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ABSTRACT

An understanding of local and regional climate trends is essential to investigate
the remarkable angiosperm radiation that happened during the Albian-Cenomanian
transition. However, many of the inland depositional environments pioneered by the first
modern angiosperms are poorly represented in the fossil record. Eastern Canada in
particular has a very poor Mesozoic record. In this paper, we present the first multivariate
palaeoclimate analysis (CLAMP) for the environment of a geologically isolated woody
dicot dominated flora found in the Redmond no.1 mine, Labrador, near Schefferville,
with an estimated Cenomanian age. It reveals that the Redmond flora would have
experienced a mean annual temperature of 15.1 £ 2.1 °C, one of the coolest recorded for
North America at this time. These results confer the Redmond no.1 site a warm temperate
and fully humid climate with a hot summer, in accordance with previous qualitative
palaeoclimate estimates. This flora fits smoothly into palaeolatitudinal MAT gradients
that use other Cenomanian-estimated North American floras. Despite an inland setting,
the climate analysis does not recover a significantly higher degree of seasonality than the
sites to which it is compared, which agrees with established climate equability models for
the Cretaceous and Paleogene. This study also introduces 15 new morphotypes
discovered in recent fieldwork. The eventual description of the species they represent
may refine our dating estimates for the Redmond Formation. A greater understanding of
the depositional environment and of the natural history of these angiosperms is required
to improve this community’s characterization, along with estimates from other proxies.

Key words: angiosperms, Cenomanian, palacoclimate, MAT, Redmond Formation

Palaeo%tology



Page 5 of 58

oNOYTULT D WN =

48

50

52

54

56

58

60

62

64

66

68

70

Palaeontology

The Albian-Cenomanian transition in the middle of the Cretaceous period
witnessed ecological and evolutionary changes that laid the foundations of modern
terrestrial communities. Not least of these is the radiation of the angiosperms from the
disturbed or early successional settings that had witnessed their evolution for the previous
30 Myr (Doyle and Hickey 1977; Crane et al. 1995). After thriving as lowland riparian
and estuarine weeds (Royer et al. 2010), early angiosperms underwent a spectacular
ecological diversification and expanded their geographical range into more stable inland
environments, often coinciding with the decline of established groups such as conifers,
pteridophytes, ginkgoaleans and Benettitales (Retallack and Dilcher 1986; Lupia et al.
2000; Coiffard et al. 2012).

Many of the hypotheses that attempt to explain this floral turnover revolve around
a combination of biotic and abiotic factors. In certain modern environments, angiosperms
are known to have a higher competitive ability than other plants due to higher
productivity under high nutrient concentrations (Berendse and Scheffer 2009). This
competitive ability may have led to positive feedbacks with increased fire regimes during
the Albian-Cenomanian transition as global atmospheric pCO, and temperatures
increased (Bond and Scott 2010). These abiotic changes may also have induced a positive
feedback with photosynthetic capacity through an increase in venation complexity, which
is correlated with an increase in wood hydraulic efficiency and the appearance of the first
angiosperm trees (Philippe et al. 2008; Feild et al. 2011). This remarkable radiation can
be explained in part by co-evolution with pollinating insects such as Hymenoptera and
Lepidoptera (Grimaldi 1999), but also by an understanding of global and regional

climatic trends. The latter can be detected in the foliar physiognomy.
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Despite a constant flow of newly described palaeofloras from across the world,
some regions, such as eastern Canada, remain poorly represented in the fossil record. The
southern half of the palacocontinent of Appalachia is well represented by coastal and
estuarine floras ranging in time from the Barremian to the Cenomanian (Newberry 1886;
MacNeal 1958; Doyle and Hickey 1977), and changes from the Albian to the Turonian
are represented by floras from the western coast of Laramidia (Miller et al. 2006; Jonsson
and Hebda 2015). In comparison, very little is known of Appalachia’s northern inland
ecosystems. Early palaeolatitudinal climate gradients established for Cenomanian North
America were almost totally restricted to low palaeolatitudes around 30°N (Wolfe and
Upchurch 1987), though updated gradients are complemented by recently studied floras
from Alaska (Spicer and Herman 2010).

An enigmatic angiosperm-dominated flora from Labrador may provide insight
into this poorly studied part of the Cretaceous world. Soon after its discovery alongside a
few insect impression fossils during iron ore prospection near Schefferville, it was
biostratigraphically correlated with North American Cenomanian-aged floras, though no
detailed description was ever published (Dorf 1959, 1967). So far, no other Mesozoic
angiosperm floras have been reported from eastern Canada. This would also make it one
of the earliest known woody dicot floras to flourish far inland, alongside assemblages
from central Alaska’s Yukon-Koyukuk basin (Herman et al. 2016), Siberia’s Vilui basin
(Spicer et al. 2008), and the Winton Formation of central-western Queensland (Fletcher
et al. 2014). A quantitative palacoclimate estimate using leaf margin analysis (LMA) has
already been obtained for the Labrador flora and was compared with coeval floras to the

North and South (Armstrong 1993; Miller et al. 2006). However, this univariate method
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for palaeoclimatic reconstruction is fraught with limitations (Greenwood ef al. 2004;
Peppe et al. 2011; Li et al. 2016), and estimates from this site have been based on a
limited dataset.

In this paper, we present the first palacoclimatic reconstruction founded on the
Climate Leaf Analysis Multivariate Program (CLAMP) (Wolfe 1993; Spicer 2006) for
this locality. The morphological diversity of the flora under study has also been expanded
by the recent discovery of new leaf morphotypes on the field. These results are integrated
to data from approximately coeval Cenomanian North American floras and refine our
understanding of climatic trends at this ecosystem’s local scale and at a broader

continental scale.

GEOLOGICAL SETTING OF THE LABRADOR CRETACEOUS FLORA

The angiosperm flora that is the object of this study is preserved in the Redmond
Formation, a sedimentary unit named after the Redmond no.1 mine, located 16 km south-
southeast of Schefferville (Dorf 1967) at a latitude of 54°41°N and a longitude of
66°45°W, close to the Quebec border (Fig. 1). This abandoned iron mine contains the
only known exposure of the formation in a very complex geological setting. It contains
clastic minerals constituting three distinct lithologies, although almost all fossils have
been found in a single one: a fine-grained, evenly banded ferruginous argillite with a very
pronounced umber colour and a 60% red hematite content (Blais 1959). Before iron ore
mining operations brought the formation out of stratigraphical context, it formed a very
restricted bed not exceeding 1.5 m in thickness, traced for approximately 152 m (Blais

1959). This bed was lying in the upper section of a basin-shaped space 1,524 m long, 508
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m wide, and up to 183 m deep containing sterile argillite and iron-rich ‘rubble ores’,
which was in turn overlain by a 3 to 5-m overburden of glacial deposits (Dorf 1967;
Séguin 1971). The argillite in the thin bed has a finer grain size, a darker colour, and a
much higher abundance of well-preserved fossils, than the surrounding sterile argillite.

Hypotheses concerning the depositional environment of these fossils have yet to
be tested. The most widely accepted one proposes a shallow lacustrine setting based on
very fine grain size, a very thin lamination, and well-preserved soft tissues such as leaf
and wing venation in fossilized plants and insects (Blais and McMahon 1958; Blais
1959). These characteristics distinguish low-energy freshwater systems such as lakes
from higher-energy fluvial/deltaic systems in which soft-bodied organisms are more
likely to be decomposed (Behrensmeyer and Hook 1992, pp.42-43). Blais (1959) states
that the high alumina content displayed in the argillite is indicative of a lateritic

palaeosol, a soil type usually formed in tropical to subtropical climates (Craggs et al.

2012), although this evidence alone is barely sufficient to suggest a hypothesis. Historical

fossil collections for the site contain angiosperms leaves representing at least 27 species,
which are the main focus of this study, along with at least 1 lycopod, at least 4 true fern
species (spread among Polypodiales and Gleicheniales), and at least 4 conifer species
(Dorf 1959, 1967; Armstrong 1993; Fig. 2). Along with an assortment of insect species
(Carpenter 1967; Emerson 1967; Ponomarenko 1969; Rice 1969; Fig. 3), these fossils
offer a glimpse of a lakeshore environment surrounded by an angiosperm-dominated
mixed mesophytic forest.

