Highlights

1. Conifers add leaf wax n-alkanes to sediments when they dominate the landscape
2. Some conifer taxa provide subtly different n-alkane chain length patterns

3. Relative abundance of n-alkanes/terpenoids qualitatively relate to paleovegetation
4. Plant terpenoid 8'>C values can be used to detect the source of n-alkanes

5. n-Alkanes from conifers can be 2—6%o '*C-enriched than those from angiosperms
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ABSTRACT

Plant wax n-alkanes are valuable paleoclimate proxies because their carbon (§'°C) and hydrogen
(8°H) isotopes track biological and environmental processes. Angiosperms produce higher
concentrations of n-alkanes than conifers, with some exceptions. Vegetation source is significant
because in similar climates, both taxa produce n-alkanes with unique 8'*C and §°H values due to
different physiological strategies. To test whether conifers contribute significantly to sediment 7-
alkanes and result in distinctive isotopic signatures, we collected sediment samples from a suite
of Paleogene paleobotanical sites in North America with high and low conifer abundances. To
disentangle the source of sediment n-alkanes, we measured the 5'°C values of nonsteroidal
triterpenoids (angiosperm biomarkers) and tricyclic diterpenoids (conifer biomarkers) to
determine angiosperm and conifer end member 8'°C values. We then compared these end
member values to n-alkane §'3C values for each site to estimate their major taxon sources. At
sites dominated by conifer macrofossils, 5'°C values of n-alkanes indicate a conifer source. At
mixed conifer and angiosperm sites, conifer contributions increased with increasing n-alkane
chain length. At sites where conifers were not as abundant as angiosperms, the §'°C values of n-
alkanes indicate a predominant angiosperm source with some sites showing a conifer
contribution to n-Cs3 and n-Css alkanes. This suggests that conifers in the Paleogene contributed
to longer chain n-alkanes (n-Cs3 and n-Css) even when not the dominant taxa, but this likely
differs for other geographic locations and taxa. This new approach allows unique floral
information to be extracted when chain length is carefully considered in the absence of other
paleobotanical data and necessitates having some paleovegetation constraints when interpreting

carbon and hydrogen isotopes of plant wax-derived n-alkanes.
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1. Introduction

Long chain n-alkanes (>Cs) are acyclic, saturated hydrocarbons produced by plants and
are a major constituent of cuticular leaf waxes. The carbon (8'3C) and hydrogen (5°H) isotopic
compositions of leaf wax n-alkanes are sensitive to biological and environmental processes,
making them useful plant biomarkers when preserved as molecular fossils in the geologic record
(Meyers, 1997; Sauer et al., 2001; Castafieda and Schouten, 2011; Diefendorf and Freimuth,
2017). The 8'3C values of leaf wax n-alkanes have been used to infer fluctuations in the carbon
cycle (Smith et al., 2007; Tipple et al., 2011), as paleovegetation indicators (Magill et al., 2013;
Garcin et al., 2014), and in other paleoclimate applications (Reichgelt et al., 2016; Bush et al.,
2017). Likewise, 8*H values have been applied to reconstruct paleohydrology and track changes
in aridity (Pagani et al., 2006; Polissar and Freeman, 2010; Sachse et al., 2012; Baczynski et al.,
2017) and to infer paleoaltimetry (Polissar et al., 2009; Hren et al., 2010; Feakins et al., 2018).

Despite the widespread use of sediment leaf wax n-alkanes in the geologic community,
the vegetation source of these plant biomarkers in sediments is often unresolved because both
conifers and angiosperms produce n-alkanes (Otto et al., 2005; Schouten et al., 2007; Smith et
al., 2007). Modern studies show that conifers common to North America over the past 66 million
years have produced significantly less (up to 200x) n-alkanes than woody angiosperm species
(Diefendorf et al., 2011; Bush and Mclnerney, 2013). However, there are nuances between the
different chain lengths and taxa. Pinaceae produce only minor amounts of n-alkanes (Diefendorf

et al., 2015b) whereas some Cupressaceae (the cypress family), such as Cupressoideae and
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Callitroideae, and some Taxodioideae, can produce significant amounts of n-alkanes, especially
Cs3 and Css chain lengths (Diefendorf et al., 2015b). Other conifer groups such as Podocarpaceae
and Araucariaceae produce large amounts of #n-Ca9 and n-C3; alkanes, but are uncommon or
absent in North America in the last 66 Ma. Many landscapes in North America today are
dominated by conifers of Pinaceae and/or Cupressaceae, including boreal forests (taigas), the
coastal forests of the Pacific Northwest, and the coastal swamps of southeastern North America,
and their distributions have waxed and waned in the past (Leslie et al., 2012; Lane, 2017; Lane et
al., 2018). If conifers are abundant on the landscape, it may be problematic to assume n-alkanes
are ubiquitously angiosperm-derived in modern or geologic sediments.

Otto et al. (2005) analyzed plant biomarkers from angiosperm and conifer fossil leaves
preserved in the Miocene Clarkia Formation, Idaho, USA and reported that angiosperm leaves
contained higher abundances of n-alkanes than the conifer fossil leaves. In another study from
several Paleocene and Eocene fossil leaf sites in the Bighorn Basin, Wyoming the ratios of
diterpenoids (conifer biomarkers) to n-alkanes were similar to the ratio of conifers to
angiosperms documented by the macrofossils, providing evidence that sediment n-alkanes at
these sites were also largely derived from angiosperms (Diefendorf et al., 2014). However, these
studies represent sites with abundant angiosperms. In the Paleogene of North America, the
preservation of conifer-dominated environments is less common, but one notable example is the
High Arctic during the late Paleocene and early Eocene. Here, low-lying areas were frequently
dominated by deciduous conifer swamp forests of Metasequoia and Glyptostrobus, as evidenced
by an abundance of macrofossil and pollen data (Greenwood and Basinger, 1994; Mclver and
Basinger, 1999; Harrington et al., 2012; West et al. 2019). These sites are especially important as

climate analogs for future warming (Burke et al., 2018). Other sites include the early Eocene
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Okanagan Highlands, British Columbia, Canada (i.e., Falkland and Driftwood Canyon) with
abundant deciduous and evergreen Cupressaceae and Pinaceae conifers (Greenwood et al., 2005,
2016; Smith et al., 2012; Eberle et al., 2014), and the Oligocene Creede, Colorado that captures a
high-elevation evergreen conifer-dominated environment of Juniperus and Pinaceae (Wolfe and
Schorn, 1990). When conifers make up substantial components of the landscape, this raises
questions about how this affects the source of leaf wax n-alkanes in the preserved sediments; and
if conifers are contributing significantly to leaf wax n-alkanes, then how are the §'°C and 8°H
values affected?

While both angiosperms and conifers produce n-alkanes, these two plant groups have
different §'*C and &°H distributions, even in similar environments (Diefendorf et al., 2010;
2011). Conifers generally tend to have higher §'°C values than angiosperms due to differences in
physiology and water use efficiency strategies (Brooks et al., 1997; Pedentchouk et al., 2008;
Leonardi et al., 2012). The ability to investigate the paleovegetation source of n-alkanes is
currently lacking. One consequence of this has led to different interpretations for the magnitude
of the carbon isotope excursion (CIE) during the Paleocene-Eocene Thermal Maximum (PETM),
an abrupt warming event (Pagani et al., 2006; Schouten et al., 2007). In the Arctic, Pagani et al.
(2006) recorded a CIE of 4.5%o from n-alkanes assumed to be derived entirely from
angiosperms. From the same Arctic marine core, Schouten et al. (2007) showed that the CIE
varied from 3%o in diterpenoids, derived from conifers, to 6% in triterpenoids (angiosperm
biomarkers) and thus argues that the n-alkanes are actually recording a mixed vegetation signal.
In the Bighorn Basin, Wyoming, Smith et al. (2007) documented a 4.6%o CIE from n-alkanes,
also best interpreted as angiosperm-derived. Nevertheless, Diefendorf et al. (2011) estimated that

the CIE could be as high as 5.6%o in the Bighorn Basin if n-alkanes were derived from a mixed
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source of angiosperms and conifers. This underscores why it can be necessary to constrain
vegetation when interpreting carbon and hydrogen isotopes in paleo applications. We are
currently lacking a method that can identify the vegetation source of n-alkanes in the geologic
record, especially in the absence of fossil data.

