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Abstract: We report estimated stable isotope compositions of depositional waters and paleopre-
cipitation from the Cretaceous Arctic to further elucidate the role of the global hydrologic cycle in
sustaining polar warmth during that period. Estimates are based on new hydrogen isotopic analyses
of n-alkane biomarkers extracted from Late Cretaceous and mid-Cretaceous terrestrial deposits in
northern Alaska and the Canadian High Arctic. We integrate these new results with earlier published
work on oxygen isotopic analyses of pedogenic siderites, dinosaurian tooth enamel phosphates, and
pedogenic clay minerals from the same field areas. Average Late Cretaceous δD values of −143‰
VSMOW corresponded with average δ18O values of −24.1‰ VSMOW, and average mid-Cretaceous
δD values of −106‰ VSMOW corresponded with average δ18O values of −22.1‰ VSMOW. The
distributions of water isotope δD and δ18O values from Cretaceous Arctic deposits do not inter-
sect with the Global Meteoric Water Line, suggesting an apparent deuterium excess ranging from
about 40 to 60 per mil. We considered several possible explanations for these Cretaceous results
including (1) mass-balance changes in zonal patterns of evaporation and precipitation at lower
latitudes, (2) concentration of 2H in leaf tissue waters from continuous transpiration by coniferous
paleofloras during the Arctic growing season, and (3) concentration of 2H in the groundwaters of
methane-emitting Arctic soils.

Keywords: Cretaceous; hydrologic cycle; hydrogen and oxygen isotopes; polar warmth

1. Introduction

The Cretaceous period is an iconic example of an ancient greenhouse world [1,2], a
climate state of direct relevance to the future human prospect [3,4]. An interval of Earth’s
history with higher atmospheric pCO2 levels, warmer global temperatures, and reduced
equator-to-pole temperature gradients, the Cretaceous greenhouse world has long posed a
challenge to paleoclimate modelers. Data–model misfits between evidence for Cretaceous
polar warmth and the results of climate model simulations have been a chronic problem [5].
More recently, some model simulations have produced results that better accord with
paleoclimate proxy data suggesting a warm Cretaceous Arctic, and they implicate the
involvement of the hydrologic cycle in the processes that sustained polar warmth [6,7].
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Modern and ancient dynamics of the global hydrologic cycle are traced by stable
isotopes of H2O in the liquid phase. These include the hydrogen (2H or 1H, otherwise
expressed as δD or δ2H) and oxygen (18O or 16O, otherwise expressed as δ18O) isotopic
compositions of modern atmospheric precipitation [8] along with derivative geologic
proxies of ancient minerals that formed in shallow groundwaters and fossil organisms or
their organic biomarkers preserved in records of ancient terrestrial ecosystems.

There is a scientific controversy about the impacts of super greenhouse worlds on
the stable isotope tracers of polar paleoprecipitation and thus the mechanistic role of the
hydrologic cycle in sustaining polar warmth. This question concerns the applicability
of a modern relationship between local mean annual surface temperature and the δD
and δ18O of mean annual precipitation [8]. Extrapolation of this relationship to ancient
super greenhouse episodes predicts that the δD and δ18O values of paleoprecipitation
proxies in the warmed polar regions should have higher values than that of modern
precipitation. This hypothesis is supported by paleoclimate proxy δD and δ18O data and
climate modeling results regarding the super greenhouse period of the Paleocene-Eocene
thermal maximum (PETM) [9–12]. This view regards increased polar specific humidity
as the warming mechanism, with water vapor and related radiative properties playing a
passive role in polar warming.

An opposing theory is supported by paleoclimate proxy data and stable isotope mass-
balance modeling results indicating much lower proxy paleoprecipitation δ18O values
from the Cretaceous Arctic [13–19]. Similar evidence for much lower proxy paleoprecip-
itation δ18O values from polar paleoenvironments has been reported from other ancient
super greenhouse episodes [20,21]. This oxygen isotope viewpoint concerns mass-balance
changes in the hydrologic cycle, with increased subtropical evaporation fluxes and in-
creased temperate-polar precipitation fluxes during meridional water vapor transport from
the tropics to the poles. The proposed mechanism posits an active role for the hydrologic
cycle with mass transfer of latent heat to the poles [22]. This pattern matches with historic
zonal mass-balance changes in the hydrologic cycle during the anthropogenic warming of
the late 20th century [23,24].

