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Abstract

Our understanding of the ancient ocean-atmosphere system has focused on oceanic proxies. However, the study of terrestrial
proxies is equally necessary to constrain our understanding of ancient climates and linkages between the terrestrial and oceanic
carbon reservoirs. We have analyzed carbon-isotope ratios from fossil plant material through the Valanginian and Lower
Hauterivian from a shallow-marine, ammonite-constrained succession in the Crimean Peninsula of the southern Ukraine in
order to determine if the Upper Valanginian positive carbon—isotope excursion is expressed in the atmosphere. 513Cplam values
fluctuate around —23%o to —22%o for the Valanginian—Hauterivian, except during the Upper Valanginian where 5'3 Cplant Values
record a positive excursion to ~— 18%o. Based upon ammonite biostratigraphy from Crimea, and in conjunction with a composite
Tethyan marine d'®Cq,, curve, several conclusions can be drawn: (1) the 513Cplam record indicates that the atmospheric carbon
reservoir was affected; (2) the defined ammonite correlations between Europe and Crimea are synchronous; and (3) a change in
photosynthetic carbon—isotope fractionation, caused by a decrease in atmospheric pCO,, occurred during the Upper Valanginian
positive 6'°C excursion. Our new data, combined with other paleoenvironmental and paleoclimatic information, indicate that the
Upper Valanginian was a cool period (icehouse) and highlights that the Cretaceous period was interrupted by periods of cooling
and was not an equable climate as previously thought.
© 2005 Elsevier B.V. All rights reserved.
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been related to Valanginian carbonate-platform drown-
ing episodes [2]. The Parana-Etendeka continental
flood basalts, which initiated at ~137 Ma during the
latest Valanginian, may have been a source for CO, in
the Early Cretaceous [3,4]. However, Courtillot et al.
[4] report that volcanic activity did not peak until 133—
131 Ma during the Upper Hauterivian [5] suggesting a
trend towards increasing atmospheric pCO, levels dur-
ing the Valanginian—Hauterivian. Geochemical models
indicate that CO, levels were relatively steady through
the Berriasian—Hauterivian [6,7], although Tajika [8]
suggests a peak in pCO, at the Berriasian/Valanginian
boundary. More recently, moderately low pCO, levels
for the Early Cretaceous have been demonstrated
through carbon—isotope data from soil carbonate
nodules in the Lower Barremian (~560 ppm V; [9])
that supports the model results from Wallmann [6].
Seawater strontium—isotope data [10—15] indicate that
there was a reduction in sea-floor spreading and/or
increase in continental weathering from the Late Juras-
sic to mid-Cretaceous, both of which are conducive
to an overall reduction in paleoatmospheric pCO,
concentrations.

1.1. Was there a Late Valanginian Greenhouse event?

Recently, the greenhouse hypothesis for the Early
Cretaceous, as proposed by Lini et al. [1], has been
questioned. 680, data from Valanginian and Hau-
terivian belemnites tend to suggest cooler conditions
compared to data from earlier and later time periods
[12,15-17]. This is supported by Valanginian paleo-
temperatures based on belemnites corrected for
0y using ikaite in the Eromanga Basin, Australia
[18,19]. Ditchfield [20] analyzed belemnites from
Spitsbergen that record high 6"80a values (i.c., low
paleotemperatures) for the lower to middle Valangi-
nian, indicating the presence of high latitude ice.

In further support of a cool episode, nannofossil data
from localities throughout Europe indicate that the Late
Valanginian—Early Hauterivian time period records cool
(icehouse) conditions [21,22]. Glendonite carbonate
nodules have also been taken to reflect cold sub-aque-
ous depositional conditions within Mesozoic succes-
sions [23-25]. In particular, widespread glendonites of
Early Cretaceous (Valanginian) age have been de-
scribed from the Sverdrup Basin of Canada [23,26],
Spitsbergen [26], Siberia in the Taymyr Peninsular
eastwards to the Lena River [27], and northern Alaska
[28]. Recently, the discovery of a Berriasian—Valangi-
nian tillite in South Australia provides the first direct
evidence of a Cretaceous glaciation [29]. Within these

successions outsized clasts also occur which have been
attributed to ice rafting [24,30,31].

