The Tambien Group, Ethiopia: An early Cryogenian (ca. 800–735 Ma) Neoproterozoic sequence in the Arabian–Nubian Shield
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The Tambien Group in Tigrai, Ethiopia, comprises a number of inliers each containing 2–3 km thickness of interbedded carbonate and clastic sediments, capped in one inlier by a glaciogenic diamictite. A range of geochemical indices suggest near-pristine C- and Sr-isotope values are preserved and these, together with lithological variations, allow local correlation between these inliers and correlation with the global Neoproterozoic isotope stratigraphy. A composite section of the Tambien Group shows δ13C in carbonate of ∼+6‰ at its base, decreasing upwards to twin lows of ∼–4‰ separated by a brief excursion back to positive values, then rises again to a plateau of ∼+6‰ before finally decreasing sharply to −2‰ beneath the Negash diamictite at its top. No glaciogenic sediments are observed associated with the lower twinned negative anomalies. The 87Sr/86Sr values in carbonates change from ∼0.7063 in the lower units to ∼0.7067 in the upper units. The δ13C of organic matter changes little through the sequence (−24.2 ± 1.3‰), with the result that the C-isotope fractionation between carbonate and organic matter decreases from +26 to +21‰ up through the second low in carbonate δ13C before increasing to ∼+29.5‰ in the rest of the sequence. Together with existing radiometric age constraints, the Sr-isotope data indicate that the Negash diamictite is Sturtian in age, and the lower negative C-isotope anomalies appear to correlate with the non-glaciogenic Bitter Springs Stage recognised in Australia and Svalbard. According to this correlation the Tambien Group was deposited in the interval ca. 800–735 Ma. Our data reinforce the emerging view that not all Neoproterozoic negative C-isotope anomalies are associated with glaciation. The variations in C-isotope fractionations within our sequence contrast with those from Australia and are attributed to differences in local environmental variables, probably temperature. These differences are consistent with the recent proposal that the Bitter Springs Stage anomaly is the result of a pair of Inertial Interchange True Polar Wander events [Halverson, G.P., Maloof, A., Schrag, D., Dudas, F., Hurtgen, M., in press. Stratigraphy and geochemistry of a ca 800 Ma negative carbon isotope stage in northeastern Svalbard. Chem. Geol.] [Maloof, A.C., Halverson, G.P., Kirschvink, J.L., Schrag, D.P., Weiss, B.P., Hoffman, P.F., in press. Combined paleomagnetic, isotopic and stratigraphic evidence for true polar wander from the Neoproterozoic Akademikerbreen Group, Svalbard. GSA Bull.], and further high-resolution dating and palaeomagnetic studies of the Tambien Group should allow testing of this hypothesis.
Introduction
The Neoproterozoic was a critical phase in Earth evolution marking the transition from an oxygen deficient (possibly sulphidic) ocean to an oxygenated ocean more similar to the present day (Anbar and Knoll, 2002, Hurtgen et al., 2005). This was accompanied by drastic climate change, possibly including at least two ‘Snowball Earth’ global glaciations each followed by extreme greenhouse conditions (Hoffman et al., 1998b; Hoffman and Schrag, 2002). While recent dating has shown a significant time gap between the last inferred global glaciation and the development of multicellular organisms and the ensuing Cambrian radiation (Hoffmann et al., 2004, Condon et al., 2005), it is conceivable that global glaciations may have been critical in setting the scene for later evolutionary events (Hoffman and Schrag, 2002, Knoll and Carroll, 1999). However, there is still controversy as to the exact number and intensity of glaciations in the Neoproterozoic, let alone their causes and effects. The inferred global glaciations are temporally associated with large negative carbon isotope anomalies in the sedimentary record, with the anomaly either starting at the top of the glacial deposits, or just beneath them. Interpretations of these carbon isotope anomalies vary, and they may well be the result of more than one process, (Hoffman and Schrag, 2002, Schrag et al., 2002, Pavlov et al., 2005, Kennedy et al., 2001, Jiang et al., 2003, Higgins and Schrag, 2003). Irrespective of their origin, the combination of these anomalies with the worldwide deposition of glacial deposits provides the potential for global chemostratigraphic correlation in the Neoproterozoic (Knoll et al., 1986, Jacobsen and Kaufman, 1999, Walter et al., 2000, Melezhik et al., 2001b; Halverson et al., 2005). However, it is increasingly being recognised that some Neoproterozoic sequences contain negative carbon isotope anomalies that are not associated with glaciogenic rocks (e.g. Hill and Walter, 2000, Corsetti and Kaufman, 2003, Zhang et al., 2005, Condon et al., 2005, Melezhik et al., 2005, Halverson et al., in press, Dehler et al., 2005). These anomalies complicate chemostratigraphic correlations and demand alternative explanations for their origin.
Part of the Neoproterozoic Tambien Group in northern Ethiopia was recently remapped by Alene (Alene, 1998, Alene and Sacchi, 2000, Alene et al., 2000). This Neoproterozoic sequence is one of the least studied in Africa, yet lies at a critical geotectonic boundary between the Arabian–Nubian Shield (mostly juvenile crust) to the north and Mozambique belt (mostly reworked older crust) to the south. Existing data (Miller et al., 2003) suggest the Tambien Group could represent a rare sequence extending deep below the Sturtian glacial, perhaps only recorded elsewhere in Svalbard/East Greenland, Australia and Canada (Hill and Walter, 2000). We present new C- and Sr-isotope data that define a more complete isotope stratigraphy for these rocks, including at the base of the sequence a pronounced negative C-isotope anomaly that is not associated with glaciogenic rocks. These data allow us to make an improved correlation with the global isotope stratigraphy, extending this Neoproterozoic sequence downwards to at least 800 Ma in age, and provide support for a new model for non-glacial carbon isotope anomalies in the Neoproterozoic.