The Redmond basin is underlain disconformably by stratified iron ores found in

jaspoid and carbonate-silicate cherts that are part of the iron-rich Sokoman Formation,
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deposited around 1,878 MA in the Paleoproterozoic (Conliffe 2016). The Sokoman is
underlain by the Ruth Formation, composed of ferruginous shale (Blais 1957, 1959).
Together, they are part of the Kaniapiskau Supergroup, the geological unit that
constitutes the Labrador Trough, a 48-km wide folded and faulted geosyncline containing
sedimentary and volcanic rocks that stretches for approximately 1,120 km along the
border of northeastern Quebec and western Labrador (Blais 1957; Zajac 1974; Conliffe
2016), and along the eastern margin of the Archaean Superior Province (Conliffe et al.
2012).

The Labrador Trough has been formed by two main orogenic events : a period of
folding in the late Precambrian (between 1,500 and 1,250 MA), and a later one for much
of the Mesozoic that probably led to the opening of the North Atlantic ocean between 250
and 200 MA (Tremblay et al. 2013; Conliffe 2016). The Redmond basin is likely the
remnant of a graben: this folding and down-faulting continued after the deposition of the
Redmond fossiliferous argillite bed giving its steep dip of 45° to the east (Blais 1959). As
this tectonic activity increased the graben’s depth, it was progressively infilled with
muddy sediments containing dead leaves and insects (in the case of the Redmond
Formation), and/or rubble ores of clastic origin mixed with fallen trees (Blais and
McMahon 1958). Similar basins were reported in the French, Burnt Creek and Ruth Lake
mines, located 4 km West of Schefferville. In Ruth Lake, entire lignitized tree stumps
were found in a breccia 30 m below ground surface, some of which reach almost 1 m in
diameter (Usher 1954). Nowadays, they are also out of context because of the mining

activities that followed their discovery.
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The presence of a megafloral assemblage in the ferruginous argillite bed provides
the only relative dating estimate for the Redmond Formation itself. Dorf (1959)
conducted a biostratigraphical correlation with already known North American floras and
found that it was most similar in composition to the Raritan, Dakota, and Tuscaloosa
formations, which are all considered of Cenomanian age, between 93.9 and 100.5 MA
(ICS Chronostratigraphic Chart, v 2018/8; Fig.1).

Based on the interbedding between the clays and the rubble ores, Blais (1959)
concluded that the latter must have been of similar age (Late Cretaceous) and included
them in the Redmond Formation. Assuming its dating is correct, this makes it the only
known exposure from the Mesozoic era in the Quebec/Labrador Peninsula. The
sedimentary unit in closest spatial and temporal proximity would be northern Ontario’s
Albian Mattagami Formation (White et al. 2000).

While the age of the argillite formation is already poorly constrained, that of the
surrounding rubble ores is even more debatable. The interbedding noted by Blais (1959)
only proves that some of the leaching happened during the Cretaceous (Conliffe et al.
2012; Conliffe 2016). The implied long duration of fault movement and resulting rubble
ore formation restrains us from including the entirety of the region’s rubble ores in the
Redmond Formation (contra Blais, 1959). This makes it impossible to correlate the Ruth
Lake wood to the insects and leaves found in the Redmond no.1 mine’s ferruginous
argillite, and so renders the tree stumps’ cell structure unsuitable as an alternative
palaeoclimate proxy (Carlquist 1977; Wolfe and Upchurch 1987) for Cenomanian eastern

Canada.
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MATERIAL AND METHODS
Fossil collection and identification

The fossils used in this study were collected from the Redmond no.1 mine over
five separate occasions: the first in September 1958 for Princeton University (Dorf 1959;
Rice 1969), which now resides at the Yale Peabody Museum of Natural History (YPM) ;
two for the Geological Survey of Canada (GSC) (G. Gross, 1960 and D.C. McGregor,
1961); one in 2013 by the Musée de paléontologie et de [’évolution (MPE); and a joint
expedition between the MPE and the Redpath Museum (RM) in August 2018, in which
the first author participated. On the 2013 and 2018 expeditions, the fossils were surface
collected on spoil piles scattered around the now flooded mine since the original bed had
long been destroyed by mining activities. Alongside new leaf specimens, new insects
were discovered, including the first aquatic nymphs reported from the site, as well as
more complete aquatic coleopteran specimens (Figs 3A, 3C; Demers-Potvin and Larsson,
in prep.). The 2013 expedition also produced ichnofossils of bioturbators moving along
the water bottom (Fig. 3F). A survey of neighbouring mines in 2018 did not reveal any
exposed fossil-bearing argillites similar to those found in the Redmond no.1 mine.

The YPM collection is the only one in which an attempt to identify the flora was
made before this study. Its classification was undertaken by Leo J. Hickey; the notes he
left with the YPM specimens were consulted by the first author to guide our subsequent
identifications. A total of 177 specimens have been assigned to 46 morphotypes using
leaf architectural characters (Hickey 1973; Ellis et al. 2009). The identification of most of
the morphotypes in this study agrees with the species identifications originally performed

by Hickey. However, 15 morphotypes are based on new leaf forms discovered in the

Palaeo%tology



oNOYTULT D WN =

208

210

212

214

216

218

220

222

224

226

228

230

Palaeontology Page 12 of 58

2013 and 2018 expeditions, and one is based on a specimen observed at the GSC
(Demers-Potvin and Larsson 2019). Each has been assigned a morphotype quality index
(MQI), ranging from 0 to 7, that expresses the completeness of the specimens on which it
is founded (see Harris and Arens 2016 for details). The argillite tends to fracture
conchoidally, which means that leaves found along bedding planes are often fragmentary.
The ensuing loss of morphological characters introduces much uncertainty in the
attribution of a specimen to a given morphotype. For this reason, many of the leaf
fragments collected could not be integrated into the analysis.

A summary of the morphotypes is presented in Table 1. Photographs of the
morphotype exemplars are presented in Figs 4-7. GSC, MPE and RM specimens were
photographed with a Sony a6000 camera with an FE2.8/50 macro lens, and YPM
specimens with a Nikon D7100 camera with a 50mm macro lens. Measurements used in
the descriptions were made on Fiji (Schindelin ez al. 2012). More complete descriptions

are found in Demers-Potvin and Larsson (2019).

Palaeoclimatic Reconstruction

One way of estimating a palaeoecosystem’s climate using biological proxies is to
infer it from the physiognomy of its fossil leaves. A positive correlation in many extant
floras between the percentage of species with untoothed margins and their habitat’s mean
annual temperature (MAT) was first proposed by Bailey & Sinnott (1915, 1916), and
later became the basis for the univariate method of leaf margin analysis (LMA) (Wolfe
1979; Wing and Greenwood 1993; Wilf 1997; Greenwood 2007). Based on the

observation that leaf physiognomy responds to multiple environmental factors (Dolph
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and Dilcher 1979), a more complex palacoclimate reconstruction model, the Climate Leaf
Analysis Multivariate Program (CLAMP), was developed by Wolfe (1993) and
subsequently refined (e.g. Spicer 2006; Yang et al. 2015). This is the first time that the
Redmond flora’s climate has been estimated with this method. Every CLAMP analysis on
a fossil assemblage is based on two spatially related modern datasets. The first is a
physiognomic calibration dataset composed of extant floras from sites worldwide that
have been scored for the same character states as fossil sites. Every physiognomic
calibration dataset has its corresponding meteorological calibration dataset in which, in
the most common configuration, 11 climate parameters found to be correlated with leaf
physiognomy have been measured on each site or derived from standard global gridded
data. The data from physiognomic and meteorological dataset matrices is united in a
Canonical Correspondence Analysis (CCA) (ter Braak 1986). The morphotypes of a
given fossil site are then scored using the same protocol as the modern sites. This
positions a fossil leaf assemblage passively in the physiognomic space formed by leaves
from extant calibration vegetation, leading to quantitative predictions of palacoclimate
parameters at the time of fossil deposition. Further details on the method can be found on
the CLAMP website (Spicer 2006; Yang et al. 2011, 2015).

