone. The Rubtayn Formation (375 m)
consists of ascending boulder conglomerate, sandstone, red
beds, and pebble conglomerate units (members), before
being interrupted by m-scale amygdaloidal basalt flows of
the Badayi Formation. The sedimentary succession resumes
conformably in the Muraykhah Formation with deposition of
basal conglomerate (similar to the upper Rubtayn Forma-
tion), followed by lower cherty (non-dolomitic) carbonate,
red siltstone and mudstone, and an upper dolomitic
(chert-poor) carbonate unit. Except for the volcanic inter-
lude, the stratigraphic succession at Jabal Rubtayn is similar
to the Mataar and Dhaiqa Formations in Dhaiqa Basin
(Al-Husseini 2014). In the Sahl Al Matran section (Fig. 7.2,
locality 18d, *70 km ESE of Mashhad; SE Sahl Al Matran
Quadrangle) Hadley (1986) described the comparable
sequence as three informal members: (1) Volcanic Con-
glomerate (700 m), (2) Polymictic Conglomerate (1500 m),
and (3) Sandstone (1000 m). In Bir Sija Basin (Fig. 7.2,
locality 18b, *590 km ESE of Mashhad; central Afif
Quadrangle), the undated Jibalah Group also resides
unconformably above the Shammar Rhyolite Group in eight
units (Letalenet 1979): (1) Conglomerate with Shammar
pebbles (500 m); (2) Andesite-Basalt (150 m); (3) Sand-
stone (200 m); (4) Polymictic Conglomerate (150 m);
(5) Limestone (20 m), the “Bir Sija Limestone”; (6) Sand-
stone and Mudstone (700 m); (7) Sandstone and Limestone
(300 m); and (8) Sandstone and Siltstone (m). Al-Husseini
(2014) suggests that the Dhaiqa and Mashhad sequences
begin with deposition of units comparable to Sija Basin unit
4 (Polymictic Conglomerate).
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Recognizing that Ediacaran glacioeustasy should have
had a strong effect on the character and sequence of sedi-
ments (supersequences) deposited on Gondwana margins,
Al-Husseini (2014) proposed that Ediacaran strata in the
Nafun Group (Huqf Supergroup) of Oman may correlate to
Jibalah Group deposits in the northern Arabian Shield
(Fig. 7.12). The correlation assumes that a major glacial
episode, perhaps Gaskiers, caused a widespread unconfor-
mity, which may be related to the Great Unconformity (see
discussion in Sect. 6.3.3). Within the Huqf Supergroup, the
Ediacaran Nafun Group of Oman (635–547 Ma) is divided
into Lower (635–582 Ma, and Upper (582–547 Ma)
Supersequences by an unconformity at the base of the
Shuram Formation and the long-lived (e.g. *582–551 Ma,
Bowring et al. 2007; *570–557 ± 3, Zhou et al. 2018;
574 ± 4.7–567.3 ± 3.0 Ma, Rooney et al. 2020) Shuram
negative d13C excursion (Condon et al. 2005; Le Guerroué
2010; Gong et al. 2017; Shields et al. 2019). The age of this
unconformity is poorly constrained and controversial (see
Al-Husseini 2014 for details); it is broadly related to the
Great Unconformity (see Sect. 6.3.3 for further discussion).
Assuming constant sedimentation rates for the thickest
known Nafun Group sequence (2308 m; offshore Masirah-1
Well), Al-Husseini (2014) estimated the unconformity to
have formed close to *582 Ma, consistent with the known
age of the Gaskiers glaciation in Newfoundland (Bowring
et al. 2003, 2007). He suggested this putative glacial
unconformity should be traceable to comparable “glacial”
unconformities within the Jibalah Group and proposed that
the Rubtayn Boulder Conglomerate (Jabal Rubtayn, Mash-
had area), Mataar Polymict Conglomerate (Dhaiqa Basin),
Antaq Polymict Conglomerate (Antaq Basin), and Jifn
Polymict Conglomerate (Jifn Basin) are products of the same
Ediacaran glaciation, and that limestone units overlying
some of these units could be cap carbonates (Fig. 7.12B–G).
In Jifn Basin, the proposed contact occurs within the Jifn
Formation, separating Umm al-Aisah Limestone of the
“lower Jibalah Supersequence” (605 ± 5–582 Ma) from
Jifn Polymictic Conglomerate (� 200 m thick) at the base of
the Upper Jibalah Supersequence. In Antaq Basin, the con-
tact is placed at the base of the Antaq Polymictic Con-
glomerate, based on the reasoning that immediately
overlying age constraints (613–579 Ma) permit its deposi-
tion to have been synchronous with the *582 Ma Gaskiers
glaciation and d13C values (−4 to 0‰) in the overlying
Muraykhah Formation being compatible with Buah Forma-
tion (Upper Nafun Supersequence, Oman) deposition at the
end of the negative Shuram anomaly. In Dhaiqa Basin, the
unconformity is placed at the base of the Mataar Formation,
constrained to be <609 and >570 Ma, consistent with
overlying Dhaiqa Formation carbonate deposition, with
predominantly positive d13C values, being equivalent to
Buah Formation (Oman), following the Shuram negative

