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Abstract

Oman records in its Neoproterozoic Nafun Group (Huqf Supergroup) an essentially complete, carbonate-rich Ediacaran suc-
cession. The Nafun Group overlies the presumed Marinoan rift-related Fig Member (ca. 635Ma) and ends just below the
Precambrian—Cambrian boundary (542 Ma). Tectonic subsidence caused by thermal contraction following Fig-aged rifting allowed
the preservation of about 1km of postrift stratigraphy, with no major stratigraphic breaks. The Nafun Group above the Marinoan
cap carbonate (Hadash Formation) represents two siliciclastic to carbonate ‘grand cycles’, both initiated by significant transgres-
sions: these cycles comprise the Masirah Bay/Khufai formations and the Shuram/Buah formations. The Khufai—Shuram boundary
is associated with the start of a major carbon isotope perturbation. The uppermost ramp carbonates of the Khufai Formation record
a smooth decrease in §'*C from about +4%o to values around 0, followed by two descending steps across which values plunge to
a nadir of —12%o in the overlying red siltstones and shales interbedded with thin limestones of the Shuram Formation. This fall in
isotopic values is temporally rapid and coincident in both shallow and deep-water sections in the time span of a single parasequence.
The 6'3C nadir is then followed by 50 million years of monotonic recovery.

The ‘Shuram shift’ represents the largest §'*C inorganic carbon negative excursion in Earth history. Although the snowball
Earth theory links periods of depleted carbon isotopic ratios with periods of global glaciation, the non-glaciated context of the
Shuram Formation suggests that the causal relationship between global glaciation and negative carbon isotopic excursions is non-
unique. Although the precise mechanism driving this major perturbation of the carbon cycle remains enigmatic, the long-term
remineralization of an isotopically depleted organic carbon reservoir in ocean water is a promising candidate.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Neoproterozoic sedimentary rocks record periods
of extreme climatic oscillations, including putative
snowball Earth events. However, the Ediacaran period
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Fig. 1. (a) Simplified sedimentary logs of the Jabal Akhdar and Hugqf areas. (b) Map of Oman showing Jabal Akhdar, Huqf and Mirbat regions
where Neoproterozoic rocks crop out. The Saih Hatat is strongly metamorphosed and deformed and therefore excluded from the present study.

which there is no evidence for major glaciations. The
Nafun Group of the Huqf Supergroup of Oman con-
sists of a conformable >1 km-thick mixed carbonate-
siliciclastic succession that appears to be unbroken by
major unconformities, thereby distinguishing the Nafun
Group from other less complete Ediacaran successions.
The Nafun Group shows two major siliciclastic to car-
bonate ‘grand cycles’ above the Marinoan-equivalent
Fiq glacial succession and its cap carbonate (Hadash
Formation) (Fig. 1). The first grand cycle, composed
of the Masirah Bay/Khufai formations, is associated
with presumed global transgression following the Mari-
noan glaciation (Allen and Leather, 2006). A significant
transgression also defines the base of the second Shu-
ram/Buah grand cycle. The origin of the transgression
initiating the second grand cycle remains uncertain since
no glacial deposits have been shown to precede the cycle.
The Gaskiers glaciation (580 Ma, Krogh et al., 1988;
Bowring et al., 2003) is believed to have been localized,
and significantly postdates the start of the isotopic excur-
sion according to the chronology of Le Guerroué et al.
(2006).

The post-Marinoan transgressive ‘cap sequence’
(Hoffman et al., 1998) is depleted in 13C with values
dropping to —5%o, whereas, the trangressive base of
the second grand cycle records values down to —12%o
in the Shuram Formation (Burns and Matter, 1993; Le
Guerroué et al., 2006). This very large negative excur-
sion persists through up to 1km of overlying stratig-
raphy, with a cross-over to positive values within the
ramp carbonates of the Buah Formation. The carbon
isotopic excursion is therefore in phase with relative
sea level change interpreted from sedimentary facies. A
similar excursion in terms of amplitude is found in the
‘Wonoka Formation of Australia (Calver, 2000), Johnnie
Formation of SW USA (Corsetti and Kaufman, 2003),
Chenchinskaya, Nikolskaya and Torginskay Formations
of Siberia (Melezhik et al., 2005) and Doushantuo For-
mation of China (Condon et al., 2005).

The presence of a carbon isotopic excursion of
this amplitude and duration is difficult to explain,
since Phanerozoic negative excursions are conspicu-
ously short-lived and represent shifts of generally less
than 2%o (e.g., Hesselbo et al., 2000; Galli et al., 2005).
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A number of theories have been proposed for the isotopic
shifts associated with Precambrian glaciations, includ-
ing the overwhelming of the atmosphere—ocean carbon
reservoir with mantle-derived carbon (—5%o; Des Marais
and Moore, 1984), accumulated during a long period
during which silicate weathering was largely inopera-
tive (snowball Earth theory; Hoffman et al., 1998), the
upwelling of stratified, depleted ocean water during peri-
ods of deglaciation (Grotzinger and Knoll, 1995), the
destabilization of methane clathrates (Kennedy et al.,
2001; Jiang et al., 2003), high rates of runoff from large
tropical rivers causing efficient burial of organic car-
bon and subsequent release of large reservoirs of seabed
methane (Schrag et al., 2002), and the oxidation of dis-
solved organic matter in ocean water (Rothman et al.,
2003). None of these mechanisms, however, have been
applied to the much longer duration and greater ampli-
tude excursion of the Nafun Group, which requires an
explanation divorced from global or near-global glacia-
tion.

The aim of this paper is to provide the sedimento-
logical background for the remarkable changes in the
carbon cycle implied by the carbon isotope ratios recov-
ered from marine carbonates in the essentially contin-
uous succession of the Nafun Group of Oman. The
Khufai—Shuram boundary and its chemostratigraphic
signature are described in deep water facies (Jabal
Akhdar, north Oman), shallow water facies (Huqf area,
in east-central Oman) and integrated with regional seis-
mic and borehole data provided by Petroleum Develop-
ment Oman (PDO). In this contribution, the depositional
environment and sedimentary processes that were active
during deposition of the Khufai—-Shuram formations are
reconstructed in order to better constrain oceanographic
forcing mechanisms for the large Shuram negative §'3C
anomaly.

2. The Ediacaran succession in Oman
2.1. Stratigraphy

The Neoproterozoic Huqf Supergroup of Oman crops
out mainly in north (Jabal Akhdar), east-central (Huqf)
and south (Mirbat) Oman and is also penetrated by
a large number of boreholes in the salt basins of the
Oman interior (Fig. 1b). The Huqf Supergroup is sub-
divided into three groups: the Abu Mahara, Nafun and
Ara Groups (Fig. 1a; Glennie et al., 1974; Gorin et al.,
1982; Hughes-Clarke, 1988; Rabu, 1988; Loosveld et
al., 1996; Leather, 2001; Cozzi and Al-Siyabi, 2004; Le
Guerroué et al., 2005; Allen and Leather, 2006).In the
Jabal Akhdar, the Abu Mahara Group contains two dis-

tinct glacigenic intervals in the Ghubrah Formation and
Fig Member of the Ghadir Mangqil Formation (Brasier et
al., 2000; Leather et al., 2002; Allen et al., 2004), sep-
arated by an angular unconformity and by the basaltic
volcanics and volcaniclastics of the Saqlah Formation
(Fig. 1a; Le Guerroué et al., 2005). These two inter-
vals correlate with two clusters of glacial events labelled
Sturtian (700+Ma) and Marinoan (older than 635 Ma;
Condon et al., 2005), respectively (Brasier et al., 2000;
Leather et al., 2002; Allen et al., 2004; Halverson et al.,
2005; Le Guerroué et al., 2005). In the Huqf region, the
Abu Mahara Group is absent and the Nafun Group rests
directly on the felsic volcanics and volcaniclastics of the
Halfayn Formation and its granodioritic basement (Platel
et al., 1992; Leather, 2001; Allen and Leather, 2006).