Stoll and Schrag [32] inferred the presence of pul-
sating Valanginian ice-sheets on the basis of high-res-
olution '"%0,,, data from Deep Sea Drilling Project
sites with a cyclicity of 250-500 kyrs. More recently
Frank et al. [33] have shown that the changes in
880, of bulk carbonate tend to be of diagenetic
origin and not a reflection of paleoenvironmental
changes, although this is still a matter of debate [34].

1.2. Valanginian 8">C record and black shales

Bulk-marine carbonate carbon—isotope (6" Cearp)
records for the Early Cretaceous from northern Italy,
France and Switzerland all indicate the presence of a
positive carbon—isotope excursion in the Upper Valan-
ginian [1,2,35-38]. A period of relatively stable
0"3Ceu values in the Lower Valanginian is followed
by a rapid excursion to more positive values in the
Upper Valanginian, with a subsequent return to pre-
excursion values in the Lower Hauterivian.

Positive oceanic 0'*Ceyy, excursions have typically
been explained by increased marine productivity, ele-
vated carbon burial rates (resulting in the formation of
‘black shales’) and thus removal of '°C from the ex-
changeable carbon reservoir [39-42]. However, evi-
dence for widespread marine organic-rich black shales
within the Valanginian is somewhat limited. DSDP Site
535 contains appreciable amounts of marine derived
organic matter [43], which are coincident with the
Valanginian positive carbon—isotope excursion [1].
More recently, ODP Leg 198 (Shatsky Rise, northwest
Pacific Ocean) recovered pelagic successions contain-
ing two Valanginian-age organic-rich intervals of ma-
rine origin at Site 1213 [44]. Several ODP and DSDP
sites in the Atlantic do contain organic-rich horizons of
Valanginian age (e.g., Sites 416, 638), however, the
organic matter is dominantly terrestrial in origin [45].
Similarly, amorphous organic matter and continental
organic matter dominate Tethyan sections during the
Late Valanginian, with only a minor component origi-
nating from marine phytoplankton [46].

Carbon—isotope investigations have shown that pe-
lagic black-shale deposition does not necessarily coin-
cide with positive excursions [47,48]. Coupled changes
in the flux of marine and terrestrial organic and car-
bonate carbon may contribute to excursions in the
carbon—isotope record of the global carbon reservoir
[37,49]. The (313COrg record for the Valanginian has
been documented in Tethyan marine carbonate
sequences by Lini et al. [1] and in the Atlantic by
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Wortmann and Weissert [50] at DSDP Site 416 (oft-
shore Morocco). However, in both studies, the nature of
the organic matter (terrestrial versus marine) was not
determined and this may explain some of the scatter
observed in the carbon—isotope data.

. S13 . .
1.3. Terrestrial 6°° C curves: correlation of oceanic and
atmospheric carbon reservoirs

Meaningful carbon—isotope stratigraphies for certain
intervals of the Cretaceous have been produced where
bulk organic matter has been characterized as domi-
nantly terrestrial (Aptian [51,52], Cenomanian/Turo-
nian boundary [53], Turonian—Maastrichtian [54]).
These studies demonstrate that the carbon—isotope com-
position of bulk terrestrial organic-matter can be suc-
cessfully used to show that the marine and terrestrial
carbon cycles were coupled through geological time.
However, there are inherent problems with the use of a
bulk-rock method, in that (1) not every sample is
characterized for percentage marine versus percentage
terrestrial organic matter; (2) the terrestrial organic
matter itself can be sourced from a variety of floral
components with varying abundances between samples;
and (3) the terrestrial organic matter may be composed
of floral components from varying environments and
thus varying isotopic signatures.

An alternative approach to using bulk terrestrial
organic matter for carbon—isotope stratigraphy is to
use discrete, identifiable floral components, such as
charcoal, coalified fragments and leaf cuticle. Although
a definitive, near-complete terrestrial 5]3Cp1am record
for the Valanginian has not been produced [55], other
time periods within the Mesozoic have successfully
been investigated, demonstrating the validity of the
approach [48,52,55-62].

Grocke et al. [58] and Hesselbo et al. [48,61] have
demonstrated that terrestrial 513Cp1am stratigraphies
can be constructed from biostratigraphically well-con-
strained marine successions using recognizable plant
fragments such as charcoal and coalified material.
Such data are directly comparable with marine ¢'°C
stratigraphies and provide a basis with which to
assign terrestrial sequences within a marine biostrati-
graphic framework, as shown by Robinson and Hes-
selbo [55] for the non-marine Wealden of southern
England (mostly Hauterivian—Barremian).

