-

brought to you by . CORE

View metadata, citation and similar papers at core.ac.uk

provided by Open Research Exeter

Oxygen and carbon isotope and Sr/Ca signatures of high-latitude
Permian to Jurassic calcite fossils from New Zealand and New
Caledonia

Clemens V. Ullmann®®", Hamish J. Campbell¢, Robert Frei* and Christoph Korte?

@ University of Copenhagen, Department of Geosciences and Natural Resource Management and & Nordic Center for
Earth Evolution (NordCEE), Oster Voldgade 10, 1350 Copenhagen K, Denmark.
b University of Exeter, Camborne School of Mines and Environment and Sustainability Institute, College of Engineering,
Mathematics and Physical Sciences, Penryn, Cornwall, TR10 9FE, United Kingdom
¢GNS Science, 1 Fairway Drive, Avalon, Lower Hutt 5010, New Zealand.
*Corresponding author, email: c.v.ullmann@gmx.net Tel.: +44 1326 255721, fax: +44 1326 370450.

Abstract

Calcite fossils from New Zealand and New Caledonia provide insight into the Permian to Jurassic climatic history of
Southern High Latitudes (southern HL) and Triassic Southern Intermediate Latitudes (southern IL). These results permit
comparison with widely studied, coeval sections in Low Latitudes (LL) and IL. Oxygen isotope ratios of well-preserved
shell materials indicate a partially pronounced Sea Surface Temperature (SST) gradient in the Permian, whereas for the
Triassic no indication of cold climates in the southern HL is found. The Late Jurassic of New Zealand is characterized by
a slight warming in the Oxfordian—Kimmeridgian and a subsequent cooling trend in the Tithonian. Systematic variations
in the 8'*C values of southern HL samples are in concert with those from LL sections and confirm the global nature of the
carbon isotope signature and changes in the long-term carbon cycle reported earlier.

Systematic changes of Sr/Ca ratios in Late Triassic brachiopods, falling from 1.19 mmol/mol in the Oretian (early
Norian) to 0.67 mmol/mol in the Warepan (late Norian) and subsequently increasing to 1.10 mmol/mol in the Otapirian
(~Rhaetian), are observed. Also Sr/Ca ratios of Late Jurassic belemnite genera Belemnopsis and Hibolithes show synchro-
nous changes in composition that may be attributed to secular variations in the seawater Sr/Ca ratio. For the two belemnite
genera an increase from 1.17 mmol/mol in the Middle Heterian (~Oxfordian) to 1.78 mmol/mol in the Mangaoran (~late
Middle Tithonian) and a subsequent decrease to 1.51 mmol/mol in the Waikatoan (~Late Tithonian) is documented.

1. INTRODUCTION

Geochemical information derived from carbonate
fossils plays an important role in determining past envi-
ronmental parameters. Systematic analyses of fossil shell
calcite led to Phanerozoic compilations of oxygen and
carbon isotope ratios (Veizer et al., 1999), ¥’Sr/*Sr ratios
(Veizer et al., 1999; McArthur et al., 2001) and Sr/Ca
ratios (Steuber and Veizer, 2002). These compilations
have improved our knowledge about past environmental
conditions. They have refined long-range correlations of
sedimentary successions and have provided new insight
into secular changes in past seawater composition related
to tectonic and biological processes (e.g. Veizer et al.,
1999; McArthur et al., 2001; Steuber and Veizer, 2002;
Ullmann et al., 2013a; Shaviv et al., 2014). In recent
years, large, integrated datasets have been compiled.
Compilations covering the whole Phanerozoic now rely
on> 16,000 6"*C and 6'*0 values and provide information
about separate climatic zones (Prokoph et al., 2008).

Whilst such compilations have refined our understand-
ing of the long-term evolution of Earth’s surface, they are
characterised by a strong bias towards the analysis of ma-
terials from low palaco-latitudes. 87 % of the 6'30 data
reported for shelf carbonates by Prokoph et al. (2008)
comes from low palaco-latitudes and less than 2 % are
from high palaco-latitudes (>58°). This paucity of deep

time data from the high palaeo-latitudes has especially
impacted on our ability to provide stronger constraints
on global greenhouse climates. The high latitudes (HL)
respond more strongly to subtle climate change than the
tropical realm (Holland and Bitz, 2003). Furthermore,
the lack of HL data prevents characterization of impor-
tant parameters such as latitudinal temperature gradients
and high latitude faunal assemblages. For a more com-
plete understanding of environmental conditions in deep
time, it is therefore critical to target high latitude sites
(Dera et al., 2011).

Zealandian sedimentary successions were situated in
high (> 60°S) latitudes in the case of New Zealand and
in intermediate (30 — 60°S) latitudes in the case of New
Caledonia throughout the Permian to Jurassic (Adams
et al., 2007; Stevens, 2008). Zealandia therefore repre-
sents a key region for investigating high latitude climates
of the past. It is characterised by a long-lasting stable
tectonic setting (Mortimer, 2004), promising a reliable
geochemical record through this time interval, but Pal-
aeozoic and Mesozoic geochemical data are sparse for
Zealandian sediments. Only sections of major boundary
events and the Late Jurassic have been studied in detail
(e.g. Stevens and Clayton, 1971; Podlaha et al., 1998;
Krull et al., 2000; Grocke et al., 2003). To improve our
understanding of Permian to Jurassic climate in this im-
portant region, we report the stable carbon and oxygen


https://core.ac.uk/display/77032319?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

isotope composition, ¥’Sr/*Sr ratios as well as Sr/Ca
and Mn/Ca ratios of fossil shell materials of New Zea-
land and New Caledonia. These data provide a 150 myr
record isotope and Sr/Ca trends for the southern HL and
inform about changes in the pole-to-equator distribution
of major climatic zones and associated temperature gra-
dients for the Permian to Jurassic. Our Sr/Ca ratio dataset
generated from best preserved samples also appends the
currently small database for Permian, Triassic and Late
Jurassic fossil Sr/Ca ratios.

2. REGIONAL SETTING

The geochemical data presented herein are derived
from the analysis of shelly marine invertebrate fossils
collected from well-known mapped formations and lo-
calized outcrops from New Zealand (Brook Street and
Murihiku Terranes) and New Caledonia (Téremba Ter-
rane; Figs. 1-3).
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Fig. 1: Sample locations in New Zealand and New Caledonia (inset).

2.1 Palacogeography and plate tectonic evolution

The Brook Street and Murihiku Terranes originated
in a more or less autochthonous relationship ocean-ward
of the Median Batholith, a long-lived Devonian to Creta-
ceous magmatic complex on the South-eastern margin of
Gondwana. Within New Zealand, the Murihiku Terrane
is the least deformed and stratigraphically most coher-
ent basement terrane. The same can be said of the Té-
remba Terrane within New Caledonia. It has been shown
that, for all intents and purposes, the latter two terranes

Late Permian Late Triassic

are equivalents of each other but they represent different
segments of an elongate volcanic arc basin flank com-
plex that developed along an active subduction margin of
Gondwana (Hudson, 2000, 2003). Today, these two ter-
ranes are oriented more or less North-South and occupy
markedly different latitudinal settings: New Zealand be-
tween 46 and 37°S, and New Caledonia between 23 and
20°S.