The Nafun Group crops out in both the Jabal Akhdar
and the Huqf areas. At its base is the Marinoan trangres-
sive cap carbonate of the Hadash Formation (Leather,
2001; Allen et al., 2004; Cozzi and Al-Siyabi, 2004;
Allen and Leather, 2006), which directly overlies the
Fig Member (Allen et al., 2004) of the Ghadir Man-
qil Formation. The Hadash Formation is overlain by two
siliciclastic-carbonate depositional cycles of the Masirah
Bay-Khufai formations and Shuram-Buah formations
(Figs. 1 and 2Figs. 1a and 2). The Nafun Group passes
upward into the carbonate-evaporite cycles of the Ara
Group, defined in PDO subsurface penetrations in the
Oman salt basins (Hughes-Clarke, 1988). Outcrop equiv-
alents of the Ara Group are found in the Huqf area
(Fig. 1a; Nicholas and Brasier, 2000) and in the Jabal
Akhdar, where the Buah Formation is overlain by the
volcaniclastics and cherty limestones of the Fara Forma-
tion (Brasier et al., 2000).

2.2. Geochronology

Both upper and lower limits of the Huqf Supergroup
are calibrated by radiometric dates. An ignimbrite in the
middle of the Fara Formation (Ara Group) in the Jabal
Akhdar yielded a U-Pb age of 544.5 3.3 Ma (Brasier
et al., 2000). Recently, core material from the middle
part (units A3 and A4) of the Ara Group in the South
Oman Salt Basin yielded an age of 542.0 0.3 Ma, rep-
resenting the Precambrian—Cambrian boundary (Amthor
et al., 2003), which is in good agreement with the
Fara Formation age. Therefore, a reasonable estimate
for the age of the top of the Nafun Group is ca.
550 Ma.

The base of the Hugf Supergroup must be older than
the age of the tuffaceous ash interbedded with diamic-
tites in the Ghubrah Formation in the Jabal Akhdar
(723 + 16/—10 Ma; Brasier et al., 2000). The presence
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Fig. 2. Field panoramas of (a) Wadi Bani Awf anticline in the Jabal Akhdar, with Neoproterozoic stratigraphy truncated by the sub-Permian
unconformity. Syncline width approximately 3 km. (b) Fiq glacigenic and non-glacial sedimentary rocks overlain by the lower part of the Nafun
Group, with Shuram Formation in the core of an asymmetrical syncline, Wadi Sahtan, Jabal Akhdar. Masirah Bay is about 250 m thick. (c)
Khufai—Shuram boundary in the Huqf area, showing steeply inclined Khufai Formation, a carbonate-rich upper cycle of the Khufai Formation,
and a shale-dominated Shuram Formation, Mukhaibah Dome. (d) Top Khufai Formation dolomitized limestones pass up into bleached siltstones
of Shuram Lower Member and then monotonous purple siltstones of the Shuram Middle Member at locality 12, Jabal Akhdar. Telegraph poles are

about 5 m high.

of an angular unconformity separating the Ghubrah For-
mation from the Fig Member suggests that the latter may
be Marinoan in age (ending at 635 Ma; Allen et al., 2004;
Condon et al., 2005; Le Guerroué et al., 2005; Bowring
et al., in preparation). Therefore, the base of the Nafun
Group, should this interpretation hold, is regarded to be
at around 635 Ma.

3. The Nafun Group

The Nafun Group has previously been studied
by Gorin et al. (1982), Wright et al. (1990) and
McCarron (2000). The Hadash Formation cap carbon-
ate and the siliciclastics of the Masirah Bay Formation
strongly overstep basement margins during a major post-
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Marinoan relative sea-level rise (Allen et al., 2004; Allen
and Leather, 2006). The Masirah Bay Formation then
passes up gradationally into the prograding carbonate
ramp of the Khufai Formation. The Masirah Bay and
Khufai formations thus form the first grand cycle of the
Nafun Group, sharply transgressive at its base. The over-
lying Shuram Formation records a significant deepening
event, with deposition of siltstones and shales that pass
up gradationally into the carbonate ramp of the Buah
Formation. The Shuram and Buah formations therefore
represent the second grand cycle of the Nafun Group,
again with a transgressive base.

Although there are no radiometric dates giving depo-
sitional ages within the Nafun Group, a subsidence anal-
ysis combined with the ages of detrital zircon popula-
tions led Le Guerroué et al. (2006) to propose that the
first grand cycle lasted from ca. 635 to 600 Ma and the
second grand cycle from ca. 600 to 542 Ma.

3.1. The Khufai—Shuram boundary in Oman

3.1.1. Previous work

The Khufai Formation, formerly called the Hajir
Formation, was described first by Kapp and Llewellyn
(1965), who defined the type section in Wadi Hajir in
the Oman mountains (Fig. 3). In the Huqf area, the
Khufai Formation was first described by Kassler (1965)
in the Khufai Dome area (KD; Fig. 4). The Khufai
Formation attains a thickness of 30-100 m in the Jabal
Akhdar and 250-350m in the Huqf area, and lies
conformably on top of the siliciclastic Masirah Bay
Formation (Fig. 1a). Subsequent studies (Gorin et al.,
1982; Wright et al., 1990; McCarron, 2000) interpreted
the Khufai Formation as a carbonate ramp that passed
from inner ramp peritidal facies in the Huqf area to
outer ramp organic-rich limestones in the Jabal Akhdar.
Khufai carbonate ramps were nucleated on basement
highs and passed into deeper water conditions in
intervening depressions (see below).

The Shuram Formation, formerly called the Mu’aydin
Formation, was described by Kapp and Llewellyn
(1965), who defined a stratotype in Wadi Mu’aydin on
the south side of the Jabal Akhdar and at Wadi Shuram
in the Hugf area (Kassler, 1965; WS; Fig. 4). The Shu-
ram Formation is more than 250 m thick in the Huqf
area, whereas, in the Jabal Akhdar it is approximately
700 m thick, though the thickness is not easily measured
due to small and large scale folding. Subsequent stud-
ies (Gorin et al., 1982; Wright et al., 1990; McCarron,
2000) interpreted the Shuram Formation as deposited on
a storm-dominated siliciclastic shelf in the Huqf area,
becoming more distal towards the Jabal Akhdar.
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3.2. Sedimentary facies

3.2.1. Khufai formation

The Khufai Formation comprises four facies asso-
ciations (A-D; Fig. 5) distributed along a homoclinal
ramp (Fig. 6 and Table 1) and passes up gradationally,
but over a short stratigraphic interval, into the Shuram
Formation.

3.2.2. Facies association A: fetid carbonates
In the Hugqf area facies association Al consists of
dark, fetid dolostones with faint centimetric planar to
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Fig. 5. Sequence stratigraphic conceptual model for the top Khufai and Shuram Formations, illustrating lateral variations between the Jabal Akhdar
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undulating laminations, rare evidence for cross-stratal
truncations, cm-thick graded beds and cm- to m-scale
slump structures with vergence generally to the north-
west. In the Jabal Akhdar facies association A2 is made
of black, fetid, pyritic limestone forming planar, struc-
tureless beds. Rare mudstone interbeds have commonly
undergone soft sediment deformation (Table 1 and Fig. 5;
McCarron, 2000).

The presence of pyrite, dark grey colouration and
preservation of organic matter suggest deposition in
a suboxic environment. The Huqf area sediments are
considered to have been deposited in a gently sloping
outer ramp setting, whereas, the Jabal Akhdar limestones

Fig. 6. Schematic block diagram showing top Khufai Formation facies
distribution along a homoclinal carbonate ramp. A-D refer to facies
associations described in text.

are more typical of distal outer ramp facies (Fig. 5;
McCarron, 2000).

3.2.3. Facies association B: ooidal-peloidal
grainstones and stromatolites

Facies association B (Figs. 5 and 6) is composed of
grainstones with a strong facies change from east-central
to north Oman. Cross-stratified ooidal/oncolitic grain-
stones pass into fetid, intraclastic wackestones in the
northern part of the Huqf area (facies association B1;
Khufai Dome and especially at Buah Dome), and then
to reworked intraclast beds alternating with the fetid car-
bonates of facies association Al in the mountains of
north Oman (facies association B2). Cm- to m-scale stro-
matolites (Mukhaibah Dome) are common in the Huqf
sections (Table 1; McCarron, 2000), but totally absent in
those of the Jabal Akhdar.

