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INTRODUCTION
he Cambrian System in the Alborz Mountains of northern Iran (Fig. 1A) consists of alternating carbonate and
siliciclastic successions deposited in an extensive platform
covering the length of the Cimmerian and the ArabianIranian plates in northeast Gondwana (e.g., Berberian and
King, 1981, Lasemi, 2001). In Alborz, the lower–middle
Cambrian transition (Fig. 1B) includes the siliciclastic Top
Quartzite of the Lalun Formation (Assereto, 2014) and the
chiefly carbonate deposits of Member 1 of the Mila Formation (Stöcklin et al., 1964). We have not applied the
stratigraphic nomenclature by Geyer et al. (2014) because
their approach has several shortcomings (see Lasemi and
Amin-Rasouli, 2017, p. 344–345 and discussions therein).
The lower–middle Cambrian transition in northern Iran is
plagued by the absence of biostratigraphic criteria; here, we
integrate sequence stratigraphy with δ13 C composition to
evaluate the base of the Cambrian third series, the Miaolingian Series, in northern Iran. Our objective is to provide
a valuable non-biostratigraphic criteria in the Alborz to
permit chronostratigraphic correlation of this interval with
other regions. This study provides evidence for the terminal early Cambrian extinction event and the resulting
paleoenvironmental changes during the middle Cambrian
in northern Iran.

T

METHODS
A composite section for the east-central Alborz Mountains
comprising the Top Quartzite in the Tuyeh section and the
lower part of the Mila Formation in the Shahmirzad section
is placed in a sequence stratigraphic framework (Fig. 2A).
For carbon isotope analysis, avoiding weathered/calcite
filled cavities, 11 carbonate samples were collected to cover
the basal 9 m of the Mila Formation. Because of sanctions,
politico-economic reasons, and lack of funding only the
basal part of Mila was sampled. Sample powders were analyzed for carbon and oxygen isotopes at the Stable Isotope
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Laboratory of the Institute for Geology, Leibniz University
Hannover, Germany. The sample aliquots were reacted
with 100% phosphoric acid at 72◦ C in a Thermo-Finnigan
GasBench II. The produced CO2 was transferred into a
Thermo-Finnigan Delta-V advantage mass spectrometer.
Repeated analysis of NBS 19, NBS 18, IAEA CO-1, and Lausan certified in-house carbonate standards produced an
external reproducibility of ≤0.05h and ≤0.06h for δ13 C
and δ18 O, respectively. Results are in per mil (h) relative
to the conventional V-PDB.
STRATIGRAPHIC VARIABILITY AND δ13 C
ANALYSIS
The lower–middle Cambrian transition encompasses two
depositional sequences (Fig. 2A). The Top Quartzite sequence records deposition in a shoreface system and conformably overlies the Shale unit of the Lalun Formation.
Its transgressive and early highstand packages consist of
interbedded gray shale and quartzose sandstone (Fig. 1C).
The late highstand package is a thickening upward crossbedded to planar-bedded upper shoreface sandstone that
unconformably underlies the Mila Formation (Fig. 1D, E).
The basal Mila sequence is a shallow marine succession and
comprises a transgressive package (2.5 m) the lower part
of which (∼70 cm) is characterized by varicolored calcareous mudstone and/or argillaceous limestone/dolostone
tidal rhythmites (Fig. 1D) grading upward to distal open
marine thin-bedded, dark gray rhythmic shale and micritic limestone (Fig. 1E). This interval thickens upward in
the early highstand package and grades to dolostone containing a thrombolite reef zone (∼3 m) in which domical
bioherms become larger upward (Fig. 1e) and encompass
well-preserved clotted fabric (Fig. 2B). The early highstand
package underlies the unconformity capped late highstand
ramp margin ooid grainstone and peritidal facies (Fig. 2A).
Carbonate carbon isotopic analysis records a largemagnitude negative δ13 C shift (-3.86h) in the lowest sampled layer ∼70 cm above the base of the Mila Formation.
The δ13 C values increase upward to -0.05h in the upper
part of the thrombolite reef zone and change to +0.31h
in the ooid grainstone bed at about 9 m from the base of
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Figure 1: (A) Map of Iran showing tectonic plates and the location of Shahmirzad (S) and Tuyeh (T) sections (from Lasemi and AminRasouli, 2017). (B) Stratigraphic nomenclature and composite section of the lower–middle Cambrian transition comprising the upper
part of the Shale unit and the Top Quartzite unit of Lalun in Tuyeh and Member 1 of the Mila Formation in Shahmirzad. (C) The
lower portion of the Lalun Top Quartzite sequence that conformably overlies the Shale unit (Tuyeh section, stratigraphic top to the
left and view to the southeast). Note that sandstone layers thin upward in the TST but thicken upward in the early HST. (D) The
unconformity capped Top Quartzite late highstand package that underlies the tidal rhythmites of the lowermost transgressive package
of the basal Mila sequence. (E) The upper part of the Top Quartzite that unconformably underlies the lower part of the basal Mila
sequence (Shahmirzad section, view to the NE and stratigraphic top to the right). Note very thin-bedded rhythmic shale and micritic
limestone that thickens upward in the early highstand package containing thrombolite bioherms (T). Abbreviations: HST: Highstand
systems tract; mfs: Maximum flooding surface; SB: Sequence boundary; TST: Transgressive systems tract.