The initial reports of lower proxy δ18O values from Cretaceous deposits in Arctic
Alaska were challenged by Earth system modelling results [25] suggesting that an apparent
model–data misfit was related to local orographic complications because of proximity of the
first sampling site to the ancestral Brooks Range mountains. Subsequent studies in other
areas have supported the idea that low paleoprecipitation δ18O values from the Cretaceous
Arctic are a robust result [16–19].

A recent report on δD values of n-alkane biomarkers extracted from mid-Cretaceous
deposits of the Cretaceous Arctic [26] lent support to the idea that Cretaceous Arctic
paleoprecipitation had higher δD values than that of modern precipitation. New low δ18O
values from pedogenic siderites in a mid-Cretaceous unit in the same area [19] showed
that the estimated water δD and δ18O values from these two proxies do not conform to
the slope of the Global Meteoric Water Line [27]. Resolution of this apparent paradox
requires that new data from δD and δ18O paleoprecipitation proxies of the Cretaceous
Arctic are collected from stratigraphic units that are closely associated in space and geologic
time. This contribution is directed towards advancing that goal through compilation of
δD and δ18O data from terrestrial units of the Cretaceous Arctic. We further note that
sampling of multiple paleoprecipitation proxies from terrestrial deposits of the Cretaceous
Arctic offers the best chance for independent verification and cross-calibration of proxy
results, to begin exploring the expected influences of highly heterogeneous terrestrial
paleoenvironments [17,28].

In this paper, we compared new paleoprecipitation data from the n-alkane δD proxy
with δ18O data developed from the pedogenic siderite proxy [20,29] and other co-occurring
δ18O proxies from Arctic Cretaceous terrestrial deposits. We also further re-evaluated
published pedogenic siderite δ18O data in light of new updates on siderite 18O fractionation
factors to recalculate their derivative water δ18O values. We then integrated these proxy
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datasets to further examine conflicting viewpoints on the role of the hydrologic cycle in
sustaining Cretaceous polar warmth.

2. Materials and Methods
2.1. Sample Materials from the Prince Creek Formation, Colville Basin, Alaska

Samples were collected from organic-rich sediments of the Maastrichtian-Paleocene
Prince Creek Formation exposed in bluffs formed by modern river downcutting along the
Colville, Toolik, and Sagavanirktok Rivers on the north slope of Alaska. Cretaceous samples
are from bluffs located along the Colville River from north of Umiat, Alaska to south
of Ocean Point (Figure 1A). A representative stratigraphic section with sedimentologic
features and paleoenvironmental interpretations for the 06SH sample locality along the
Colville River is shown in Figure 1B. Paleocene samples are from Sagwon Bluffs along the
Sagavanirktok River and bluffs along the Toolik River west of, and latitudinally equivalent
to, Sagwon Bluffs (Figure 1C,D).

Cretaceous deposits found along the Colville River (Figure 1A) are those meandering
to anastomosed river systems and associated floodplain environments [30]. Cretaceous
samples are primarily from paleosol horizons, thin lacustrine deposits, or coal. Cretaceous
paleosols are weakly developed compound and cumulate soils that formed on the levees,
point bars, and crevasse splays of channel systems, and along the margins of lakes, ponds,
and swamps [31,32]. Soil development was frequently interrupted by input of sediments
during river flooding events, resulting in paleosols that are similar to modern Entisols or
Inceptisols [31]. Clay mineralogical and geochemical analyses of some alluvial paleosols
indicate that they were heavily influenced by inputs of volcanic ash and developed into
Andisol-like soils [33]. Paleoenvironmental reconstructions indicate a coastal plain to lower
delta plain setting with polar forests, an angiosperm understory, abundant dinosaur fauna,
a seasonally fluctuating water table, and common river floods [30,31,34,35].

