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ABSTRACT
Paleoclimate during the Cenomanian-Turonian Oceanic Anoxic Event 2 (OAE 2, 94.5–
93.9 Ma) was characterized by elevated atmospheric CO2 concentrations and peak global
temperatures. In this study, we employ δ66Zn measured on samples spanning OAE 2 in an
expanded hemipelagic section in Tibet to trace changes in the major fluxes that influence
biogeochemical cycles. The prominent feature of the δ66Zn record in the studied section is
a continuous decrease from ∼1‰ at the onset of OAE 2 to a minimum of ∼0.2‰ within the
Plenus Cold Event (ca. 94.3 Ma), followed by a stepwise recovery through the upper part of
OAE 2. The negative shift in δ66Zn corresponds with higher terrigenous inputs, as revealed
by previously published detrital index and TOC/TN (total organic carbon to total nitrogen)
ratio records, and covaries with a notable decreasing trend recorded in compiled pCO2 data
of different basins. We propose that influx of isotopically light Zn from weathered volcanic
rocks associated with submarine large igneous provinces and/or (sub)tropic Indian continental volcanics is likely responsible for the δ66Zn decrease. We infer that the recovery of δ66Zn
was caused by continued high primary production and an inevitable decline in the flux of
light Zn as volcanic terrains were progressively weathered. The ultimate cessation of OAE 2
may have been a consequence of the same effect, with the nutrient supply from weathering
reaching a minimum threshold to maintain productivity-anoxia feedback.
INTRODUCTION
Evidence from numerous studies indicates
that Oceanic Anoxic Event 2 (OAE 2, 94.5–
93.9 Ma: Jones et al., 2020), spanning the
Cenomanian-Turonian boundary, was marked
by high atmospheric CO2 concentrations (pCO2),
rapid global warming, and mass extinction of
benthic fauna (e.g., Jenkyns et al., 2017). It is
also characterized by widespread marine anoxia
and euxinia, which are associated with a positive carbon isotope excursion spanning <1 m.y.
(Meyers et al., 2012). In early studies of OAE
2, it was suggested that a dramatic drawdown
of pCO2 may have occurred shortly following
the onset of the event due to massive burial of
marine organic carbon (Arthur et al., 1988), as
evidenced by proxies for pCO2, e.g., δ13C values
of S-bound phytane and C35 hopane (Sinninghe
Damsté et al., 2008), leaf stomatal index (Bar-
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clay et al., 2010), and the offset between δ13C
of carbonate and that of organic carbon (Δ13C;
Jarvis et al., 2011). The discovery of a positive
shift in δ18O combined with the appearance of
cool-water (Boreal) taxa led to definition of the
Plenus Cold Event (PCE, ca. 94.3 Ma; Gale and
Christensen, 1996; Jones et al., 2020), providing support for this hypothesis, although climate
was warming prior to the onset of OAE 2 and
continued to warm after the PCE to a peak in
the early Turonian (e.g., O’Brien et al., 2017;
Gale et al., 2019).
Sequestration of CO2 to drive a transient
cooling event could be forced by both silicate
weathering and photosynthetic fixation of carbon into sedimentary organic matter. For the first
half of OAE 2, two pulses of increased δ13C
values are globally recorded, which are possibly
linked with enhanced productivity and burial of
organic carbon (Jarvis et al., 2011). These pulses
co-occur with pCO2 drawdown (e.g., Barclay
et al., 2010), suggesting that photosynthetic fixa-

tion of carbon is the primary mechanism of CO2
sequestration. On the other hand, multiple types
of isotope data, such as Sr (Frijia and Parente,
2008), Ca (Blättler et al., 2011), and Li (Pogge
von Strandmann et al., 2013), have been interpreted to reflect enhanced silicate weathering
at this time.
Recently, high-resolution δ66Zn variations
have been studied in sections located around the
proto–North Atlantic region (Fig. 1) to investigate zinc cycling and related paleoceanographic changes during the OAE 2 interval (Sweere
et al., 2018, 2020). An increase in δ66Zn values
of 0.2‰–0.3‰ during the main phase of the
OAE 2 carbon isotope excursion (CIE) is recorded in the organic-rich sediments in the Tarfaya
basin (southern Morocco; Sweere et al., 2020)
and attributed to extensive burial of isotopically lighter Zn in organic-rich marine sediments
globally. Low δ66Zn values during the PCE
were interpreted to result from remobilization
of isotopically light Zn from continental-margin
sediments owing to reoxygenation of benthic
environments (Sweere et al., 2018, 2020). In
this study, we present δ66Zn from an expanded
Cenomanian-Turonian section in southern Tibet (Li et al., 2006), which was located at the
northern margin of the Indian continent in the
eastern Tethys Ocean (Fig. 1), to further investigate the drivers of paleoenvironmental changes
during OAE 2.
MATERIALS AND METHODS
We present data for the Cenomanian-Turonian transition interval of the Gongzha section
(GPS: 28°42′50.5″N, 86°42′56.7″E) in southern
Tibet. Twenty-two (22) samples were collected
from section heights of 27 to 66 m to measure
Zn isotope ratios. Samples were chosen from
the bulk samples used by Zhang et al. (2019) to
analyze for δ13Ccarb (carb—carbonate) and δ15N.
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Figure 1. Locations of
the Gongzha section
(southern Tibet), Eastbourne section (southern
UK), and Tarfaya basin
(southern Morocco).
Paleogeographic reconstruction shows the
distribution of land
(yellow) and sea (blue) at
100 Ma (after Hay, 2009).