Here we investigate a possible strategy to infer the major taxon sources of sediment 7-
alkanes using paleobotanical sites in North America from the Paleogene that capture a range of
forest types, with high, mixed, and low conifer abundance. First, we examine organic proxies
that have been commonly used in geologic studies as paleoenvironmental and paleovegetation to
identify possible correlations between sites with high and low conifer abundances. Then we
compare the relative abundances and 8'3C values of n-alkanes to conifer- and angiosperm-
derived terpenoids. Tricyclic diterpenoids are produced almost exclusively by gymnosperms.
Nonsteroidal pentacyclic triterpenoids and their degradation products (e.g., des-A compounds)
are diagnostic of angiosperms (Stout, 1992; Killops et al., 1995; Otto et al., 1997; Diefendorf et
al., 2019). We utilize the §'3C values preserved in terpenoids as vegetation end members, as
these values are sensitive to vegetation source (Diefendorf et al., 2012) and are not significantly
altered by post-depositional processes (Freeman and Pancost, 2013; Diefendorf et al., 2015a). By
using the §'3C values of terpenoids as conifer and angiosperm end member values, we provide a
framework for considering the source of n-alkanes from other sites and times dominated by
conifers, a division of gymnosperms. We propose that the n-alkanes can be derived from conifers
when abundant on the landscape, and that longer chain homologues (Cs3, C3s) can be conifer-
specific biomarkers even in locations where the macro- or microfossil floras are not dominated

by conifers.
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2. Methods
2.1. Sites and paleobotanical information

Sediment samples were collected from Paleogene fossil leaf sites across North America
previously characterized by paleobotanical studies to encompass fossil localities with both high
and low conifer relative abundances as compared to angiosperms in terms of preserved biomass
(Fig. 1; Table 1). Localities with a high abundance of conifers include sites spanning the late
Paleocene to early and middle Eocene of Ellesmere and Axel Heiberg islands in the Canadian
Arctic, early Eocene Driftwood Canyon in British Columbia, Canada, and the Oligocene Creede
Formation in Colorado, USA. Localities with lower abundances of conifers relative to
angiosperms include Paleocene and Eocene Bighorn Basin sites in Wyoming, USA and late
Eocene Florissant Fossil Beds National Monument, Colorado, USA. We measured the
abundances and §'3C values of n-alkanes and terpenoids from all locations except for the
Bighorn Basin. For Bighorn Basin sites, terpenoid and n-alkane abundances were reported in
Diefendorf et al. (2014) and their respective §'>C data were presented by Diefendorf et al.
(2015a).

On Ellesmere Island, samples were collected from outcrops of the upper Paleocene and
lower Eocene Margaret and Mount Moore formations, including Hot Weather Creek, Fosheim
Anticline, Stenkul Fiord, Split Lake, Lake Hazen, Mosquito Creek, Strathcona Fiord, and
Boulder Hills. On Axel Heiberg Island, samples were collected from outcrops of the middle
Eocene Buchanan Lake Formation from sites at the Fossil Forest of the Geodetic Hills.

During the late Paleocene and through the middle Eocene, the Arctic was temperate with
mean annual temperatures (MAT) ranging from 7.6 °C to 12.9 °C, with mild winters, high mean

annual precipitation (MAP) between 1310 and 1800 mm/year, and relatively high humidity
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across the various paleobotanical sites (Eberle et al., 2010; Greenwood et al., 2010; Eberle and
Greenwood, 2012; West et al., 2015; 2020). The landscape was a mosaic of floodplains, swamps,
and upland environments (Mclver and Basinger, 1999; Eberle and Greenwood, 2012). Samples
were collected from floodplain depositional environments with the exception of one sample from
Stenkul Fiord which was collected from a coal swamp. Floodplains are represented by
fossiliferous mudstones and siltstones. Deciduous conifers dominated the wetter sites, while
mixed deciduous conifer and angiosperm flora inhabited the floodplains characterized by
siltstones. Macrofossil and pollen data from the Paleocene and early Eocene indicate deciduous
conifers such as Metasequoia and Glyptostrobus (Cupressaceae) were abundant while evergreen
conifers were relatively rare (Mclver and Basinger, 1999). Some of the more common
angiosperms during this time include Ushia, Trochodendroides, Ulmus, Archeampelos, Aesculus,
Corylites, Intratriporopollenites, Ailanthipites fluens, Aesculiidites sp., Mediocolpopollis sp., and
Diervilla, but species and abundances vary by site (Harrington et al., 2012; West et al., 2019).
During the middle Eocene, the paleofloras became more diverse and evergreen conifers
increased in diversity and abundance. Swamps and wetlands were still dominated by
Metasequoia and Glyptostrobus, but other locally abundant conifers were Larix, Pseudolarix,
Picea, Tsuga, Chameacyparis, Taiwania, and Pinus (Greenwood and Basinger, 1994; Mclver
and Basinger, 1999; Eberle and Greenwood, 2012). Commonly preserved angiosperms from
these middle Eocene sites include Alnus, Betula, Magnolia, Platanus, Quercus,
Trochodendroides, and Juglandaceae (Mclver and Basinger, 1999; Eberle and Greenwood, 2012;
Harrington et al., 2012).

Samples collected at the Driftwood Canyon Provincial Park in British Columbia come

from an unnamed formation in the lower Eocene Ootsa Lake Group. The outcrop consists
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principally of finely bedded lacustrine shales to silty sandstones, with minor coals and
interbedded volcanic ashes, and represent a rarely preserved upland environment (Greenwood et
al., 2016). Sediments were deposited during the Early Eocene Climatic Optimum when the
region was experiencing a period of active volcanism (Maclntyre et al., 2001). MAT is estimated
to be ~10—15 °C with minimal, if any, freezing during colder months and MAP of ~1160 mm/yr
(Greenwood et al., 2005). Macroflora and palynology indicate this location was a mixed conifer-
broadleaf forest. Pollen data show Abies and Pseudolarix (Pinaceae) as the dominant conifers at
this site (Moss et al., 2005). However, macrofossils present a much greater diversity of conifers,
with Metasequoia, Sequoia, Chamaecyparis, and Thuja common, and with lesser amounts of
Abies, Larix, Picea, Pinus, Pseudolarix, and rare instances of the non-conifer gymnosperm
Ginkgo (Greenwood et al., 2005). The most common broadleaf deciduous angiosperms include
Alnus, Betula, Sassafrass, Ulmus, and Fagaceae as indicated by pollen and leaf fossils (Moss et
al., 2005; Greenwood et al., 2016). Conifer and angiosperm compositions are highly variable
within individual beds. These short-term fluctuations in relative abundances are attributed to
successional processes in response to nearby volcanic eruptions and fires, and to local physical
and hydrological changes as the regional landscape evolved.

Samples collected from outcrops of the upper Oligocene Creede Formation represent < 1
Myr of lacustrine sedimentary deposition within a moat lake that had formed inside a collapsed
caldera with a resurgent dome. The lake was cold, permanently stratified, and likely had
bicarbonate-rich water (Larsen and Crossey, 1996). This locality had a cool, montane climate.
Various paleobotanical methods used as paleoclimate proxies have estimated MAT ranging from
0 °C to 9 °C (Wolfe and Schorn, 1989; Leopold and Zaborac-Reed, 2014; 2019) and MAP from

437 to 635 mm/yr (Wolfe and Schorn, 1989; Barton, 2010). Precipitation was likely seasonal,
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with dry summers and wet winters. The macroflora resembles a mixed coniferous community
ranging from closed forests to woodlands to chaparral environments (Wolfe and Schorn, 1989).
Juniperus (Cupressaceae) makes up roughly half of the conifer remains at Creede. Other conifer
taxa include Abies, Picea, and Pinus (Pinaceae). Among the angiosperms, which are
comparatively uncommon at Creede, the most abundant is the shrub Cercocarpus (mountain
mahogany) of the Rosaceae (Wolfe and Schorn, 1989). Other angiosperm families represented at
Creede include Berberidaceae, Salicaceae, Philadelphaceae, Grossulariaceae, Fabaceae, and
Bignoniaceae.

In the Bighorn Basin, samples were collected from carbonaceous beds of the Paleocene
and lower Eocene Fort Union and Willwood formations and represent floodplain depositional
environments. Paleocene sites include Grimy Gulch, Belt Ash, Cf-1, Honeycombs, and Latest
Paleocene site and Eocene sites include WCS7, Dorsey Creek Fence, and Fifteenmile Creek. The
climate was warm during the Paleocene and Eocene, with MAT ranging from 10.5 to 22 °C and
MAP from 1090 mm/yr to 1730 mm/yr at the various sites (Diefendorf et al., 2015a). Fossil flora
collected from these beds represent mixed broadleaf and conifer forests dominated by
angiosperms. Metasequoia and Glyptostrobus were the most common conifers at these sites,
when present, with minor amounts of other Cupressaceae (Diefendorf et al., 2015a).
Angiosperms at these sites were diverse and represent such groups as Betulaceae,
Cercidiphyllaceae, Cornaceae, Fagaceae, Juglandaceae, Lauraceae, Magnoliaceae, Malvaceae,
Platanaceae, Salicaceae, and Zingiberaceae (Hickey, 1980; Wing, 1980, 1984; Wing et al., 1995;
Davies-Vollum and Wing, 1998; Currano et al., 2008; Currano, 2009; Diefendorf et al., 2014).