To ensure a sufficiently high statistical precision for the results, a minimum of 20
fossil morphotypes (Wolfe 1993), with a scoring completeness greater than 66% (Yang et
al. 2011), is recommended. After its 46 morphotypes were scored, the Redmond flora
displayed a CLAMP scoring completeness of 65% (see scoresheet in Demers-Potvin and
Larsson (2019)). The matrix was analyzed using the CLAMP Online tool (Spicer, 2006,

accessed September 27 2018; Yang et al., 2011). A preliminary CLAMP analysis was
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made using global calibration files (PhysgGlobal378 and HiResGRIDMetGlobal378, n =
378 sites), which positioned the Redmond flora well away from sites in cold climates
(Spicer 2006). Extraneous evidence of an environment that did not experience a freezing
period comes from the occurrence of an entomofauna in which some taxa are
predominantly associated with tropical to subtropical climates, such as a medium-sized
phasmatodean (Rice 1969; Brock 2004, p.222; Fig. 3B), a termite (Emerson 1967,
Grimaldi and Engel 2005, p.241; Fig. 3D), and a snakefly belonging to the extinct family
Alloraphidiidae (Carpenter 1967; Grimaldi and Engel 2005, p.339; Fig. 3E).

A more definitive analysis was performed using the Physg3brcAZ calibration
dataset derived from temperate Northern Hemisphere sites (n = 144). Climate calibrations
were made using both the gridded (GRIDMet3brAZ) and ungridded (Met3brAZ)
meteorological datasets to compare results between the two sampling methods. While the
ungridded dataset is based on calibration vegetation sites, the gridded dataset attempts to
correct for the lack of climate stations close to potential calibration vegetation sites at low
latitudes by using a 0.5° x 0.5° grid of global interpolated climate data based on the

dataset of New et al. (1999) (Spicer et al. 2009).

RESULTS

The CLAMP results for the Redmond no.1 site are presented in Table 2. The first
CLAMP analysis for this locality presents a MAT of 15.1 £2.1 °C. The results from
gridded and ungridded datasets are statistically indistinguishable, in accordance with

Spicer et al.’s (2009) tests.
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Not only does the palaeoclimate data from the Redmond flora yield invaluable
information on the environment of a region otherwise devoid of Cretaceous fossils, but
the site would have occupied a palaeolatitude estimated at 48.8°N (van Hinsbergen et al.
2015a; Table 3). This means it is the most northerly site from eastern North America to
present an early Late Cretaceous angiosperm flora, since the age of Greenland’s Atane
Formation is questionable (Wolfe and Upchurch 1987; Boyd 1993). This palaeolatitude is
poorly represented in the eastern North American Cenomanian angiosperm fossil record
(Miller et al. 2006). The climate parameter values of the Redmond no.1 site were then
compared with coeval North American Cenomanian floras (Table 3). Comparative mean
annual temperature values from leaf-margin analysis (LMAT) were obtained from entire-
margin frequencies of 12 sites compiled by Miller et al. (2006). The original LMAT
estimates for the Redmond Formation were calculated by Hickey & Armstrong (1998),
those for the Raritan, Patapsco, Dakota, Woodbine and Dunvegan formations were
calculated by Wolfe and Upchurch (1987), and that of Chandler, Alaska, was calculated
by Parrish and Spicer (1988).

Comparative CLAMP values were obtained from GRIDMET3BR analyses of
three sites: Tuscaloosa, Woodbine (Spicer and Herman 2010), and Nanushuk (Herman et
al. 2016). Additionally, two floras from the Dakota Group (age Cenomanian) were scored
for CLAMP estimates (see Methods) to increase the Cenomanian site sample size. One of
these floras was collected in Fort Harker, Ellsworth Co., Kansas, during separate
expeditions (Lesquereux 1892), and is now curated at the Yale Peabody Museum of
Natural History (YPM). After examination, it was divided into 92 morphotypes with 89%

completeness. The other, found in Rose Creek, Jefferson Co., Nebraska, was scored from
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published descriptions (Upchurch and Dilcher 1990) into 18 morphotypes with 68%
completeness. The CLAMP scoresheets for these additional floras are provided in
Demers-Potvin and Larsson (2019).

The MAT data from Table 3 was then plotted against palaeolatitude with separate
regressions for the LMA and CLAMP estimates on Fig. 8. For each site, palaeolatitude
estimates were obtained from van Hinsbergen et al. (2015a), using the reference frame of
Torsvik et al. (2012) (see van Hinsbergen et al. (2015b) for more details). We still deem
the LMA-based implied regression a necessary comparison because it is based on a larger
sample size than the CLAMP-based regression. The R? values and regression equations

are presented in the legend to Fig. 8.

DISCUSSION

The dominance of medium-sized angiosperm leaves in the Redmond assemblage,
as well as the presence of insect taxa accustomed to mild or warm climates, led to
qualitative hypotheses predicting a warm temperate to subtropical climate (Blais 1959;
Dorf 1959). According to the updated Koppen-Geiger climate classification system
(Kottek et al. 2006), the region’s coldest month mean temperature (CMMT) of 7.8 +
3.4°C is between the -3°C and 18°C values that define warm temperate climates, its
disparity in precipitation between the three wettest and three driest months is
nonsignificant, and its warm month mean temperature (WMMT) exceeds 22°C. A
marked disparity of more than 15°C between CMMT and WMMT, along with a growing
season of 8.4 £ 1.1 months, is indicative of a moderate seasonality. The growing season

would have been far longer than that of more extreme environments such as Late
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Cretaceous Alaska’s polar deciduous forests (Herman et al. 2016), which is not surprising
considering the Redmond Formation’s intermediate palaeolatitude and coincidentally
long photoperiod. These quantitative results confer the Redmond no.1 site a warm
temperate and fully humid climate with a hot summer (Cfa) (Kottek et al. 2006), which
confirms the initial qualitative hypotheses. This precision in climate classification was
attained in part because of the multivariate nature of CLAMP.

Contrary to the LMA used in previous work on the Redmond Formation
(Armstrong 1993; Hickey and Armstrong 1998), CLAMP encompasses 12 more leaf
physiognomic characters that demonstrate a response to climate parameters. These
additional variables provide more insight into an extinct ecosystem’s seasonal cycle and
photoperiod (Herman et al. 2016). By acknowledging the covariation between many leaf
traits and multiple environmental factors (Dolph and Dilcher 1979), CLAMP assumes
that a climate signal can be obtained from more correlations than the single correlation on
which LMA is founded (Wolfe 1993; Spicer 2006; Yang et al. 2015). Conversely, leaf
margin analyses of floras found in freshwater settings (the most common depositional
environment) are more susceptible to confounding factors such as soil hydrology
(Kowalski and Dilcher 2003), overrepresentation of toothed-margined species in riparian
settings (Burnham ef al. 2001) and evolutionary history (Greenwood et al. 2004; Little et
al. 2010; Peppe et al. 2011). CLAMP also has an advantage over climate analysis
methods based on more continuous leaf character states, such as Digital leaf
physiognomy (Royer et al. 2005; Greenwood 2007; Peppe et al. 2011), since it has been
thoroughly tested for a longer time, and its uncertainties better addressed and understood

(Wolfe 1993; Spicer 2006; Yang et al. 2015). Despite the fact that a single character (leaf
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margin) still explains >80% of the variance in MAT (Wing and Greenwood 1993; Wilf
1997), the CLAMP results from the gridded dataset remain the most accurate ever

produced for the Redmond flora.

Sampling uncertainties. The completeness score of the Redmond flora is just below the
recommended threshold of 66%, so information loss for some characters may affect the
results. The fragmentary nature of many of the new morphotypes — often represented by
only one RM specimen — takes a particular toll on the completeness of the dataset. When
they are removed, it rises to 80%. Unsurprisingly, the morphotypes with the highest
sample size (8 and 26) are also those that display the highest phenotypic plasticity (Figs.
41-L, 6D-F; Demers-Potvin and Larsson 2019). Conversely, the small sample size of most
morphotypes (91.3% represented by fewer than 10 specimens; see Table 1) means that
much of the phenotypic plasticity characteristic of Cenomanian floras is not detected in
the fossil assemblage (Spicer, pers. comm., 2019), which may lead to over-splitting of
morphotypes in the presence of newly acquired specimens with new morphological
character combinations. It has been demonstrated that incomplete preservation has a
particularly detrimental effect on the accuracy of palaeoclimate estimates derived from
sites with many singletons (Royer et al. 2005), as is the case for the Redmond flora
(Table 1). At least, the high number of singletons leads to a morphotype diversity that is
much higher than the recommended minimum (see Methods). Demers-Potvin and
Larsson (2019) discuss the erection of these new morphotypes, but a more detailed

description of potentially new species is necessary to resolve their status.
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Another sampling uncertainty has biological ramifications for the climate
predictions. It is assumed in this study that all angiosperm leaves recovered are indeed
woody dicots (Dorf 1959, 1967). Hickey and Armstrong (1993) classified YPM
specimens of very small size in this guild, and so the classification of morphotypes
discovered in more recent expeditions maintained this consistency. Herbaceous plants
have been shown to display much less consistent physiognomic responses to climate (Li
et al. 2016), but their effect on our results are probably trivial, because their leaves do not
shed, and so rarely fossilize. In turn, this statement assumes that Late Cretaceous
lacustrine palaeofloras are sufficiently similar to modern ones.