Stratigraphic samples from Late Cretaceous portions of the Prince Creek Forma-
tion that were analyzed for this study were contributed from the research collections
of coauthors McCarthy and Flaig. They are LBB-20; LBB-24; LBB-07; 06SH-16.1; 06SH-
16.6; 06SH14.6; 06SH-9.4; 06SH-16; 06SH-2.5; NKT-7; NKT-51; NKT-31; and NKT-32 (see
Tables S1–S10).

Paleocene deposits found along the Toolik and Sagavanirktok rivers (Figure 1C,D) are
those of river channels and associated crevasse splays, crevasse channels, and levee deposits
that alternate with thick lacustrine-palustrine deposits and coals [36]. Paleocene samples
are primarily from palustrine to lacustrine deposits and coal (Figure 1C,D). Organic-rich
floodplain deposits interbedded with sandier channel deposits are relatively thick and
indicate extensively vegetated and commonly wet paleoenvironments with a consistently
high water table.

Stratigraphic samples from Paleocene portions of the Prince Creek Formation that
were analyzed for this study were contributed from the research collections of coauthors
Houseknecht and Sanders. They are 19DH-002; 19DH-003; 19DH-004; 19DH-006; 08DH-005;
10DH-037; and 12DH-020 (see Tables S1–S10).
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graphic column and paleoenvironmental interpretations for the 06SH sample locality along the Col-
ville River. (C) Sample locations in bluffs along the Toolik River. (D) Sample locations in bluffs along 
the Sagavanirktok River. Figure modified from [31,32]. 
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to produce hydrogen isotope data from extracted n-alkanes for this study. Oxygen isotope 
data from paleosol siderite [20,38] were collected from the Cenomanian Bastion Ridge 

Figure 1. Sample locations and stratigraphic features of sample horizons from the Prince Creek
Formation in Alaska. (A) Sample locations in bluffs along the Colville River. (B) Representative
stratigraphic column and paleoenvironmental interpretations for the 06SH sample locality along the
Colville River. (C) Sample locations in bluffs along the Toolik River. (D) Sample locations in bluffs
along the Sagavanirktok River. Figure modified from [31,32].

2.2. Sample Materials from the Canadian High Arctic

We collected new stable isotope data from mid-Cretaceous deposits from the Sverdrup
Basin and Eclipse Trough of the Canadian High Arctic Archipelago. A coal sample from the
Albian-Cenomanian Hassell Formation was collected from the Twosnout Creek section [37]
within the Eclipse Trough on Bylot Island (Figure 2(1)) and was used to produce hydrogen
isotope data from extracted n-alkanes for this study. Oxygen isotope data from paleosol
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siderite [20,38] were collected from the Cenomanian Bastion Ridge Formation on Axel
Heiberg Island (Figure 2(2)) and were reported earlier [19]. These data were used to
recalculate water δ18O values for this study. Carbonaceous mudstones from the Turonian
Kanguk Formation on Devon Island (Figure 2(3)) were used to produce hydrogen isotope
data from extracted n-alkanes [26]. Those data were further used in this synthesis.
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Figure 2. Sample locations from selected islands in the Canadian High Arctic Archipelago. (1) Coal
sample from the Cenomanian Hassel Formation from the Twosnout Creek section [37,40] on Bylot
Island. (2) Paleosol siderite sample from the Cenomanian Bastion Ridge Formation from the Glacier
Fiord section [19,39] on Axel Heiberg Island. (3) Carbonaceous mudstone samples of the Turonian
Kanguk Formation from the Eidsbotn and Viks Fiord graben sections [26] on Devon Island. Graphic
adapted from [40].

The stratigraphic samples from Axel Heiberg Island [19,39] and Bylot Island [40]
that were used for this study were contributed from the research collections of our col-
league Claudia Schröder-Adams. Altogether, the stable isotopic datasets from these mid-
Cretaceous samples from the Canadian High Arctic were integrated in our analysis of the
water isotope values of Cretaceous Arctic paleoprecipitation in the region of the Sverdrup
Basin and Eclipse Trough (Figure 2).