Samples collected from outcrops of the middle shale unit of the upper Eocene Florissant

Formation at Florissant Fossil Beds National Monument represent sediments from a lacustrine

11
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environment. The samples consist of mudstones and finely laminated shales and tuffaceous beds.
At times during the deposition, the lake was a closed system along an elongated paleo-valley
dammed by volcanic sediments (Buskirk et al., 2016). Well-preserved laminations indicate the
lake was permanently stratified (McLeroy and Anderson, 1966). Macrofossil and pollen data
suggest this area had seasonal rainfall, mild winters, and a warm temperate climate (Leopold and
Clay-Poole, 2001; Allen et al., 2020). MAT and MAP are estimated using various paleobotanical
methods as paleoclimate proxies and range from 11 °C to 18 °C and MAP about 700 mm/year
(Gregory, 1994; Leopold and Zaborac-Reed, 2019; Allen et al., 2020). Fossil flora indicates that
vegetation surrounding the lake was mostly riparian hardwoods and tall Cupressaceae conifers
with xeric chaparral flora and Pinaceae conifers at higher elevations (MacGinite, 1953; McLeroy
and Anderson, 1966; Allen et al., 2020). Angiosperms are diverse and the dominant component
of the flora, although the most common conifers include Chamaecyparis, Sequoia and less
common Torreya, Abies, Picea, and Pinus (MacGinite, 1953; Manchester, 2001). Some of the
most abundant angiosperms include Fagopsis, Cedrelospermum, and Sapindus, with a diversity

of other angiosperms also preserved (Gregory, 1994; Allen et al., 2020).

2.2. Sample preparation and lipid extraction from sediments

Sediment-derived leaf wax n-alkanes (n-Cz7 to n-Css) and di- and triterpenoids were
targeted in this study. Sediment samples were powdered and lipids were extracted using an
accelerated solvent extractor (Dionex ASE 350) with DCM/MeOH (5:1, v/v). From the total
lipid extract (TLE), the asphaltenes were precipitated from the maltene fraction using
DCM/hexanes (1:80, v/v). Using column chromatography, the maltene fraction was further

divided into apolar and polar fractions on alumina oxide with hexanes/DCM (9:1, v/v) and
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DCM/MeOH (1:1, v/v), respectively. The apolar fraction was separated into saturated and
unsaturated fractions on 5% Ag'-impregnated silica gel (w/w) with hexanes and ethyl acetate,
respectively. Methodology for the Bighorn Basin sediments is reported in Diefendorf et al.
(2014; 2015a) and was very similar with the exception of analytical equipment that varied in

model and vintage.

2.3. Compound identification and quantification

n-Alkanes were identified and quantified from the apolar, saturated fraction. Di- and
triterpenoids were identified and quantified from the apolar, saturated, and unsaturated fractions.
All samples were diluted in hexanes and injected into an Agilent 7890A gas chromatograph (GC)
interfaced to an Agilent 5975C quadrupole mass selective detector (MSD) and flame ionization
detector (FID). Compounds were separated on a fused silica capillary column (Agilent J&W DB-
5ms; 30 m length, 0.25 mm i.d., 0.25 pm film thickness). The oven program started with an
initial temperature of 60 °C for 1 min, followed by a 6 °C/min temperature ramp to 320 °C and
held for 15 min. Following the GC separation, the column effluent was split (1:1) between the
FID and MSD using a 2-way splitter, using He makeup gas to keep pressure constant. A scan
range of m/z 45-700 at 2 scans/s was used, with an ionization energy of 70 eV. Compounds were
identified using n-alkane standards (C7 to C4o; Supelco, Bellefonte, USA), fragmentation
patterns, retention times, and published spectra (see Table 2 and References therein).

The n-alkanes and terpenoids were quantified by FID using normalizing compound peak
areas relative to an internal standard (1,1'-binaphthalene for n-alkanes and Sa-cholestane for
terpenoids) and converting normalized peak areas to mass using external standard response

curves (also normalized to the internal standard). The external standard curves ranged in
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concentration from 0.5 to 100 pg/ml and included 1,1’-binaphthalene and 5a-cholestane at the
same concentration as the internal standard and a series of n-alkanes of varying chain length,
from C7 to Ca40 (Supelco, Bellefonte, USA). Compound concentrations were then normalized to
the dry sediment mass (pg/g).

Thermal maturity of the organic matter was assessed using the homohopane (Cs1)
maturity index for the isomerism at C-22 (Peters et al., 2005). The 22S (biological) and 22R
(geological) isomer abundances were measured from the 17a,213-homohopane using GC-MS
and the m/z 191, 205, and 426 ions. Homohopane maturity indices were calculated using the
22S/(22S + 22R) ratio for each sample and verified on each ion to rule out interferences.
Homohopane values > 0.55 indicate the beginning of the early oil window (Peters et al., 2005).
For our study, average values for each region ranged from 0.01 from the Late Paleocene/Early
Eocene Arctic coal swamp to 0.54 at Creede, indicating all samples are below this early oil

window.

2.4. Bulk carbon analysis and Total Organic Carbon (TOC)

For bulk isotope analysis, an aliquot of each sample was decarbonated by exposing the
sediment to 1 N HCI for 30 min or until the reaction was complete and then neutralized using DI
water rinses. The 8'°C of bulk organic carbon and weight percent of total organic carbon (wt%
TOC) were determined via continuous flow (He; 120 ml/min) on a Costech elemental analyzer
(EA) coupled to a Thermo Electron Delta V Advantage Isotope Ratio Mass Spectrometer
(IRMS). The §'3C values were corrected for sample size dependency and normalized to the
VPDB scale using a two-point calibration (e.g., Coplen et al., 2006). Additional independent

standards were measured in all EA runs to determine error. Long term combined precision and
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accuracy of all EA runs was 0.12%o (16; n = 30) and —0.13%o (n = 30), respectively. Total

organic carbon in samples ranged from 0.7% to 47%.

2.5. Compound-specific carbon isotope analyses

Prior to isotope analysis, samples with n-Cy9 or n-C3; alkanes that were coeluting with
other compounds or that had complex baselines were additionally cleaned using urea adduction
to separate n-alkyl compounds from branched and cyclic compounds. Branched/cyclic
compounds were separated by adducting n-alkanes in urea crystals with equal parts of 10% urea
in methanol (w/w), acetone, and n-pentane by freezing and subsequent evaporation with
nitrogen. Non-adducts were extracted with hexanes, and urea crystals were subsequently
dissolved with water and methanol to release n-alkanes and then liquid-liquid extracted with
hexanes to recover the n-alkanes.

Compound-specific carbon isotope analyses were performed, where possible, on 7-Cz7 to
n-Css alkanes, diterpenoids, and triterpenoids by GC-combustion-IRMS. The §'*C composition
of these compounds could not be obtained for all samples due to low abundances, high
backgrounds, or coelutions with other compounds. Terpenoid compounds used for carbon
isotope analysis are listed in Table 2. GC-C-IRMS was performed using a Thermo Trace GC
Ultra coupled to an Isolink combustion reactor (Ni, Cu, and Pt wires) and Thermo Electron Delta
V Advantage IRMS. Isotopic abundances were normalized to the VPDB scale using Mix A6 and
A7 (Arndt Schimmelmann, Indiana University). The pooled carbon isotope analytical uncertainty
was measured across all sample runs with co-injected n-Cs41 alkanes and was 0.6%o (1o, n = 100)
following Polissar and d’Andrea (2014). Additionally, an in-house n-alkane standard prepared

from oak leaves (Oak-1a) was analyzed every 5 or 6 runs with a combined precision and
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accuracy of 0.2%o (16; n =77) and 0.04%o (n = 77). All statistical analyses were performed using

JMP Pro 14.0.0 (SAS Institute Inc, Cary, NC, USA).

3. Results and Discussion
3.1. Organic matter characterization

Individual sites from the Bighorn Basin and Arctic were grouped into regional localities
based on similar paleobotanical assemblages, depositional environments, and ages (Table 1).
Pristane (Pr) to phytane (Ph) ratios are used to characterized redox conditions of organic matter
and terrestrial matter input in geologic sediments (Powell and McKirdy, 1973; Bustin, 1988;
Bechtel et al., 2004). Uncertainty exists regarding the biological sources (plant vs bacterial) and
thermal conditions under which pristane and phytane are produced (Goossen et al., 1984; Tissot
and Welte, 1984; ten Haven et al., 1987), although in practice, Pr/Ph values < 1 are considered
reducing environments and Pr/Ph values > 3 are considered oxidizing environments (Hughes et
al., 1995; Peters et al., 2005).

We found substantial variability in Pr/Ph ratios within depositional environments,
indicating a wide range of redox conditions across terrestrial landscapes. Coal swamps and
floodplain depositional environments have higher average Pr/Ph ratios (6.1 and 2.3, respectively)
than lacustrine environments (1.1), indicating more oxic conditions and higher plant input.
However, a t-test reveals only floodplain and lacustrine depositional environments are
statistically unique (p < 0.0001), but sample coverage for coals is poor (n = 2) and floodplains
show a large range in Pr/Ph ratios (0.01-12.5). When compared to the paleovegetation, samples
from angiosperm-dominated sites have higher average Pr/Ph ratios (3.5) than sites with more

abundant conifers (1.2), a significant difference using a t-test (p < 0.0001; Fig. 2A). At least in
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this study, conifers are more likely to be preserved in wet environments prone to anoxic
conditions, and angiosperms tend to be better preserved in oxic environments, but more work
needs to be done to rule out collection biases and limited sample coverage across some
depositional environments. For instance, tocopherols are often linked to pristane formation and
are especially common in coal swamp depositional environments, such that Pr/Ph ratios in these
settings may be higher than expected (Goossens et al., 1984; Rybicki et al., 2020). However,
conifers such as Metasequoia, Taxodium, and Glyptostrobus are commonly found in wet
depositional environments (swamps), while angiosperms in general prefer better drained sites, as

seen in other regions and times (Davies-Vollum and Wing, 1998).