The Permian (Brook Street Terrane), Late Permian-
Jurassic Murihiku Supergroup (Murihiku Terrane) fore-
arc volcaniclastic sequences of New Zealand and cor-
relative Baie de St Vincent Group (Téremba Terrane) of
New Caledonia (Fig. 3) represent inner shelf to bathyal
environments and are relatively fossil-rich. These fossils
are the basis of the well-established ‘local’ New Zealand
biostratigraphic zonal scheme which has been corre-
lated with the international geological time scale. These
correlations are based on common cosmopolitan fossil
bio-events (first appearance datums and last appearance
datums) using specific fossil taxa, mainly molluscs, in-
cluding bivalves, ammonoids and ammonites. A concise
summary of the New Zealand geological timescale and
its chronostratigraphic calibration and limitations is pro-
vided by Cooper et al. (2004) and Raine et al. (2015).

During the Permian to Jurassic, the shallow to deep
marine successions deposited in the vicinity of Antarc-
tica and Australia are believed to have been situated at
high palaeolatitudes (Fig. 2). Based on plant fossil as-
semblages (Pole, 2009) and sedimentary provenance
studies (Adams et al., 2007) it has been suggested that
New Zealand terranes may even have been situated be-
yond the Southern Polar circle (Zharkov and Chumak-
ov, 2001; Stevens, 2008; Torsvik and Cocks, 2013). For
New Caledonia Adams et al. (2007) estimate a palaco-
position close to Australia in the southern IL for the Late
Triassic. It is assumed that our study area was situated
in a stable plate tectonic setting throughout the Late Pal-
acozoic and much of the Mesozoic (Mortimer, 2004).
In the Cretaceous, a change in the tectonic setting led to
the migration of the arc, ceasing subduction at the south-
eastern Gondwana margin, and subsequent extension that
terminated the Austral Megasequence and started the
Zealandia Megasequence (Mortimer et al., 2014). This
extensional phase began about 105 myr ago and led to
the opening of the Tasman Sea, separating the Zealandian
crustal fragments from the Gondwana margin (Collot et

Late Jurassic

Fig. 2: Palacogeographic reconstructions for the Late Permian, Late Triassic and Late Jurassic, modified after Stampfli and Borel (2002). The grey
star marks the approximate position of the Brook Street and Murihiku terranes (New Zealand) and the white star shows the approximate position of

the Téremba Terrane (New Caledonia).



g O 5}
55 S2 §52 B
5 6% 58 £9
EFS 22 2 & g
80 2£ 28 35
i Ez £3 E£g5 ¢oF
Age Geologic New Zealand 3 S®» SZ m
Ma Time Scale 2012 Times Scale 2015 Lz 3 s
] ) . . . Puaroan
150 Tithonian Tithonian
. Ohauan
] Kimmeridgian Kimmeridgian
160—: Oxfordian Oxfordian Heterian
170- n i
] Aalenian Aalenian Temaikan
1801 Toarcian Toarcian
] Ururoan
] Pliensbachian Pliensbachian
190
] Aratauran
200
] Rhaetian Rhaetian Otapirian
210-
] Warepan
220 AN Otamitan
Oretian
230- ,
B Carnian Carnian
240
250 ]
. Wuchiapingian Wuchiapingian %
260
] Capitanian Capitanian
] Wordian Wordian
270+ Roadian Roadian
] Kungurian
E Kungurian
280 E
290
300

- known from outcrop

known from drill holes only

Fig. 3: Permian to Jurassic part of the Geologic Timescale after Gradstein et al. (2012) and New Zealand Timescale with
correlation to global time scale after Raine et al. (2015). Stratigraphic ranges of investigated terranes are indicated as bars.

al., 2009). The subsequent evolution of the Zealandian
successions follows a first order transgressive-regressive
cycle: separation (Momotu Supergroup), rifting and for-
mation of the Tasman Sea (Haeranga Supergroup), maxi-
mum marine inundation (Waka Supergroup), regression
and widespread emergence (Maui and Pakihi Super-
groups) (Mortimer et al., 2014).

Major displacement, shearing and uplift of the Austral
Superprovince rocks is related to the Tertiary formation
of the Alpine Fault, constituting the boundary of the Aus-
tralian and Pacific Plates (Cooper et al., 1987; Kamp et
al., 1989; Sutherland, 1999). Exposure of the New Cal-

edonian Téremba Terrane is related to Eocene obduction
(Cluzel et al., 2012).

2.2 Investigated terranes

The sedimentary successions studied here are part
of the Austral Superprovince of Zealandia, comprising
the Zealandian crystalline rocks and sedimentary rocks
of Gondwanan origin, whose geologic evolution is de-
scribed in detail in Mortimer et al., (2014).

Brook Street Terrane rocks of the Permian Productus
Creek Group are structurally complex, fossiliferous plat-



form sediments formed in a volcanic island arc setting
(Landis et al., 1999; Mortimer et al., 1999; Spandler
et al., 2005; Adams et al., 2007). The Productus Creek
Group yields the richest and best preserved shelly bra-
chiopod faunas of Middle to Late Permian age in New
Zealand. This succession is restricted to a small area east
of the Takitimu Mountains in Southland, South Island
(Turnbull and Allibone, 2003). Permian outcrops of the
> 500 m thick sequence of the Productus Creek Group
examined in this study are from the Southland Syncline
(Sporli, 1978, Fig. 1).

In New Zealand, the Murihiku Terrane occurs struc-
turally between the Early Permian to Middle Jurassic
Brook Street Terrane (to the West) and the Late Permian
to Middle Triassic Dun Mountain — Maitai Terrane (to
the East). Murihiku Terrane sediments of the Murihiku
Supergroup were deposited during the Late Permian to
Early Cretaceous (Campbell et al., 2003; Adams et al.,
2007). The volcanic arc that produced the original Muri-
hiku Supergroup sediments and tuffs is largely eroded
away but is interpreted to have been located within the
Median Batholith (to the west of the Brook Street Ter-
rane) and is represented today by plutonic remnants pre-
served in places, for instance, in Stewart Island and the
Foveaux Strait coast of Southland. The Murihiku Super-
group comprises mostly marine sediments with a diverse
and relatively rich fossil record. These sediments are
dominated by siltstone, sandstone and tuff and subordi-
nate conglomerate, shell beds, whereas limestones, cherts
and black shales are absent (Campbell et al., 2003). Re-
gressive phases leading to terrestrial sedimentation of
coarse-grained sandstones and gravels with abundant
plant material are recorded for the Middle Jurassic (Hud-
son, 2000). The thickness of Upper Permian to Lower
Cretaceous strata reaches at least 17.5 km, with an espe-
cially thick Upper Jurassic succession testifying to rapid
sedimentation of volcaniclastic material during this time
(Campbell et al., 2003; Kear and Motimer, 2003). The
Triassic succession in the Murihiku Supergroup has been
subdivided into local series and stages as follows from
oldest to youngest: The Early to Middle Triassic (Induan
to Ladinian) Gore Series: Nelsonian, Malakovian, Etal-
ian, Kaihikuan stages; and the Late Triassic (Carnian to
Rhaetian) Balfour Series: Oretian, Otamitan, Warepan,
Otapirian stages. Detailed biostratigraphic research has
recognised a number of major disconformities within the
Triassic (Campbell et al., 2003). These disconformi-
ties coincide with the bases of local stages and denote
significant non-representation of Triassic time. Norian
time is especially well-represented within the Murihiku
Supergroup, both in terms of fossils and stratigraphic
thickness. The Rhaetian is also well-represented in terms
of thickness, but has only moderate fossil diversity. The
Jurassic succession is subdivided into the Early Jurassic
Herangi Series: Aratauran, Otamitan; the Middle-Late
Jurassic Kawhia Series: Temaikan, Heterian, Ohauan;
and the Late Jurassic Oteke Series: Puaroan (Raine et
al., 2015; Fig. 3). Specimens from the Murihiku Terrane
were derived from outcrops in the Southland and Nelson
Synclines of the South Island and the Kawhia Syncline
on the North Island of New Zealand (Campbell et al.,
2003; Fig. 1).