2.3. Organic Geochemistry Sample Preparation and Extraction

Rock samples were powdered with a ball mill and an aliquot of powder was reserved
for bulk organic analysis (see below). Prior to lipid extraction, 2500 ng of 5α-androstane
was added as a recovery standard. Lipids were extracted by sonicating for 15 min with
9:1 (v/v) hexanes/ethyl acetate, centrifuged, and the process was repeated for a total of
3 rounds of extraction. The lipid extract was then separated into apolar and polar fractions
on alumina oxide using hexanes/DCM (9:1 v/v) and DCM/MeOH (1:1 v/v), respectively.

2.4. Compound Identification and Quantification

Compounds were identified and quantified using the apolar fraction following prior
studies [41]. Samples were quantitatively diluted in hexanes spiked with 25 µg/mL 1,1′-
binaphthalene and analyzed on an Agilent 7890A (Agilent, Santa Clara, CA, USA) 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
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capillary column (Agilent J&W DB-5 ms; 30 m length, 0.25 mm i.d., and 0.25 µm 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 with constant pressure He makeup gas. A scanning range of m/z 45–700 at 2 scans/s
was used with an ionization energy 70 eV. Compounds were identified using n-alkane
standards (C7 to C40; Supelco, Bellefonte, PA, USA), fragmentation patterns, retention times,
and published spectra. Compounds were quantified on the FID using n-alkane standards
ranging in concentration and normalized to the extracted sample mass (µg/g). Additional
cleanup steps were required for compound-specific analysis and are reported below.

Thermal maturity of the organic matter was assessed using the homohopane (C31)
maturity index for the isomerism at the C-22 position [42]. The 22S (biological) and
22R (geological) isomer abundances were measured on 17α, 21β-homohopane by ion
extraction of the m/z 191 and confirmed against the m/z 205 and 426 ions to rule out
interferences. Homohopane maturity indices were calculated using the 22S/(22S + 22R)
ratio for each sample. Homohopane values > 0.55 are consistent with early oil window
thermal maturity [42].

2.5. Compound-Specific Isotope Analysis

Due to the complexity of the samples, additional cleanup steps were required for
compound-specific isotope analysis. The apolar fraction was separated into saturated and
unsaturated fractions with 5% Ag-impregnated silica gel (w/w) using hexanes and ethyl
acetate, respectively. The saturated apolar was further separated using urea adduction to
separate n-alkyl compounds from branched and cyclic compounds [41].

Compound-specific isotope analyses were performed when possible, on n-C23 through
n-C33 alkanes, diterpenoids, and triterpenoids including hopanes, by GC-combustion (C)-
IRMS for δ13C and GC-pyrolysis (Py)-IRMS for hydrogen (δ2H) at the University of Cincin-
nati. GC-IRMS analyses were performed using a Thermo Trace GC Ultra (ThermoFisher
Scientific, Bremen, Germany), an Isolink, and a Thermo Electron Delta V Advantage IRMS.
Isotopic abundances were normalized to the VPDB or VSMOW scale using Mix A7 (Arndt
Schimmelmann, Indiana University). The pooled δ13C analytical uncertainty was 0.2‰ (1σ,
n = 32) and the pooled δ2H uncertainty was 3.6‰ (1σ, n = 161).

2.6. Bulk Sample Organic Carbon Analysis

For bulk sample total organic carbon (TOC) and bulk carbon isotope analysis (δ13CTOC),
an aliquot of each sample was decarbonated to remove siderite. Samples were acidified
with 6 N HCl for 3 days in a water bath at 50 ◦C [43]. Samples were subsequently neu-
tralized with DI water rinses and centrifugation. The δ13CTOC 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) at the University of Cincinnati. δ13CTOC values were
corrected for sample size dependency and normalized to the VPDB scale using a two-point
calibration with USGS-40 and USGS-41a [44]. Additional independent standards were
measured in all EA runs to determine error. Precision and accuracy were 0.1‰ (1σ; n = 16)
and 0.2‰ (n = 16), respectively.