1.4. Aim of the study

The potential for correlating marine and terrestrial
sedimentary successions using 513Cplam records has

been shown in numerous records for the Mesozoic.
In this study we produced a fossil plant carbon—iso-
tope stratigraphy for a shallow-marine Valanginian—
Hauterivian succession from Kacha River, Crimea,
Ukraine that is constrained by bio-(ammonite) and
magneto-stratigraphy. The Valanginian period has
been largely ignored in the study of Earth history,
although more recently it has received attention
[5,15,16,63,64]. The 513Cp1am curve presented here
allows us to evaluate whether the Upper Valanginian
positive 6'°C excursion (previously recorded only in
the marine record) is recorded in the atmospheric
carbon reservoir.

2. Geological setting

The Early Cretaceous shallow-marine succession in
the Crimean region of the Ukraine (Fig. 1) contains
abundant fossil plant fragments preserved as charcoal
and coal. The stratigraphic succession illustrated in
Fig. 2 is a composite section measured from two
localities. The lowermost, Valanginian-age part of
the succession is located on the Kacha River, Reza-
naya Mountain, on the outskirts of Verkhorechie Vil-
lage (Section 23KP). The Hauterivian part is derived
from the southern slope of Belaya Mountain on the
northwestern outskirts of Verkhorechie Village (Sec-
tion 28KP; Fig. 2). These Early Cretaceous sediments
unconformably overlie folded metamorphic rocks that
are Triassic-Middle Jurassic in age [65].

Fossil plant material was found throughout the
Kacha River succession (with the exception of the
upper part of the Teschenites callidiscus ammonite
Zone). Other faunal components, including ammonites
(see below), rare belemnites and bivalves, were also
noted in the succession.

The lowermost part of the Valanginian succession is
dominated by oolitic sands and silty sands: a log of this
succession is shown in more detail in Ruffell et al. [66].
The Upper Valanginian—-Lower Hauterivian is also
dominated by clastic sedimentation, consisting of a
series of bioturbated, inter-bedded shallow-marine
silty sands and claystones. A stratigraphic gap (~5 m)
is observed within the Upper Valanginian due to poor
exposure.

2.1. Ammonite biostratigraphy

The ammonite biostratigraphic zonation of the
Kacha River section (Fig. 2) has previously been
defined [65,67-69]. The Berriasian to Lower Valangi-
nian part of the succession including the Thurmanni-
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Fig. 1. GMT map of Crimea, Ukraine generated from the Online Map Creation website (http:/www.aquarius.geomar.de/omc_intro.html). The
stratigraphic sections investigated in this study are located alongside the Kacha River, near the village of Verkhorechie.

ceras otopeta—Thurmanniceras pertransiens ammonite
Zones is relatively compact, with the Busnardoites
campylotoxus ammonite Zone condensed to a single
bed (Fig. 2). Following this is the Neohoploceras
submartini ammonite Zone, which also contains the
Neocomites peregrinus ammonite Subzone: no key
species are found in this interval from the Kacha
River (Fig. 2). The precise position of the Himanto-
ceras trinodosum ammonite Zone is unclear as the
definition of this zone is based upon a limited number
of key ammonites. The Upper Valanginian is more
expanded for the T. callidiscus and Eleniceras taur-
icum ammonite zones, although ammonite fossils be-
come less common. The Valanginian/Hauterivian
boundary as defined using ammonite biostratigraphy
is at the base of the Leopoldia desmoceroides ammo-
nite Zone at ~46.5 m above the base of Kacha River
succession. Therefore, the ammonite stratigraphy gen-
erated from the Kacha River can be directly compared
with that of the Tethyan scheme as outlined by Hoe-
demaceker et al. [70] and Reboulet and Atrops [71]

(Fig. 3).

3. Methodology

Adhering sediment was removed from fossil plant
samples through cleaning in deionized water in a soni-
fication bath. Samples with cemented sediment were
more vigorously cleaned with a brush. Samples were
subsequently air-dried, and examined under a micro-
scope to determine state of preservation: coal, charcoal
and charcoal-coal (Plate I). Samples were divided if
enough material was present for isotopic analysis: one
half was archived, while the second half was ground to
a fine powder in an agate mortar and pestle to form a
homogenized sample. All samples were examined
under a stereomicroscope while a representative group
of samples were examined under an environmental
scanning electron microscope. Use of the latter pre-
vented the samples from being coated with gold, thus
allowing subsequent geochemical analysis of that spe-
cific sample (if required).