The Téremba Terrane of New Caledonia comprises
island-arc-derived, volcaniclastic, medium-grained, grey-
wackes of Late Permian to Middle Jurassic age (Cluzel
et al., 2012). The > 1 km thick deposits of the studied
Upper Triassic fossil localities of the Baie de St.-Vincent
Group (Campbell, 1984; Campbell and Grant-Mackie,
1984) have been interpreted to represent forearc deposits
in a fully marine, near-shore setting (see Ullmann et al.,
2014a for further details). The local New Zealand stages
are directly applicable to successions of Baie de St Vin-
cent Group in the Téremba Terrane of New Caledonia.
Whereas the sequence covers Induan to Kimmeridgian
time, its sedimentary strata predominantly represent the
Norian to Toarcian. Like the Murihiku Terrane, also the
Triassic of the Téremba Terrane is characterized by a
thick and fossiliferous Norian and thick Rhaetian with
moderate fossil diversity. It also shares the major discon-
formities coinciding with bases of local stages with the
Murihiku Terrane. Samples from the Téremba Terrane
were derived from the Baie de St. Vincent area of New
Caledonia (Fig. 1).

3. MATERIALS AND METHODS
3.1 Samples

To investigate Permian to Jurassic environmental
conditions in the southern HL we sampled shell calcite
of brachiopods, bivalves and belemnites (n = 1423)
from Early Permian to Late Jurassic successions of New
Zealand and New Caledonia (Fig. 1). With only two ex-
ceptions (specimens NZ0138 and NZ0235A), the New
Zealand specimens acquired for analyses stem from the
Brook Street and Murihiku Terranes. New Caledonia
specimens were acquired from the Téremba Terrane.
Neither specimen NZ0138 (Rakaia Terrane) nor speci-
men NZ0235A (Caples Terrane) passed the screening for
diagnetic overprints and these terranes are therefore not
introduced in further detail.

A subset of the fossil specimens analysed here was
assembled during field work in November and Decem-
ber 2010 on the North and South Islands of New Zea-
land. Most of the material was sampled, however, from
bulk and reference collections held at the University of
Auckland, GNS Science and the University of Otago.
All sampled localities are recorded in the Fossil Record
Electronic Database (FRED) which is jointly owned and
operated by the Geoscience Society of New Zealand and
GNS Science. Essential information for the fossil locali-
ties sampled is given in Supplementary Table 1 and
meta data for the localities including information on age
assignments can be retrieved via the FRED (http://www.
fred.org.nz/)

3.2 Sampling routines

Geochemical signatures in fossil shell materials are
often found to be partially reset due to post-depositional
alteration, demanding careful optical and chemical ex-
amination of the fossil shells before palacoenvironmental



interpretation of the data (Ullmann and Korte, 2015).
3.2.1 Scanning electron microscopy

All samples were checked for preservation by optical
microscopy. For each specimen a flake of approximate-
ly I x 1 mm size was mounted on a stub for Scanning
Electron Microscopy (SEM, Fig. 4). The shell fragments
were gold-coated before introduction into the SEM. All
investigations were carried out using the FEI Quanta 250
SEM at the Geological Museum in Copenhagen in high
vacuum mode.
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Fig. 4: SEM photographs of different fossil shell materials. Scale bars
are 50 pm. A: well-preserved Temaikan (Middle Jurassic) brachiopod
shell (NZ0110D). B: recrystallized Aratauran (Early Jurassic) brachio-
pod shell (NZ0107B). C: well-preserved Flettian (Middle Permian) bi-
valve shell (NZ0207B). D: recrystallized Early Permian bivalve shell
(NZ0219). E: well-preserved Ohauan (Late Jurassic) belemnite rostrum
(NZ0264C). F: Puaroan (Late Jurassic) belemnite rostrum (NZ0033E)
showing significant recrystallization and dissolution.

3.2.2 Sampling of fossil calcites

Brachiopods were sampled with a stainless steel nee-
dle. The topmost shell layers were detached in order to
avoid contamination with slightly altered parts of the
shell and attached sediment. Because vital effects in the
primary layers of brachiopods may lead to isotopic dis-
equilibrium (e.g. Carpenter and Lohmann, 1995; Au-
clair et al., 2003; Parkinson et al., 2005; Cusack et al.,
2008; Yamamoto et al., 2010) we targeted only second-
ary layers for preparation. Similarly, bivalve shell frag-
ments were prepared for analysis with a stainless steel
needle after cleaning the shell surface by scraping off the
top layers. Belemnites were prepared using an electronic
hand drill equipped with a diamond sintered cylindrical
drill bit with a diameter of ~0.8 mm. Samples were taken
from translucent, brownish calcite of the rostra. Owing

to likely alteration (e.g. McArthur et al., 2007; Li et al.,
2012; Ullmann et al., 2013b) apical line and rims as well
as very pale, opaque parts were avoided. After cleaning
the surface by grinding away the surface with the drill,
belemnite samples were prepared either by drilling single
holes or traces from the outer growth bands towards the
apical line.

3.2.3 Analytical methods

Geochemical analyses of fossil materials were per-
formed using procedures outlined in Ullmann et al.
(2013b). Sample sizes were generally ca. 0.6 mg for
combined 6"C, 80 and trace element analyses. For car-
bon and oxygen isotope analyses using the IsoPrime Gas
Source Isotope Ratio Mass Spectrometer at the Univer-
sity of Copenhagen, protocols for continuous flow stable
isotope analyses described in Spotl and Vennemann
(2003) were adopted with adjustments due to laboratory
specifications. The accuracy of the method was checked
by multiple preparation and measurement of the interna-
tional reference materials NBS-18 and NBS-19, as well
as laboratory reference materials from the Freie Univer-
sitdt Berlin. The long-term (2sd) reproducibility of this
method, as determined from the measurements of the
in-house reference material “LEO” (Carrara Marble) in
2011, is 0.08 %o for 8'*C and 0.18 %o for 3'*0 (n = 649).
Trace element concentrations were determined from the
reacted carbonate remains that were used for stable iso-
tope analyses, employing routines analogous to those de-
scribed by Coleman et al. (1989) with an Optima 7000
DV ICP-OES from Perkin Elmer at the University of
Copenhagen. The reproducibility (2sd) for the reference
materials JDo-1 (n = 190) and JLs-1 (n=266) was better
than 2.4 % for Sr/Ca. Reproducibility (2sd) for Mn/Ca in
JDo-1 (n=190) was 2.8 % and 8 % in JLs-1 (n = 266),
with the higher uncertainty of the latter owing to its low
Mn/Ca ratios of ~29 pumol/mol. The analytical bias for
the element/Ca ratios, determined by the deviation of the
mean results for JDo-1 and JLs-1 from the values given
by Imai et al. (1996), is smaller than 2 %. Typical limits
of quantification were 1.3 pmol/mol for Sr/Ca ratios and
5.5 umol/mol for Mn/Ca ratios.

87S1/%Sr ratios were determined for a sub-set of sam-
ples that was chosen according to material availability,
coverage of the studied interval of time, as well as tex-
tural and chemical preservation markers. An average of
2.3 mg calcite was dissolved in 1 M HCI with a sample to
acid ratio of 1 mg/ml. 0.5 ml of the resulting solution was
used for trace element concentration measurement, the
rest was taken for strontium purification. After drying on
a hotplate at 80°C the residues were re-dissolved in ~0.2
ml of 3 M nitric acid. The strontium was purified with
3 M HNO, using Sr-Spec resin (Horwitz et al., 1992)
with EppendorfTM pipette tips (1 ml) - equipped with
a filter - as ion exchange columns. Purified strontium
was eluted with de-ionized water and, after the addition
of about 25 pl of 0.1 M H,PO, and a subsequent drying
at 80°C, loaded on single rhenium filaments in 5 pl of
Ta,0,-H,PO, matrix. *’Sr/*Sr ratios were measured with
a VG 54 Sector TIMS with 8 Faraday cups in dynamic
multi-collection mode at the University of Copenhagen.