3.2. The abundance of n-alkanes by chain length as a paleovegetation indicator
3.2.1. Carbon preference index

Carbon preference index (CPI) is used to determine odd chain length preference in long
chain n-alkanes, where values > 1 signify higher odd over even n-alkane abundances (Marzi et
al., 1993). Values > 1 are typical for leaf wax n-alkanes in sediments (Bray and Evans, 1961;
Eglinton and Hamilton, 1967; Freeman and Pancost, 2013). Bush and Mclnerney (2013) showed
that modern woody angiosperms have higher average CPI values than woody gymnosperms.
However, there is considerable overlap in their CPI ranges, and woody plants, overall,
demonstrate a large range in CPI values (> 1 to 100)( Diefendorf et al., 2011; Bush and
Mclnerney, 2013). In this study, all samples have CPI values > 1. Sites with abundant conifers
have both the highest and lowest CPI values, ranging from 1.2 to 6.5, whereas angiosperm sites
have CPI values that range from 1.5 to 6.3 (Fig. 2B). While CPI values do vary by site, they are

comparable to modern plant values. However, using a t-test (p < 0.6284), we find no apparent
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distinction in CPI values between angiosperm-dominated paleobotanical sites vs conifer and

mixed conifer sites.

3.2.2. Terrestrial to aquatic ratios

Terrestrial to aquatic ratios (TAR) have been used to differentiate aquatic (algal and/or
bacterial) organic matter (short chain n-alkanes; Cis to Ci9) from higher plant organic matter
(long chain n-alkanes; C»7 to Cs1), with higher values indicating increased higher plant
contributions to the sediment (Bourbonniere and Meyers, 1996; Meyers, 1997). TAR values in
this study ranged from 0.11 at Creede to 193 from the Arctic coal swamp sample (Fig. 2C). We
find low TAR (< 1) values correspond to the sites with higher amounts of conifers, with the
exception of the Arctic coal swamp sample with the highest TAR (t-test; p < 0.0001). This
suggests conifers are better preserved in depositional environments with higher aquatic/bacterial
input compared to angiosperms, with the notable exception of the one Artic coal site. This site
had high CPI values (6.2) and very low thermal maturity (0.01), suggesting that there was very
little bacteria or aquatic input to make short chain n-alkanes. It is also possible that sites with
abundant angiosperms are producing high amounts of long chain n-alkanes, leading to higher

TAR values at angiosperm sites vs most conifer sites.

3.2.3. Average chain length
Average chain length (ACL) is commonly used to document the relative amounts of
different plant wax n-alkane chain lengths (Freeman and Pancost, 2013). ACL has been used as a

paleovegetation proxy, but shows varying degrees of sensitivity to phylogeny, climate, and
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biome (Diefendorf and Freimuth, 2017). Average chain lengths were calculated using the

modified equation:

(27n-Ca7+ 29n-Ca9+ 31n-Cs1 + 33n-Cs3 + 35n-Css)
(n-C27 + n-Ca9 + n-Cs1 + n-Css + n-Css)

ACL' =

(1)

The equation was modified from Eglinton and Hamilton (1967) to exclude n-C»s alkanes,
whose source can often include submerged aquatic plants (Ficken et al., 2000; Freeman and
Pancost, 2013; Diefendorf and Freimuth, 2017), but resulting values are similar. At our sites,
ACL' values ranged from 27.5 at Creede to 31.3 at Florissant, falling within the range observed
in modern tree species (26—34; Diefendorf et al., 2011). The range in ACL' values at our sites is
likely sensitive to variations in plant communities (i.e., different representative phylogenies,
water use efficiency strategies, deciduousness). However, there is no significant difference
between sites with high and low conifer abundances (29.0 vs 29.4, Fig. 2D). Modern conifer
ACL values have a strong phylogenetic signal among most conifer groups (Diefendorf et al.,
2015b). However, the range in the Cupressaceae and Pinaceae ACL values, which are the most
dominant conifers in this study, overlap with the ACL range for angiosperms. As a result, ACL
likely has limited applications for distinguishing between angiosperm and conifer communities

for many Paleogene sites in the Northern Hemisphere.

3.3. Relative abundances of terpenoids and n-alkanes as vegetation indicators
Di- and triterpenoids were present in all but a few samples. Across all sites, the most
abundant diterpenoid groups included the abietanes and pimaranes, with lesser amounts of

beyerenes, kauranes, phyllocladanes, and a labdane. The most abundant triterpenoids were a
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suite of dinoroleanane compounds that were at times coeluting with an unknown pentacyclic
triterpenoid, and also lesser amounts of des-A-lupanes. Long chain n-alkanes were present in all
samples. The n-C9 and n-Cs3; alkanes were most abundant, followed by n-C,7 alkanes and minor
amounts of 7-C33 and n-Css alkanes.

To compare distributions of plant biomarkers between sites, the concentration (ng/g) of
diterpenoids, triterpenoids, and n-alkanes (C»7 to C3s) were summed for each sample, converted
to relative percent, and averaged for each regional locality (Fig. 3). This approach provides a
qualitative comparison of paleovegetation. For instance, at angiosperm sites, n-alkanes are the
dominant plant biomarker (78-99%) with significantly lesser amounts of triterpenoids (0.9-9%)
and diterpenoids (0.2—12%). At sites with higher amounts of conifers, excluding coal swamps, n-
alkanes still represent the highest percentage of plant biomarkers (43—-79%), the percentage of
triterpenoids remains similar to angiosperm sites (0.1-15.4%), but the amount of conifer-derived
diterpenoids increases (13—45%). In coal swamps, diterpenoids are the dominant biomarker (95—
96%), with small amounts of n-alkanes (4-5%), and trace amounts of triterpenoids (0.2-0.3%).

When comparing the relative percent of n-alkanes and terpenoids between angiosperm
and conifer dominated sites, there appears to be some defining patterns that may be useful to
qualitatively determine the source of n-alkanes. For instance, the relative percent of n-alkanes to
terpenoids are higher at angiosperm sites (78.4—98.9%) compared to conifer sites (3.9-66.8%)
(Fig. 3; t-test, p = 0.0343). We suggest 80% as a cutoff for angiosperm-dominated sites. For
example, n-alkanes proportions greater than 80% are correlated with the angiosperm sites. Under
80%, conifers are likely contributing, at least in part, to sedimentary n-alkanes. For instance, the

Driftwood Canyon lacustrine environment has a high relative n-alkane abundance of 79.1%, and
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436  based on the 8'*Ciear values for this site, the sediment n-alkanes come from a roughly equal mix
437  of conifers and angiosperms.

438 We also observe that when conifers are dominant on the landscape, the relative percent of
439  diterpenoids is higher (13.1-95.8%) compared to angiosperm sites (0.2—12.3%) and this could
440  also help indicate if n-alkanes are potentially conifer-derived. At conifer-dominated sites,

441  Cupressaceae and Pinaceae were the most abundant groups, which can produce high amounts of
442  the longer chain n-alkane homologues Cs3 and Css (Diefendorf et al., 2015b), but if these conifer
443 groups also produce high amounts of diterpenoids, then in combination this results in lower

444  relative abundances of n-alkanes than at angiosperm sites. In coal depositional environments, the
445  signal is swamped by high concentrations of diterpenoids. It is possible that in these depositional
446  environments, conifer resins — which contain high abundances of diterpenoid compounds —
447  may also be preserved as amber (fossil resin), which are often found in coals (Otto et al., 2005).
448  This would result in a biomarker preservation bias. Because of the exceptional preservation of
449  diterpenoids in swamps, one cannot assume that n-alkanes are exclusively conifer-derived. For
450  example, in the Driftwood Canyon coal swamp, diterpenoids are the dominant biomarkers

451 (95.8%), but 8!°Ciear values indicate n-alkanes are sourced from a mix of both conifers and

452 angiosperms.

453 The percentage of triterpenoid biomarkers stays relatively uniform across both

454  angiosperm and conifer sites, and therefore the amount of these compounds may not be useful
455  indicators for the source of n-alkanes. Triterpenoids make up the smallest percent of the total
456  plant biomarkers in this study, even in the Bighorn Basin and at Florissant where angiosperms
457  are the dominant vegetation. Across all sites, we find triterpenoid compounds were either

458  aromatized or underwent A-ring degradation (des-A compounds), both of which are indicative of
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degradation to more stable configurations (Trendel et al., 1989; Rullkétter et al., 1994).
Angiosperm-derived triterpenoids are known to have poorer preservation potential than conifer
diterpenoids (Diefendorf et al., 2014; Giri et al., 2015). Preservation among diterpenoids and
triterpenoids are not uniform due to aromatization as well as degradation of primary polar
compounds in diterpenoids (e.g., ferruginol, dehydroabietic acid) and triterpenoids (e.g., amyrin,
oleanoic acid) (Simoneit, 1977; Simoneit et al., 1986; Otto and Simoneit, 2001). With careful
consideration of diagenetic processes, the relative abundances of n-alkanes and diterpenoids
could be a useful first approach to determine if conifers contributed n-alkanes to the sediment.
However, this is not a quantitative approach for estimating the vegetation sources of n-alkanes,
especially due to preservational and diagenetic biases in different depositional environments.
Further lines of evidences are needed to quantify the amount of conifer contribution to sediment

n-alkanes, how this may differ among chain lengths, and the effect on their §'*C values.