All samples were treated with 3N HCI acid for a
minimum of 1 h until all the carbonate had reacted.
Carbon—isotope measurements were made on 95 sam-
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ples of plant material from the Crimean succession (51
samples from Section 23KP, and 44 samples from
Section 28KP) (Tables 1 and 2).

Powdered samples were weighed (between 1-3 mg),
placed in tin capsules, and put in a rotating carousel for
subsequent combustion in an elemental analyzer. The
gas sample was subsequently purified and passed
through a SIRA II Series 2 dual-inlet isotope-ratio
mass-spectrometer for isotopic analysis. Carbon—isotope
ratios were measured against an international standard
(NBS-21) and expressed in the standard delta (J) nota-
tion in per mil (%o0) against the internationally accepted
standard notation, Vienna Peedee Belemnite (VPDB).
Analytical reproducibility of replicate samples using
this method was better than =+ 0.1%o.

4. Results

The isotope data are shown in Tables 1 and 2, and
graphically in Fig. 4. The carbon—isotope results are
divided into two main groups (Valanginian=Section
23KP; middle Hauterivian=Section 28KP) based on
the two stratigraphic sections investigated. 513Cplam
average and standard deviations of the population for
Section 23KP and Section 28KP are —20.94%o
(£1.30%0) and —22.46%0 (% 0.83%0), respectively.
The most positive 513Cp1am value is from sample
23KP-7 (—18.17%0), while the most negative is
from sample 23KP-50 (—24.05%0). Percentage carbon
(%C) is generally low compared with modern char-
coalified plant remains (Tables 1 and 2), which ranges

Plate 1. Scanning electron microscope images showing the different states of preservation found in fossil plant fragments from Kacha River,
Verkhorechie, Crimea. All scale bars represent 100 um. (A) 23KP-1 — charcoal. (B) 23KP-1 — charcoal (close-up of A). Note, the very fine
sediment infilling the plant cells, with the occasional large sand grains (arrows). (C) 23KP-45 — charcoal—coal. On the surface this fragment looks
like coal, but note the broken surface in the top left hand corner (arrow). (D) 23KP-45 — charcoal—coal (close-up of C). Plant cells are still visible
(arrows), although through the process of compression, combined with heating has led to cell homogenization. (E) 28KP-40 — coal. The blocky
nature of this fragment led us to identify it as coal, but on closer inspection linear plant cell structure is still preserved (arrows), thus suggesting that
high-magnification identification may be a more suitable identifying process for future studies. (F) 23KP-42 — charcoal—coal. Note, the secondary
calcite infillings of the plant cells, highlighting the requirement that all terrestrial fragments must be ‘decarbonated’ prior to isotopic analysis.
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Table 1

8'3C data of fossil plant fragments from Kacha River, Rezanaya

D.R. Grocke et al. / Earth and Planetary Science Letters 240 (2005) 495-509

Mountain, Verkhorechie Village (23KP Section)

Table 2
6"3C data of fossil plant fragments from Belaya Mountain,
north-western outskirts of Verkhorechie Village (28KP Section)