In any case, the more taxon-dependent data supports the woody dicotyledonous
nature of this flora. Table 1, Figs 4-7 and Demers-Potvin and Larsson (2019) show that
many of these morphotypes can reach a notophyll size class and a complex venation
pattern, which are characteristic of woody dicots. Many are comparable in size and
complexity to newly discovered leaves from the Turonian Mancos Shale Formation
which have been attributed to trees (Jud ez al. 2018). This would make the Redmond flora
slightly older, assuming the relative dating of the formation is accurate (see Geological
setting).

Taxon-independent leaf economic traits could also be determined. One such trait
is vein density (Dy), which has been shown to reflect life-form in angiosperm leaf
assemblages (Crifo et al. 2014) and could be quantified on a much larger sample size.
Leaves with a higher D, have an improved photosynthetic capacity, and their
synchronous appearance with the oldest angiosperm wood known suggests that it was a

key adaptation to the increase in hydraulic capacity necessary to sustain such complex
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organisms as trees (Philippe ef al. 2008; Feild et al. 2011). This study should be the next
step to improve the ecological characterization of each species of the Redmond flora,
refining our capacity to build subsequent CLAMP datasets. Most importantly, its results
could support Dorf’s (1959, 1967) hypothesis that the larger Redmond leaves belong to

some of the oldest known angiosperm trees.

Local spatial and temporal resolution. Blais’ (1959) description of the Redmond
Formation in geological context is highly valuable, since it is the only way for modern
workers to gain insight into the site’s geological setting. Furthermore, the hypothesis of a
lacustrine depositional environment is now confirmed after the discovery of the first
articulated and relatively complete specimens of aquatic insects (Figs 3A, 3C; Demers-
Potvin and Larsson, in prep.). The argillite’s fine grain size and thin laminations were
already indicative of a lake environment (Picard and High 1972), and so is the remarkable
preservation state of some of the newly discovered insects (Grimaldi and Engel 2005,
p-42).

However, Blais’ survey did not address the site’s temporal resolution since it did
not approach it from a palaeoecological perspective. The formation’s modest depth of 1.5
m (Blais 1959) and its lacustrine origin suggest a high temporal resolution
(Behrensmeyer and Hook 1992, pp.82-83). Unfortunately, Blais did not calculate
sedimentation rates based on its laminations, nor did he map fossil occurrences along a
stratigraphic section, to support his hypothesis. If such a section had been produced, it
might have been possible to infer the lake’s variations in oxygen content, which could

have been inferred by mapping the occurrences of ichnofossils produced by benthic
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bioturbators (Behrensmeyer and Hook 1992, pp.42-50). In turn, insight on oxygen
content could have contributed to an explanation of the fauna and flora’s preservation
state. It is mentioned that the bed was evenly laminated, but it remains difficult to
estimate the duration represented by each lamination in this argillite. As for the
distribution of the flora along the temporal axis of the formation, it is not specified
whether plants were concentrated at a few levels, or widespread along the entire
stratigraphic column (Dorf 1967). This means that any palacoclimate estimate derived
from this flora must account for some taphonomic time-averaging. Further
sedimentological analyses of these argillite laminations, as well as a refinement of the
current relative dating estimate based on the description of new macrofossils and
palynological analyses, may provide insight on this issue.

As for the spatial resolution, it is quite difficult to assess, since most of the leaves
found in the fossil assemblage could have belonged to trees growing away from the
lake’s vicinity (Greenwood 1992). At least, the specimen that represents Morphotype 46
might be of a more autochthonous origin (Fig. 60; Demers-Potvin and Larsson 2019) .
This leaf displaying a peltate petiole origin is very similar to leaves from the Potomac
Group that were proposed to be floating on the water surface, a substrate where there is
less mechanical stress on the petiole (Hickey and Doyle 1977). On the other hand, a
peltate petiole origin is also encountered in leaves growing from tropical forest trees
(Jacques et al. 2015). Since its habitat is not certain and its morphotype quality is among
the highest (Table 1), we have decided to include it in the CLAMP analysis along with

other morphotypes whose woody dicotyledonous status is less equivocal.
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The Cenomanian Quebec/Labrador climate in a North American context

The Redmond MAT is the coolest recorded for Albian-Cenomanian eastern North
America, and likely attributable to the combination of a higher latitude than other known
sites and an inland location. Such conditions have been reported elsewhere at this time
(Spicer et al. 2008; Herman et al. 2016). Complementary CLAMP results suggest a
moderate seasonality in the Redmond flora’s inland setting (Table 3), though it certainly
was not as high as Armstrong (1993) imagined: neither the length of the growing season
(LGS) nor the disparity between CMMT and WMMT are significantly different from the
other sites it was compared with. The MAT gradient suggests either a genuine climatic
equability between inland and nearshore environments in Cenomanian eastern Canada, or
locally mild riparian conditions favourable to angiosperm invasion, or both. Given the
global warming that was occurring during the Albian-Cenomanian transition, the latter
hypothesis must be considered (Arens and Harris 2015), although it can only be tested
with the discovery of more exposures of the Redmond Formation in Quebec and
Labrador. In any case, the probable woody dicot life-form of most morphotypes indicates
that they could thrive in more stable environments alongside gymnosperms by the
Cenomanian, which is consistent with the floral composition of approximately coeval
assemblages (Spicer and Herman 2001; Spicer et al. 2002).

For the moment, it is more parsimonious to argue that the data agrees broadly
with a trend of continental sites showing a much more equable seasonal range of
temperatures in the Cretaceous and Paleogene than in the present (Wing and Greenwood
1993; Spicer et al. 2008). In the Cretaceous, North America was rotated clockwise so that

the western landmass of Laramidia was situated further north (Spicer and Herman 2010;
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Bamforth et al. 2014; Herman et al. 2016) and the eastern landmass of Appalachia (of
which the Quebec/Labrador Peninsula constituted the northern extremity) was situated
further south. It is no surprise, then, that a site that had a lower palaeolatitude in the
Cretaceous than today, coupled with a far more equable MAT gradient, had such a mild
climate with a long photoperiod that supported such a luxuriant flora.

The gradient derived from Miller et al. (2006) using LMA has a markedly steeper
slope than that derived from CLAMP (Fig. 8). In light of the previous discussion, the
larger sampling biases associated with LMA seem to lead to a less equable climate
gradient model. Not only do MAT estimates seem more accurate with CLAMP than with
LMA at the local scale, but they seem more precise at the regional scale and provide

additional information about seasonality and photoperiod.

Limitations of regional to global palaeoclimate studies. The Albian-Cenomanian
transition is probably the earliest time in geological history to be suitable for
palaeoclimate analyses based on CLAMP and LMA, since it witnesses the advent of the
few angiosperm life-forms to show a relationship between leaf physiognomy and climate
parameters (Lupia et al. 2000; Feild et al. 2011). No wonder it is accurate only for sites
less than 100 Myr old (Wolfe 1993; Spicer 2006). This implies that results for a flora that
probably existed very close to this time limit must be interpreted with caution.