Instrumental fractionation was corrected for by using an
exponential law. The repeatability of the method was
found to be 0.000018 (2 sd, n=18). Accuracy and pre-
cision of the measurements were checked by multiple
measurements of the reference material NISTSRM 987
giving a mean ¥’Sr/*Sr ratio of 0.710243 + 0.000022 (2
sd, n=15).

3.2.4 Preservation of geochemical signatures

To assess further the quality of preservation of the
fossil shells analyzed we examined their Mn/Ca ratios.
Mn is found to be enriched in fossil carbonates that have
experienced post-depositional alteration (e.g. Brand
and Veizer, 1980; Al-Aasm and Veizer, 1982; Veizer
et al.,, 1986; Brand, 1989; Denison et al.,, 1994). Mn
concentrations have therefore been widely applied as a
quality indicator of fossil carbonates (e.g., Voigt et al.,
2003; Korte et al., 2005a,b, 2008; Wierzbowski and
Joachimski, 2007; Nunn and Price, 2010; Ullmann et
al., 2013a,b).

In Late Triassic brachiopods from New Caledonia,
Mn enrichments are associated with trends towards very
negative 6"°C values (down to ~-21 %o), negative 8'*O
values (down to ~-13 %o), unradiogenic ¥’Sr/*Sr ratios
and lower Sr/Ca ratios (Ullmann et al., 2014a). In the
Late Jurassic succession around Kawhia (North Island,
New Zealand), enrichments in Mn are associated with
moderately low 6'°C values (down to ~-3 %o), negative
30 values (down to ~-12 %o), unradiogenic *’Sr/%Sr
ratios and a lowering of Sr/Ca ratios (Ullmann et al.,
2013b).

Common limits for Mn concentrations are 250 ug/g
for brachiopods and bivalves (Korte et al, 2005a; Korte
and Hesselbo, 2011) and 100 pg/g for belemnites (Price
and Mutterlose, 2004; Nunn and Price, 2010). The use
of static Mn limits is complicated by spatial and tempo-
ral geochemical variability of diagenetic fluids (Ullmann
et al., 2013b, 2014). Furthermore, it is possible that pri-
mary Mn uptake is significant during biomineralization
in settings with significant freshwater contributions (e.g.
Almeida et al., 1998; Vander Putten et al., 2000) and/or
dysoxic water masses (Korte and Hesselbo, 2011). Sam-
ples showing such primary enrichment would, however,
in most instances not represent fully marine conditions.
In order to avoid interpreting data in our records that are
affected by post-depositional alteration and effects of
marginal settings, we therefore adopt strict limits of Mn/
Ca < 0.20 mmol/mol for bivalves and brachiopods (Ul-
Imann et al., 2014a) and Mn/Ca of < 0.10 mmol/mol for
belemnites. Samples with intermediate degree of preser-
vation (Mn/Ca ratios up to 0.45 mmol/mol) are shown in
the figures with differing color code but are not used for
further calculations. Results for samples with Mn/Ca >
0.45 mmol/mol are not further discussed in terms of pal-
aeoenvironmental implications but all data generated are
provided online in Supplementary Table 2.

3.2.5 Presentation of the data

Most of the Permian to Late Triassic data was meas-
ured on brachiopods, whereas the Late Jurassic values

are chiefly from belemnites. Only very few bivalves were
found to be sufficiently well preserved to be incorporated
into the dataset and are therefore not discussed in detail.
In order to derive a long-term trend for the high palaco-
latitudes with acceptable statistical certainty and robust
age assignment, the New Zealand Stages and Substages
have been chosen as a timeframe (Figs. 5-8). This tem-
poral resolution also honours the fact that age assign-
ment of many of the studied fossil localities is limited
to the New Zealand Stage level. Correlations of the New
Zealand Stages to the International timescale are from
Raine et al. (2015). Figures 6-7 illustrate 8'°C and "0
data derived from brachiopod and belemnite calcite, with
the brachiopod data differentiated into New Zealand and
New Caledonia samples. Samples with Mn/Ca ratios in-
dicating very good preservation (< 0.20 mmol/mol for
brachiopods and < 0.10 mmol/mol for belemnites) are
plotted together with samples showing Mn/Ca ratios in-
dicative of good preservation (Mn/Ca > 0.20/0.10 mmol/
mol and < 0.45 mmol/mol). Average values are only cal-
culated from samples classified as very well-preserved
and only for intervals for which at least ten such samples
are available. Data from the IL are presented together with
HL data but with differing colour code. Only §"*C, 80
and Sr/Ca data from very well-preserved samples are de-
scribed and discussed below in detail and it is pointed out
specifically when data from other samples are integrated
in description and/or discussion.

4. RESULTS
4.1 ¥Sr/*Sr ratios

87S1/%Sr ratios measured for fossil localities of New
Zealand and New Caledonia are shown in Figure 5 (see
also Supplementary Table 3). The three values ob-
tained for Permian brachiopods of the Brook Street Ter-
rane (South Island) (Fig. 5) all show comparatively low
87S1r/%Sr ratios of 0.706784 to 0.706855. ¥Sr/*Sr ratios
of Triassic brachiopods of the Murihiku and Brook Street
Terranes (South Island) are more radiogenic and fall into
the range of 0.707551 to 0.707774, and *’Sr/**Sr ratios
of the Late Triassic of New Caledonia are even more ra-
diogenic (0.707749 to 0.707958). One Middle Jurassic
87S1/%Sr ratio from a belemnite of the Murihiku terrane
shows a value of 0.707058, and during the Late Jurassic
a general increase of ratios from 0.706838 to 0.707135 is
observed in Murihiku belemnites.

4.2 880 values
4.2.1 Permian-Triassic brachiopod data

The oxygen isotope composition of brachiopod shells
from the Permian to Jurassic of New Zealand and New
Caledonia is plotted in Figure 6. During the Early Per-
mian, three brachiopod oxygen isotope values vary in the
range of -1.1 to -0.1 %o0. Compared with the Early Per-
mian, higher variability amounting to a range of 3 %o and
values as light as -2.5 %o are observed in the Middle Per-
mian. The Late Permian Puruhauan Stage (~Wuchiaping-
ian) is characterized by §'°0 values significantly lower



than in the previous Stages (-2.5 to -1.3 %o; Fig. 6).

Only negative oxygen isotope values are recorded in
the HL fossil calcite from brachiopods of latest Permian
to Late Triassic age. Kaihikuan (late Ladinian - Carnian)
values of the Brook Street Terrane range from -4.8 to -1.4
%o (n = 59) and three values from the Murihiku Terrane
fall in the range of -5.7 to -2.3 %o. During the following
Oretian Stage (early Norian) 18 values from the Muri-
hiku Terrane span an interval from -6.1 to -3.9 %o, with a
single value at -1.2 %o. 22 Otamitan (middle Norian) val-
ues from the Murihiku Terrane generally range from -5.0
to -1.7 %o with two very negative values of -7.6 and -6.9
%o. Three well-preserved Warepan (late Norian) samples
from the Murihiku Terrane show values from -2.6 and
-2.0 %o. Otapirian (~Rhaetian) values from the Murihiku
Terrane range from -5.0 to 0.0 %o (n = 6).