Sample 1D Height 613Cplam %C Preservation Sample 1D Height 513Cplam %C Preservation
(m) (%0) (m) (%0)
23KP-48 1.20 —23.35 47.71 Coal 28KP-2 44.00 —21.86 34.51 Ch—coal
23KP-50 2.90 —24.05 20.21 Charcoal 28KP-3 44.00 —22.23 38.41 Ch—coal
23KP-52 3.60 —23.74 37.99 Coal 28KP-1 44.10 —21.93 50.07 Charcoal
23KP-51 3.65 —22.37 33.78 Ch—coal 28KP-6 44.20 —23.79 23.77 Charcoal
23KP-45 6.40 —23.71 25.53 Ch—coal 28KP-7 44.20 —23.93 36.16 Coal
23KP-47 6.60 —22.61 48.77 Ch—coal 28KP-4 45.10 —22.61 42.57 Ch—coal
23KP-40 7.30 —22.95 41.98 Coal 28KP-8 45.75 —23.17 39.28 Charcoal
23KP-46 10.00 —23.83 23.94 Charcoal 28KP-5 46.00 —21.66 39.49 Coal
23KP-42 11.20 —20.94 290.11 Ch—coal 28KP-12 46.80 —22.94 38.63 Coal
23KP-44 11.60 —21.30 28.93 Charcoal 28KP-11 47.00 —22.62 23.73 Ch—coal
23KP-43 12.70 —20.41 39.95 Charcoal 28KP-10 47.05 —22.62 39.10 Charcoal
23KP-26 13.40 —22.40 29.92 Charcoal 28KP-9 47.15 —22.38 45.39 Charcoal
23KP-24 13.80 —20.11 33.64 Ch—coal 28KP-14 48.50 —21.58 37.25 Ch—coal
23KP-25 13.80 —20.52 44.06 Ch—coal 28KP-15 48.50 —21.14 52.01 Charcoal
23KP-23 13.90 —21.26 36.86 Charcoal 28KP-16 48.65 —22.37 34.93 Ch—coal
23KP-21 14.70 —20.58 50.83 Coal 28KP-13 49.50 —23.45 43.89 Charcoal
23KP-22 14.70 —21.04 36.83 Charcoal 28KP-21 50.50 —22.36 26.02 Charcoal
23KP-19 14.95 —21.78 26.63 Charcoal 28KP-19 50.80 —21.21 48.18 Charcoal
23KP-20 14.95 —21.22 46.48 Coal 28KP-20 50.80 —21.79 27.90 Charcoal
23KP-18 15.00 —19.47 45.05 Coal 28KP-16 50.90 —22.49 30.76 Ch—coal
23KP-49 15.30 —20.95 42.99 Ch—coal 28KP-17 51.05 —21.88 39.58 Charcoal
23KP-17 15.65 —19.91 26.71 Charcoal 28KP-18 51.15 —21.09 37.03 Charcoal
23KP-33 16.05 —18.89 30.96 Charcoal 28KP-22 51.60 —23.59 55.98 Ch—coal
23KP-29 16.10 —20.28 35.45 Ch—coal 28KP-23 52.40 —24.04 41.82 Charcoal
23KP-32 16.25 —19.79 37.98 Coal 28KP-24 52.40 —22.51 23.33 Charcoal
23KP-27 16.50 —20.13 24.13 Charcoal 28KP-25 52.65 —22.78 36.79 Charcoal
23KP-28 16.55 —20.94 40.82 Charcoal 28KP-26 53.80 —22.84 31.73 Charcoal
23KP-30 16.75 —20.23 42.95 Ch—coal 28KP-31 54.80 —22.43 20.71 Coal
23KP-31 16.80 —19.47 37.85 Ch—coal 28KP-28 54.85 —22.14 30.81 Ch—coal
23KP-34 17.30 —19.38 42.73 Charcoal 28KP-30 54.85 —23.78 47.24 Charcoal
23KP-6 18.00 —-21.22 40.93 Ch—coal 28KP-29 54.90 —23.59 36.23 Ch—coal
23KP-8 18.00 —19.78 26.63 Charcoal 28KP-32 55.40 —21.05 33.43 Charcoal
23KP-7 18.25 —18.17 31.69 Charcoal 28KP-39 56.20 —21.21 29.03 Charcoal
23KP-2 18.60 —20.20 45.51 Charcoal 28KP-40 56.50 —21.08 26.42 Coal
23KP-1 18.65 —19.75 30.39 Charcoal 28KP-27 57.30 —22.36 38.41 Ch—coal
23KP-4 18.70 —20.64 45.11 Charcoal 28KP-41 57.60 —23.05 23.76 Ch—coal
23KP-3 18.80 —21.21 50.47 Coal 28KP-38 58.30 —22.77 20.26 Charcoal
23KP-9 18.80 —20.90 25.14 Charcoal 28KP-42 58.30 —23.85 37.62 Charcoal
23KP-5 19.15 —20.70 28.55 Charcoal 28KP-37 58.90 —21.74 35.71 Charcoal
23KP-10 20.00 —21.08 47.48 Coal 28KP-34 59.80 —22.21 31.98 Brown-ch
23KP-11 20.20 —20.73 51.05 Charcoal 28KP-35 60.00 —21.78 33.45 Charcoal
23KP-12 20.80 —21.90 34.84 Coal 28KP-43 61.40 —22.49 40.76 Ch—coal
23KP-16 21.20 —21.08 47.48 Ch—coal 28KP-36 62.30 —22.53 34.86 Coal
23KP-13 21.50 —19.49 37.29 Charcoal 28KP-33 63.00 —23.21 31.36 Charcoal
23KP-14 21.70 —20.42 49.56 Ch~coal Brown-ch represents a sample that was brown in colour, but preserved
23KP-15 22.10 —20.19 44.37 Charcoal like charcoal. See Table 1 for additional information.
23KP-38 22.80 —20.76 34.20 Charcoal
23KP-39 26.40 —19.37 38.64 Ch—coal
23KP-37 28.80 —20.50 40.99 Charcoal
23KP-36 29.30 —20.30 35.69 Ch-—coal
23KP-35 34.00 —-21.72 47.13 Charcoal