Since CLAMP assumes that the physiognomic response of leaves to climate has
not significantly changed for 100 Myr, it has been suggested to be more difficult to apply
confidently to older assemblages (Peppe ef al. 2011). This could be a particular problem

for assemblages representing ecosystems without any modern analogue, such as the
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Cretaceous polar mixed deciduous forests of Alaska (Spicer and Herman 2010; Herman
et al. 2016). Furthermore, Albian-Aptian species that have a similar morphology to Late
Cretaceous woody dicotyledons (Hickey and Doyle 1977) were long considered too
evolutionarily distant to have a similar physiognomic response to climate, despite
evolving under the same physical and mechanical constraints as modern leaves. Since the
Cenomanian was a time of rapid global warming, early woody dicots were thought to be
largely experimental forms that could not be assumed to behave similarly to modern
forms (Spicer and Parrish 1986). If the physiognomic response of Cenomanian leaves to
climate displayed a strong phylogenetic signal, a better understanding of these species’
evolutionary history could help alleviate the uncertainties in ‘taxon-independent’ methods
such as CLAMP (Little ez al. 2010). However, many genera from this time interval
display phenotypic plasticity, which could blur the phylogenetic signal. This phenomenon
is observed in at least two of the Redmond flora’s morphotypes (Figs. 4I-L, 6D-F;
Demers-Potvin and Larsson 2019; Spicer, pers. comm., 2019).

Since this assumption was made, however, many more fossil assemblages have
been scored with CLAMP, and none of the Albian-Cenomanian floras (including the
Redmond flora) have plotted outside the modern calibration space to suggest a significant
change in the climate-physigonomy relationship (e.g. Fletcher et al. 2014; Arens and
Harris 2015). Furthermore, a global study of the 378 CLAMP sites has demonstrated that
biogeographic history has little effect on the observed correlations between leaf form and
climate (Yang et al. 2015). In light of these considerations, the validity of the Redmond
flora for palaecoclimate estimates should be further assessed by a more formal taxonomic

description of the new species present among the morphotypes recognized in this study.
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This constraint leads to another, where Cenomanian angiosperm sites with a
diversity of woody dicot morphotypes sufficient for CLAMP scoring are rare, as is the
case in North America (Wolfe and Upchurch 1987; Miller et al. 2006). This inevitably
leads to systematic time-averaging of different sites, for instance in the case of our
palaeolatitudinal MAT gradient. Since the global climate in the Cenomanian was
changing quite rapidly, and since many of the sites used (such as Redmond no.1) have a
very poor stratigraphic control, a gradient for this age contains especially large
uncertainties. In this regard, the discovery and scoring of new palaeofloras (Jud et al.

2018) remains an essential aspect of palaeoclimatology based on biological proxies.

CONCLUSIONS

This is the first palacoclimate estimate for the environment of the Redmond flora
to use a multivariate method (CLAMP). At the local scale, its results confirm previous
hypotheses according to which ‘early’ Late Cretaceous Quebec/Labrador would have
experienced a mesothermal humid climate with a hot summer and offer a small glimpse
of an environment that — to our knowledge — has been very sparsely preserved in the
fossil record. Together, they contribute significantly to our understanding of Cretaceous
eastern Canada, in the hope of refining the testing of hypotheses on the angiosperms’
remarkable radiation.

The CLAMP results support a general Cretaceous and Paleogene trend of inland
environments having a climate as equable as that of coastal environments. However, such
comparisons at the regional to global scale with sites from the same age bin with poor

stratigraphic control must be treated cautiously, since they can lead to systematic time-
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averaging that confounds observed palaeolatitudinal climate trends. This is especially
concerning for periods of rapid climate change such as the Albian-Cenomanian transition,
and it leads us to favour the detection of such climate trends at a more local scale to gain
more insight on the radiation of the angiosperms. We acknowledge that the Redmond
Formation does not have an ideal geological setting to support palacoecological
investigations, which is regrettable considering the scientific importance of one of the
oldest inland angiosperm floras known. The Labrador Trough must be prospected further
in the hope that more of this mysterious palacoecosystem can be revealed.

Beyond palaeoclimate estimates, this study also contributed to an expansion of the
morphological angiosperm diversity from the Redmond no.1 site, with the addition of 16
new morphotypes. Their formal description is essential: a more complete flora
(complemented by an eventual study of the palynoflora) refines biostratigraphical
correlations to estimate its age, and some species may increase broad-leafed tree diversity
in the fossil record at a time in which they were radiating. The ecological characterization
of the community must also be refined, either by studying leaf economic traits such as
leaf vein density to gain insight on many morphotypes’ life-forms, or by increasing our
understanding of this flora’s depositional environment. In turn, this will define much
more clearly the assemblage that can be tested in future palaecoclimate estimates based on
biological proxies. An estimate from an alternative geochemical proxy, such as clay

weathering, could also support the study that has been presented here.
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FIG. 1. Situation of the Redmond Formation in geologic time and in space. (A)
Geological timescale placing the Redmond Formation in the context of major Cretaceous
environmental trends. Absolute ages based on the ICS International Chronostratigraphic
Chart (Cohen et al. 2018). Timing of oceanic anoxic events from Ogg et al. (2004).
Relative diversity of major plant groups based on Butler et al. (2009). (B) Location of the
Redmond Formation near Schefferville in Labrador (54°41°N, 66°45°W). Exposures of

the Sokoman Formation based on Conliffe (2016).
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FIG. 2. Some representatives of the non-angiosperm organisms preserved from the
Redmond ecosystem. (A) Two young curled fern fronds (Gleicheniales), RMPB
2018.18.30. (B) Partial leaf of the cupressaceous conifer Widdringtonites subtilis Heer,
YPM 30546. (C) Partial leaf of the pinaceous conifer Abietites longifolius (Fontaine)
Berry, RMPB 2018.18.29. (D) Isolated fern frond attributed to Asplenium angustipinnata
Fontaine (Polypodiales), YPM 30541. (E) Partial leaf of the cupressaceous conifer
Sequoia gracillima (Lesquereux) Newberry, YPM 30529. Plants identified by Hickey
(notes left alongside specimens). Scale bars 1 cm. Images adjusted for brightness and

contrast.
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FIG. 3. Some invertebrate remains indicative of the Redmond Formation’s palacoclimate
and depositional environment. (A) Almost complete undescribed mayfly nymph
(Ephemeroptera; Hexagenitidae), MPEP 1156.5. (B) Folded wings of large phasmatodean
Palaeopteron complexum Rice 1969, GSC 22189. (C) Articulated scutellum and elytra of
undescribed water beetle (Coleoptera; Adephaga; Hydradephaga), MPEP 702.4. (D)
Isolated fore wing of termite (Hodotermitidae) Cretatermes carpenteri Emerson 1967,
YPM 223802. (E) Isolated fore wing of snakefly (Alloraphidiidae) Alloraphidia dorfi
Carpenter 1967, YPM 223803. (F) Ichnofossil of unknown burrowing benthic
invertebrate, MPEP 702.41. A, C and F represent autochthonous remains from a
lacustrine depositional environment; B, D and E represent allochthonous remains
indicative of a warm palaeoclimate. Scale bars Smm unless specified otherwise. Images

adjusted for brightness and contrast.
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FIG. 4. Representative specimens of the angiosperm morphotypes from the Redmond
Formation. Morphotype 1 (‘Andromeda’ novaecaesarae Hollick): (A) YPM 47190.
Morphotype 2 (‘Andromeda’ parlatorii Heer): (B) YPM 30413. Morphotype 3 (‘Aralia’
groenlandica Heer): (C) YPM 30445, (D) YPM 30384. Morphotype 4 (Araliopsoides
cretacea (Newberry) Berry): (E) YPM 47191. Morphotype 5 (Celastrophyllum
albaedomus Ward): (F) YPM 47192. Morphotype 7 (Cissites formosus Heer): (H) YPM
47247. Morphotype 8 (Cissites platanoidea Hollick): (G) MPEP 702.53, (I) YPM 30423,
(J) YPM 30428, (K) YPM 47248. Morphotype 6 (Celastrophyllum brittonianum
Hollick): (L) YPM 47246. Morphotype 10 (Daphnophyllum dakotense Lesquereux): (M)
YPM 30492. Morphotype 9 (Crassidenticulum n. sp. Indet): (N) YPM 30471. Scale bars
1 cm. Images adjusted for brightness and contrast. For more information on each