3.4. Carbon isotopes of n-alkanes and terpenoids

To compare the §'*C values of the measured n-alkanes, diterpenoids, and triterpenoids,
the data were grouped to account for differences in the carbon isotopic composition of the
atmospheric (8'*Cam) through time and for differences in biosynthetic fractionation (), (i.e., the
difference between §'3C values of the leaf and plant lipid). Sites span most of the Paleogene from
63 Ma to 26.59 Ma. During this time, §"*Cam values fluctuated by 2—-3%o, a signal preserved in
the plant biomarkers (Tipple et al., 2011). To avoid issues with constraining the exact ages of all
sites, which in some cases are known only within a few Myr (e.g., late Paleocene/early Eocene
Arctic sites), the measured n-alkane, diterpenoid, and triterpenoid §'>C values from the same

regions and times have been averaged together. To make each region directly comparable, §'*C
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values of di- and triterpenoids and the long chain n-alkane homologues have been plotted relative
to their respective n-Cag alkane §'°C values (Fig. 4) to account for differences in biosynthetic
carbon isotope fractionation. Whereas n-alkanes are synthesized via the acetogenic pathway,
diterpenoids are synthesized by the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway, and
triterpenoids are created via the mevalonic acid pathway (MVA). Each pathway has a unique ¢
value from bulk leaf tissue to lipid biomarker. So even though conifers create both n-alkanes and
diterpenoids (and angiosperms create both n-alkanes and triterpenoids), each biomarker type will
have unique 8'°C values as a result of these differences in fractionation (i.e. & values). The §'3C
values of n-alkanes, di- and triterpenoids were also compared to those of modern angiosperms
and conifers and were taken from (Diefendorf et al., 2012; 2015b; 2019; Diefendorf and
Freimuth, 2017).

Modern conifer leaf §'3C values average 2—-3%o higher than angiosperms from the same
location (Diefendorf et al., 2010) with similar offsets in the lipid values (Murray et al., 1998;
Mckellar et al., 2011). For all samples in this study, averaged by location, we observe a 3.7 £+
1.5%o (1o, n = 30) difference between measured conifer-derived diterpenoids and angiosperm-
derived triterpenoids 8'°C values (t-test, p = 0.0048). This is good evidence that the physiological
responses to the environment, such as differences in water-use efficiency, between conifers and
angiosperms have been similar since at least the Paleogene. Because there is little difference in €
values between diterpenoids and triterpenoids, direct comparisons can be made between these
biomarkers and the n-alkane values (Diefendorf et al., 2012). The §'3C values for diterpenoids
and triterpenoids can be used effectively as end members for conifer and angiosperm taxa in our
samples to trace the vegetation source of n-alkanes. Samples from the Latest Paleocene site

(Bighorn Basin, WY) were omitted because diterpenoid §'°C values were anomalously low in
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comparison to the triterpenoids §!*C values in the same samples and when compared to
diterpenoid 8'*C values of similarly aged samples in the same basin.

For both modern angiosperms and geologic sites with abundant angiosperms,
triterpenoids were on average ~4%o higher than n-Cy9 alkane values (Fig. 4). In modern
angiosperms, the §'°C values of n-alkanes were similar across all chain lengths. Modern
angiosperms reported in Diefendorf et al. (2012) do not include values for n-Css alkanes due to
the low abundance of those chain lengths. In this study, the samples at angiosperm-dominated
sites had relatively uniform n-alkane §'*C values. The exception is for the 7-Css alkanes, which
are 1.2%o higher relative to the n-Co9 alkanes at the Bighorn Basin Paleocene location. This is
likely attributed to some conifer contribution. At the paleobotanical angiosperm sites, where
available, diterpenoid values averaged 6.6 + 1.0%o (1o, n = 22) higher than the n-Cz9 alkanes (t-
test, p < 0.0001).

Modern conifer diterpenoid §'*C values have a much broader range of values relative to
n-Ca alkanes. For instance, the average 8'°C diterpenoid values for the groups Pinaceae and
Cupressaceae are 2.5%o and 3%o greater than n-Ca9 alkanes, respectively, although large standard
deviations exist (t-test, p = 0.0022). Taxaceae samples have a 5.6%o difference between
diterpenoids and n-Cay9 alkanes, and while large standard deviations do exist, the low sample
numbers (n = 2) preclude a t-test. Unlike modern angiosperms, the §'3C values of n-alkanes in
modern Cupressaceae, Pinaceae, and Taxaceae increase relative to the n-Cy9 alkane with
increasing chain length. At paleobotanical conifer sites, diterpenoid 8'3C values are 4.6%o higher
than n-C»9 alkane (t-test, p <0.0001). During the Paleocene and early Eocene, both angiosperm
and conifer sites had similar offsets between diterpenoid and n-Ca9 alkane §'°C values. However,

during the middle Eocene and Oligocene, this offset diminishes. This may be the result of
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increasing conifer contribution to the n-alkanes or differences in conifer palaeoflora
communities, resulting in different € values. For instance, deciduous conifers dominate the early
Eocene Arctic and Driftwood sites (Eberle and Greenwood, 2012; Eberle et al., 2014;
Greenwood et al., 2016). Macrofossil and pollen data indicate increasing abundance of evergreen
conifers during the middle Eocene Arctic and exclusively evergreen conifers are present at the
Oligocene Creede site (Wolfe and Schorn, 1989; Mclver and Basinger, 1999). When present, the
8'3C values of n-Cs3 and n-Css alkanes increase relative to n-Cag alkane at conifer sites, similarly
to modern conifers. Of note, the offset between triterpenoids and the n-Ca9 alkane is 0%o at
conifer sites, as compared to ~4%o at angiosperm sites, which is compelling evidence that
sediment n-alkanes being sourced from different taxa across angiosperm and conifer dominated

paleobotanical sites.

3.5. Leaf carbon isotopes of n-alkanes and terpenoids

To further consider how the §'°C values of n-alkanes are influenced by conifers, the §'3C
values of triterpenoids and diterpenoids were converted to bulk §!°Ciear values, thereby
accounting for differences in biosynthetic fractionation (&iipid-lear) that occur during the synthesis

of these different lipid biomarkers (Diefendorf et al., 2012).

Etipid-leat = (8" Clipid-biomarker + 1) / (3" Clear + 1) )

The 8'*Ciear values derived from the triterpenoids and diterpenoids represent end member
813C values of angiosperm and conifer leaves, respectively, from the sediment samples. The n-

alkanes were also converted to 8'*Ciear values and, depending on the vegetation source, have
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values that plot closer to conifer leaf values, angiosperm leaf values, or intermediately, indicating
a mixed source. The &yiterpenoid Value used for angiosperms (—0.4%o) was derived from a global
compilation of modern woody angiosperm vegetation (Diefendorf et al., 2012). The &diterpenoid
value for conifers (—0.75%o) is an average of modern Cupressaceae, Pinaceae, and Taxaceae
conifer families (Diefendorf et al., 2015b). The &diterpenoid Value used for Creede was —3.3%o, and
represents an averaged &diterpenoid Value for Pinaceae genera and the genus Juniperus (Diefendorf
et al., 2015b, 2019). Creede represents a rarely preserved conifer community dominated by
evergreen Juniperus (Cupressoideae) and Pinaceae species, which sets it apart from the other
paleobotanical locations inhabited mostly by deciduous Cupressaceae and Taxaceae. Juniperus,
which makes up roughly half of the specimen abundance at Creede, has a significantly more
negative € value (—7.1%o0) compared to other Cupressaceae (—1.1%o), Taxaceae (—1.0%o), and
Pinaceae (0.57%o), likely resulting in the small offset between the diterpenoids and n-alkanes.
This is important evidence that different taxa may affect §'3C values of n-alkanes, and careful
consideration should be taken when working in geologic and modern sites where large
vegetation fluctuations occur.