Preservation: coal, charcoal and charcoal—coal (Ch—coal). %C derived
from combustion during isotopic analysis.
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Fig. 4. 5'3Cplam data from the Valanginian—Hauterivian at Kacha
River, Verkhorechie. See Fig. 2 for additional information. Note the
brown charcoal sample.

between 45% and 80% depending on the temperature of
the fire [Grocke, unpub. data]: this may be caused by
the infilling of plant cells with sediment, and thus
sample weights being greater than a modern sample
of charcoal. Although %C is low, the average for each

stratigraphic section is very similar (Section 23KP=
37.72% + 8.25%; Section 28KP=35.69% =+ 8.22%),
suggesting that there is no major difference in the
degree of any potential diagenetic alteration at each
section, and that the observed trends in 513Cplant are
not related to %C. Although the plant material pre-
served ranged from charcoal to coal, this made no
difference in the overall long-term trend of the ¢ 13Cp1am
curve. This has previously been documented for Toar-
cian and Aalenian—Bajocian successions in the Jurassic
[48,61].

513Cp]ant values fluctuate between —22%o0 and
—24%o during the pertransiens—verrucosum ammonite
Zones, but rise rapidly in the upper verrucosum Zone to
values around — 22%o to — 20%o. During the trinodosum
and callidiscus ammonite Zones 513Cplam values remain
more positive (between —21%o0 and — 19%0) with the
most positive value occurring in the lower callidiscus
Zone (— 18%o). In the upper callidiscus Zone 513Cplam
values show a trend towards pre-excursion values, al-
though sample density becomes less in this part of the
stratigraphic section and this is also where the ~5 m
stratigraphic gap is located. 513Cplam values in the /eo-
poldina and loryi ammonite Zones (Hauterivian) remain
relatively constant at ~—22.5%o, with some internal
fluctuation (between —24%o0 and —21%o0). The amount
of scatter in the Kacha River data is similar to that noted
in previous comparable studies [55,58].

5. Discussion

5.1. Correlating the ocean—atmosphere carbon
reservoirs

The Valanginian—Hauterivian 513Cp1am curve from
Kacha River, Verkhorechie Village, Crimea records
the positive 6'°C excursion (Fig. 5) that was previously
known only from marine carbonate and marine organic
matter [1,38,50]. The lower part of the Kacha River
succession, although condensed, has relatively good
ammonite biostratigraphic control and the resultant
513Cp1am curve corresponds well with the Tethyan ma-
rine 0'*Ceup curve (Fig. 5). Initiation of the positive
513Cp1am excursion occurs in the Crimean submartini
ammonite Zone which, based on the correlations of
Baraboshkin et al. [72], would equate to the verruco-
sum Mediterranean ammonite zone.

The initiation of this positive 5'°C excursion within
Tethyan marine carbonates occurs at the campylotoxus—
verrucosum zonal boundary [34,73], although Henning
et al. [38] observed that the initiation of the Upper
Valanginian carbon—isotope excursion occurred wholly
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within the campylotoxus ammonite Zone. Channell et
al. [36,74] placed the initiation of the positive 6'°C
excursion within the Calcicalathina oblongata nanno-
fossil Zone. The biostratigraphy of these Italian sections
is based largely on nannoplankton data [1,36,74], as
they are poorly characterized by ammonite biostratig-
raphy, especially across the Valanginian—Hauterivian
transition. The ammonite scale used is based on a
correlation of nannoplankton and ammonite distribu-
tions in France, Spain and Germany in particular, where
ammonites are much more common. Channell et al.
[74] correlate the verrucosum ammonite Zone with
the interval between the CM11A and CM12 magneto-
chron Zones. It is at the top of magnetochron Zone
CM12 that Weissert and Erba [34] place the onset of the
Valanginian 6'°C excursion. Gradstein et al. [5] place
the verrucosum ammonite Zone at the base of magne-
tochron Zone CMI2. Recent paleomagnetic data
obtained from the Valanginian—Hauterivian succession
at Verkhorechie Village, Kacha River [75] suggest that
the peak of the 513Cplant positive excursion occurs at the
top of magnetochron Zone CMI12, thus confirming
earlier studies [34,38,74].