d13C excursion (Miller et al. 2008). He suggests the com-
posite Mataar-Dhaiqa succession is a second-order sequence,
“upper Jibalah Supersequence’ that is correlative to the
Upper Nafun Supersequence (582–547) in Oman.

This intriguing correlation scheme needs additional work
to assess its feasibility. Considerations for follow up studies
include that the Masirah-1 well unconformity, with esti-
mated age of 582 Ma (Al-Husseini 2014) has not been
directly dated and could have a different age. In fact, the
Gaskiers glaciation in Newfoundland is now constrained to a
340 kyr duration between 579.63 ± 0.15 and
579.88 ± 0.44 Ma; Pu et al. 2016), and it may have been
one of several regional-scale mid-to-late Ediacaran glacial
episodes on eight paleocontinents. Age constraints for many
of these are limited, but sufficient to demonstrate multiple
Ediacaran glacial episodes (e.g., Hebert et al. 2010; Vernhet
et al. 2012; Etemad-Saeed et al. 2016; Linneman et al.
2018). There is some support for Ediacaran glaciation in
northern peri-Gondwana prior to the appearance of Metazoa.
Evidence of 605 to *560 Ma glaciation is reported in
Morocco (Vernhet et al. 2012) and Late Ediacaran glaciation
(* � 560 Ma) is suspected elsewhere on the West African
Craton (Bertrand-Sarfati et al. 1995; Caby and Fabre 1981;
Deynoux et al. 2006). Linneman et al. (2018) recently
documented *565 Ma glaciomarine diamictites along the
periphery of the West African Craton (SW Iberia, Bohemia).
Etemad-Saeed et al. (2016) reported possible � 560 Ma
glacial diamictite, overlying striated pavement, within the
Kahar Formation of northern Iran, which they correlated
within the upper Nafun Group Supersequence (Buah and
Ara formations) of Oman. Prospective Ediacaran glacigenic
units have also been documented in central (Mohsensi and
Aftabi, 2015) and southern Iran (Aftabi 2001; Hassanlouei
and Rajabzadeh 2019). These could all correlate within the
Upper Jibalah Supersequence of Al-Husseini (2014). Evi-
dence in support of Ediacaran glaciation in the northern
ANS is currently limited to the occurrence of diamictites and
polymict conglomerate units, some overlain by carbonate
intervals (prospective cap carbonates), and rare documenta-
tion of possible dropstones within Ediacaran age Jibalah
Group basins. Needed are more rigorous sedimentologic
studies to confirm or reject glacigenic (post-glacigenic)
associations with these units. The limited number and
thickness of carbonate units, and possibility that Jibalah
Group basins were non-marine or had limited marine con-
nections during deposition, pose significant limitations for
global chemostratigraphic correlations. The common strati-
graphic occurrence of tuffs and ashes in Jibalah Group
successions offers the potential for refined age control.

7.5.3.2 Gondwanan Margin Basins
Other northern ANS sedimentary successions could repre-
sent glacial deposits or fluvial reworking of sediments from
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Marinoan and/or Ediacaran glaciers. There seems to have
been a major reorganization of drainage following
the *530 Ma Rum Unconformity. After this time drainage
was dominated by vast fluvial systems that transported and
deposited huge sediment volumes in giant sedimentary fans
that seem to have been mostly transported to the north
(Dabbagh and Rogers 1983). Before this time, drainage was
more local, including *600 Ma deposition of the Saramuj
conglomerate of Jordan (Fig. 7.2, locality 21), which Jarrar
et al. (1991) interpreted as deposited within a high velocity,
braided stream/alluvial fan system, the Hammamat Group in
NE Egypt (Fig. 7.2, locality 20; Jarrar et al. 1993; Wilde and
Youssef 2002), and Jibalah Group sediments (Fig. 7.2,
locality 18a–g). Pre-Rum Unconformity coarse sediments
could be periglacial tillites of Marinoan or Ediacaran age,
reworked by meltwater streams as glaciers receded, but
deliberate studies are required to confirm or refute this
suggestion. The >588 ± 10 Ma Elat Conglomerate of
southern Israel (Fig. 7.2, locality 22) contains clasts up to
1.5 m and was deposited on a deeply dissected relief, sug-
gesting that sea level was quite low (Be’eri-Shlevin 2008;
Weissbrod and Sneh 2002). This timing is close to
prospective glacial intervals in Morocco, SW Iberria,
Bohemia, and N. Iran (Vernhet et al. 2012; Linneman et al.
2018; Etemad-Saeed et al. 2016), which would also have
been situated along the northern Gondwana margin (present
coordinates). The possibility that the Elat Conglomerate was
deposited in a glacial or periglacial setting during an Edi-
acaran glacial episode, younger than the Gaskiers, is worthy
of further study.