Mila Formation (Fig. 2A). Field and petrographic studies
indicate that influence of diagenesis was minimal because
the sampled dense micritic limestone and dolostone could
inhibit movement of diagenetic fluids. Lack of correlation between carbon and oxygen isotope values (Fig. 2C)
suggests the primary carbon isotope signature of original
seawater (e.g., Azmy et al., 2014). Furthermore, unlike the
δ18 O, influence of diagenesis and burial temperature on
δ13 C values of carbonates is insignificant (e.g., Swart, 2015).
DISCUSSION AND CONCLUSIONS
The terminal early Cambrian in Laurentia and south China
is marked by the mass extinction of trilobites associated
with a large-magnitude negative carbon isotope excursion
(e.g., Lin et al., 2019). Montañez et al. (2000) first reported a
major short-term (∼100 k.y.) negative δ13 C shift (≥4h) in
the terminal early Cambrian in Laurentia, just prior to the
extinction of olenellid trilobites. A rather large negative
δ13 C shift is also recognized at the base of the middle Cambrian boundary in south China preceding the extinction
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level of Redlichiid trilobites, the base of the recently defined Miaolingian Series (Zhao et al., 2019). Zhu et al. (2006)
named the foregoing exertions Redlichiid Olenellid Extinction Carbon Isotope Excursion (ROECE). Recent studies,
however, have questioned the ROECE definition documenting that the extinction level of olenellids and redlichiids
and their associated δ13 C excursions, here referred to as
“RECE” and “OECE” (Fig. 2D), are not synchronous (Lin
et al., 2019, Geyer, 2019, Sundberg et al., 2020).
The major negative δ13 C shift ∼70 cm above the base
of Mila unconformable boundary, like south China (e.g.,
Zhao et al., 2019), occurs within the transgressive phase
of a major global eustatic event and likely corresponds to
the “RECE” excursion (Fig. 2D) and may define the Series
2-Miaolingian boundary in northern Iran. The Mila thrombolites (Fig. 2A, B), like the basal Famennian (e.g., Whalen
et al., 2002) and the basal Triassic (e.g., Kershaw et al., 2012),
appear in a very short stratigraphic interval close to the
unconformity and could represent a post-extinction boundary thrombolite. As the consequence of post-extinction

Figure 2: (A) Vertical facies trend and δ13 C composition of the Series 2-Miaolingian transition comprising the Top Quartzite and the
basal Mila sequences in the Tuyeh and Shahmirzad composite section. (B) Close up view of domal thrombolite bioherms in Fig. 1E
showing clotted fabric (from Lasemi and Amin-Rasouli, 2017). (C) Geochemical data and δ18 O vs δ13 C crossplot. (D) Correlation of
the base of Mila δ13 C shift with those in Laurentia and south China, as well as correlation of the 3rd-order sequences in the Alborz
with the sequences recorded at the Series 2-Miaolingian transition in south China (time scale and extinction level after Sundberg et al.,
2020).
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environmental stress and metazoan reef crisis (e.g., Mata
and Bottjer, 2012) owing to sea level rise and low marine
oxygenation (Lee and Riding, 2018), the middle Cambrian
rocks in Iran are microbial carbonates dominated by stromatolites, oncoids, and ooids (e.g., Lasemi, 2001). The
lower–middle Cambrian transition in northern Iran records
a major transformation in depositional regime from the regressive Top Quartzite siliciclastics to the transgressive
base of Mila carbonates. The Top Quartzite and the basal
Mila sequences (sequences 1 and 2), using the current time
scale (Sundberg et al., 2020), correlate with the south China
third-order sequences (sequences 6 and 7 of Mei et al., 2007
in Peng et al., 2012) at the Series 2-Miaolingian transition
(Fig. 2D). Results of this study suggest that the base of
the Miaolingian is likely to be placed at the base of Mila
Formation in northern Iran. Future work should test this
interpretation by focusing on facies and carbon isotope
studies covering the entire middle–upper Cambrian succession.
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