3. Results
3.1. Organic Matter Characterization of Carbonaceous Mudstones of the Prince Creek Formation

The thermal maturity values of the Prince Creek Formation, using the homohopane
thermal maturity index, averages 0.05 (±0.04, n = 6). The remaining samples had hopane
concentrations below detection limits. These values are consistent with very immature
thermal maturity and very low burial temperatures [42].

The n-alkanes of the Prince Creek Formation are characterized by n-alkanes ranging
in chain length from C16 to C37 with higher concentrations of mid-chain n-alkanes (n-C23 to
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n-C25), compared to long-chain n-alkanes (≥n-C27) and short-chain n-alkanes (<n-C23) (e.g.,
Figure 3; Table S2, Supplementary Data File). This is consistent with n-alkanes derived
from submerged aquatic plants (mid-chain), emergent aquatic and terrestrial plants (mid-
and long-chain), and algae or bacteria (short-chain) [45].
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The carbon preference index (CPI) provides an indication of the odd chain length
preference in long-chain n-alkanes, where values greater than 1 signify higher odd over
even n-alkane abundances [46]. Values greater than 1 are typical for leaf wax n-alkanes in
sediments [47–49]. In this study, CPI values ranged from 1.6 to 8.4 (mean = 5.0, 1σ = 1.6,
n = 20). Although CPI values vary by sample, they are consistent with terrestrial plant
origins [50].

Average chain length (ACL) is commonly used to provide relative comparisons be-
tween terrestrial plant n-alkane chain length distributions [49]. ACL has been used as a
paleovegetation proxy but shows varying degrees of sensitivity to phylogeny, climate, and
biome [50]. Average chain lengths were calculated using this Equation [48]:

ACL =
(25n−C25 + 27n−C27 + 29n−C29 + 31n−C31 + 33n−C33 + 35n−C35)

(n−C25 + n−C27 + n−C29 + n−C31 + n−C33 + n−C35)
(1)

While acknowledging that n-C25 alkanes often include submerged aquatic
plants [45,49,50], ACL values ranged from 26.2 to 29.2, falling within the range observed in
modern tree species (26 through 34) [50]. The range in ACL values likely reflect variations
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in plant communities (i.e., different representative phylogenies, water use efficiency strate-
gies, and growth forms) among the sample locations. Modern conifer ACL values have a
strong phylogenetic signal among most conifer groups. As a consequence, ACL has limited
applications for distinguishing between angiosperms and conifers for these samples.

The Prince Creek Formation samples contained many different types of terpenoids,
including conifer-derived diterpenoids, rare angiosperm-derived triterpenoids, and bac-
terially derived hopanes. The conifer-derived diterpenoids (Table S1; Supplementary
Data File) were abundant and included pimarane and abietane structures [51]. In some
cases, diterpenoid concentrations were higher than the long-chain n-alkanes. However,
angiosperm-derived triterpenoids were extremely rare, with detection in only two samples
(LBB-20 and LBB-24). Compounds concentrations were below the limit of quantitation
used here (≤0.05 µg/mL) and are therefore not reported. Bacterially derived hopanes were
also common in these samples but with concentrations much lower than the long-chain
n-alkanes (Figure 3 and Tables S2 and S4).

3.2. Carbon Isotopes of n-Alkanes, Diterpenoids, and Hopanes from the Prince Creek Formation

The carbon isotopic compositions of the long-chain n-alkanes were similar for n-C27 to
n-C33 (Table S7; Supplementary Data File) with mean values of −28.7, −27.8, −27.5, and
−27.6, respectively. To compare these values to the conifer diterpenoids, we converted
the n-alkane and diterpenoid δ13C values into leaf δ13C values by accounting for the
carbon isotope fractionation between the biomarker and leaf values with ε13Cbiomarker-leaf
values [52]. The resulting leaf values derived for n-alkanes (C33 = −27.6‰ VPDB, n = 18)
were similar to the conifer derived diterpenoids values (−27.3‰, n = 10). This is consistent
with the majority of the n-alkanes being derived from conifers [41].