The mean sedimentation rate of the OAE 2 interval in this section is ∼40 mm/k.y. (Li et al.,
2017). Thus, the studied interval spans ∼1 m.y.
and the sampling resolution is ∼45 k.y., which
is ∼4× the present-day oceanic residence time
of Zn (∼11 k.y.; Little et al., 2014).
Our measurement of Zn isotope values strictly followed the method of Liu et al. (2017). Zinc
isotopic data are reported in standard δ notation
as per mil relative to standard reference material JMC 3-0749L (Maréchal et al., 1999). The
whole-procedural reproducibility of Zn isotope
analysis of standards and carbonate rocks is bet-

ter than ±0.10‰ (2σ). Further analytical details
for the Zn isotope values, major and trace element concentrations of bulk samples, and trace
element concentrations of the carbonate fraction
are provided in the Supplemental Material1.
Li et al. (2017) divided the δ13Ccarb curve
across OAE 2 into six segments and labeled
1
Supplemental Material. Sampled section details,
analytical methods, and supporting data. Please
visit https://doi.org/10.1130/GEOL.S.13232360
to access the supplemental material, and contact
editing@geosociety.org with any questions.

them C1 to C6 to help facilitate correlation to
other OAE 2 sections. Our study largely follows the scheme of Li et al. (2017) except for a
slightly different interpretation of the onset for
the OAE 2 CIE. According to the definition of
O’Connor et al. (2020), the interval from the
minor negative trough in δ13C at ∼42 m to the
end of segment C3 (∼48 m) is equivalent to the
PCE. Detailed division of the segments are presented in the Supplemental Material.
RESULTS
For the Gongzha data set, δ66Zn values average 0.76‰ ± 0.58‰ (2σ; n = 22) (Fig. 2). The
most notable characteristic of the δ66Zn curve is
the progressive decrease by ∼0.8‰ that initiates
at the onset of the OAE 2 CIE interval and ends
at ∼45.1 m (Fig. 2). Below this interval, background δ66Zn values average 1.02‰ ± 0.20‰
(2σ), which is very similar to that of modern surface seawater (∼0.9‰; Little et al., 2014). Values
remain low, between 0.2‰ to 0.4‰, in the lower
third of segment C4, above which δ66Zn values
increase to 0.9‰ through the upper half and
remainder of the CIE interval.
The Zn content of the carbonate fraction is
expressed as the Zn/Ca ratio. The Zn/Ca ratio

Figure 2. Carbon isotope, δ15N, TOC/TN (total organic carbon to total nitrogen ratio), δ66Zn, Zn/Ca, and V/Cr (bulk sample) plots across Oceanic
Anoxic Event 2 (OAE 2) of the Gongzha section in southern Tibet. Segments C1 to C6 and their durations are based on Li et al. (2017). δ13Ccarb
(carb—carbonate), δ15N, and TOC/TN plots are from Zhang et al. (2019). Division of redox conditions by V/Cr ratio is based on Jones and Manning
(1994). Error bars on the δ66Zn plot represent 2σ. Yellow box and blue band show the OAE 2 and Plenus Cold Event (PCE) intervals respectively.
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has an average value of 20.93 ± 20.40 μg/g (2σ)
for the studied interval. The background Zn/Ca
value averages 32.42 ± 13.17 μg/g (2σ), which
is followed by a sharp negative shift to values
of ∼16 μg/g at the onset of CIE (∼40 m section
height). Upward, Zn/Ca ratios remain low and
continuously decrease to ∼6 μg/g at the top of
the CIE interval.
We studied minor elements of bulk samples
to analyze redox conditions. V/Cr values range
from 0.95 to 1.54, indicating oxic bottom waters, which is consistent with previous studies
(Bomou et al., 2013). From 42 to 45 m, the V/
Cr ratio is slightly enriched (1.31–1.54) but still
below the value associated with a transition to
dysoxic conditions (Jones and Manning, 1994).
DISCUSSION
Data Evaluation and Reliability
The following evidence indicates that the
measured δ66Zn values record a primary seawater signature. First, the δ66Zn values are not
associated with changes in precipitation rate or
diagenesis, as indicated by the Sr/Ca (Fig. S2 in
the Supplemental Material) and δ18O data (Fig.
S3). Second, the δ66Zn values do not covary with
concentrations of major oxides in bulk sample
(e.g., SiO2 and Al2O3; Figs. S4 and S5), indicating that the δ66Zn shift did not result from