morphotype, see Demers-Potvin and Larsson (2019).
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FIG. 5. Representative specimens of the angiosperm morphotypes from the Redmond
Formation. Morphotype 11 (‘Densinervum’ kaulii Upchurch & Dilcher): (A) YPM
30448. Morphotype 12 (Dicotylophyllum n. sp. Indet): (B) YPM 30465. Morphotype 13
(‘Diospyros’ primaeva Heer): (C) YPM 47249. Morphotype 14 (Dryandroides lancelota
Knowlton): (D) YPM 47294. Morphotype 15 (Dryandroides n. sp. Indet): (E) MPEP
609.6. Morphotype 16 (Ficus berthoudi Lesquereux): (F) YPM 47296. Morphotype 18
(Liriodendropsis simplex (Newberry) Newberry): (G) YPM 45137. Morphotype 19
(Magnolia amplifolia Heer, Magnolia speciosa Heer): (H) YPM 30401. Morphotype 17
(Liriodendron simplex Newberry): (I) YPM 30484. Morphotype 20 (Magnolia n. sp.
Indet): (J) YPM 30405. Scale bars 1 cm. Images adjusted for brightness and contrast. For

more information on each morphotype, see Demers-Potvin and Larsson (2019).
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FIG. 6. Representative specimens of the angiosperm morphotypes from the Redmond
Formation. Morphotype 21 (Menispermites obtusiloba Lesquereux): (A) YPM 30521.
Morphotype 22 (Menispermites trilobatus Berry): (B) YPM 30516. Morphotype 23
(‘Platanus’ heerii Lesquereux): (C) YPM 30517. Morphotype 26 (Sassafras acutilobum
Lesquereux) : (D) YPM 30375, (E) YPM 30390, (F) RMPB 2018.18.27. Morphotype 25
(Salix newberryana Hollick): (G) YPM 47303. Morphotype 28: (H) RMPB 2018.18.9.
Morphotype 24 (‘Platanus’ shirleyensis Berry): (I) YPM 30392. Morphotype 27
(‘Sterculia’ lugubris Lesquereux): (J) YPM 47299. Morphotype 31: (K) RMPB
2018.18.13. Morphotype 29: (L) YPM 47300. Morphotype 30: (M) YPM 47301.
Morphotype 33: (N) MPEP 702.59. Morphotype 46: (O) MPEP 1177.9. Scale bars 1 cm.
Images adjusted for brightness and contrast. For more information on each morphotype,

see Demers-Potvin and Larsson (2019).
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FIG. 7. Representative specimens of the angiosperm morphotypes from the Redmond
Formation. Morphotype 32: (A) YPM 30500. Morphotype 38: (B) GSC 104192.
Morphotype 35: (C) MPEP 702.58. Morphotype 36: (D) MPEP 609.1. Morphotype 34:
(E) MPEP 702.39. Morphotype 37: (F) MPEP 702.115. Morphotype 41: (G) RMPB
2018.18.2. Morphotype 39: (H) RMPB 2018.18.28. Morphotype 45: (I) MPEP 1152.27.
Morphotype 42: (J) RMPB 2018.18.20. Morphotype 40: (K) RMPB 2018.18.4.
Morphotype 43: (L) MPEP 1151.5. Morphotype 44: (M) MPEP 1154.5. Scale bars 1 cm.
Images adjusted for brightness and contrast. For more information on each morphotype,

see Demers-Potvin and Larsson (2019).
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FIG. 8. Implied palaeolatitudinal gradients of mean annual temperature for a Cenomanian
age bin (93.9 - 100.5 MA) based on two palaeoclimate estimate methods: CLAMP (this
study) and LMA (reproduced from Miller et al. (2006)). Palaeolatitudes calculated from
van Hinsbergen et al. (2015a). In the following list, each flora is succeeded by its
estimated palaeolatitude and the source of its palaeoclimate estimate. Raritan (36.4°N)
(Wolfe and Upchurch 1987); Patapsco (36.4°N) (Wolfe and Upchurch 1987); Tuscaloosa
(31.7°N) (Spicer and Herman 2010); Woodbine (37.4°N) (Wolfe and Upchurch 1987
(LMA); Spicer and Herman 2010 (CLAMP)); Rose Creek (40.2°N) (this study); Fort
Harker (Dakota) (39.0°N) (Wolfe & Upchurch, 1987 (LMA); this study (CLAMP));
Redmond (Redmond) (48.8°N) (Hickey and Armstrong 1998 (LMA); this study
(CLAMP)); Dunvegan (58.4°N) (Wolfe and Upchurch 1987); Chandler (78.0°N) (Parrish
and Spicer 1988); Nanushuk (79.5°N) (Herman ef al. 2016). Minimum and maximum
palaeolatitude estimates for each point projected as error bars. Abbreviations for the
methods used are as follows: Climate Leaf Analysis Multivariate Program (CLAMP),
Leaf Margin Analysis (LMA). Regression equations — LMA y =-0.3228x + 35.415, R? =

0.8576. CLAMP y =-0.1412x + 23.109, R? = 0.8515.
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TABLE 1. Summary of woody dicotyledonous morphotypes used for a palaeoclimate

estimate of the Labrador’s Cenomanian Redmond ecosystem.

TABLE 2. Summary of palacoclimate parameter estimates from the Climate Leaf

Analysis Multivariate Program (CLAMP) for the Redmond no.1 site.

TABLE 3. Palacoclimate estimates for late Albian-Cenomanian North American floras

using CLAMP and LMA.

Palaeoﬁtology

Page 44 of 58



Page 45 of 58

oNOYTULT D WN =

Palaeontology

by
cu
:
o)
O
MAA

XIC even

PALAEOGENE |2
. O

66”45’0N
k_Schefferville

LEGEND

Sokoman
Formation

~

Out of context
rubble ores

< I containin
( Redmon

Formation

Angiosperms

—54°45'0"N

0

i CEN | . | Redmond
91 900 Formation

o
CRETACEOUS

-3

&

Early

| BAR
[HAU
20 CVAL

BER

N
N
=
w
Conifers
Pteridophytes

Cycadophytes

23 JURASSIC

25 A 0 25 50 75 100 B o 1 2 3 4ﬁ\r\
" K:\ ocEAN — — 1

% km

28 FIG. 1. Situation of the Redmond Formation in geologic time and in space. (A) Geological timescale placing

29 the Redmond Formation in the context of major Cretaceous environmental trends. Absolute ages based on

30 the ICS International Chronostratigraphic Chart (Cohen et al. 2018). Timing of oceanic anoxic events from

31 Ogg et al. (2004). Relative diversity of major plant groups based on Butler et al. (2009). (B) Location of the

Redmond Formation near Schefferville in Labrador (54°41'N, 66°45'W). Exposures of the Sokoman
Formation based on Conliffe (2016).

34 165x109mm (300 x 300 DPI)

60 Palaeontology



oNOYTULT D WN =

QuuuuuuuuuubdbbdDDdDDDADMDMDMNDEDMNDWWWWWWWWWWRNNNNNNNNNN= =2 2 2929923399
VWO NOOCULLhhWN-_rOCVLVONOOCTULDWN—_,rOCVOONOOCTULDDWN=—_,rOUOVUONOOCULPMMNWN—_ODOVUONOUVPAD WN=O0

Palaeontology

FIG. 2. Some representatives of the non-angiosperm organisms preserved from the Redmond ecosystem.
(A) Two young curled fern fronds (Gleicheniales), RMPB 2018.18.30. (B) Partial leaf of the cupressaceous
conifer Widdringtonites subtilis Heer, YPM 30546. (C) Partial leaf of the pinaceous conifer Abjetites
longifolius (Fontaine) Berry, RMPB 2018.18.29. (D) Isolated fern frond attributed to Asplenium
angustipinnata Fontaine (Polypodiales), YPM 30541. (E) Partial leaf of the cupressaceous conifer Sequoia
gracillima (Lesquereux) Newberry, YPM 30529. Plants identified by Hickey (notes left alongside specimens).
Scale bars 1 cm. Images adjusted for brightness and contrast.
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FIG. 3. Some invertebrate remains indicative of the Redmond Formation’s palaeoclimate and depositional
environment. (A) Almost complete undescribed mayfly nymph (Ephemeroptera; Hexagenitidae), MPEP
1156.5. (B) Folded wings of large phasmatodean Palaeopteron complexum Rice 1969, GSC 22189. (C)