The €y-alkane Values used in this study were derived from a global compilation of woody
vegetation (Diefendorf and Freimuth, 2017) and represent an average of both angiosperm and
conifer values. For n-Cz7, C29, C31, C33, C35 alkanes, €y-alkane Values were —4.2%o, —4.7%o0, —5.1%o,
~4.6%o, —3.2%o, respectively. The §'*Ciear values for n-alkanes were also separately calculated
using €x-alkane values for angiosperms and conifers, resulting in only minor differences in 8'°Ciear
values and these do not change the following results and interpretations. Therefore, the values
reported in the following sections are based on the averaged angiosperm and conifer €-aikane

values.
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3.5.1. Bighorn Basin and Florissant

For the Paleocene and Eocene Bighorn Basin and Florissant paleobotanical sites, the flora
is dominated by angiosperms with respect to relative biomass. Similar to modern plants, the
difference between calculated §'>Ciear values for angiosperms (derived from triterpenoids) and
conifers (derived from diterpenoids) was 1.9%o in the Paleocene and Eocene Bighorn Basin
sediments. Diterpenoids were not abundant enough in Florissant samples to calculate conifer
313Crear values, so the conifer §'*Ciear end member was estimated based on the offset between
modern angiosperms and conifers (3%o). For both Paleocene and Eocene Bighorn Basin samples,
813Clear values calculated using 1n-Ca7 to Css alkanes fall within the range of angiosperm leaves
(Fig. 5). For Florissant, the 8'*Cear values calculated using n-Ca7, Ca9, and Cs; alkanes also fall
within the §'°C range of angiosperm leaves. However, §'*Ciear values calculated from 7-Cs3
alkanes show higher §'3C values, plotting closer to estimated conifer leaves, indicating a

different vegetation source for these longer chain n-alkanes.

3.5.2. Arctic

The Paleogene Arctic represents a mosaic of landscapes with abundant deciduous
conifers flourishing in lowland swamps and poorly drained zones of floodplains, and diverse
angiosperms at drier sites (Greenwood and Basinger 1994; Mclver and Basinger 1999; West et
al., 2019). The difference between angiosperms and conifer 8'>Ciear end members was —4.2%o
during the late Paleocene/early Eocene and —3.2%o from the middle Eocene. For the late
Paleocene/early Eocene Arctic floodplain samples, §'°Ciear values increase with increasing chain

length, indicating an increased conifer input, where the n-C»7 alkane show a fairly mixed
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619

angiosperm-conifer source, and n-C33 and n-Css alkanes have values that are consistent with
being exclusively conifer-derived. Angiosperm-sourced outliers exist for each chain length.
These samples are from Stenkul Fiord and coincide with vegetation-censused sites that were
dominated by angiosperms and highlights the heterogeneity of vegetation across the Arctic
landscape (West et al., 2019 and unpublished data).

The same comparison was done with the coal sample from Stenkul Fiord to investigate
whether n-alkanes from different depositional environments (i.e., coal swamps vs floodplains)
had similar vegetation sources. No triterpenoids were preserved in this coal sample, so
angiosperm §'°Ciear values were estimated based on the values at the other similarly aged Arctic
sites. The 8'3Ciear values calculated from 7-Ca7 and Ca9 alkanes plot much closer to angiosperm
leaves, whereas the 8'3Ciear values calculated from n-Cs1, C33, and Css alkanes indicate a conifer
source.

For the middle Eocene Arctic floodplain, §!°Ciear values derived from n-Ca7 to Css
alkanes all appear to be conifer-derived. This may indicate an increase in conifer abundance on
the regional landscape, or perhaps because of limited sample size, may represent only a localized
patch of conifer-dominated vegetation. Regardless, conifers appear to be the main contributor of
n-alkanes across different depositional environments and time periods in the Paleogene Arctic,

especially the longer chain lengths (n-Cs3 and n-Css).

3.5.3. Driftwood Canyon
Samples from the early Eocene Driftwood Canyon in British Columbia were grouped by
depositional environment to explore the possible differences in the source of n-alkanes between a

lacustrine and swamp setting, both of which are more representative of in situ vegetation regimes
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than floodplain environments (Greenwood and Basinger, 1994; Freimuth et al., 2019). The
difference between angiosperms and conifer 8'*Ciear end members was —6%o in the coal swamp
depositional environment. Triterpenoids were not measurable in the lacustrine sediments, so
angiosperm end members were estimated at ~6%o lower than conifers. In lacustrine sediments,
the §'3Ciear values calculated using 1n-Ca7 to n-Css alkanes fall between the angiosperm and
conifer 8'3Ciear end members, indicating a mixed vegetation source. However, as in the Arctic
region, longer chain n-alkanes show incrementally higher values, indicating more conifer input.
In the coal swamp samples, the 8'*Ciear values calculated using n-C27, Ca9, C31, and Cs3 alkanes
also indicate a mixed angiosperm-conifer source and did not show much variability between the

chain lengths.

3.5.4. Creede

Only trace amounts of triterpenoids were detected in the Creede samples; therefore,
angiosperm 8'°Ciear end members were estimated to be 3%o lower than the 8'*Ciear values of the
conifers. The lack of triterpenoids is not unexpected because macrofossils indicate that this site
was dominated by Juniperus and Pinaceae. The 8'°Ciear values calculated using n-C27, Ca9, C31,
and C33 alkanes fell within the range of conifer §'*Ciear values. The §'3Ciear value derived from
the n-Css alkane was more negative than the other chain lengths and could indicate a different

vegetation source or possibly some uncertainty associated with the estimated €;-aiane Value.

3.6. Determining vegetation source of n-alkanes in geologic sediments from terpenoid 5"*C

values and isotopic mixing models
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To further evaluate the efficacy of using terpenoid §'°C values as vegetation end
members to determine the source of sediment n-alkanes, the calculated 8'*Cear values of n-
alkanes, diterpenoids, and triterpenoids were used in an isotope mass-balance equation to

estimate the percent of conifer contribution to the different long chain n-alkanes at each region:

Conifer (%) = (Slscleaf—alkane - 813Cangiosperm leaf) / (813Cc0nifer leaf — 613Cangiosperm leaf) x 100 (3)

where 8'3Cleaf.alkane is the mean bulk leaf §'°C value derived from the n-alkanes, and the
813 Cangiosperm leaf and 813 Ceonifer leaf are the mean bulk leaf §'3C values derived from triterpenoids
and diterpenoids, respectively.

The values from the mixing model are shown in Table 3. A Monte Carlo simulation
method was performed to quantify Gaussian uncertainty (16) in Ajear values for each site using
10,000 iterations in MATLAB R2017a (The MathWorks, Natick, USA). Input uncertainties
included the standard deviations of 8" Cieat-alkane, 0 Ceonifer leaf @d 8"*Cangiosperm Ieaf fOT €ach region.
Uncertainties for € values were omitted based on studies that suggest modern calibrations
overestimate error because modern ranges in variability are much higher than would be expected
in geologic sediment, which represents many integrated plants through time (Polissar et al.,
2009; Diefendorf and Freimuth, 2017).

Previous work highlighted that conifers could contribute n-alkanes to the sediment and
affect carbon isotope values (Smith et al., 2008; Diefendorf et al., 2011; 2014; 2015). These
studies estimated the percent of conifer macroflora in the Paleocene and Eocene Bighorn Basin
at between 13-14% (Smith et al., 2008) and 1-34% (Diefendorf et al., 2014), but did not have a

mechanism to estimate how much conifers were contributing to the sediment n-alkanes or
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quantify how this would affect their §'°C values. Here we provide a method to test the vegetation
source of n-alkanes during the Paleogene by using the §'*C values of diterpenoids and
triterpenoids to calculate conifer and angiosperm &'3Cear values to serve as taxonomic end
members for each location (Fig. 5). We suggest calling this approach the terpenoid-isotope
taxonomic estimator (TITE). As part of TITE, we used the §'3Ciear end member values to run
isotopic mixing models to estimate conifer contribution by n-alkane chain length. For the n-Cao
alkane in the Bighorn Basin, we find that conifers contribute 0—16% of the n-alkanes, which
agrees well with estimates of the macroflora assemblages (Smith et al., 2012; Diefendorf et al.,
2014). This method goes one step further to assess how conifer contribution affects §'°C of n-
alkanes. At angiosperm sites in the Bighorn Basin, the minor amount of conifer contribution has
little effect on the overall §'3C values of n-alkanes (Fig. 5). However, at Florissant, the isotopic
mixing model shows conifers are contributing ~16 + 30% (1o, n = 17) to the n-Cs3 homologue,
which produces a small positive shift in the 3'*Ciear values (Fig. 5). These results suggest that
even at angiosperm-dominated sites, conifers contribute some minor amount of longer chain n-
alkanes to the sediment and, in some cases, 8'>C values of the longer chain homologues may be
increasingly sensitive to different vegetation sources.

In mixed conifer environments, such as Driftwood Canyon, about half of the n-alkanes
are sourced from conifers (Table 3). As a result, §'*C values of n-alkanes are ~2—4%o higher for
all C7 to Css chain lengths than would be expected from a purely angiosperm source (Fig. 5).
We also find that conifer input generally increases with longer chain n-alkanes at mixed conifer
sites, affecting the §'3C values of C33 and C3s alkanes, while n-C»7 alkanes have the highest

angiosperm input. This indicates that even when conifers contribute only partly to the sediment
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n-alkanes, they can still have an important isotopic effect on the sedimentary n-alkane §'3C
values (Fig. 5).

At some of the conifer-dominated sites (middle Eocene Arctic and Creede), 100% of n-
alkanes (all chain lengths) are sourced from conifers. At other conifer sites, such as the late
Paleocene/early Eocene Arctic, the n-C»7 alkanes have a significant amount of angiosperm
contribution that ranges from 41% to 45% (Table 3) and conifer contribution increases with
increasing n-alkane chain length. However, some sites show that the n-Css alkane has less
conifer input than the n-Css alkane. It is likely that the € value for the n-Css homologue is not
entirely accurate based on the sparse number of measurements in the modern calibration

(Diefendorf and Freimuth, 2017) and could benefit from future studies on modern ¢ calibrations.