adsorption of Zn onto silicate or clay minerals.
Third, Zn/Mn ratios in the leachates are not associated with changes in δ66Zn (Fig. S6), which
indicates that leaching of ferromanganese coatings is not responsible for the δ66Zn variations.
Gongzha Zinc Isotope Record and
Comparison to Eastbourne, UK
The δ66Zn curve from Gongzha has some
distinctive characteristics compared to the chalk
record of the Eastbourne section in the southern
United Kingdom (Sweere et al., 2018) (Fig. 3).
In the Eastbourne section, a marked negative
shift in δ66Zn at the base of the CIE appears to
be synchronous with the onset of the negative
δ66Zn excursion from Tibet. However, the Eastbourne record shows a significant broad positive
excursion before falling to values near 0.5‰
(Sweere et al., 2018).
These different observations are consistent
with the suggestion by Sweere et al. (2018)
that δ66Zn is likely to show regional variations.
Although Sweere et al. (2018) interpreted the
main driver of the upper negative shift in δ66Zn
as remobilization of isotopically light Zn from
organic-rich substrates due to the PCE reoxygenation of bottom waters, this is unlikely to
be the major reason for the decrease of δ66Zn
values in the lower part of the OAE 2 interval

at Gongzha, where the initiation of the negative
excursion occurs significantly earlier than the
PCE and conditions were oxic through the entire
interval. Additionally, magmatism or remobilization of Zn from black shales would lead to
transient shifts (Liu et al., 2017; Sweere et al.,
2018), but the deceasing trend in δ66Zn at the
Gongzha site spans ∼175 k.y. Moreover, δ15N
values are positive, ranging mainly between
1‰ and 2‰, and lack any secular trend during
OAE 2 (Zhang et al., 2019), unlike those of the
proto-Atlantic basin that reflect disruptions of
the N cycle related to upwelling of nutrient-rich
waters and eutrophic conditions (e.g., Kuypers
et al., 2004). These results are consistent with
Gongzha V/Cr ratios, which indicate consistently oxic conditions.
The similarity of the Tibetan δ66Zn data spanning OAE 2 to trends in δ7Li (depleted values
in the first ∼200 k.y. of the event; Pogge von
Strandmann et al., 2013) suggests an alternate
explanation: enhanced weathering of fresh basalts adding isotopically depleted elements to
the marine inventory.
Magmatism or reoxygenation of sediments,
interpreted previously for the Permian-Triassic
boundary (Liu et al., 2017) and in other OAE
2 studies (Sweere et al., 2018), could lead to
rapid increases in Zn/Ca ratios. However, the