Articulated scutellum and elytra of undescribed water beetle (Coleoptera; Adephaga; Hydradephaga), MPEP
702.4. (D) Isolated fore wing of termite (Hodotermitidae) Cretatermes carpenteri Emerson 1967, YPM
223802. (E) Isolated fore wing of snakefly (Alloraphidiidae) Alloraphidia dorfi Carpenter 1967, YPM 223803.
(F) Ichnofossil of unknown burrowing benthic invertebrate, MPEP 702.41. A, C and F represent
autochthonous remains from a lacustrine depositional environment; B, D and E represent allochthonous
remains indicative of a warm palaeoclimate. Scale bars 5 mm unless specified otherwise. Images adjusted
for brightness and contrast.
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FIG. 4. Representative specimens of the angiosperm morphotypes from the Redmond Formation.
Morphotype 1 (‘Andromeda’ novaecaesarae Hollick): (A) YPM 47190. Morphotype 2 (‘Andromeda’ parlatorii
Heer): (B) YPM 30413. Morphotype 3 (‘Aralia’ groenlandica Heer): (C) YPM 30445, (D) YPM 30384.
Morphotype 4 (Araliopsoides cretacea (Newberry) Berry): (E) YPM 47191. Morphotype 5 (Celastrophyllum
albaedomus Ward): (F) YPM 47192. Morphotype 7 (Cissites formosus Heer): (H) YPM 47247. Morphotype 8
(Cissites platanoidea Hollick): (G) MPEP 702.53, (I) YPM 30423, (J) YPM 30428, (K) YPM 47248. Morphotype
6 (Celastrophyllum brittonianum Hollick): (L) YPM 47246. Morphotype 10 (Daphnophyllum dakotense
Lesquereux): (M) YPM 30492. Morphotype 9 (Crassidenticulum n. sp. Indet): (N) YPM 30471. Scale bars 1
cm. Images adjusted for brightness and contrast. For more information on each morphotype, see Demers-
Potvin and Larsson (2019).
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FIG. 5. Representative specimens of the angiosperm morphotypes from the Redmond Formation.
Morphotype 11 (‘Densinervum’ kaulii Upchurch & Dilcher): (A) YPM 30448. Morphotype 12 (Dicotylophyllum
n. sp. Indet): (B) YPM 30465. Morphotype 13 ('Diospyros’ primaeva Heer): (C) YPM 47249. Morphotype 14
(Dryandroides lancelota Knowlton): (D) YPM 47294. Morphotype 15 (Dryandroides n. sp. Indet): (E) MPEP

609.6. Morphotype 16 (Ficus berthoudi Lesquereux): (F) YPM 47296. Morphotype 18 (Liriodendropsis
simplex (Newberry) Newberry): (G) YPM 45137. Morphotype 19 (Magnolia amplifolia Heer, Magnolia

speciosa Heer): (H) YPM 30401. Morphotype 17 (Liriodendron simplex Newberry): (I) YPM 30484.

Morphotype 20 (Magnolia n. sp. Indet): (J) YPM 30405. Scale bars 1 cm. Images adjusted for brightness and
contrast. For more information on each morphotype, see Demers-Potvin and Larsson (2019).
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FIG. 6. Representative specimens of the angiosperm morphotypes from the Redmond Formation.
Morphotype 21 (Menispermites obtusiloba Lesquereux): (A) YPM 30521. Morphotype 22 (Menispermites
trilobatus Berry): (B) YPM 30516. Morphotype 23 ('Platanus’ heerii Lesquereux): (C) YPM 30517.
Morphotype 26 (Sassafras acutilobum Lesquereux) : (D) YPM 30375, (E) YPM 30390, (F) RMPB 2018.18.27.
Morphotype 25 (Salix newberryana Hollick): (G) YPM 47303. Morphotype 28: (H) RMPB 2018.18.9.
Morphotype 24 ('Platanus’ shirleyensis Berry): (I) YPM 30392. Morphotype 27 ('Sterculia’ lugubris
Lesquereux): (J) YPM 47299. Morphotype 31: (K) RMPB 2018.18.13. Morphotype 29: (L) YPM 47300.
Morphotype 30: (M) YPM 47301. Morphotype 33: (N) MPEP 702.59. Morphotype 46: (O) MPEP 1177.9. Scale
bars 1 cm. Images adjusted for brightness and contrast. For more information on each morphotype, see
Demers-Potvin and Larsson (2019).
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FIG. 7. Representative specimens of the angiosperm morphotypes from the Redmond Formation.
Morphotype 32: (A) YPM 30500. Morphotype 38: (B) GSC 104192. Morphotype 35: (C) MPEP 702.58.
Morphotype 36: (D) MPEP 609.1. Morphotype 34: (E) MPEP 702.39. Morphotype 37: (F) MPEP 702.115.
Morphotype 41: (G) RMPB 2018.18.2. Morphotype 39: (H) RMPB 2018.18.28. Morphotype 45: (I) MPEP
1152.27. Morphotype 42: (J) RMPB 2018.18.20. Morphotype 40: (K) RMPB 2018.18.4. Morphotype 43: (L)
MPEP 1151.5. Morphotype 44: (M) MPEP 1154.5. Scale bars 1 cm. Images adjusted for brightness and
contrast. For more information on each morphotype, see Demers-Potvin and Larsson (2019).
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FIG. 8. Implied palaeolatitudinal gradients of mean annual temperature for a Cenomanian age bin (93.9 -
100.5 MA) based on two palaeoclimate estimate methods: CLAMP (this study) and LMA (reproduced from
Miller et al. (2006)). Palaeolatitudes calculated from van Hinsbergen et al. (2015a). In the following list,

each flora is succeeded by its estimated palaeolatitude and the source of its palaeoclimate estimate. Raritan
(36.4°N) (Wolfe and Upchurch 1987); Patapsco (36.4°N) (Wolfe and Upchurch 1987); Tuscaloosa (31.7°N)
(Spicer and Herman 2010); Woodbine (37.4°N) (Wolfe and Upchurch 1987 (LMA); Spicer and Herman 2010

(CLAMP)); Rose Creek (40.2°N) (this study); Fort Harker (Dakota) (39.0°N) (Wolfe & Upchurch, 1987

(LMA); this study (CLAMP)); Redmond (Redmond) (48.8°N) (Hickey and Armstrong 1998 (LMA); this study

(CLAMP)); Dunvegan (58.4°N) (Wolfe and Upchurch 1987); Chandler (78.0°N) (Parrish and Spicer 1988);

Nanushuk (79.5°N) (Herman et al. 2016). Minimum and maximum palaeolatitude estimates for each point

projected as error bars. Abbreviations for the methods used are as follows: Climate Leaf Analysis
Multivariate Program (CLAMP), Leaf Margin Analysis (LMA). Regression equations - LMA y = -0.3228x +
35.415, R2 = 0.8576. CLAMP y = -0.1412x + 23.109, R2 = 0.8515.
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TABLE 1

Morphotype / systematic No. ML /SD MW /SD MQI
affinity specimens (mm) (mm)
1 Andromeda 2 33.4 9.9/0.7(n=2) 4
novaecaesarae Hollick
2 Andromeda parlatorii 2 84.0*(n=1) 36.0*(n=1) 4
Heer
3 ‘Aralia’ groenlandica 9 570/1.4 (n= 513/ 5
Heer 2) 25(m=2)
4 Araliopsoides cretacea 1 67.8 57.9 7
(Newberry) Berry
5 Celastrophyllum 6 540 (n=1) 148 (n=1) 4
albaedomus Ward
6 Celastrophyllum 2 306 (n=1) 10.2/0.0 (n= 7
brittonianum Hollick 2)
7 Cissites formosus Heer 3 105.0*(n=1) 95.0*(n=1) 5
8 Cissites platanoidea 28 394/185(n 41.0/198 (n= 7
Hollick =9) 10)
9 Crassidenticulum sp. 8 NA NA 2
indet
10 Daphnophyllum 1 533 17.6 2
dakotense Lesquereux
11 ‘Densinervum’ kaulii 3 NA NA 2
Upchurch & Dilcher
12 Dicotylophyllum sp. 2 304/0.6(n= 17.8/04(n= 5
indet 2) 2)
13 Diospyros primaeva 4 93.0*(n=1) 29.0*(n=1) 4
Heer
14 Dryandroides 1 91.0%* 10.0* 5
lanceolata Knowlton
15 Dryandroides sp. indet 2 NA NA 4
16 Ficus berthoudi 10 89.0*(n=1) 254/63(n= 4
Lesquereux 3)
17 Liriodendron simplex 2 23.8(n=1) 140(n=1) 4
Newberry
18 Liriodendropsis simplex 9 31.1/139(n  16.0/7.6 (n= 6
Newberry =4) 5)
19 Magnolia amplifolia 13 96.1/17.3(n 46.6/9.2 (n= 6
Heer, Magnolia speciosa =4) 4)
Heer
20 Magnolia sp. indet 4 NA 46.3/12.8 (n= 4