The presence of stromatolites and associated sed-
imentary facies in the Huqf area indicates a well-
oxygenated, moderate energy environment, possibly in
a back-shoal inner ramp setting. The Khufai Dome
area represents a moderate to high-energy environment
in a less protected inner ramp position. The intraclas-
tic/peloidal wackestones of the Buah Dome indicate
deposition below fair weather wave base, probably in
a storm-dominated mid ramp setting. The Jabal Akhdar
reworked intraclast beds and fetid carbonates are more
typical of slope ramp facies. Such a lateral variation rep-
resents facies changes across a north-deepening ramp
(Fig. 6; McCarron, 2000).
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Table 1
Facies associations of Khufai and Shuram Formations in the Jabal Akhdar and Huqf areas
Facies association Sedimentary structures Interpretation
Hugf area
Khufai
Al Black fetid dolostones Centimetric planar to undulating Gently sloping
laminations, rare cross-stratal anoxic—suboxic outer ramp
truncations, cm-thick graded beds
and cm—m scale slumps
Bl Grainstones passing into Scours, swaley and Storm dominated shallow
fetid, intraclastic wackestones cross-stratification, soft sediment mid ramp
deformation, stromatolites
Ca Ooidal/peloidal grainstones Cross-stratified beds with grainstone Subtidal, high energy
with rounded and flattened and stromatolite clasts
intraclasts
Cb Mudstones with mm-scale Structureless Protected shallow subtidal,
siltstone and sandstone beds probably lagoon margins
Cc Microbially laminated Planar, box-like and conical Shallow subtidal (lagoonal),
packstones, chertified stromatolites, trochoidal wave ripples inner ramp
evaporite cm-thick lenses
Cd Sandstones, siltstones Mini-ripples and bidirectional Wave- and tide-influenced
cross-strata shallow subtidal, inner ramp
Shuram
F1 Siltstones with rare Small wave ripples, sets of swaley Storm influenced shelf
calcareous silty interbeds cross-stratification and rare planar
beds
Gl Siltstones and ooidal Soft sediment deformation, climbing Stormy proximal shelf to
grainstones containing wave ripples, swaley shoreface
intraclasts cross-stratification, planar beds and
edge wise conglomerates, in
progressively thickening
parasequences
Jabal Akhdar
Khufai
A2 Black, fetid, pyritic limestone Planar lamination, structureless beds, Distal outer ramp
and rare mudstone interbeds soft sediment deformation
B2 Intraclast grainstones Scours, swaley and Shallow mid ramp
alternating with facies cross-stratification, soft sediment
association A deformation
Da Siltstones dispersed in facies Unidirectional current ripples, graded Storm influenced outer shelf
association B and slumped beds
Db Sandstone channels with Rare unidirectional cross-strata, Lower shoreface to inner
cm-long intraclasts of oscillatory and combined flow ripples shelf
reworked mudstones and
siltstones, ooids
Shuram
E M-thick dolomitized Convolute bedding, cm—m scale Outer shelf
mudstones alternating with slump structures, organic-rich
bleached siltstones
F2 Monotonous shales with local Unidirectional current ripples, rare Lower shoreface to inner
silty carbonate beds climbing wave ripples and shelf
hummocky cross-stratification
G2 Shale and mudstone interbeds Rare edgewise conglomerates, Inner shelf

m-scale asymmetric-symmetric
parasequences
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3.2.4. Facies association C: peritidal
shallowing-upward m-scale cycles

Facies association C is restricted to outcrops in
the Huqf area. At the same stratigraphic position,
the Jabal Akhdar sections contain facies associa-
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tion B2 and A2, eventually passing up vertically
into D (Table 1 and Figs. 5 and 6). The cycles of
facies association C in the upper Khufai Formation
mark the demise of the carbonate ramp in the Huqf

area.
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Fig. 7. Detailed sedimentary logs of the top Khufai Formation cycles in the Huqf area. Note that the Khufai-Shuram boundary is placed after the
last carbonate-dominated cycle or parasequence. The last carbonate-rich parasequence is equivalent in age to the Lower Member of the Shuram

Formation in the Jabal Akhdar.
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Fig. 8. Field panorama of top Khufai Formation in the Huqgf area at
locality WS. Note the shallowing upward cycles shown by arrows.
Bushes are about 1.5 m tall.

Facies association C is dominated by m-scale cycles
(2-5m) recognized by recessive bases and resistant
cherty caps (Figs. 7 and 8). The cycles comprise,
from base to top, ooidal/peloidal grainstones containing
large (few dm), rounded and flattened intraclasts (Ca;
Figs. 7 and 9c), cross-stratified beds and channel-fills
(YD section) with grainstone and stromatolite clasts. The
cycles are capped by mudstones with mm-scale siltstone
and sandstone beds (Cb) passing up into planar, box-like
and conical stromatolites (facies Cc, Figs. 7 and 9d),
and locally (Mukhaibah Dome) trochoidal wave rip-
pled packstones. Wave ripples have spacings between
5 and 1lcm and steepnesses (vertical form index)
of 5-6.7, indicating that they are vortex ripples (Cc,
Figs. 7 and 9g). Facies Cc also contains abundant cherti-
fied cm-thick lenses (Figs. 7 and 9b), probably resulting
from chertification of lozenge-shaped evaporite mineral
precursors. Wright et al. (1990) describe anhydrite inclu-
sions in lutecite rosettes with possibly anhydrite as the
precursor mineral.

The m-scale cycles are rare in the Buah Dome, where
a calcareous quartz arenite is found (McCarron, 2000).
Wright et al. (1990) report dolomite flake breccias in silt-
stone channels in this facies. This siliciclastic facies (Cd)
interfingers with facies association Ca and Cb in the Khu-
fai Dome (WS), the YD section and north Mukhaibah
Dome (MD4), where medium siltstones to coarse sand-
stones in m-scale beds contain mini-ripples and bidirec-
tional cross-strata (Figs. 7 and 9e, f).

Facies Ca was deposited in subtidal, high-energy
environments, locally as tidal bars (YD section). The
structureless mudstones and wackestones of facies
Cb represent deposition in protected shallow subti-
dal environments, probably in lagoon margins with a
minor detrital supply. Cc represents evaporitic shal-
low subtidal-stromatolitic intertidal (lagoonal) environ-

ments. Siliciclastic facies Cd requires some continental
(possibly aeolian) input, probably from the Buah dome
area, where the most siliciclastic sand at this interval
occurs.

The presence of bimodal, herringbone cross-
stratification demonstrates the influence of tides, and
the mini-ripples are interpreted as due to wave action in
extremely shallow water depths, which together suggest
shallow subtidal to intertidal depositional environments.
Analysis of the trochoidal wave ripples found near the
top of the Khufai Formation in the Mukhaibah Dome
area using the method of Allen (1981, 1984), recently
applied to very large ripple structures in Marinoan cap
carbonates (Allen and Hoffman, 2005), indicates that
maximum periods of formative waves were small (ca.
2s), suggesting locally generated waves acting in shal-
low water, most likely in a protected inner ramp setting.

All sections show a repeated stack of subtidal facies
(Ca) and shallow subtidal facies (Cb/Cc). Base and top
facies transitions of each cycle are sharp in most cases,
but the transition from grainstones (Ca) to evaporite-
bearing mudstones (Cb/Cc) is gradual. Consequently,
these m-scale cycles are interpreted as small shallow-
ing upward parasequences (Figs. 7 and 8).

Although facies association C reflects very shallow
water depths at the top of the ramp sequence, no evi-
dence for subaerial exposure in the form of major erosion
surfaces, paleosols or karstification has been identified.

3.2.5. Facies association D: intermixed siltstones
and sandstones

Facies association D is only found in the Jabal Akhdar
on top of facies association B (Fig. 5). It records input
of siliciclastics at the top of the Khufai carbonate ramp.
Siliciclastics occur as dispersed quartz grains in a car-
bonate matrix (forming discontinuous cm-thick layers
or graded in the carbonates; Da), whereas, at a strati-
graphically higher level, coarser clastics (Db) are found
in erosive channel-fills eroded into facies association B
and the thinly bedded pinkish mudstones of facies associ-
ation E (see below; Table 1). Facies association D marks
the demise of the carbonate ramp in the Jabal Akhdar.