4. Conclusions

Long chain n-alkanes extracted from geologic sediment are not necessarily diagnostic of
their vegetation source, as they are produced by both angiosperms and conifers. It is generally
accepted that angiosperms produce high abundances of n-alkanes and thus can dominate the
sediment distributions (Diefendorf et al., 2011, 2014; Bush and McInerney, 2013). While some
conifer groups that were common in North America during earlier parts of the Paleogene, such as
the Taxodioideae, or throughout the Cenozoic, such as the Pinaceae, tend to make low
concentrations of n-alkanes, some conifers from groups such as the Cupressoideae and
Callitroideae (Cupressaceae) produce significant amounts of n-alkanes (e.g., Juniperus),
especially the longer chain lengths (n-C33 and n-Css). This could be further tested at Triassic and
Jurassic sites where n-alkanes are exclusively conifer-derived, prior to the evolution of

angiosperms. In the Paleogene, though, not much is understood about the source of sediment #-
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alkanes when these groups of conifers are the most abundant taxa on the landscape, or how this
would impact their §'°C and §*H isotopes, which has important consequences for the wide array
of paleo proxies that use leaf wax n-alkanes. Understanding the paleovegetation source of n-
alkanes may be especially important during times of rapid climate change, where leaf wax 8°H
and 8'3C values can reflect a complex signal of rapidly changing plant communities and climate.

We have provided a method to test the vegetation source of n-alkanes during the
Paleogene by using 8'*C values of terpenoids as conifer and angiosperm end members. We
suggest calling this approach the terpenoid-isotope taxonomic estimator (TITE). Using this
method, we find that n-alkanes can be exclusively or mostly derived from conifer sources when
conifers are the dominant taxa on the landscape. We also find at conifer and mixed conifer sites
that conifer contributions increase with increasing n-alkane chain length. At sites where
angiosperms are the most abundant taxa, conifers can contribute some minor amount of 7-
alkanes, typically the n-Cs3 and n-Css homologues, suggesting that conifers in the Paleogene
contributed to longer chain n-alkanes (n-Cs3 and n-Css) even when not the dominant taxa, but
this likely differs for other geographic locations and taxa.

The approach presented here determines if n-alkanes are sourced from conifers and
shows that it may be critical to measure all chain lengths (C27 to Css), but it also highlights that
constraining the conifer taxa at a given site is important because different taxa have unique chain
length and € values. These will vary among different conifer taxa, especially Cupressaceae,
Pinaceae, and Podocarpaceae. This approach may be useful for determining the source of n-
alkane contributions when other taxonomic information (e.g., fossils or pollen) are not preserved,
and has wider applications for regions outside of North American where different conifer

assemblages were common, for other times in the past when conifers were common on the
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landscape, and during periods of rapid climate change associated with large vegetation shifts

(i.e., PETM; Smith et al., 2007).
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Figure Captions

Fig. 1. Map of North America showing the paleobotanical sites where sediments were sampled.

Points are numbered with a corresponding key to the right of the map, grouped by region. Light

green points indicate angiosperm sites; dark green, conifer and mixed conifer sites. Panel (a)

provides an expanded map for Ellesmere and Axel Heiberg islands; Panel (b), the Bighorn Basin.
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Fig. 2. Box and whisker plots of paleobotanical sites grouped by angiosperm sites (light green)
and conifers/mixed conifer sites (dark green), then by age for: (a) Pr/Ph ratios; (b) carbon
preference index (CPI); (c) terrestrial to aquatic ratios (TAR); and (d) average chain length
(ACL"). Box and whisker plots show the median, upper and lower quartiles, and maximum and
minimum values, with outlier values shown as black-filled symbols. Each point represents one
sample, and different symbols represent distinct depositional environments. Letters on y-axis
represent locations: Paleocene Bighorn Basin (A), Eocene Bighorn Basin (B), Florissant (C), late
Paleocene/early Eocene Arctic coal swamp (D), late Paleocene/early Eocene Arctic floodplain
(E), Driftwood Canyon coal swamp (F), Driftwood Canyon lacustrine (G), middle Eocene Arctic

(H), Creede (I).

Fig. 3. Pie charts depicting the relative abundances of each biomarker: triterpenoids (light
green); diterpenoids (dark green); and n-alkanes (purple). Here we show that sites with higher
abundances of angiosperms (A—C) have higher amounts of n-alkanes (78.4-98.9%) compared to

conifer and mixed conifer sites (D-I) (3.9-79.1%).

Fig. 4. Measured 8'°C values of triterpenoids, diterpenoids, and n-alkanes from modern
angiosperms and conifers (yellow) and from Paleogene angiosperms paleobotanical sites (light
green; A—C) and conifer and mixed conifer paleobotanical sites (dark green; D—I). Modern
biomarker §'>C values are from Diefendorf et al. (2012; 2015b; 2019); and Paleocene/Eocene
Bighorn Basin sites are from Diefendorf et al. (2015a). To account for differences in atmospheric
813C values between locations and for ease of comparison, '>C values are plotted relative to -

Ca9 alkanes for each site (orange shaded bar). Error bars represent 1o for all species measured

50



1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

(modern) or all biomarkers measured at each location (geologic sites). For each geologic site, the
number of individual paleobotanical sites is denoted by 7, and representative conifer taxa are
listed. In modern angiosperms, §'C values show little variation between chain lengths. In
contrast, the §!°C values of n-alkanes increase with increasing chain length for modern
Cupressaceae, Pinaceae, and Taxaceae conifers. This distinct conifer pattern is broadly
conserved at geologic sites dominated by conifers (D, E, G). Long chain length n-alkanes
homologues (C33 and Css) also show the highest conifer contribution at most conifer-dominated
geologic sites (D—-H) and at some angiosperm-dominated geologic sites (A and C), indicating

that conifers may be contributing to these longer chain lengths even when not the dominant taxa.

Fig. 5. Box and whicker plots for §'3Ciear values calculated from triterpenoids (light green),
diterpenoids (dark green), and n-C»7 to n-Css alkanes (purple). Box and whisker plots show the
median, upper, and lower quartiles, and maximum and minimum values, with outlier values
shown as black points. §'*Ciear values calculated from triterpenoids represent angiosperm leaf end
members (green shaded region) and §'*Ciear values calculated from diterpenoids represent conifer
leaf end member values (blue shaded regions) in sediment samples for each site (A—I). Dashed
shaded regions represent estimated end member values where terpenoids were not detectable and
are based on terpenoid values from similar locations when available (D, G) or a 3%o offset (C, I).
The 8'*Ciear values of n-alkanes plotting within the range of angiosperm end members
demonstrate sediment n-alkanes that are sourced from angiosperms (A—C) and §'*Ciear values of
n-alkanes plotting within the range of conifer end members represent sediment n-alkanes sourced
from conifers (H, I). Our data reveal that conifer contribution can be complex and vary by chain

length. In some cases, n-alkanes represent a fairly mixed source of both angiosperms and
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conifers (F, G), but conifer input can also increase with increasing chain length (D, E, G).
Therefore, it important to measure §'>C values for all long chain n-alkanes when using this

method to help recognize the effects of paleovegetation.
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Figure 5
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Table 1
Regional localities with paleobotanical sites and site information including age, depositional environment, conifer paleovegetation,
and paleobotanical references. Letters correspond to sites indicated in Figs. 2, 3, 4, and 5.