IL brachiopod samples (New Caledonia) are avail-
able from the Oretian (early Norian), Warepan (late No-
rian) and Otapirian (~Rhaetian) Stages (Fig. 6). A single
Oretian value of -4.2 %o is on the heavy side of values
observed in the HL. Warepan values of -3.0 to -1.2 %o (n
= 7) are more variable, but compatible with HL values of
the same age. Also for the Otapirian IL values of -1.3 to
-4.7 %o (n = 44) compare well to HL values.

Average HL 8'0 values for the Triassic Stages for
which 10 or more data points are available decrease from
-2.9+0.3 %o (2err, n = 62) in the Kaihikuan (~ late Ladin-
ian - Carnian) Stage to -4.9 + 0.5 %o (2err, n = 18) in the
Oretian (early Norian) Stage (Fig. 6). This negative shift
is followed by an increase to -3.8 £+ 0.6 %o (2err, n = 22)
in the Otamitan (middle Norian). A continuation of this
increasing trend is indicated by comparatively positive
HL and IL isotope values in the Warepan (late Norian)
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and an average of -2.5 £ 0.3 %o (2err, n = 44) for the IL in
the Otapirian (~Rhaetian) Stage.

4.2.2 Jurassic belemnite data

Apart from two lower Temaikan (~Aalenian) bra-
chiopod values and two middle Temaikan (~Bathonian)
belemnite values, the Jurassic part of the dataset is con-
fined to Late Jurassic belemnite data from the Murihiku
Terrane. Three lower Heterian (~ Oxfordian) data points
show values between -1.6 and -0.6 %o. In the middle He-
terian (~ Oxfordian), more variable values of -4.1 to +0.8
%o are observed (n = 13) and upper Heterian (early Kim-
meridgian) data range from -1.3 to + 0.5 %o (n = 10).
Following lower Ohauan (late Kimmeridgian) data (-3.0
to +0.4 %o, n = 10) are more negative and more vari-
able than upper Ohauan (early Tithonian) values of -1.3
to +0.8 %o (n = 19).

Apart from the lower Ohauan Substage, which shows
a light average 8'*0O value of -1.5 £ 0.7 %o (2 err, n = 10),
average belemnite values in the Late Jurassic Substages
are compatible with a mean value of -0.5 %o. This mean
value is significantly more positive than Triassic brachio-
pod values and comparable to Permian values.

4.3 8"C values
4.3.1 Permian-Triassic brachiopod data

d"C values from three well-preserved Early Permian
brachiopod samples fall in the narrow range of +2.9 to
+3.5 %o (Fig. 7). From the Middle Permian, an increasing
trend from similar Barettian-Flettian (Kungurian - Capi-

Sr lookup table version 5
—— Srlookup table version 4b
—— Murihiku Terrane, North Island
= Murihiku, Brook Street Terrane, South Island

—— New Caledonia
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Fig. 5: ¥Sr/*Sr composition of shell materials plotted against the reference curve from McArthur et al. (2001) adjusted to New Zealand and Interna-
tional time scales as correlated in Raine et al. (2015). Red and blue curves show upper and lower confidence intervals, respectively. Black bars: Muri-
hiku Terrane, North Island, New Zealand; Blue bars: Murihiku and Brook Street Terranes, South Island, New Zealand, green bars: New Caledonia.



tanian) values of +2.7 to +4.6 %o (excepting a single val-
ue of +0.2 %o) is observed that reaches values of +4.3 to
+6.2 %o in the Puruhauan (~Wuchiapingian) Stage. This
Puruhauan maximum constitutes the highest absolute
(+6.2 %o) and average (+5.6 %o, n = 7) values observed in
the studied time interval (Fig. 7).

A subsequent decrease through the Late Permian
(+3.1 to +5.2 %o, n = 3 in the Makarewan; ~ Changhs-
ingian), continues into the Middle Triassic (Etalian;
~Anisian/Ladinian), where 5 values with intermediate
geochemical preservation index fall in the range of +0.3
to +0.7 %o. In the following Kaihikuan (~Carnian) Stage
8"3C increases to values of +2.1 to +5.4 %o and an aver-
age of +4.3 £ 0.2 %o (2 err, n = 62). For the Oretian to
Otapirian (Norian - Rhaetian) interval for which HL and
IL data are available, the 5*C values of both latitudinal
belts overlap (Fig. 7) and are thus discussed together. The
Oretian to Warepan (~Norian, Late Triassic) interval is
characterized by decreasing 6'*C values of +3.9 = 0.8 %o
(2 err, n = 18) in the Oretian (~early Norian) Stage to-
wards values between +1.9 and +2.1 %o in the Otamitan
(~middle Norian), Warepan (late Norian) and Otapirian
(~Rhaetian) Stages.

4.3.2 Jurassic belemnite data

As for oxygen isotope values, the Early and Middle
Jurassic are poorly constrained and data density does
not allow for sound interpretations of the trends. Three
lower Heterian (~ Oxfordian) data points show values
between +1.0 and +1.9 %o. Middle Heterian (~early Kim-

meridgian) values of +1.8+ 0.6 %o (2 err, n = 13) for be-
lemnites equal Otapirian (~ Rhaetian) values of brachio-
pods. The 6"C values then show a continuous, strong
decrease through the late Heterian and Ohauan reaching
2.5+ 0.6 %o (2 err, n = 14) in the Puaroan (~middle - late
Tithonian). Towards the Jurassic-Cretaceous transition
the 5'3C values show a rebound to more positive values
of -0.5 = 0.4 %o (2 err, n = 25) but remain lower than in
the pre-Puaroan.

4.4 Sr/Ca ratios

Average Sr/Ca ratios of Permian to Triassic brachio-
pod shells from New Zealand and New Caledonia and
of Late Jurassic belemnite rostra from New Zealand are
shown in Fig. 8. Too few data are available to robustly
constrain Permian brachiopod Sr/Ca ratios at the Stage
level. Permian brachiopods with Mn/Ca ratios below
0.2 mmol/mol in the Permian range from 0.57 to 1.26
mmol/mol, with an average of 0.95 = 0.11 mmol/mol (n
=19). Slightly lower values of 0.74 to 0.88 mmol/mol (n
= 3) are encountered for the Permian-Triassic transition
(Makarewan; Changhsingian - Induan).

After a data gap in the Early and Middle Triassic, bra-
chiopod Sr/Ca ratios of the Kaihikuan (~ late Ladinian
- Carnian) are significantly higher than in the Permian
(1.19 = 0.06 mmol/mol; 2err, n = 48).The remainder of
the Triassic is then characterized by a long-term decline
in brachiopod Sr/Ca ratios to 0.67 + 0.14 mmol/mol (2err,
n = 10) in the Warepan (late Norian) Stage. Towards the
end of the Triassic the Sr/Ca ratios increase again to 1.10
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Fig. 6: Oxygen isotope composition of fossil shells from New Zealand and New Caledonia in blue and white. Diamonds: brachiopods; Triangles:
belemnites. Large Dark Blue: averages for Stages (and Substages, where stratigraphic subdivision is robust and data density sufficient). Blue: brachio-
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red curve for IL from Dera et al. (2011). New Zealand and International time scales are from Raine et al. (2015).
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+ 0.07 mmol/mol (2err, n = 53).

Belemnite Sr/Ca ratios of the Late Jurassic are gen-
erally higher than Sr/Ca ratios of Triassic and Permian
brachiopods and rise from 1.17 = 0.05 mmol/mol (n=13)
in the Middle Heterian (late Oxfordian) to 1.78 + 0.04
mmol/mol (n = 14) in the Mangaroan (middle Tithonian).
The latest Jurassic Sr/Ca ratios (Waikatoan ~ late Titho-
nian) are slightly lower with a mean of 1.51 +0.06 mmol/
mol (n=25).