Facies association Da comprises siltstones interca-
lated in the carbonates of facies association B as cm-thick
layers, and as graded basal layers of carbonate beds. They
show unidirectional current ripples, shallow erosive and
slumped beds (Fig. 10f). Regional paleocurrent indica-
tors show a roughly northward-directed flow at the time
of deposition (Fig. 3).

Coarser clastics form shallow, erosive, m-thick chan-
nels, with abundant flattened cm-size clasts of reworked
pink mudstones and siltstones, ooids and carbonate



E. Le Guerroué et al. / Precambrian Research 146 (2006) 68-92 77

Fig. 9. Facies typical of the Huqf area. (a) Swaley cross-stratified siltstones and intraclast ooidal grainstones (below pencil) of facies association F1
at location WS. Pencil is 18 cm; (b) chertified wackestones with evaporite relics of facies association Cc at location WS. Image is 40 cm high; (c)
intraclast ooidal grainstones of facies association Ca at location YD; (d) box-like stromatolite (bottom of picture) and conophytons (near coin) of
facies association Cc at location MD4; (e) planform view of wave-rippled sandstone of facies association Cd at location WS; (f) tidal bidirectional
(herring-bone) cross-stratified sandstones of facies association Cd at locality WS; (g) trochoidally wave-rippled wackestones of facies association

Cc at locality MD5. Coin is 2.5 cm in width.

intraclasts (facies Db; Fig. 10e). Sandstone channels
contain rare unidirectional cross-strata (Fig. 10c).
Laterally, the channel-fills comprise clast-supported
conglomerates (Section 16, for example) with dm-long,
subangular, flattened intraclasts. A maximum of five

channels occur at locality 1, and extend for hundreds of
metres laterally, before wedging out (Figs. 3 and 11).
Some sandstone beds are dm-thick, and form laterally
extensive sheets (in Section 5 in particular). The tops
of beds contain dm-high symmetrical and asymmetrical
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c.,,.-“

Fig. 10. Facies typical of the Jabal Akhdar area. (a) Interwoven ripple cross-lamination in grainstone of facies association F2 at location 8; (b)
ripple-laminated and low-angle planar-laminated grainstones, with symmetrically rippled top surface; facies association F2 at location 1; (c) planar,
unidirectional cross-stratified sandstone of facies association Db at location 1; (d) convolute micro-slumped mudstone of facies association E at
locality 12; (e) Khufai—Shuram boundary region in the Jabal Akhdar; brown sandstone-filled channels (S) intercalated with mudstones and limestones
(L) of facies association Db at location 1; (f) unidirectional cross-laminated form-set made of siliciclastic sandstone and grey carbonate mudstone,
within the top Khufai Formation of facies association Da at location 4. Coin is about 2.5 cm width.

ripple marks with unidirectional internal foresets. Ripple
wavelengths reach up to 75 cm, but more commonly are
40 cm, with heights of ~15cm and grain size around
0.25 mm. In plan view, they form individual hummocks
or less regular three-dimensional structures. Top profiles
of ripple form-sets are typically trochoidal, with thicker
drapes of light grey carbonate mud in ripple troughs.
Ripple profiles are slightly asymmetrical; the final stage
of ripple migration is commonly recognized by a fine

interlamination of quartzose sand-silt and carbonate silt,
demonstrating that fine carbonate sediment was carried
in suspension by the same currents that transported the
coarser siliciclastic sand as bedload. Some ripple profiles
appear to be modified by tectonic deformation.

The top of the Khufai carbonate ramp in the Jabal
Akhdar records the deposition of the siliciclastics of
facies association D (Fig. 11), which is interpreted as
having been deposited mostly below storm wave base
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channelized

16 |:] sandstones
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is about 0.5°

Fig. 11. Three-dimensional perspective of the geometry of the top Khufai surface and the position of channelized sandstones, using N-S and E-W
profiles in the Jabal Akhdar. Note that the steepest local slopes in the basin are ca. 0.5°. Numbers at top and bottom of panels are section locations

shown in Fig. 3.

(SWB). As in the Hugqgf area, there was most likely a
shallowing of depositional environments at the top of
the Khufai carbonate ramp in the Jabal Akhdar region,
indicated by these siliciclastic inputs, locally (as in Sec-
tion 5) reworked by oscillatory and/or combined flows
(Dumas et al., 2005). Analysis of the wave ripple struc-
tures (method in Allen, 1981, 1984) indicates that max-
imum wave periods were up to 10s, suggesting that the
Shuram basin was large enough to allow the generation
of long period waves. Shallowing of depositional envi-
ronments relative to the underlying Khufai ramp is also
suggested by the derivation of ooids from a shallow ramp
setting. However, this shallowing of the ramp was of lim-
ited magnitude, as no major erosion surfaces or lowstand
deposits have been identified. Indeed, facies association
D passes to facies association E gradationally in locali-
ties where sandstones and conglomerate channels do not
truncate the uppermost carbonate beds. We associate the
minor relative sea level fall causing siliciclastic input and
channelling with the end of the Khufai highstand.

3.3. Shuram Formation

The Shuram Formation in this study is divided into
three facies associations (E-G; Fig. 5 and Table 1), corre-

sponding to the three members of the Shuram Formation.
The boundaries of the Khufai and Shuram formations are
defined lithostratigraphically. However, laterally, facies
association E of the Shuram Formation in the Jabal
Akhdar passes to time equivalent facies association C of
the Khufai Formation in the Huqf area (Fig. 5). That is,
the youngest carbonate-dominated cycle (1-5 m-thick)
of the Hugqf area is equivalent in time to the oldest sili-
ciclastics in the Jabal Akhdar (see chemostratigraphic
section below).

3.3.1. Facies association E: dolomitic mudstones
and bleached siltstones

Facies association E is found only in the Jabal Akhdar,
and is made of finely convoluted m-thick dolomitized
mudstones (Fig. 10e) alternating with multicoloured and
bleached siltstones. Slump structures are common at the
cm- to m-scale within the mudstone beds and locally
involve the whole bed. Organic matter is present within
the dolomitized mudstones (up to 4.5% TOC) in the form
of thinly laminated black shale interbeds. Facies associ-
ation E varies in thickness in the Jabal Akhdar area and
thickens to 50 m towards the northwest (Fig. 11). Rarely,
facies association E records minor coarser siliciclastics
in the form of cm-thick siltstone and sandstone beds.
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Sections 5, 6 and 16 contain only a few bleached silt-
stones of facies association E interbedded with the coarse
channelized clastics of facies association D (Fig. 11).

The upward change into the fine-grained lithologies
of facies association E, and the absence of any storm-
generated features, suggests increasing water depths.
Transgression is also supported by the presence of inter-
laminations of organic-rich black shales at the base of
the facies association. The convolutions and slumps in
thin mudstone beds are the result of soft sediment defor-
mation due to shaking or gravitational instability.

Facies association E makes up the lower member of
the Shuram Formation. Chemostratigraphic correlation
(see Figs. 5 and 11 and below for further chemostrati-
graphic details) shows this facies association to corre-
late laterally with facies association D, which contains
oscillatory and combined flow ripples. This suggests the
existence of a gentle topography in the Jabal Akhdar
during the time period of the Lower Member, as sup-
ported by the regional distribution of facies association E
(Fig. 11). The upward transition of carbonate-dominated
sediments into the siliciclastic-dominated facies associ-
ation E indicates a shut-down of the Khufai carbonate
factory, possibly related to climate change and/or hydro-
chemical changes.

3.3.2. Facies association F: monotonous siltstones
and shales

The sediments of facies association E pass up into pur-
ple, monotonous siltstones and shales characteristic of
the Shuram Formation Middle Member. The Huqf region
contains siltstones with rare calcareous silty interbeds.
The siliciclastics locally contain small wave ripples, sets
of swaley cross-stratification and rare planar beds (F1;
Table 1). The Jabal Akhdar records monotonous shales
that commonly contain mm-scale, unidirectional current
ripples in silty carbonate beds (F2; Table 1). Locally
(Sections 1, 2 and 16), the Jabal Akhdar sections con-
tain brownish dm-thick carbonates with climbing rip-
ples with steep foresets (Section 4). Ripples ranging
from 5 to 25 cm in wavelength and 10 cm in amplitude
have their tops reworked into symmetrical profiles, but
rare plan views show linguoidal ripple crestlines. These
brown carbonate beds also contain detrital silt-sized
quartz grains, rare wave ripples and an undulatory lam-
ination reminiscent of hummocky cross-stratification.
On the south west of the Jabal Akhdar, Section 8
shows cosets of interwoven wave ripple cross-lamination
(Fig. 10a).