The >2 km thick Zenifim Formation of Israel (Fig. 7.2,
locality 23) is constrained to have been deposited
between *550 and 600 Ma (Abdo et al. 2020). The Zenifim
can be expected to record any glaciation impacting the area
during this time but has not yet been studied for this purpose.

7.5.3.3 Role of Glaciation in the Formation
of the Afro-Arabian Peneplain

The Great Unconformity is a profound gap in Earth’s
stratigraphic record often evident below the base of the
Cambrian system. Keller et al. (2020) argue that it was
caused by multiple episodes of global glaciation that
removed a global average of 3–5 vertical kilometers of crust

and sediments. The age of the Great Unconformity in most
places is difficult to constrain, but because tectonomagmatic
activity and sedimentation continued throughout Neopro-
terozoic time, the age of Great Unconformity can be
well-constrained in the ANS and environs (Fig. 7.2, locali-
ties 17 and 24—arbitrarily placed along the southern expo-
sure limit of early Paleozoic sandstone; Fig. 7.13). The
Jordan record, in particular, suggests that it formed as a
result of multiple stages of downcutting over *100 million
years. The Ediacaran Araba Complex of Jordan is bracketed
by two major erosional unconformities: the basal Araba
Unconformity overlies *605 Ma rocks and the overlying
Ram unconformity, which is thought to have
formed *530 Ma (Powell et al. 2015). An unconformity
like the Araba unconformity is also recognized in southern
Israel, where Garfunkel (1999) documented a “Main Erosion
Phase” at *600 Ma, possibly involving 8–14 km of
downcutting. Ediacaran glaciations may have contributed to
downcutting of the Araba and Ram unconformities in Jor-
dan. The compatible timing of the *580 Ma Sub-Shuram
Unconformity, separating the Khufai and Shuram formations
in subsurface Oman, with deposition of conglomeratic units
in the Jibalah Group of Arabia (Al-Husseini 2014; as dis-
cussed in Sect. 6.3.1), may further support regional scale
glacial erosion linked to the Gaskiers and possibly younger
Ediacaran glaciations along the peri-Gondwana margin.

Formation of the Great Unconformity in and around the
ANS is likely related to alpine glaciation in the Trans-
gondwanan Supermountain and set the stage for establish-
ment of the peripheral superfan systems. Glacial activity was
unlikely for final cutting as the presence of thick laterite
immediately below the peneplain indicates a warm and
humid climate (laterization could happen after glaciation).
Erosion of this exceptional regional orogen would have been
enhanced by the lack of terrestrial vegetation and also
increased water-rock interaction (chemical weathering) in
lower latitudes approaching the paleoequator (Squire et al.
2006). Orogen development would have transgressed both
the Marinoan panglacial episode as well as regional scale
Ediacaran glaciation, and its weathering intensity could have
influenced carbon burial and greenhouse gas concentrations,
perhaps even triggering glacial episodes. These continental
glaciations would have greatly enhanced erosion and moved