5. DISCUSSION

The absolute values and the variability of geochemical
proxies differ between individual Stages. The observed
heterogeneity of the dataset is controlled by climate and
carbon cycle perturbations occurring over sub-stage in-
tervals which cannot currently be resolved because of
lacking stratigraphic control for the dataset (see also
Veizer et al., 1999). In addition to environmental and
carbon cycle changes, potentially different habitats, vital
effects, and unidentified partial post-depositional altera-
tion of the analyzed specimens contribute to the recorded
variability. The subsequent discussion consequently fo-
cuses mainly on long-term trends of the newly generated
geochemical data set.

5.1. ¥Sr/*Sr ratios
The Permian and Triassic results generally show a

good fit to the marine Sr isotope curve (Fig. 5; Look-Up
Table Version 4: 08/ 04, and Version 5; Howarth and

McArthur, 1997; McArthur et al., 2001; see also Jones
et al., 1994; Podlaha et al., 1998; Korte et al., 2003,
2006). This part of the reference curve has been subject
to considerable change with the current Version 5 list-
ing significantly lower ¥Sr/*Sr ratios than the previous
version (Fig. 5). Diagenesis in Late Triassic brachiopod
calcite from the fle Hugon and ile Ducos (Baie de St Vin-
cent) area of New Caledonia is found to result in strongly
decreasing *’Sr/*Sr ratios (Ullmann et al., 2014a). The
same can be suggested for the Permian-Triassic calcite
fossils from New Zealand considering the unradiogenic
Sr isotope composition of Permian and Triassic volcani-
clastic sedimentary rocks of the Brook Street and Muri-
hiku Terranes (Adams et al., 2002). When compared to
the current Version 5 of the look-up table, all New Cale-
donian values apart from three appear to be too radiogen-
ic to be compatible with an Early Triassic age, whereas
a much better fit with the previous Version 4 is observed
(Fig. 5). One fossil locality with an incompatibly high
87Sr/%6Sr ratio (NC/f0003) lies in the Moindou-Téremba
area. The locality is situated about 60 km NW of the
other investigated New Caledonian fossil localities from
the fle Hugon and ile Ducos (Baie de St Vincent) area
and likely experienced a slightly differing diagenetic his-
tory. Without a viable source for radiogenic Sr in the Baie
de St Vincent sediments of New Caledonia, the look-up
table Version 4 is therefore preferred as comparison for
Late Norian and Rhaetian ¥St/*Sr ratios.

Middle and Late Jurassic belemnite data of the Muri-
hiku Terrane are in very good agreement with the ma-
rine strontium isotope reference curve, which itself is
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Fig. 7: Carbon isotope composition of fossil shells from New Zealand and New Caledonia in green. Diamonds: brachiopods; Triangles: belemnites.
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very well defined in this time interval (Fig. 5). The few
Jurassic data that are incompatible with their assigned
age are slightly too unradiogenic, which is in accordance
with observed diagnetic trends for the Murihiku Terrane
of the North Island (Ullmann et al., 2013b).

Otherwise good correspondence of #”Sr/*Sr ratios of
the New Zealand and New Caledonia samples with the
marine Sr isotope reference curve indicates that diage-
netic effects on shell geochemistry of samples that have
been classified as well-preserved have been minor. Be-
cause of measurement uncertainties, significant changes
to the marine Sr isotope reference curve and currently
unresolvable offsets from the newest reference curve at
least for the Late Triassic, further age refinement of the
samples employing their #Sr/*Sr ratios is not possible.

5.2. 6'%0 values
5.2.1. Permian-Triassic brachiopod data

The first identified Stage in New Zealand after the
Late Devonian is the Telfordian (Artinskian), which falls
into the late phase of the late Palacozoic ice age (Korte
et al., 2008; Isbell et al., 2012; Chen et al., 2013; Kani
et al., 2013; Waterhouse and Shi, 2013; Limarino et
al., 2014). Throughout the Permian, the new southern HL
oxygen isotope values are more positive than those meas-
ured for LL brachiopods (Fig. 6; Korte et al., 2005a),
but are comparable or somewhat heavier than those re-
ported for southern HL Australian samples (Korte et al.,
2008). In the Mangapirian (~Kungurian), for which HL
and LL data are available, the observed difference be-
tween the two realms is 4.2 £1.2 %o (2err). One Middle
Permian brachiopod value of +0.7 %o (Compston, 1960)

~~ brachiopods; Steuber and Veizer (2002)
2.4_- ~ = belemnites; Steuber and Veizer (2002)
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is slightly more positive than the heaviest value observed
in the New Zealand dataset (+0.5 %o). Convergence with
low-latitude values is indicated toward the Late Permian
as seen in more detail in LL conodont (Chen et al., 2013)
and brachiopod %0 (Korte et al., 2005a), but the south-
ern HL oxygen isotope data remain more positive than
in coeval LL latitude brachiopods, even though sparse
sample coverage and large data variability in LL and
HL records preclude precise quantification of the offset
(Fig. 6). Overall, the data are consistent with the high
palaeolatitude position of the Brook Street and Muri-
hiku Terranes, south of Tasmania (Adams et al., 2007)
and confirm the pronounced Permian pole-to-equator
temperature gradient observed by Korte et al. (2008).
The new data are compatible with a non-glaciated polar
Gondwana (Isbell et al., 2012), and with generally in-
creasing temperatures in eastern Australia/New Zealand
during the Late Permian as inferred from faunal assem-
blages (Waterhouse and Shi, 2013).

The new Triassic oxygen isotope values of HL Zea-
landian materials show no significant difference between
samples from New Caledonia and New Zealand. In con-
trast to the Permian, the Triassic results are comparable
to LL brachiopod data and overlap with LL data in the
Kaihikuan (~ Carnian), where an insignificant offset of
-0.3 + 0.4 %o (2err) is observed between the two realms
(Fig. 6). No macrofossil calcite data were previously re-
ported for the Norian low latitudes. As an approximation,
whole rock 8"0 values — overlapping with fossil data in
the late Carnian and Rhaectian (Korte et al., 2005b) —
indicate relatively stable climatic conditions throughout
the Norian. Conodont-derived temperature values from
the Lagonegro Basin (Italy) points to a distinct warm-
ing in the late Norian (Trotter et al., 2015), whereas the
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Fig. 8: Sr/Ca ratios of brachiopod samples with Mn/Ca ratios < 0.2 mmol/mol (green diamonds) and belemnite samples with Mn/Ca ratios < 0.1
mmol/mol (orange triangles). The coloured bands show the mean values of the Stages/Substages with 95 % uncertainty (Permian and Triassic
brachiopods and Late Jurassic belemnite data recalculated from Steuber and Veizer (2002) and Early and Middle Jurassic belemnite and oyster data

from Ullmann et al. (2013a)).



warmest temperatures in the Zealandian data are found in
the Oretian (~ early Norian). Considering the sparsity of
available data on this time interval, this disagreement can
currently not be resolved.