Rippled silty carbonate beds in the Jabal Akhdar are
interpreted as having been reworked from the shallow
part of the shelf and resedimented during storms under

oscillatory and combined flow. However, they are rare
and their distribution is probably linked to local basin
highs. Storm influence is also evident in the Huqf region.
Monotonous siltstones and shales of facies association
F are interpreted as being deposited slightly below the
SWB in the Jabal Akhdar and above it in the Huqf
region, without recording fair weather structures. How-
ever, coarser grain size as well as a greater abundance
of oscillatory structures suggests a shallower paleowa-
ter depth in the Huqf region. In the Huqf area facies
association F of the Shuram Formation represents a sig-
nificant increase of water depth compared to the peritidal
environments of the Khufai Formation. The presence
of storm-induced sedimentary structures in this deeper
water facies association attests to an increased storm
regime. This facies association, comprising the Middle
Member, makes up the bulk of the Shuram Formation
in the deeper-water Jabal Akhdar, but only a few tens of
metres in the shallower-water Huqf area. A maximum
flooding zone of the depositional sequence is located
towards the base of the Middle Member, where it records
minimum storm influence.

3.3.3. Facies association G: clastic/carbonate
parasequences

In the Huqf area, facies association F gradationally
passes upward into planar and swaley cross-stratified
coarse siltstones with interbeds made of cross-stratified
and wave-rippled ooidal grainstones containing intrafor-
mational clasts (G1; Table 1 and Fig. 9a). Storm-
generated sedimentary structures such as climbing wave
ripples, swaley cross-stratification, planar beds and edge-
wise conglomerates become more common upwards.
Eventually this facies association develops into progres-
sively thickening parasequences individually attaining a
maximum of 20 m in thickness. The top of the Shuram
Formation in the Jabal Akhdar also contains siliciclas-
tic/carbonate m-scale cycles, though these are much finer
grained than underlying stratigraphy and contain only
rare evidence for storm reworking (edge-wise conglom-
erates) (G2; Table 1). They form m-scale symmetric
and asymmetric cycles, before passing into the lime-
stones at the base of the Buah Formation (Cozzi et al.,
2004b).

The Hugqf facies association G1 is interpreted as pro-
gressively thickening and shallowing upward parase-
quences of storm-dominated siltstones capped by ooidal
grainstones deposited on a shallow shelf to shoreface,
with water depths no greater than a few tens of metres.
Facies association G2 in the Jabal Akhdar was deposited
in an outer shelf environment with accumulation of thin-
bedded siltstones below SWB.
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Facies association G makes up the Upper Mem-
ber of the Shuram Formation and gradationally passes
upwards into the carbonate ramp succession of the
Buah Formation (Cozzi et al., 2004b). In the Huqf area,
parasequences gradually deepen upward, reaching a sec-
ond order maximum flooding zone recognized by the
presence of 10m of monotonous shales marking the
Shuram-Buah transition (Cozzi and Al-Siyabi, 2004;
Cozzi et al., 2004b).

3.4. Regional depositional patterns

Thirty-two wells and regional seismic lines covering
all of Oman (data provided by Petroleum Development
Oman) have been interpreted in this study and integrated
with field observations in order to document the regional
depositional pattern across Oman. Wireline logs (gamma
ray, neutron-bulk density, resistivity, etc.) as well as cut-
tings and core materials have been used to reconstruct
the regional distribution of Shuram depositional facies.
Based on this enlarged Shuram data set, individual wells
have been classified into five different facies from deep
to shallow water, with the Jabal Akhdar and Hugf as deep
and shallow water end members, respectively (Fig. 12).
Seismic profiles have been used to verify the lateral con-
sistency of the well ties as well as to check depositional
geometry, lateral thickness variations and the nature of
the formation boundaries.

The Shuram Formation facies deepen from the Huqf
area northward to the Jabal Akhdar and westward into
the Ghaba Salt Basin. Farther to the west, the Makarem
high marks another area of shallow water deposition. To
the south of the Hugf outcrops, deep-water facies are
encountered, before reaching shallow water facies again
in the vicinity of Salalah in the Dhofar area (Fig. 12).
This general pattern of deposition is consistent with those
of the Masirah Bay and Khufai formations, though the
quality of well coverage diminishes downwards in the
lower part of the Nafun Group (Vroon-ten Hove, 1997,
Romine et al., 2004; Fig. 13). This consistent trend dur-
ing the deposition of the Nafun Group is at least in
part inherited from the Fiq rifting event (Loosveld et
al., 1996; Allen et al., 2004; Romine et al., 2004) since
regional seismic and gravimetric surveys of basement
show horst and graben structures (Loosveld et al., 1996;
Romine et al., 2004). Abu Mahara (Fiq) rift basins strike
roughly NE-SW, and appear to be cut by NW-SE ori-
ented faults that are commonly attributed to the Najd
trend of the Arabian shield (Fig. 13; Loosveld et al.,
1996; Al-Husseini, 2000). The Nafun Group stratigra-
phy is thought to have been deposited during the thermal
relaxation phase following Saqlah/Fig-aged Abu Mahara

rifting, its depocentres reflecting the inheritance of long-
lived horsts and grabens in the Panafrican basement
(Fig. 13).

3.5. Khufai-Shuram depositional model and
sequence stratigraphic interpretation

The Khufai Formation displays a pattern of deposi-
tion consistent with a carbonate ramp setting (Fig. 6).
A homoclinal ramp depositional model is preferred
here to a distally steepened ramp (Read, 1985), as no
seismic lines showing a sharp slope break and slope
breccias, suggesting steep slopes, have been found in
the deep-water Jabal Akhdar sections. The Khufai rep-
resents a shallowing-upward carbonate cycle (HST),
from outer-ramp facies to cross-stratified grainstones and
back-shoal mid-ramp deposits, to inner-ramp shallowing
upward cycles (McCarron, 2000). The end of Khufai
highstand deposition is marked, in the Jabal Akhdar,
by small-incised channels, followed by a flooding into
transgressive monotonous shales deposited below storm
wave base (Fig. 11). However, in the Hugf region,
the flooding is associated with the uppermost carbon-
ate cycle or parasequence, followed by further deep-
ening into storm-dominated siltstones deposited above
storm wave base (Fig. 5). The Jabal Akhdar remained
in deep water until progradation of the Buah carbonate
ramp (Cozzi and Al-Siyabi, 2004; Cozzi et al., 2004b),
whereas, the middle and upper members of the Shuram
Formation in the Huqf area record progressive shoaling
through a stack of shallowing upward storm-dominated
parasequences (Fig. 5).

3.6. Khufai—Shuram chemostratigraphy

3.6.1. Materials and methods

Sixteen outcrop sections in the Jabal Akhdar and 16
sections in the Huqf area spanning the Khufai—Shuram
boundary have been sampled, in the course of measur-
ing stratigraphic sections, for inorganic carbon stable
isotope analyses (about 700 measurements in total; two
composite sections for the Jabal Akhdar and the Huqf
area are shown in Table 2). Samples were drilled with
I-5mm dental drill bits from freshly cut rock slabs
avoiding sparry cement and vein material. The C and O
isotope composition of powder from the carbonate sam-
ples were measured with a GasBench II connected to a
Finnigan MAT DeltaPlus XL mass spectrometer, using
a He-carrier gas system according to methods adapted
after Spoetl and Vennemann (2003). Samples are nor-
malized using an in-house standard calibrated against
813C and §'%0 values of NBS-19 (+1.95 and —2.20%o,
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Fig. 12. Bathymetric facies and decompacted thickness map of the Shuram Formation in Oman. Decompaction was carried out using present-day
burial depths for subsurface data, and a maximum burial depth of 4 km for outcrops, using initial porosities and porosity-depth coefficients for shales

and carbonates. Map inset gives abbreviations of well names.

relative to VPDB). External reproducibility for the anal-
yses estimated from replicate analyses of the in-house
standard (n=6) is +0.07%o for 8'3C and £ 0.08%o for
stto.