Section snippets
Regional setting
The Neoproterozoic basement of central Tigrai, northern Ethiopia (Fig. 1a), is composed of low-grade metavolcanics, slate, carbonates and plutonics (Arkin et al., 1971, Beyth, 1971, Garland, 1972, Alene, 1998). It is in the south (Nafka terrane) of the Arabian–Nubian Shield (ANS) that developed during the Neoproterozoic by rifting, arc accretion and terrane amalgamation processes in the East African Orogen (Stern, 1994, Meert, 2003, Johnson and Woldehaimanot, 2003). The basement is overlain by
The Tambien Group
The Tambien Group is exposed in four inliers formed by D2 synclinoria, from west to east: Mai Kenetal, Tsedia, Chehmit and Negash (Beyth, 1971; Fig. 1a). Each sequence contains ∼2–3 km true thickness of sediment after dips from D2 folds are removed (Fig. 2). D1 folds cause only local repetitions of stratigraphy
In the Mai Kenetal section (Fig. 1, Fig. 2) the lithologic sequence comprises (from bottom to top): Lower Slate (Werii Slate), Lower Limestone (Assem Limestone), Upper Slate (Tsedia Slate) 
Sampling
Because all samples have been metamorphosed and some parts of the sequence are veined, we have sampled in order to characterise any post-D1 vein material present, identified as being coarsely crystalline (typically 1–5 mm grain size) and cross-cutting the metamorphic fabric, as well as the least altered rock away from the veins. This strategy enables us to identify the least altered samples at any horizon by monitoring the direction in which the geochemistry of samples was altered by the late
Preservation of primary isotope signatures
Because our samples have experienced deformation and low-grade metamorphism it is imperative that we demonstrate we are recording depositional isotope signatures rather than altered values imposed post-deposition. This problem applies to all Neoproterozoic samples but is often perceived to be more acute for samples that have been metamorphosed. However, this may not necessarily be the case because, once they have recrystallised during the earliest stages of metamorphism, it is widely agreed
Local correlation
Correlation between the Mai Kenetal and Tsedia inliers is relatively straightforward (Fig. 6), with the Tsedia inlier containing a more expanded sequence that is truncated to a deeper level by the sub-Phanerozoic unconformity. The distinctive C- and Sr-isotope data in the Lower Limestones in both inliers confirm this lithostratigraphic correlation. To the east, the even thicker Chehmit inlier (Fig. 1a) is structurally more complex and further work is required to unravel the stratigraphy.
Chronostratigraphic age and duration of the Tambien Group
The age, and indeed number, of Sturtian glacial intervals is still a matter of debate. Available high quality geochronological data that constrain the age are summarised in Fig. 7. The body of evidence is consistent with a glaciation of global extent at ∼745–735 Ma, most closely constrained by the following dates:
· 1.
A maximum age constraint of 746 ± 2 Ma from the Naawpoort Volcanics, >700 m beneath the Chuos Formation in N. Namibia (Hoffman et al., 1996).
· 2.
Rhyolitic flows, dated at 742 ± 2 Ma (Fetter and
δ13Corg data and C-isotope fractionation
Fig. 8 shows profiles of C-isotope data for a composite Mai Kenetal/Tsedia section. As discussed above, considering the possible effects of diagenesis and sample preparation, the δ13Corg represents maximum values and thus the fractionation between carbonate and organic matter (ɛTOC) must be minimum values and could be up to 4‰ greater. In the Upper Limestone δ13Corg is almost constant (−23.2 ± 0.8‰) and thus parallels the δ13Ccarb data with a constant fractionation of +29.5 ± 0.7‰. In the Lower
Geotectonic context of the Tambien group
Sequences spanning the Bitter Springs Stage are recognised only in Svalbard (Lower Akademikerbreen Group; Halverson et al., 2005), Australia (Bitter Springs Fm; Hill and Walter, 2000), and perhaps Canada (Shaler Group; Asmerom et al., 1991, Kaufman and Knoll, 1995; upper Little Dal Group, Mackenzie Mountains, Canada; Halverson et al., 2005). Palaeogeographic reconstructions for our proposed period of Tambien Group deposition differ widely (Weil et al., 1998, Piper, 2000, Meert and Torsvik, 2003
Discussion — cause of the Bitter Springs anomaly
It is now becoming clear that there are at least five major negative C-isotope anomalies in the Neoproterozoic, of which only two (Sturtian and Marinoan) are associated with possible global glaciation (Fig. 6; Halverson et al., in press). The other three anomalies are (a) the Shuram-Wonoka correlated with the regional-only 580 Ma Gaskiers glaciation by Halverson et al. (2005), although Condon et al. (2005) constrain the termination of this anomaly at ∼551 Ma, significantly later than the
Summary
Radiometric age constraints together with isotope stratigraphic correlations indicate that Tambien Group deposition in Tigrai commenced during the Bitter Springs Stage and continued into the Sturtian glaciation. Radiometric ages on correlated sequences suggest deposition occurred in the interval ca. 800–735 Ma. The Tambien Group represents a rare example of a pre-Sturtian sequence extending through the Bitter Springs Stage, only recognised elsewhere in Svalbard, Australia, and possibly Canada.
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