The similarity of Triassic LL and HL oxygen isotope
ratios of macrofossil calcite and the lack of significantly
more positive 680 values for the Triassic of Zealandia
suggest relatively low latitudinal temperature gradients
during the Triassic. Temperate to warm climates of HL
regions have been inferred in previous studies for Ear-
ly Triassic (Kidder and Waorsley, 2004; Grauvogel-
Stamm and Ash, 2005; Brayard et al., 2006; Preto
et al., 2010; Retallack et al., 2011; Retallack, 2013),
Middle Triassic (Taylor and Taylor, 1993; Cineo et al.,
2003; Retallack et al., 2011; Retallack, 2013) and Late
Triassic (Sellwood and Valdes, 2006), but other studies
concluded that considerable latitudinal SST-gradients
must have existed at least for parts of the Triassic (Bra-
yard et al., 2006; Zakharov et al., 2009).

Pervasive partial resetting of the oxygen isotope sig-
nature as explanation for our isotopically light southern
HL fossil data cannot strictly be ruled out and even the
most positive values measured here may have suffered
from some post-depositional isotopic exchange. Howev-
er, ¥Sr/%Sr ratios of fossils from Triassic localities of the
present study are generally compatible with the seawater
strontium isotope curve (Fig. 5), indicating only minor
effects of recrystallization on samples which passed opti-
cal and chemical screening for diagenesis. Also diage-
netic trends in brachiopods from New Caledonia that
affected carbon isotope ratios ~2.5 times stronger than
8"0 values (Ullmann et al., 2014a) speak against strong
alteration of the HL and IL oxygen isotope signatures.
Original 8"C values would have been extremely heavy
if significant diagenetic changes of the 6'80 signatures
in our Late Triassic materials had taken place (Fig. 7).
The observed discrepancies may rather be caused by pal-
aeogeographic differences between the Zealandian fos-
sil localities and the correlative data from the marginal
Tethyan Basins (Korte et al., 2005b; Mette et al., 2012),
with generally shallower water depths in the former (Ul-
Imann et al., 2014a). Analyses of fossils from other co-
eval successions would be necessary to clarify the nature
of the putative Late Triassic SST gradients.

5.2.2. Jurassic belemnite data

There is an ongoing discussion about the significance
of oxygen isotope ratios from belemnite rostra because of
their poorly constrained habitats and tendencies to point
to relatively cool palacotemperatures (e.g. Voigt et al.,
2003; Wierzbowski and Joachimski, 2007; Rexfort
and Mutterlose, 2009; Ullmann et al., 2014b; Serensen
et al., 2015). In their low latitude compilation, Prokoph
et al. (2008) addressed this issue by shifting all belemnite
oxygen isotope data by 2.5 %o to match coeval brachio-
pod values. This isotopically heavy signature is compat-
ible with a life style in which biomineralization in the
surface waters does not occur or is of subordinate impor-
tance. Consequently, the LL raw data of Prokoph et al.
(2008), the IL compilation of Dera et al. (2011) and the
new HL dataset from new Zealand, overlap entirely (Fig.

11

6) with LL average 8'0 values of up to +1.4 %o (Callo-
vian). The use of belemnite oxygen isotope records for
assessing global SST gradients is therefore problematic.
Regional temperature changes throughout the Jurassic,
however, seem to be well-captured by belemnite oxygen
isotope ratios (e.g. Dera et al., 2011; Korte and Hes-
selbo, 2011; Ullmann et al., 2014b for Europe; Stevens
and Clayton, 1971 for New Zealand). Relative changes
in belemnite oxygen isotope records may thus be taken to
be of environmental significance.

For the Early and Middle Jurassic only few data are
available from the Murihiku Terrane and no clear pal-
aeoenvironmental conclusions can be drawn. For the Late
Jurassic of New Zealand, Stevens and Clayton (1971),
Podlaha et al. (1998) and Grocke et al. (2003) report
a slight warming from the Oxfordian to Kimmeridgian.
Such a climatic trend cannot be deduced from the mean
values of the present study which do not differ signifi-
cantly between middle Heterian (~late Oxfordian; -1.0 +
0.8 %o, 2err) and early Ohauan (~middle Kimmeridgian;
-1.5 + 0.7 %o, 2err). A slight warming, however, is indi-
cated by decreasing 'O maxima of the corresponding
middle Heterian to lower Ohauan Substages (Fig. 6). To-
wards the end of the Jurassic 8'*O values increase to at
most +1.6 %o in the Waikatoan Substage of the Puaroan
Stage (~Late Tithonian), representing the highest values
of the new record (Fig. 6). These values are heavier than
those reported for northern IL of central Europe (Jenkyns
et al., 2002), and are in excellent agreement with data re-
ported by Ditchfield (1997) for the northern HL (Torden-
skjoldberget Member of Svalbard ranging from the Ti-
thonian to Valanginian Stages). Our new values for the
latest Jurassic southern HL also resolve the problem of
apparently asymmetric global temperature distribution
with unproportionally warm southern HL suggested by
Grocke et al. (2003) for this interval, which appears to
have been an artifact of sparse data availability. The sub-
sequent warming through the Jurassic-Cretaceous bound-
ary reported by Grocke et al. (2003) is not visible in our
new data due to the lacking coverage of this interval in
the present study.

5.3 "*C values
5.3.1 Permian-Triassic brachiopod data

The new HL Zealandian carbon isotope trend (Fig.
7) is compatible with the compiled record published by
Prokoph et al. (2008). The heaviest 6"*C values occur
in the Permian and are taken to be related to globally
high rates of organic carbon burial (Berner, 2003, 2005).
The maximum in the early Late Permian Puruhauan (~
Wauchiapingian) Stage, however, seems to be ~10 Ma de-
layed with respect to the compilation of Prokoph et al.
(2008) (Fig. 7). Values > +6 %o were found for Kungu-
rian samples from the Australian Bowen Basin (Korte et
al., 2008) and Tasmania (Mii et al., 2012), China (Korte
et al., 2005a), Russia (Grossman et al., 2008), as well as
the Kazanian of Spitsbergen (Mii et al., 1997) (see Mii
et al., 2013 for a compilation). The Puruhauan is current-
ly regarded an informal unit whose distinct brachiopod
fauna shows similarities with the Wuchiapingian faunas



of the Cherrabun Member in the Canning Basin (West
Australia) (Cooper, 2004) and the Puruhauan is therefore
assumed to represent the time equivalent of the Wuchiap-
ingian. 6'3C values of the Puruhauan brachiopods are sig-
nificantly more positive than those from the Cherrabun
Member (Korte et al., 2008). The inclusion of the Echi-
nalosia ovalis Zone in the previous Flettian Stage (Coop-
er, 2004) makes it unlikely that the Puruhauan localities
are significantly older than Wuchiapingian/Capitanian,
though (see brachiopod and bivalve zonal interpretations
in Korte et al., 2008 and Waterhouse and Shi, 2013).
To decide, whether the very positive 8'°C values of the
Puruhauan fossil localities are a local phenomenon or
global in nature would require further assessment of the
stratigraphic position of the Puruhauan strata.

The distinct carbon cycle perturbation associated
with the Permian-Triassic mass extinction (see Korte
and Kozur, 2010 for a review), which is captured in or-
ganic matter in the Nelson area of New Zealand (Krull et
al., 2000) is only poorly represented in our record (Fig.
7). This is due to lacking resolution, insufficient sample
coverage and poor preservation in this critical interval.