Regional Locality =~ Paleobotanical Sites Location Age (Ma) Dep _osmonal Paleovegetgtlon Conifers (macrofossils) Selected Paleobotanical
Environment  (macrofossils) References
Paleocene
(A) Bighorn Basin ~ Grimy Gulch, Belt Ash, Wyoming, USA 63+1.5- Floodplain Angiosperm Metasequoia, Glyptostrobus Davies-Vollum and Wing
Cf-1, Honeycombs, 56.04+1.5 dominated, 1998; Smith et al., 2007;
Latest Paleocene minor conifers Diefendorf et al., 2014;
Diefendorf et al., 2015a
Late Paleocene -Early Eocene
(D) Arctic Stenkul Fiord Ellesmere Island, 55.5-53.1 Coal Swamp  Mixed broadleaf  Metasequoia, Glyptostrobus, Eberle and Greenwood,
Canada and conifer forest 2012; West et al., 2015;
West et al., 2019
(E) Arctic Hot Weather Creek, Ellesmere Island, 57.6+1.6- Floodplain Mixed broadleaf  Metasequoia, Glyptostrobus, Eberle and Greenwood,
Fosheim Anticline, Canada 51.9+4.1 and conifer forest 2012; West et al., 2015;
Stenkul Fiord, Split Lake, West et al., 2019
Lake Hazen, Mosquito
Creek, Strathcona Fiord
Early Eocene
(B) Bighorn Basin ~ WCS7, Dorsey Creek Wyoming, USA 5535+ 1.5-  Floodplain Angiosperm Metasequoia, Glyptostrobus Davies-Vollum and Wing
Fence, Fifteenmile Creek 5298 +1.5 dominated, 1998; Smith et al., 2007
minor conifers Diefendorf et al., 2014,
Diefendorf et al., 2015a
(F) Driftwood Driftwood Canyon British Columbia, 51.77+£0.34  Coal Swamp  Mixed broadleaf  Metasequoia, Sequoia, Eberle et al., 2014
Canyon Canada and conifer forest ~ Chamaecyparis, Thuja,
Pinaceae
(G) Driftwood Driftwood Canyon British Columbia, 51.77+£0.34  Lacustrine Mixed broadleaf — Metasequoia, Sequoia, Eberle et al., 2014
Canyon Canada and conifer forest ~ Chamaecyparis, Thuja,
Pinaceae
Middle Eocene
(H) Arctic Boulder Hills, Fossil Ellesmere and Axel 445+33 - Floodplain Mixed broadleaf  Metasequoia, Glyptostrobus, Mclver and Basinger,
Forest, Geodetic Hills Heiberg islands, 429+49 and conifer forest ~ Chamaecyparis, Pinaceae 1999; Eberle and
Canada Greenwood, 2012
Late Eocene Late Eocene
(C) Florissant Florissant Florissant Fossil 34.07+0.1 Lacustrine Angiosperm Sequoia, Chamaecyparis, MacGinite, 1953;
Beds National dominated, Torreya, Abies, Picea, Pinus Gregory, 1994;
Monument, minor conifers Manchester, 2001
Colorado, USA
Oligocene Oligocene
(I) Creede Creede Colorado, USA 26.59 +0.33 Lacustrine Conifer Juniperus, Abies, Picea, Wolfe and Schorn, 1989;
scrubland Pinus Leopold and Zaborac-

Reed, 2019
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Table 2

List of compounds used in this study with mass spectral data and references.

Characteristic ion fragments

#  Saturation Compound Name Formula  Class MW i Source
DITERPENOIDS
1 Aliphatic Isonorpimarane CioHzy Pimarane 262 233,109, 123 Noble et al. (1986)
2 Aliphatic Norpimarane CioHzs Pimarane 262 233,123,109 Philp (1985)
3 Aliphatic 18-Norisopimarane CioHzs Pimarane 262 233,123,109, 262, 245 Killops et al. (1995)
4 Aliphatic =~ Tetracyclic diterpane CioHz, Kaurane? 260 109, 260, 189, 231 Spectral interpretation
5 Aliphatic  ent-Beyerane CyoHs4 Beyerane 274 123,245, 259,274, 189 Noble et al. (1985)
6  Aliphatic 13a(H)-Fichtelite CioHzs Abietane 262 109,191, 95, 81, 262, 247 Otto and Simoneit (2001)
7  Aromatic 19-Norabieta-8,11,13-triene ~ CoHyg Abietane 256 159,241, 185, 256, 117 Simoneit (1977)
8 Aromatic | o-Norabieta-4,8,11,13- CiHy  Abietane 254 197,100,249 Philp (1985)
tetraene
9 Aromatic :;;i‘ilr:bleta's 8,11,13- CiHy  Abietane 254 239,254,199, 117, 159 Philp (1985)
10 Aromatic 18-Norabieta-8,11,13-triene ~ CoHyg Abietane 256 159,241, 185,256,213 Simoneit (1977)
11 Aliphatic ~ Isopimarane CyoHzs Pimarane 276 247,123,163, 109, 276, 261 Tuo and Philp (2005)
12 Aliphatic Pimarane CyoHss Pimarane 276 247,163,123 NIST (2008)
13 Aliphatic Abietane CyoHj Abietane 276 163,191, 276, 261, 233 Philp (1985)
14  Aliphatic  ent-16p(H)-Kaurane CyoHss Kaurane 274 123,274,259, 231 Noble et al. (1985)
15  Aromatic ent-13-epi manoyl oxide CyH340  Labdane 290 257,275,192, 177 Demetzos et al. (2002)
2-Methyl-1-(4'-
16 Aromatic  methylpentyl)-6- CyoHas Abietane 268 197,268,253, 167 Stefanova et al. (2005)
isopropylnaphthalene
17 Aromatic  Abieta-8,11,13-triene CyoHj Abietane 270 255,173,159, 185 Philp (1985)
. . . Willford et al. (2014);
18 Aromatic  Dehydroicetexane CyoHso Abietane 270 270,255,146, 131, 185 Nytoft et al. (2019)
19  Aromatic 1,2,3,4-Tetrahydroretene CgHy, Abietane 238 223,238,181, 163 Philp (1985)
20 Aromatic  Simonellite CiwHy  Abietane 252 237,195, 165,178 St“;"‘(’f‘gtg(olf 77); Wakeham
21  Aromatic Diaromatic tricyclic totarane ~ CjoHaq Totarane 252 237,179,193, 165 Tuo and Philp (2005)
. . Wakeham et al. (1980);
22 Aromatic Retene CisHig Abietane 234 219,234,204 Philp (1985)
TRITERPENOIDS
. . 123, 109, 95, 163, 149, 191, Philp (1985); Stefanova and
23 Aliphatic  Des-A-lupane Co4Ha Lupane 330 287,315 Magnier (1997)
. Des-A-26-norlupa-5,7,9- Wolff et al. (1989);
24 Aromatic triene Cy3Hiy Lupane 310 295,157,131 Freeman et al. (1994)
25 Aliphatic = Des-A-ursane CyHyy Ursane 330 ig?’ ;?g’ 109, 149, 330, 287, Woolhouse et al. (1992)
. Similar to monoaromatic-
26  Aromatic (A)-triterpenoid Cy7Hss Oleanane 362 145, 158, 347 Stout (1992)
. Similar to 24,25,26-trinor-
27  Aromatic lupa-1,3,5 (10),7-tetraene Cy7Hsg Lupane 362 145,190, 172, 347 ten Haven et al. (1992)
28  Aromatic Olean-11,13(18)-diene CioHys Oleanane 408 408, 69, 255,293 NIST (2008)
29  Aromatic Olean-18-ene C;0Hso Oleanane 410 204,189,177, 395, 410 NIST (2008)
. Dinor-oleana(ursa)-
30  Aromatic 1,3,5(10)-triene CyHyp - 378 145,157,172 Jacob et al. (2007)
Unknown pentacyclic
31 Aromatic triterpenoid (coelutes with Cy7Hz6 Oleanane 360 195,207,221 Chang et al. (1988)
Compound 30)
32  Aromatic Olean-12-ene C;0Hso Oleanane 410 218,203, 191, 257 Philp (1985)
33 Aromatic ;Z”n::ethy"’cmhydmp‘ce“e CyHs  Oleanane 342 342,218,243 Wakeham et al. (1980)
Tetranor-olean(ursa)-
. Chaffee et al. (1984); Stout
34 Aromatic  1,3,5(10),6,8,11,13,15- CysHag - 340 255, 340,270, 239, 325, 283 (1992); Jacob et al. (2007)
octaene
2,2 ,4a, 9-Tetramethyl-
. o 342,257,243, 228,299, 215, Wakeham et al 1980;
35  Aromatic 1,2,3,4,4a,§,6,14b— CyeHzo Oleanane 342 123 Chaffee and Fookes (1988)
octahydropicene
. 1,2,9-Trimethyl-1,2,3,4- Wakeham et al. (1980);
36  Aromatic tetrahydropicene CasHay Oleanane 324 324,309, 279, 255 Meyer et al. (2014)
37 Aromatic ~ >>0-Trimethyl-1,2,3,4- CosHay  Oleanane 324 324,309,252 Wakeham et al. (1980);

tetrahydropicene

Meyer et al. (2014)

*Listed in highest abundance
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Table 3

Carbon isotope mixing models showing TITE-derived % conifer contribution of sediment n-

alkanes for each location

% conifer contribution to sediment n-alkanes

Location (Depositional environment), n-Cyy n-Cao n-Cs; n-Cs; n-Css

Age* alkane lo alkane lo alkane lo alkane lo alkane lo
Angiosperm Sites

A. Bighorn Basin (Floodplain), EP 0% 30.2 2% 244 3% 20.8 9% 153 0% 32.6
B. Bighorn Basin (Floodplain), EP 18% 253 16% 299 8% 183 9% 27.1 0% -
C. Florissant (Lacustrine), late E 0% - 0% - 0% - 16% - - -
Conifer Sites

D. Arctic (Coal Swamp), late EP/early E 55% - 58% - 81% - 100% - 82% -
E. Arctic (Floodplain), late EP./early E 59% 10.4 77% 5.4 76% 14.2 94% 155 98% 13.7
F. Arctic (Floodplain), middle E 100% 0.1 100% 0.1 100% 0.2 100% 0.2 100% 0.2
G. DC (Coal Swamp), early E. 43% 0.1 49% 0.1 47% 02 52% 0.2 - -
H. DC (Lacustrine), early E. 32% 0.1 49% 0.1 55% 0.1 55% 0.1 55% 0.1
I. Creede (Lacustrine), OL 100% 0.3 100% 0.5 100% 0.3 100% 0.3 65% -

*Age abbreviations: EP = Paleocene, E = Eocene, OL = Oligocene
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