b Fig. 7.12 Prospective regional correlation of Al-Husseini (2014, 2015) for Ediacaran and early Cambrian units between Oman and Jibalah Group
basins of the Arabian Shield. A The correlation attributes the erosional unconformity at the base of the Shuram Formation (Masirah-1 well,
offshore Oman) to the *581–580 Ma Gaskiers glacial interval and postulates that similar erosional unconformities should exist within Jibalah
Group sedimentary successions in the Arabian Shield. B–G Proposed Gaskiers-related glacigenic sediments in Jibalah Group basins include:
polymict conglomerate intervals in Dhaiqa Basin (Mataar Fm), Mashad region (Rubtayn Boulder member of the Rubtayn Formation), Jifn Basin
(basal Jifn Fm), Antaq Basin (upper Rubtayn Fm), and Bir Sija Basins (Unit 4 polymict conglomerate). In this correlation, the proposed Upper
Jibalah Group supersequence is equivalent to the Upper Nafun Group supersequence in Oman. Occurrence of possible dropstones in unspecified
intervals of the Jifn Formation (Jifn Basin, Kusky, and Matsah 2003) and Nagr Formation (Vickers-Rich et al. 2010), in addition to the
Intra-Dhaiqa diamictite (Miller et al. 2008) raise the possibility of post-Gaskiers glaciation in the ANS. Modified from Al-Husseini (2015)
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glacial till to lower elevations and ultimately marine mar-
gins. Alpine glacial environments are intrinsically transient,
and preservation of Marinoan and Ediacaran glacial deposits
may only have been possible in distal margin settings or
within down-dropped basins. Some deposits in lowland
settings may have developed secondarily from reworking of
earlier glacigenic sediments. How the basal Cambrian

peneplain formed has not been well studied, and the possible
role of glaciation in its early cutting should be considered
further.

The final episode in the latest Ediacaran time after final
cutting of the peneplain was the establishment of a hot cli-
mate. This is shown by evaporites in eastern Arabia and
Oman (Fig. 7.12A), where ash beds in evaporites of the Ara

Fig. 7.13 Expressions of the
Great Unconformity
(Afro-Arabian Peneplain) in the
Arabian-Nubian Shield.
A Southern Jordan (Wadi Ram).
Ram Unconformity separating
peneplained Neoproterozoic
basement (Aqaba Complex
granitoids) from overlying lower
Cambrian sandstone (Ram
Group). Photo from Powell et al.
(2015). B Northern Arabia
(25 km west of Al ‘Ula) Siq
Unconformity separating beveled
Neoproterozoic granitic basement
from overlying
Cambrian-Ordovician sandstone.
Horizontal field of view
is *130 m. c Northern Ethiopia
(Adigrat region)—AAP
separating Neoproterozoic
basement from overlying
Cambro-Ordovician sandstone
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Formation give U–Pb zircon ages of 541, 542, and 547 Ma
(Bowring et al. 2007). This warm climate is also shown by a
thick soil horizon at the base of the Great Unconformity in
Israel (Sandler et al. 2012).

7.6 Conclusions

In many ways, the sedimentary and erosional history of the
ANS has been ignored in international efforts to reconstruct
the causes and events of Neoproterozoic glaciations. In
spite of this, the diverse sedimentary environments and
contemporary igneous activity combine to make the ANS a
potentially excellent place to independently constrain
Neoproterozoic climate evolution. There is some evidence
for Tonian glaciation in the ANS, including *770 Ma
diamictite deposits on the southern margin of the Bi’r
Umq-Nakasib Suture Zone in Sudan (Meritri Group) and
Arabia (Mahd Group), but studies focused on these rocks
are needed in order to confirm or refute this possibility.
The *717–659 Ma Sturtian glacial episode occurred when
the ANS was mostly marine, so evidence for this episode is
expected to be preserved in ANS rocks. There is increasing
evidence for Sturtian glaciation in the form of diamictites in
Egypt, Saudi Arabia, and Ethiopia and Banded Iron For-
mations of Egypt and Saudi Arabia. We have made good
progress in constraining their age and understanding their
significance, but further research is needed. There is an
especially important opportunity in Sudan, where
polymictic conglomerates of the Meritri Group in the
Nakasib Suture Zone need to be studied to determine if
these are glacigenic and if they are pre-Sturtian or Sturtian
deposits.

Evidence for Marinoan and Ediacaran glaciations is less
well preserved in the ANS because this was a time that the
ANS was rising out of the sea as a result of
continent-continent collision and formation of a huge
mountain range in the EAO to the south, so erosion domi-
nated over deposition. Consequently, evidence for Marinoan
and Ediacaran glacial episodes is less clear. There was cer-
tainly glaciation in the high Transgondwanan Supermoun-
tains during the Marinoan panglacial episode and other times
in the Ediacaran but when and where any of these glaciers
reached the ANS is unclear. It is likely that much of the
Great Unconformity was cut by multiple episodes of Mari-
noan and Ediacaran glaciation, including the *605 Ma
Araba Unconformity and *530 Ma Rum Unconformity.
Such evidence might be preserved in Ediacaran basins in the
Arabian Shield, but such evidence must be sought for
intentionally.
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