The peak of the positive 513Cp1am curve corresponds
well biostratigraphically between Crimea (within the
trinodosum—callidiscus ammonite Zones) and the Med-
iterranean (within the #rinodosum ammonite Zone)
[17,34,73]. For the upper part of the Verkhorechie
Village section the ammonite and magnetochron con-
straint becomes less robust with poor ammonite recov-
ery and little change in the magneto-stratigraphy,
respectively. Nevertheless, the 5]3Cp1am data does not
contradict a Lower Hauterivian age assignment, al-
though the gradual decline to pre-excursion values in
the Upper Valanginian is not recorded due to poor
sample recovery (Fig. 4). In addition, the relatively
high degree of scatter in 513Cplant from the Lower
Hauterivian disguises the gradual decline in carbon—
isotope ratios as seen in the Tethyan carbonate record
(Fig. 5).

Previous studies of long-term o 13 Cplant Tecords in the
Mesozoic have shown that the timing and duration of
carbon—isotope excursions are synchronous in marine
carbonate, marine organic matter and terrestrial organic

Table 3
Ad relations across the Upper Valanginian positive 6'>C excursion

Valanginian 6'3C excursion

Ao Locality Pre Peak Post Source
0"3Cea0"Cory  DSDP Site 535 29.9 294 29.1 [91]
0"Coa0"Corg  Polaveno 27.8 28.1 (1]
0"Cea0"Cory  Rio Corna 282 27.0 [1]
0"3Coar0"Cpant Crimea 24.6 224 242 Fig 5,
this study

matter [48,51-53,58]. Any discrepancy in the correla-
tion between Crimean and Italian 0'°C curves in terms
of biostratigraphy is likely due to problems associated
with ammonite and nannofossil correlations. Nonethe-
less, within the limits of biostratigraphic resolution,
there appears to be no time lag between carbon—isotope
excursions (both the initiation and decay) recorded by
both oceanic and atmospheric proxies for the Valangi-
nian—Hauterivian transition (Fig. 5).

5.2. pCO; fluctuations and a A513Ccarb_p,m,,
reconstruction

Delta—delta (A5=0"3Copi—0"> Corg) relationships
have been applied in paleoceanographic carbon—isotope
investigations in order to discern fluctuations in carbon—
isotope fractionation in organic matter, and thus used as
a proxy for pCO, concentrations [37,47,76]. Since
plants may also be considered in the same manner
[54,56-58,77,78], we have calculated the Ad dataset
between our terrestrial 513Cplant record (Fig. 4) and the
composite 8 '*C .y, record from the Tethyan region (Fig.
5). Table 3 shows a summary of the 6'°C records of
organic matter through the Valanginian period. It is
evident from the few records available for the Valangi-
nian that there is a lack ofa A9 shift in the marine records
prior to and at the peak of the 8'*C excursion, whereas
there is a distinct +2%o shift between the marine carbon-
ate and terrestrial plant record from Crimea. Although
more detailed marine and terrestrial records are required
to determine if this Ad shift is in fact significant, it
suggests a very intriguing paleoenvironmental event.

Modern 513Cp]zmt studies tend to indicate a change
in pCO, causes a shift in photosynthetic isotope frac-