The Kaihikuan (~ late Ladinian - Carnian) of Zea-
landia is characterized by relatively heavy §"°C values,
evidencing the recovery from the Permian-Triassic mass
extinction. Zealandian values are on average 1.3 + 0.3
%o (2err) heavier than reported for the LL (Korte et al.,
2005b; Prokoph et al., 2008). This offset is also observed
for the Otapirian (~Rhaetian) IL (New Caledonia), albeit
smaller, amounting to 0.6 £+ 0.4 %o (2err). A palaeolatitu-
dinal reason for this effect is difficult to reconcile, since
the positioning of the Zealandian terranes as well as their
palaeogeographic situation are not unambiguously con-
strained to high precision (see e.g. reconstructions of
Stampfli and Borel, 2002; Scotese, 2004; Adams et al.,
2007; Shi et al., 2010; Torsvik and Cocks, 2013). Be-
cause there is no modern analogue for shelf areas in HL
settings — probably even affected by the polar night— with
comparable biotic activity it can only be speculated, how
flora and fauna shaped the carbon cycle in the southern
HL. Pronounced photosynthetic activity during the sum-
mers may have played a role for the comparatively heavy
carbon isotope values of the investigated HL materials.
Pronounced SST gradients could lead to heavier 6"*C sig-
natures in high latitudes due to increasing fractionation
factors between atmospheric CO, and DIC with decreas-
ing temperature (Zhang et al., 1995). 50 values of high
latitude calcite fossils (Fig. 6) contradict this mechanism,
however, unless major contributions of freshwater led to
isotopic depletion of the seawater 6'0 without altering
its 8"*C signature. Furthermore, such a 8"*C gradient is
not observed in modern oceans either (GEOSECS, 1987;
Marchal et al., 1998). The evolution of the carbon iso-
tope values throughout the Norian relies mostly on stable
isotope measurements on bulk carbonate material (Mut-
toni et al., 2004; Krystyn et al., 2007; Richoz et al.,
2007). Comparison of our southern HL brachiopod data
with the tropical realm is therefore complicated. Never-
theless, a decreasing trend of bulk 3"*C values throughout
the Norian has been observed by Muttoni et al. (2004),
albeit less pronounced than observed here and with lower
absolute values.
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5.3.2 Jurassic belemnite data

No apparent offset of carbonate isotope ratios between
high and low latitudes is visible in the Jurassic. The abso-
lute values of the new high latitude dataset are similar or
lower than in the available compilations of Prokoph et
al. (2008) and Dera et al., (2011) (see also Stevens and
Clayton, 1971; Podlaha et al., 1998). Belemnite ros-
tra tend to exhibit large intra-specimen heterogeneity of
d13C values (e.g. Wierzbowski and Joachimski, 2009;
Serensen et al., 2015; Ullmann et al., 2015) and there
is good indication for vital effects in some species (e.g.
Wierzbowski, 2002; Serensen et al., 2015). Relative
offsets (or their absence) between the latitudinal realms
might therefore be an effect of differing species assem-
blages (for an attempt at quantification, see Prokoph et
al., 2008). Relative carbon isotope trends in belemnite
rostra over long time spans, however, are found to reli-
ably track changes in the global carbon cycle (e.g. Dera
et al., 2011; Korte and Hesselbo, 2011; Ullmann et al.,
2015).

dBC wvalues show a decreasing trend throughout
the Late Jurassic in all three latitudinal belts, including
also the northern high latitudes (Stevens and Clayton,
1971; Weissert and Mohr, 1996; Podlaha et al., 1998;
Grocke et al., 2003; Price and Rogov, 2009). This long-
term decrease is generally interpreted to be the result of
changing global carbon cycle systematics from the Late
Jurassic into the Early Cretaceous: The latter is thought
to be characterized by a lower ratio of organic matter ver-
sus carbonate burial than the former, enriching carbon in
the short-term carbon cycle in '*C through time (Weis-
sert and Mohr, 1996).

5.4 Sr/Ca ratios

The good agreement of #Sr/*Sr ratios for the samples
from the Murihiku, Brook Street, and Téremba Terranes
with the seawater Sr isotope curve (Fig. 5) indicates that
post-depositional effects on the measured Sr/Ca ratios are
minor. Apart from diagenetic effects on Sr/Ca ratios in
fossil materials, brachiopods have been found to show
large inter-species variability in Sr/Ca ratios (Brand et
al.,, 2003), thus complicating the direct interpretation
of the observed significant brachiopod Sr/Ca changes
throughout the Permian and Triassic (Fig. 8). The Sr/Ca
ratios of Permian brachiopods reported here are in good
agreement with Permian data of Steuber and Veizer,
(2002). The steep decrease in Sr/Ca ratios through the
Middle-Late Triassic transition reported by Steuber and
Veizer (2002), however, is not supported by our new
results. Carnian data of the Steuber and Veizer (2002)
database that suggested a Middle to Late Triassic Sr/Ca
decrease stem from the Western Carpathian Silicka Br-
ezova section and were subsequently interpreted to be
affected by diagenesis (Korte et al., 2005b). The Late
Triassic data reported here rather point to a significant
increase in seawater Sr/Ca ratios from the Middle to Late
Triassic and a subsequent decreasing trend that is re-
verted in the Late Norian (Fig. 8). Latest Triassic values
observed here are again in good correspondence with the



results presented in Steuber and Veizer (2002). Further
data acquisition and cross-calibration with other methods
for seawater reconstruction will be necessary to make
a robust statement, if the indicated Late Triassic secu-
lar change in seawater Sr/Ca indeed took place, as also
changing fossil assemblages can potentially lead to con-
siderable changes in average observed Sr/Ca ratios (see
data from Brand et al., 2003). The very limited Jurassic
brachiopod data illustrate an intermediate position of
brachiopod Sr/Ca ratios between lower oyster Sr/Ca and
higher belemnite Sr/Ca ratios. This pattern is consistent
with previous findings (Voigt et al., 2003; Wierzbowski
and Joachimski, 2007; Korte and Hesselbo, 2011; Ul-
Imann et al., 2013a) and indicates that the observed first
order trends of Sr/Ca ratios in fossils through time is of
palaeoenvironmental significance..

The newly analysed Sr/Ca ratios of Late Jurassic
belemnites (Belemnopsis spp. and Hibolithes spp.) con-
tinue the belemnite- and oyster-derived Sr/Ca trend of
Ullmann et al. (2013a) which runs broadly parallel to
the seawater ¥Sr/**Sr record as in the Early and Middle
Jurassic. While in very good agreement with the data re-
ported in Ullmann et al. (2013a), the belemnite Sr/Ca
ratios from Podlaha et al. (1998) are consistently lower
than our Late Jurassic data.

Currently, absolute seawater Sr/Ca ratios cannot be
unequivocally estimated from the Belemnopsis-Hibo-
lithes assemblage, because no modern belemnite analogue
with calcitic rostrum exists. Calibrations using other fos-
sil groups could not be done for the interval investigated
here due to lack of apprpriate material. Relative trends in
the new data, however, indicate rising seawater Sr/Ca ra-
tios from an absolute minimum in the Callovian-Oxford-
ian throughout the Late Jurassic, and a sharp decrease of
~15 %, preceding the Jurassic-Cretaceous transition.

6. CONCLUSIONS

Our new carbon and oxygen isotope data and Sr/Ca
ratios from carbonate fossils of the Permian to Jurassic
southern HL show significant, systematic variations.

Oxygen isotope ratios suggest a pronounced SST gra-
dient in the Permian and possibly parts of the Jurassic, but
comparatively warm HL in the Triassic. Carbon isotopes
follow the general trends described for intermediate and
low latitudes, further strengthening the global nature of
secular variations in the global exogenic carbon cycle.

Newly reported brachiopod Sr/Ca data append the ex-
isting Permian database and fill a previously existing gap
in the Late Triassic record. Brachiopod-based seawater
Sr/Ca ratio estimates should be further calibrated to al-
low for a more robust estimate of seawater Sr/Ca ratios.
Late Jurassic belemnite Sr/Ca ratios complete a Jurassic
belemnite Sr/Ca curve, closely resembling the coeval
global marine ¥Sr/*Sr curve.
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