To compare the Prince Creek Formation leaf δ13C values to other plants including
modern plants and to determine water stress [53,54], we calculated leaf carbon isotope
fractionation (∆13Cleaf) where δ13Catm is the δ13C of atmospheric CO2:

∆leaf = (δ13Catm − δ13Cleaf)/(1 + δ13Cleaf) (2)

For the δ13Cleaf values, we used the n-C29 alkane calculated values. For the Maas-
trichtian δ13Catm, we used a value of −5.8 ± 0.7‰ VPDB [55]. The ∆13Cleaf values for the
Prince Creek Formation averaged −22.6‰ VPDB (1σ = 0.9, n = 20).

The bacterially derived hopane δ13C values ranged from −27.5 to −57.1‰ VPDB
(Table S8; Supplementary Data File). These values are consistent with heterotrophic bac-
teria consuming plant or other sediment biomass as well as 13C-depleted carbon sources
including methane [56].

3.3. Hydrogen Isotopes of n-Alkanes

The n-alkane δ2H values were more negative for n-C23 and n-C25 than the longer
chain lengths n-C27 to n-C33 by ~30 per mil (see Table S10). The n-C29 alkane δ2H values
averaged −237‰ VSMOW (1σ = 18, n = 19). These δ2H values are similar to modern
observations of high latitude sites [57]. To convert n-C29 alkane values into precipitation
δ2H values, we corrected for apparent fractionation (2ε) between the δ2H of n-C29 alkanes
and precipitation where:

2εn-C29 alkane/precipitation = (δ2Hn-C29 alkane + 1)/(δ2Hprecipitation + 1) − 1 (3)

C3 dicots and gymnosperms have slightly different 2εn-C29 alkane/precipitation [58]. Given
that the n-alkanes in the Prince Creek Formation are likely conifer derived (see Discus-
sion), we used the global 2εn-C29 alkane/precipitation value for gymnosperms of –110 ± 24 ‰
(n = 15) [58]. For reference, the global C3 dicot value is −121 ± 30‰ (n = 316) [57,58].
The δ2Hprecipitation values for the Prince Creek Formation average −143 ± 21‰ VSMOW
(1σ, n = 19). These values are higher than high latitude sites today [9,59,60]. The range
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of calculated water δD values from the Prince Creek Formation (−190.5‰ to −86.2‰
VSMOW) are presented in Table S10 (Supplementary Data File).

3.4. Organic Matter from the Hassel Formation of the Canadian High Arctic

The coal sample horizon from the Albian-Cenomanian Hassel Formation of the Eclipse
Trough on Bylot Island (Figure 2) is thought to have accumulated at about 73◦ N paleo-
latitude [40]. Exploratory data from this deposit are presented in Table 1. The range of
calculated water δD values from the Hassel Formation overlap with those presented earlier
from Devon Island [26], further confirming that mid-Cretaceous n-alkane data from the
High Arctic yield higher water δD values than modern Arctic precipitation.

Table 1. Hydrogen isotope data from organic biomarkers from the Hassel Formation on Bylot Island.

Organic Compound Organic δD vs. VSMOW Water δD vs. VSMOW

n-C25 −227.1 ± 3.1‰ −119.1 ± 25‰

n-C27 −221.4 ± 3.1‰ −113.4 ± 25‰

n-C29 −202.7 ± 3.1‰ −94.7 ± 25‰

n-C31 −195.0 ± 3.1‰ −87 ± 25‰

n-C33 −226.4 ± 3.1‰ −118.4 ± 25‰

3.5. Quantitative Re-Evaluation of Paleosol Siderite Oxygen Isotopes

Published oxygen isotope values of depositional waters from the Prince Creek Forma-
tion, Alaska were derived from pedogenic siderites, dinosaur tooth enamel phosphates [17],
and pedogenic smectites [18]. Published oxygen isotope values of depositional waters from
the Bastion Ridge Formation of the Sverdrup Basin, Canada were derived from pedogenic
siderites [19]. The water oxygen isotope values estimated from siderites from both of
those earlier studies have been recorrected using updated acid fractionation factors [61]
for reaction with phosphoric acid at 75 ◦C (Prince Creek Formation) and at 70 ◦C (Bastion
Ridge Formation). In addition, the water isotope values from these siderites have also been
recorrected using updated siderite-water fractionation factors [62]. This allows for a more
direct comparison of our Cretaceous water δ18O values with recent Late Paleocene to Early
Eocene high latitude siderite-derived water δ18O values [12].