3)
21 Menispermites 1 58.5 61.6 5

obtusiloba Lesquereux
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22 Menispermites 2 71.0* (n=1) 69.0* (n=1) 3
trilobatus Berry
23 Platanus heerii 3 NA NA 5
Lesquereux
24 Platanus shirleyensis 3 785/545(n 429/18.1 (n= 7
Berry =2) 3)
25 Salix newberryana 2 52/292(n= 6.0/0.6(n=2) 3
2)
26 Sassafras acutilobum 23 549/77(mn= 279/6.0(n= 6
Lesquereux 3) 3)
27 ‘Sterculia’ lugubris 1 NA NA 4
Lesquereux
28 1 NA NA 3
29 3 NA 58/20(1n=5) 4
30 1 47.4 54.7 4
31 5 NA 10.2/2.1 (n= 3
3)
32 1 51.0 45.0 5
33 2 NA NA 2
34 1 NA NA 4
35 3 33.1 41.3 5
36 2 NA NA 4
37 1 NA 16.2 5
38 1 NA 22.3 5
39 1 NA 17.1 4
40 1 NA NA 5
41 2 NA NA 4
42 1 NA NA 5
43 1 16.2 18.3 4
44 1 NA NA 3
45 1 NA NA 5
46 1 20.2 28.3 7
Total No. specimens 177 45 66 -

Abbreviations are as follows: mean length / standard deviation (ML / SD), mean width /
standard deviation (MW / SD), and morphotype quality index (MQI) (see Harris &
Arens, 2016 for details). NA indicated when data was unavailable for a measurement or a
calculation. * Estimates from Armstrong (1993). More information on morphotype

classification can be found in Demers-Potvin and Larsson (2019).
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TABLE 2
Physiognomic MAT (°C) WMMT (°C) CMMT (°C) LGS (Months) GSP (cm) MMGSP (cm)
Method Used
CLAMP 15.1£2.1 23.1£25 7.8+£3.4 84+ 1.1 119.6 £31.7 13.6 £ 3.8
(GRIDMet)
CLAMP 154+£2.0 23.9+£2.7 8.0+t34 10.7+ 1.1 153.3 £48.3 16.1+5.2
(Met)
CLAMP 13.5+4.0 23.7+£3.9 34+6.7 93+1.9 86.7£54.9 6.0+£6.0
(Global378)
Physiognomic Three WET Three DRY (cm) RH (%) SH (g/kg) ENTHAL (kJ/kg)
Method Used (cm)
CLAMP 68.1 £22.9 16.6 £5.9 71.9 £ 8.6 85+1.7 32.1+0.8
(GRIDMet)
CLAMP 70.5 £20.6 27.1+13.7 66.0+11.1 74+x1.7 30.8+£0.6
(Met)
CLAMP 59.8+32.2 7.2+13.0 570+93 74+2.0 319+ 1.1
(Global378)

For CLAMP, all errors are 2o, and are calculated by treating samples from each modern calibration site as passive (retrieved from
Spicer, 2006). ‘GRIDMet’ refers to estimates obtained from an analysis that uses a temperate North American gridded meteorological
calibration dataset, ‘Met’ refers to estimates obtained from an analysis that uses an alternative ungridded North American calibration
dataset, and ‘Global378’ refers to estimates obtained from an analysis that uses a more global gridded calibration dataset (see Spicer,
2006; Spicer et al., 2009 for more details). Abbreviations for the climate parameters are as follows: mean annual temperature (MAT),
warmest month mean temperature (WMMT), coldest month mean temperature (CMMT), length of the growing season (LGS),
growing season precipitation (GSP), mean monthly growing season precipitation (MMGSP), precipitation during three wettest months
(Three WET), precipitation during three driest months (Three DRY), relative humidity (RH), specific humidity (SH), and enthalpy
(ENTHAL). See Demers-Potvin and Larsson (2019) for CLAMP physiognomic character state frequencies in scoresheet.
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TABLE 3
Flora (Formation) P.Lat (°N) MAT reference Method MAT (°C) WMMT CMMT LGS GSP (cm)
(Min; Max) (SE) (°C) (SE) (°C) (SE) (Months) (SE) (SE)
Woodbridge (Raritan) 36.4 Wolfe and LMA 26.0 (2.7) - - - -
(33.2;39.8) Upchurch (1987)
South Amboy 36.4 Wolfe and LMA 22.8 (4.4) - - - -
(Raritan) (33.2;39.8) Upchurch (1987)
Milton (Raritan) 36.4 Wolfe and LMA 23.9 (4.6) - - - -
(33.2;39.8) Upchurch (1987)
Malden Mtn 36.4 Wolfe and LMA 23.6 (4.8) - - - -
(Patapsco) (33.2;39.8) Upchurch (1987)
Arthurs Bluff 37.4 Wolfe and LMA 26.5(3.6) - - - -
(Woodbine) (30.7; 33.9)  Upchurch (1987)
Denton Co. 37.4 Wolfe and LMA 25.1(3.0) - - - -
(Woodbine) (30.7; 33.9)  Upchurch (1987)
Fort Harker (Dakota) 39.0 Wolfe and LMA 24.5(3.9) - - - -
(35.8;42.5)  Upchurch (1987)
Dunvegan (Dunvegan) 58.4 Wolfe and LMA 17.8 (4.2) - - - -
(55.2;61.8)  Upchurch (1987)
Chandler (Chandler) 78.0 Parrish and Spicer LMA 10.9 (3.3) - - - -
(74.7; 81.3)  (1988)
Redmond (Redmond) 48.8 Hickey and LMA 19.9 (5.2) - - - -
(45.6;52.2)  Armstrong (1998)
This study CLAMP (G) 15.1 (2.1) 23.1(2.5) 7.8(3.4) 8.4 (1.1) 119.6
(31.7)
Rose Creek (Dakota) 40.2 This study CLAMP (G) 16.9 (2.1) 26.5(2.5) 8.0(3.4) 9.1 (1.1) 173.1 (3.8)
(37.0; 43.6)
Fort Harker (Dakota) 39.0 This study CLAMP (G) 16.5 (2.1) 23.2(2.5) 10234 9.1 (1.1) 127.1 (3.8)
(35.8; 42.5)
Tuscaloosa 31.7 Spicer and Herman CLAMP (G) 19.7 (2.1) 245(2.5) 15134 10.5 (1.1) 145.6 (3.8)
(Tuscaloosa) (28.5;35.1) (2010)
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Woodbine 37.4 Spicer and Herman ~ CLAMP (G) 19.4 (2.1) 23.5(2.5) 154 (3.4) 10.3 (1.1) 130.5 (3.8)

(Woodbine) (30.7;33.9) (2010)

Nanushuk (Corwin) 79.5 Herman et al. CLAMP (G) 12.5(2.1) 20.0 (2.5) 5.7(3.9) - -
(76.3;82.9) (2016)

oNOYTULT D WN =

LMA standard errors retrieved from Miller ef al. (2006: equation (3)). CLAMP (G) refers to estimates calibrated with global gridded
11 climate data using the methodology of Spicer et al. (2009). All CLAMP errors are 2o, and are calculated by treating samples from
12 each modern calibration site as passive (retrieved from Spicer, 2006). Abbreviations for the climate parameters are as follows:

13 palaeolatitude (P.Lat), mean annual temperature (MAT), warmest month mean temperature (WMMT), coldest month mean

14 temperature (CMMT), length of the growing season (LGS), and growing season precipitation (GSP). Palaeolatitudes calculated on
15 www.paleolatitude.org (model version 2.1) using the reference frame of Torsvik et al. (2012); for more details on the calculator, see
Hinsbergen et al. (2015). See Demers-Potvin and Larsson (2019) for CLAMP physiognomic character state frequencies in

18 scoresheets.
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