Fig. 5. Valanginian—Hauterivian 313C correlation between the composite Tethyan bulk 6'3Ce,yp curve and the (313Cp].‘mt curve from Kacha River,
Crimea. The Tethyan bulk carbonate d'*C curve is based upon data from Lini et al. [1] and Channell et al. [36]. Tethyan 6'>C data are from Breggia,
Capriolo, Polaveno, Pusiano and Val del Mis [1,36]. Timescale is from Gradstein et al. [5]. An age-model was constructed for each section by
assigning ages to polarity chron boundaries, and thus points in the rock record. By assuming a constant sedimentation rate during each polarity
chron it was possible to assign an age to each isotopic data point. In order to achieve this, magneto-stratigraphic and biostratigraphic zonations have
been adopted directly from Channell and Erba [3] and Channell et al. [74,93,94], and the latest ammonite zonation revision presented by
Hoedemaceker et al. [92]. 8'3C correlations are based on bio- (ammonite) and magneto-stratigraphic data from the Kacha River succession. Note, the
Crimea 5]3Cplam data is plotted versus height and not an age-model as the Tethyan 513C e data.
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tionation and that a 10% decrease in pCO, leads to a
+0.5%0 change in 513Cp1am [57,79,80]. Therefore, the
+2%o change in A plane from the pre-peak to peak
segment of the Upper Valanginian §'°C positive ex-
cursion would indicate a drop in atmospheric pCO, in
the order of ~40%. Some contribution to this +2%o
shift in Ad carplant may be caused by other paleoenvir-
onmental factors such as an increase in temperature
and/or salinity affecting the 6'°C values of plants from
the Kacha River region. What is difficult to explain is
the lack of a similar shift in Adaporg in the oceanic
records, although the drop of ~1.2%0 from Rio Corna
would also indicate a drop in pCO,. Erba and Tremo-
lada [64] recently proposed an oceanic anoxic event
during the Upper Valanginian and it has been sug-
gested that periods of global organic carbon burial
are associated with a concomitant drawdown of CO,
[81,82].

Since the §'°C of the dissolved bicarbonate—carbon-
ate reservoir is determined primarily through the parti-
tioning of sedimentary carbon into the organic and
inorganic reservoirs, an organic carbon burial event,
such as an oceanic anoxic event, would result in a
positive d'>C excursion in the ocean—atmosphere sys-
tem. Such an event would lead to a drawdown of pCO,
and an absolute increase in atmospheric oxygen. A sim-
ilar mechanism has been proposed by Jahren et al. [62] to
account for the terrestrial 513Cplam record of the Aptian
OAE.

5.3. 4 Late Valanginian icehouse?

Erba et al. [63] recently proposed that the Valangi-
nian event is equivalent to an oceanic anoxic event
based on the 6'°Cuy record. However, at present it
does not appear that there was a discrete interval of
time in the Upper Valanginian during which global
organic—carbon burial rates were significantly elevated;
the major criterion for defining an oceanic anoxic event
[82]. Notwithstanding this, present evidence suggests a
cooling episode during the Lower to Upper Valanginian
[22,23,28,34,83—85], which based on our understanding
of the Earth climate system would also indicate a de-
crease in pCO,. Recently, Dessert et al. [86] indicated
that the weathering of basalts (i.e., the Parana-Etendeka
continental flood basalts) may induce a drop in pCO,,
which would be consistent with a cooling episode.

Our data and analysis support the recent suggestions
of Erba et al. [63]: the Late Valanginian experienced the
eruption of the Parana-Etendeka continental flood
basalts, an increase in surface-water fertility and pro-
duction, the development of localized black shales,

boreal excursions of marine fauna and increases in
global continental weathering. However, Erba et al.
[63] suggest that the cooling event post-dated the initi-
ation of the Valanginian 6'>C positive event based on
marine microfossils. Table 3 indicates that the oceanic
realm did record a significant pCO, change over the
Valanginian event, and thus a shift in microfossil
assemblages may be induced by paleotemperature
and/or seawater chemistry changes rather than dis-
solved oceanic pCO,. The 513Cplam data suggests that
the atmospheric realm experienced pCO, decreases
concurrent with the peak of the Valanginian event.
pCO, levels in the atmosphere are also affected by
other factors, such as silicate weathering, the net global
depositional rate of calcium carbonate, and volcanism
[39,42,87.,88].

We suggest that the Upper Valanginian was in fact a
period that endured a short-lived (<3 Myr) cooling
event and does not (as previously suggested) appear
to represent the initiation of the Cretaceous greenhouse
period [1]. The possibility that the paleoenvironment
prior to and/or after the Upper Valanginian d"3C posi-
tive event was experiencing greenhouse conditions is
not implausible. A closer examination of other positive
0'3C events in geologic time may in fact reveal them-
selves to represent periods of global cooling. It is
becoming increasingly apparent that the notion of an
equable, greenhouse climate throughout the Cretaceous
is erroneous. Geological warm periods were occasion-
ally interrupted by episodes of cooling and/or glacia-
tion, either locally or globally, and these short-lived
episodes are linked with pCO, changes in the ocean—
atmosphere system [14,17,24,32,89,90].
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