Figure 3. Comparison of δ66Zn and δ13Ccarb (carb—carbonate) plots from the Gongzha section (southern Tibet) and Eastbourne section (southern UK) (Sweere et al., 2018). Error bars on the δ66Zn plot represent 2σ. Yellow box area and blue band show Oceanic Anoxic Event 2 (OAE 2)
and Plenus Cold Event (PCE) intervals, respectively. Bold gray curves show trends of δ66Zn plots. δ7Li (Pogge von Strandmann et al., 2013)
and Δ13C (Jarvis et al., 2011) plots from Eastbourne are also presented. H. helvetica—Helvetoglobotruncana helvetica.
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temporal variation of Zn/Ca ratios at Gongzha
differs from that of prior examples. Although
there is a pulse in Zn/Ca just prior to the onset
of OAE 2, values rapidly decrease at the onset
of CIE segment C3 and remain low throughout
the remainder of OAE 2. Significant increase
in productivity during the initial part of OAE
2 (CIE segments C2 to C3) is consistent with
phosphorus accumulation rate data (Bomou
et al., 2013), and it is possible that excess Zn
was scavenged by the elevated organic matter
flux. Data compiled from literature indicate high
pCO2 at the onset of OAE 2 (O’Connor et al.,
2020, and references therein), which would have
enhanced weathering rates of both submarine
and subaerial basalts. The reason that the δ66Zn
record in the proto-Atlantic region does not follow the same trend as the record at Gongzha
may be that the Zn cycle in the proto-Atlantic
was overcome during the initial stages of OAE
2 by the effect of massive organic-matter burial,
which some researchers have argued was dominantly focused in the Atlantic (e.g., Owens et al.,
2018). Although δ66Zn initially shifted toward
heavier values, the reoxygenation of organicenriched substrates during the PCE may have
ultimately helped to drive δ66Zn mass balance
toward more negative values. One final factor
that may support this interpretation is the recent
discovery of subaerial volcanic deposits of the
Caribbean large igneous province (LIP) by Buchs et al. (2018), which suggests that the LIP
itself may have reduced water mass exchange
between the Pacific and proto-Atlantic basins (as
proposed by Trabucho Alexandre et al. [2010]).
This hypothesis is consistent with the benthic
environment in the Gongzha region being relatively oxic for most of its depositional history,
and its δ66Zn record showing no evidence of distinct changes related to the PCE.
Considering processes closer to the study
site, high pCO2 may have also stimulated weathering of the Indian continent. A flux of isotopically lighter Zn from terrestrial sources following the onset of OAE 2 would have driven
decreases in δ66Zn values of the eastern Tethys
Ocean. Peaks in the TOC/TN (total organic carbon to total nitrogen) ratio (Fig. 2; Zhang et al.,
2019) and the detrital influx (Bomou et al., 2013)
between 40–48 m could indicate enhanced terrigenous input and thus support this explanation.
Lower Cretaceous mafic rocks, which are particularly susceptible to weathering, are widely
distributed along the northern margin of the Indian continent (e.g., Zhu et al., 2009). Abundant
zircons of Early Cretaceous age (ca. 125 Ma) in
Lower Cretaceous volcaniclastic sandstones of
the Tethyan Himalaya indicate massive volcanic
activity on the Indian continent during that time
(e.g., Hu et al., 2010).
Our study allows for the possibility that
weathering on land may have contributed to
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changes in the marine Zn inventory. During
the Late Cretaceous, the northern margin of the
Indian continent was located at ∼30°S (Huang
et al., 2015). Given a much lower latitudinal
temperature gradient than the present day, the
climate of this region could have been (sub)tropical. Enhanced weathering intensity under such
conditions could have significantly influenced
pCO2 drawdown, especially given the “supergreenhouse” conditions of the late Cenomanian–early Turonian (Kent and Muttoni, 2013).
The weathering of continental basalts in modern warm climate zones, such as Southeast Asia
and India, consumes CO2 at a rate of ∼1.6 × 1012
mol/yr and is the most important sink for atmospheric CO2 (Dessert et al., 2003). We suggest
that the weathering of Cretaceous mafic rocks
widely developed on the Indian continent and
elsewhere may have contributed to the substantial pCO2 drawdown during deposition of the
lower half of segment C3.
In segments C4 and C5, δ66Zn shows a stepwise recovery to pre-OAE values. Although the
increase in pCO2 (e.g., O’Connor et al., 2020)
could have led to lighter Zn inputs from continental weathering, the positive shift in δ66Zn
suggests that primary production persisted, and
this is supported by continued enriched values
of δ13C. Eventually δ13C values reach a new
baseline, marking the end of OAE 2. This may
simply reflect a progressive decrease in the nutrient flux from weathering (i.e., Robinson et al.,
2019) such that a minimum threshold to maintain productivity-anoxia feedback in the global
ocean was achieved.
SUMMARY
This study presents a new δ66Zn data set for
OAE 2 in an expanded section from southern Tibet. Zinc isotope values in the Gongzha section
reflect mainly an enhanced flux of isotopically
light Zn from intensified weathering of volcanic
rocks; these could be related to the Caribbean
LIP, older volcanic terrains on the Indian continent, or both. The Gongzha data set provides a
useful comparison to the Eastbourne δ66Zn record, resulting in a hypothesis of possible basin
restriction and massive organic-carbon burial in
the proto-Atlantic region. Depleted δ66Zn values
in the Gongzha section characterize the PCE,
and remobilization of lighter Zn from organic facies may have played a role, but Gongzha facies
are pervasively oxic without significant changes in redox condition and the negative trend in
δ66Zn begins well before the PCE. Our data more
strongly support a hypothesis of elevated chemical weathering intensity resulting in massive but
short-term sequestration of carbon following the
onset of OAE 2. The long-term return of δ66Zn to
background values likely reflects a high uptake
by organisms and an inevitable decline in the
flux of light Zn from exposed volcanics.
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