3.7. Alteration
Some bulk carbonate samples were geochemically

screened (Burns and Matter, 1993; Burns et al., 1994;
McCarron, 2000; Leather, 2001). Elemental Sr, Mn and

Fe were measured by McCarron (2000) on samples
from Khufai, Shuram and Buah formations (Fig. 14A
and B). The Mn/Sr ratio is a common proxy for dia-
genetic exchange. During meteoric diagenesis Sr is
expelled from marine carbonate, whereas Mn is incor-
porated. However, absolute concentration of Sr, Mn and
Fe reflects availability of reduced Sr, Mn and Fe in the
original sea water or diagenetic fluid. The Mn—Sr plot for
the carbonate of the Nafun Group shows no clear trend
(Fig. 14B).
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Fig. 13. Facies maps of the different formations of the Nafun Group and the Abu Mahara rift basins. Masirah Bay and Khufai maps are adapted after
Allen and Leather (2006), Romine et al. (2004), Vroon-ten Hove (1997); Shuram map produced by this study; Buah map after Cozzi and Al-Siyabi
(2004) and Abu Mabhara rift general structure after Loosveld et al. (1996), Romine et al. (2004). Note the strong influence of the Abu Mahara basin

structure on the deposition of all formations of the Nafun Group.

Samples have Mn/Sr ratios <10, with many samples
<3, suggesting that most of the 8'>C and §'30 values
are not significantly diagenetically altered (Fig. 14C;
Kaufman and Knoll, 1995). Additional isotopic data,
which are consistent with the values in the samples
screened for diagenetic alteration, were therefore used
without further elemental screening.

When a plot of 8'3C versus § 180 (Fig. 14D) pro-
duces a straight line of positive slope, the covariance is
thought to be due to meteoric alteration, which reduces
both the carbon and oxygen isotopic ratios (Fairchild et
al., 1990). In the Nafun Group excursion (samples rang-
ing from top Khufai to Buah; i.e. from +5%0 down to
—12%o then back to +2%o), covariance R? is 0.461 for
top Khufai plus Shuram samples in the Huqf area and
0.0010 for Jabal Akhdar samples. R? for Buah samples
is 0.098 in the Huqf and 0.660 in the Jabal Akhdar. There
is therefore no clear covariance between oxygen and car-
bon isotopic ratios, and the Shuram excursion is assumed
to be negligibly affected by meteoric alteration.

Regional consistency between outcrop sections and
well data, as well as geochemical screening for dia-
genetic alteration, confirm the authenticity of the
chemostratigraphic trends (Burns and Matter, 1993;
McCarron, 2000; Cozzi and Al-Siyabi, 2004; Cozzi et
al., 2004a,b; Le Guerroué et al., 2006).

3.8. Results

The pattern of variation in §'3C quickly rises from
the negative (—5 to —3%o) Hadash cap carbonate val-
ues to positive values through the Masirah Bay Forma-
tion (~+3%o, see data in Allen et al., 2004; Leather,
2001) and Khufai Formation (+4 to +5%c). Variation

from the Khufai to the Buah Formations shows a
positive—negative—positive cycle. Values around +4%o
characterize the top of the Khufai limestones, followed
by a smooth decrease to zero within the last carbonate
cycle (facies association C; Figs. 15 and 16). This smooth
813C isotopic decline is associated with a general minor
shallowing at the top of the carbonate ramp from facies
association B1 to C in the Huqf (Fig. 16) and from A2
to D in the Jabal Akhdar (Fig. 15). The decline to zero is
followed by step-wise negative falls, at first to values of
zero to —5%o, and then to values as negative as —12%o.
The Jabal Akhdar section shows the two descending
steps at the top and bottom boundaries of the Lower
Member of the Shuram Formation (facies association E)
(Table 2 and Fig. 15), whereas, the section in the Huqf
shows this double stepped excursion at the boundaries
of the uppermost carbonate cycle of the top Khufai ramp
(facies association C) (Table 2 and Fig. 16). Based on
this double chemostratigraphic step, the Khufai—-Shuram
boundary in the Jabal Akhdar is placed directly above
the facies Db sandstone channels (or A2 facies when
sandstones channels are missing; Fig. 11) and below the
bleached siltstones of facies association E (Fig. 15). The
uppermost Khufai carbonate parasequence in the Huqf
area (facies association C) therefore correlates with the
bleached siltstones (facies association E) of the Jabal
Akhdar (Figs. 15 and 16). Although the Khufai—Shuram
boundary marks the beginning of transgression, the top
of the Lower Member of the Shuram Formation marks
a more important transgressive event, which floods both
the Jabal Akhdar and the Hugf areas to establish a rel-
atively deep water sea (facies association F). Negative
isotopic values persist throughout the Shuram Forma-
tion and into the base of the carbonates of the Buah
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Table 2 Table 2 (Continued )
Reference composite §'3C and §'80 isotope data of section 12 in the
Jabal Akhdar and sections Nal, Na2 and MD5 in the Huqf region Depth (m) 8'3C/VPDB 8'80/VPDB
Depth (m) s13C/vPDB 5'80/VPDB 251 —38.81 =927
247 —9.11 —-9.09
Jabal Akhdar 12 221 —927 —878
110 —13.01 —6.07 211 —9.37 —8.88
107 —13.48 —5.52 202 —9.76 —878
103 —12.76 —3.47
102 ~12.86 —4.28 Hugf Na2
08 14 —6.90 199 —9.01 —8.14
97 ~13.62 —6.73 194 —9.27 —8.32
% 1171 404 193 922 -833
93 ~11.31 —4.07 189 —9.19 =199
87 1041 638 188 —9.46 -8.59
81 ~10.56 —3.40 184 —942 —8.09
%0 1049 078 183 —9.46 —8.09
76 —4.91 426 181 —9.58 —8.43
76 477 5.6 180 —9.70 —8.24
68 -3.37 0.09 176 —9.78 —8.23
60 601 210 175 —9.75 -7.97
59 _474 076 172 —10.04 -8.10
55 _536 259 170 ~10.18 ~8.10
53 —5.40 1.37 130 —10.64 —8.80
52 _2.86 —0.08 125 —10.89 —8.30
47 —2.98 221 108 —11.83 —8.31
43 —4.60 0.29 108 —11.84 —8.25
35 ~376 1.76 100 —12.05 —8.30
34 246 —1.05 62 —1281 —8.31
34 —3.01 —0.36 Hugf MD-18
32 —1.93 —1.67 2 —7.66 —9.86
29 —2.42 0.23 21 —773 —9.46
28 —2.39 0.28 20 —7.02 ~970
24 0.90 —0.59 16 —6.69 —9.49
24 0.87 —-3.25 16 —6.08 ~935
22 1.33 —3.04 16 —6.09 —9.42
22 1.72 —6.18 16 —5.06 ~9.55
21 2.59 —6.59 16 —4.15 -9.30
19 2.06 —-5.79 15 —_4.16 —9.43
18 3.13 —6.22 15 —4.08 —937
15 3.18 —6.02 15 ~3.91 ~9.40
13 3.84 —4.12 14 —-3.97 —-9.50
12 4.32 —2.85 14 ~3.96 ~929
10 4.51 —2.26 14 -3.66 —9.05
6 5.73 —3.21 14 —-2.60 —-8.99
4 5.32 —4.00 13 —0.71 _8.95
3 5.03 —4.67 13 —0.94 —-9.15
2 5.62 —4.21 13 —0.45 —8.59
0 5.10 —4.24 13 —1.15 —2.51
Hugf Nal 12 0.82 ~2.66
300 ~7.13 —8.29 12 0.52 —2.44
295 ~7.02 —8.41 11 0.1 —2.70
290 —8.00 -8.62 1 0.47 —2.34
283 —8.06 —8.91 11 099 —1.53
271 —8.27 —-8.78 10 0.97 —2.06
265 —8.48 —8.94 10 0.78 —2.78

258 —8.74 —8.92 9 0.83 —2.37
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Table 2 (Continued )

Depth (m) 513C/VPDB §'80/VPDB
9 —0.07 —1.30
9 2.03 5.82
9 —3.09 1.72
7 0.20 —2.40
7 1.40 —2.01
6 1.25 5.35
5 3.87 3.67
4 2.53 4.39
2 4.46 3.00
0 4.50 3.02

Other isotopic data are found in Figs. 15 and 16.

Formation (—6%o), and then gradually climb back to
positive values (+2%o; Cozzi et al., 2004a,b; Cozzi and
Al-Siyabi, 2004) at the top of the Buah Formation. The
Precambrian—Cambrian boundary in Oman is marked
by a smaller negative excursion in the middle of the Ara
Group (—3 to —5%o; Amthor et al., 2003).

It is critical to appreciate that the positive-negative-
positive isotopic trend is regionally consistent and unbro-
ken by offsets. This confirms the results of several region-
wide sedimentological studies (Cozzi et al., 2004a;
Cozzi and Al-Siyabi, 2004; McCarron, 2000) that failed
to identify any major unconformities within the Nafun
Group. Furthermore, carbon isotopic ratios show a sys-
tematic variation within a stack of parasequences near
the top of the Shuram Formation in the Huqf area (facies
G1), each cycle showing a trend in §'3C in the direction
of sedimentary progradation. This strongly suggests a
long-term secular variation in 8'3C rather than a post-
depositional overprint. These combined stratigraphic-
carbon isotopic observations support a primary, oceano-
graphic origin for the carbon isotopic ratios.

4. Implications for Ediacaran oceanography,
paleoclimatology and correlation

4.1. Timing, duration and severity of the carbon
cycle perturbation

Using a time transformation of the stratigraphic sec-
tions in Oman, based on the modelling of subsidence due
to postrift thermal contraction (Le Guerroué et al., 2006),
the major negative carbon isotopic excursion is inter-
preted to rapidly begin around ca. 600 Ma. The negative
excursion continues with a steady rising limb crossing
over to positive values at ca. 550 Ma. The negative excur-
sion therefore has a duration of about 50 million years,
starting some 35 My after the end of the Marinoan glacial
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epoch, dated in Namibia at 635.5 & 0.6 Ma (Hoffmann et
al., 2004) and at 635.2 4+ 0.6 Ma in south China (Condon
et al., 2005), and ending less than 10 My before the
Precambrian—Cambrian boundary (542 Ma; Amthor et
al., 2003). A 8'3Ccup excursion of this amplitude and
duration is unique in Earth history.

4.2. Worldwide correlation of the 83 C excursion

Ediacaran strata recording negative 813Ccarb values
similar to those of the Khufai—-Shuram boundary in

Oman are found in the Wonoka Formation of the Ade-
laide Rift Complex of South Australia (Gostin and
Jenkins, 1983; Preiss, 1987; Calver, 2000), the Johnnie
Formation of the Death Valley region of western USA
(Christie-Blick and Levy, 1989; Corsetti and Hagadorn,
2000; Corsetti and Kaufman, 2003), the Doushantuo
Formation of south China (Condon et al., 2005), the
Chenchinskaya, Nikolskaya and Torginskay Formations
of Siberia (Melezhik et al., 2005) and the Krol Group
of northern India (Jiang et al., 2002). However, these
possible correlatives have a limited §'3C dataset and are



E. Le Guerroué et al. / Precambrian Research 146 (2006) 68-92 87

|
Shuram i
Middle Member ! Shuram
| Upper Member
E sl
: 2
Last i
Parasequence E
i
i =
£ 1
0 | !
i i o MD3
8 6 -4-2 02 4 6 mniwiee
L M 1 |P (;5 MDS ﬂ“““'-— =
. 3 M C  detailed 17
£ \ =
° \
: I |
g
2
w ! L
o ] a_| =
8 Last |1 " TSYC 1 B -'\\R;
3 Parasequence |/ ] T T e *
S r - ] 12 -6 0 6
— Na2
_ 12 6 0 6 MDS
YD E «
= - T
12 6 0 6 =
K MD1 = e
= \ : E R[] swstones
[}
g cal []
Sandst
i Laﬁéude an::’Longiu;de g E Cd [ Ndstofes
(decimal degrees] @
g Carbonat
WS 2011895 57.59695 1 Fabe L - Frar
£ YD 2033213 57.78926 1
S MD1 1994569 57.68233 £ ® °C
MD3 19.98806 57.72179 = (% VPDB)
MD4 19.98188 57.71957 —_—
i o 3 MD5 1993627 57.70220 Nal [ mber
ws Nal 19.86158 57.69519
Na2 19.87718 57.69752 MD4

Fig. 16. Carbon isotope data plotted against simplified sedimentary logs around the Khufai—-Shuram boundary in the Huqf area. Note the detailed
MDS5 section that shows the two-step drop of §'3C associated with the last parasequence of the Khufai Formation, and the slow decrease of §'3C in
the uppermost Khufai Formation.



88 E. Le Guerroué et al. / Precambrian Research 146 (2006) 68-92

dissected by unconformities, so that the full excursion
cannot be recognized. The Doushantuo probably records
the end of the excursion at around ca. 551 Ma (Condon
et al., 2005; Le Guerroué et al., 2006).

Although the Windermere Supergroup of Canada
contains two grand cycles that appear to correlate with
the Nafun Group of Oman, and strontium isotopes
(Narbonne et al., 1994) support a correlation of the
Blueflower and Shuram Formations (Le Guerroué et
al., 2006), the carbon isotopic data from the Winder-
mere section (Narbonne et al., 1994) do not replicate the
Shuram shift. Similarly, the Jiucheng member of south
China (Kimura et al., 2005), which is a possible Shuram
equivalent, does not bear a carbon isotopic excursion in
carbonate of comparable magnitude to the Shuram shift.

4.3. Gaskiers’ and equivalent glaciations

Glaciation during Ediacaran times is commonly
accepted and recognized as the Varangerian/Gaskiers
event (Halverson et al., 2005). Age constraints on glacia-
tion remain a highly debated issue since only sparse
absolute ages are available. Nevertheless, the best con-
straint on a post-Marinoan event is given by the Gask-
iers glaciation of Newfoundland (Krogh et al., 1988),
which is precisely dated at 580 Ma and lasted less than
1 My (Bowring et al., 2003). Coeval glacial deposits
are also found in the Boston basin, where the Squan-
tum Formation is bracketed to between 590 and 575 Ma
(Thompson and Bowring, 2000), though its glacial origin
is debated (Eyles and Januszczak, 2004). Similar ages
obtained on the Loch na Cille Boulder Bed in Scotland
(Elles, 1934) and equivalent beds in Ireland (Condon and
Prave, 2000), constrained to be younger than 601 + 4 Ma
(Dempster et al., 2002), are in accord with the age of
the Gaskiers glaciation. Other constraints are given by
the Cottons Breccia and equivalent Croles Hill Diamic-
tite to 582 £4 and 574.7 £ 3 Ma, respectively (Calver
et al., 2004). Finally, the Olympic and Inishowen ice-
rafted debris are both constrained to be <592 4+ 14 Ma
(Re-Os age; Schaefer and Burgess, 2003) and ca.
590-570Ma (Condon and Prave, 2000), respectively.
However, the Olympic is considered to be Marinoan
aged (ca. 635; Halverson et al., 2005). Ediacaran glacia-
tion is therefore thought to have occurred around 580 Ma
and to have lasted a short time (Halverson et al., 2005),
unlike postulated snowball Earth events (Hoffman et al.,
1998).

The short-lived Gaskiers glaciation is therefore
embedded within a much longer time period occupied
by the Shuram Formation §'3C excursion. The isotopic
excursion appears to have begun and ended indepen-

dently of glaciation. Consequently, any link between
the Shuram excursion and the negative §'3C values of
carbonates bracketing Gaskiers-aged glacial deposits in
Newfoundland (Myrow and Kaufman, 1999), the Qurug-
tagh Formation in northwest China (Xiao et al., 2004),
and the Mortensnes Formation in Svalbard (Edwards,
1984) could be coincidental. If our chronology is incor-
rect and the sharp fall in carbon isotopic values at the
Khufai-Shuram boundary correlates in time with the
shortlived and localized 580 Ma Gaskiers glaciation, the
amplitude of the excursion and subsequent recovery
through 1km of stratigraphy, crossing over to positive
values at ca. 550 Ma, would still be unexplained. There
is consequently no justification for linking the Shuram
carbon isotopic excursion to the Gaskiers event.

4.4. Climate change and oceanography

Neoproterozoic carbonates record highly negative
813C values of strongly debated origin (Christie-Blick
et al., 1995; Kaufman and Knoll, 1995; Kaufman et al.,
1997; Hayes et al., 1999; Walter et al., 2000; Hoffman
and Schrag, 2002; Schrag et al., 2002; Halverson et al.,
2005).

The precipitation of isotopically depleted cap car-
bonates is explained in the snowball Earth theory by
the prior build-up of mantle-derived carbon in the
atmosphere—ocean reservoir during a period of pro-
longed hydrological shutdown during which silicate
weathering was inoperative (Hoffman et al., 1998). This
model is not applicable to the Shuram anomaly since
the latter is unrelated to glaciation, and, furthermore,
expected §'3C values in co-precipitated carbonates can-
not reach values lower than the —5 to —6%o 8!3C values
typical of mantle sources (Des Marais and Moore, 1984).

The depleted values of Neoproterozoic carbonates
may also be explained by the action of a biological
pump in a stratified ocean (Grotzinger and Knoll, 1995;
Kaufman et al., 1997). Turnover of the deep-water, sB3c-
depleted reservoir during deglaciation would cause the
precipitation of carbonates with light 8'3C values in shal-
low water. Interestingly, Shen et al. (2005) reported a
possible carbon isotopic gradient of ~3%o along a pale-
oenvironmental transect from shelf to deep basinal sed-
imentary facies in the Marinoan Nantuo cap carbonate.
However, with regard to the Shuram anomaly, no lateral
gradient is decipherable between the §'3C data sets from
shallow and deep-water facies (compare Figs. 15 and 16).
In addition, this model cannot explain values as negative
as —12%eo.

Ithas also been proposed that negative carbon isotopic
ratios in carbonate might reflect flows from a light carbon
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reservoir such as methane hydrates/clathrates, either in
the form of seabed hydrates or in terrestrial permafrost
(Kvenvolden, 1998; Kennedy et al., 2001; Jiang et al.,
2003; Kasemann et al., 2005). This mechanism has been
invoked to explain the highly variable and very negative
values of the Doushantuo ‘cap carbonate’ in south China
(down to —5%o; Jiang et al., 2003). Schrag et al. (2002)
also believed that a large oceanic methane reservoir was
slowly released, having built up through high amounts of
organic carbon burial due to high river discharges from
continental areas assembled at low latitude. In the case of
the Shuram anomaly, the severity of the 8!3C perturba-
tion and its protracted steady recovery towards positive
values make it unlikely that these mechanisms acted as
the main driver of the Shuram anomaly.

Shields (2005) envisaged extensive (global) freshwa-
ter plumes caused by melting of ice caps during catas-
trophic deglaciation, but did not consider the impact of
the plume world on carbon isotopic ratios in marine car-
bonate. The Shuram anomaly is clearly unrelated to any
direct glacial influence, although the Shuram ocean may
have been subject to major influxes of fresh water dur-
ing a climatic change to pluvial conditions (see also Le
Guerroué et al., 2006).

Rothman et al. (2003) used geochemical modelling
to suggest that fluctuation in the size of the reservoir
of dissolved organic carbon in ocean water or changes
in the fractionation associated with organic production
would lead to major variations in the isotopic record.
Pulses in the remineralization (enhanced by glaciation)
or bioremineralization (enhanced by early metazoans)
of a large oceanic organic carbon pool could potentially
explain the negative excursions recorded by Neoprotero-
zoic carbonates. However, such a carbon pool remains
to be physically identified. The Shuram anomaly conclu-
sively shows that mantle input is insufficient to generate
—12%o values and probably oxidation of organic matter
(around —25 to —30%o; Hayes et al., 1999) is required.
Rothman et al.’s (2003) non steady-state model demon-
strates that long and severe negative perturbations are
possible and most likely linked with evolution of the
biosphere during the Neoproterozoic (see also Grey et
al., 2003). Slow remineralisation might be reflected in
the steady recovery of the negative anomaly.

All of these hypotheses have elements that may go
some way to explaining the Shuram shift. However, with
the possible exception of Rothman et al.’s (2003) hypoth-
esis of remineralization of dissolved organic carbon, they
have difficulty in explaining the extremely long dura-
tion of the negative excursion. Others cannot explain the
extremely negative isotopic values. There are a num-
ber of linked elements in the models so far proposed,

including high rates of organic carbon burial, anoxic
ocean waters, release of large methane reservoirs, and
remineralization of dissolved organic carbon.

In summary, the cause, or causes, of the Shuram shift
remain enigmatic, but any explanation must be guided
by a number of pertinent observations: (1) the carbon
isotopic excursion is in phase with relative sea level,
effectively occupying the second grand cycle of the
Nafun Group; (2) the onset of the fall in 8'>C corresponds
with the demise of the Khufai carbonate factory and the
influx of siliciclastics onto the carbonate ramp; (3) the
nadir of the carbon isotopic excursion corresponds with a
period of maximum flooding, so the period of fall of car-
bon isotopic values roughly approximates the period of
transgression; (4) the sedimentology of the Shuram For-
mation in the Huqf area demonstrates that the Shuram
marine basin was typified by high energy storm condi-
tions; (5) the change from Khufai to Shuram most likely
corresponds to a change from arid to pluvial-humid con-
ditions.

5. Conclusions

The Nafun Group of the Huqf Supergroup of Oman
records an essentially continuous period of deposition
from the post-Marinoan cap carbonate of the Hadash For-
mation to close to the Precambrian—Cambrian boundary.
It comprises two grand cycles of marine siliciclastics to
ramp carbonates. Each cycle is initiated by a major trans-
gression, the formation of a relatively deep siliciclastic
marine basin, followed by gradual shallowing up into
progradational ramp carbonates.

The boundary between the two grand cycles is at the
Khufai—Shuram boundary. Both the Khufai and Shu-
ram Formations are represented by shallow water facies
in the Hugf area of east-central Oman, and by deeper
water facies in the Jabal Akhdar of north Oman. In
the Hugf area, the Khufai Formation is composed of
fetid carbonates, which pass up into m-scale peritidal
cycles, indicating progradation of a carbonate ramp.
In the Jabal Akhdar, however, the Khufai Formation
is dominated by black, pyritic limestones deposited in
deeper ramp conditions. The Shuram Formation is com-
posed of storm-influenced sandstones, siltstones and
limestones in the relatively shallow water Huqf area.
In the Jabal Akhdar, however, the Shuram Formation is
dominated by deep water, organic-rich dolomitic mud-
stones and bleached siltstones at the base, which pass
up into very thick, purple, monotonous siltstones and
shales with thin subordinate carbonates. Shallow water
conditions were established over basement highs, which
may have been partially inherited from a phase of
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important rifting during the deposition of the underlying
Abu Mahara Group.

The carbonates of the upper grand cycle, comprising
the Shuram and Buah Formations, contain a remarkable
negative excursion in §!3C values, which start to fall pre-
cipitously from the uppermost Khufai Formation, reach a
nadir close to the maximum flooding zone of the Shuram,
and then recover monotonically through nearly 1 km of
stratigraphy, with a crossing point within the Buah For-
mation. The amplitude of the excursion is from +5%o in
the Khufai carbonates, to —12%o in the lower Shuram
Formation, and the duration is believed to be ca. 50 My.
This appears to be the greatest §'>C negative excursion in
inorganic carbon of marine carbonates of Earth history.

The explanation for the Shuram shift is enigmatic.
However, there are a number of pointers derived from
the sedimentology and stratigraphy of the Nafun Group.
Importantly, the carbon isotopic excursion is roughly in
phase with relative sea level. The start of the fall in carbon
isotopic values commences with the influx of siliciclas-
tics and the demise of the Khufai carbonate factory, and
the nadir occurs at the level of the maximum flooding
zone of the lower Shuram, so the falling segment of the
excursion coincides with a period of transgression. We
also note that the transition from the Khufai to the Shu-
ram Formation most likely records a climate change from
arid to humid and stormy.
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