Estimates for the temperatures of siderite formation for the Prince Creek Forma-
tion ranged from a cold month mean of −2 ◦C to a maximum of 14.5 ◦C for the warm
month mean and a mean annual temperature of 6.3 ◦C, based on paleobotanical CLAMP
analysis [63]. The updated water δ18O values for the combined dinosaurian and siderite
dataset [17] for the Prince Creek Formation (Figure 4A) ranges from −28.6‰ to −16.9‰
vs. VSMOW and averages −24.1‰ (±2.45‰ 1 s). These results are further verified by the
pedogenic smectite isotopic data from the Prince Creek Formation [18], with calculated
water δ18O values ranging from about –27‰ to −23‰ vs. VSMOW. The temperature of
siderite formation for the Bastion Ridge Formation is estimated to have ranged between
12.6 and 13.7 ◦C [19]. The revised range in water δ18O values for this unit (Figure 4B) is
estimated at −25.1‰ to −21.5‰ vs. VSMOW compared to the earlier estimated range of
−23.3‰ to −23.0‰ vs. VSMOW [19].
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Figure 4. Hydrogen and oxygen isotope plot of estimated ranges of meteoric water isotope com-
positions from super greenhouse worlds of the ancient High Arctic. (A) Results compiled for this
study from the Prince Creek Formation. The single dot represents the average composition of δ18O
(estimated from dinosaur tooth enamel phosphate, pedogenic siderite, and pedogenic smectite clays)
and of δD (estimated from n-alkanes extracted from carbonaceous mudstones). The open green box
surrounding the dot is the 1 sigma of the dataset and the whiskers are the full range of δ18O and δD
data. The modern Global Meteoric Water Line (black line) and local meteoric water line for Alaska
Rozanski, K. et al., 1993 are shown. (B) Results from the Prince Creek Formation were compared
with other Arctic Cretaceous units from Axel Heiberg Island [19] and Bylot Island of the Canadian
High Arctic (Sverdrup Basin and Eclipse Trough) represented by the dark green filled box, and with
δD-only data from the Kanguk Formation on Devon Island represented by the gray double-sided
arrow [26]. These Cretaceous data ranges were compared with δD and δ18O data compiled from Late
Paleocene to Early Eocene Arctic localities [12] represented by the orange filled box.

3.6. Integration of Water Hydrogen and Oxygen Isotopic Values from Cretaceous Units

Our compilation of water isotope data from the Prince Creek Formation (average
δ18O = −24.3‰ VSMOW; average δD = −145.2‰ VSMOW) plot in a field above the Global
Meteoric Water Line (GMWL; Figure 4A) with a δD value about 40 per mil higher than
the average δ18O intercept with the GMWL. Similarly, water isotope data from Ceno-
manian units in the Canadian High Arctic (average δ18O = −22.1‰ VSMOW; aver-
age δD = −106.5‰ VSMOW) also plot in a field above the Global Meteoric Water Line
(Figure 4B), with a δD value about 60 per mil higher than the average δ18O intercept with
the GMWL. We note that this even higher apparent deuterium excess from mid-Cretaceous
units is temporally associated with the peak warming of Cretaceous period [64].
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4. Discussion
4.1. The Utility of Isotopic Results from Cretaceous Terrestrial Arctic Organic Matter

As indicated from the hopane thermal maturity index, the Prince Creek Formation
organic matter is of very low thermal maturity. This provides confirmation that the n-alkane
δD and δ13C values are not thermally altered [65,66] and therefore can be used to infer
paleoprecipitation δD and ∆13Cleaf values.

The Prince Creek Formation n-alkane chain length distributions are consistent with
multiple origins. These include algae and bacteria, submerged and floating organic matter,
and emergent and terrestrial plants. This agrees with the depositional environment and
other palaeobotanical studies of this unit [31,32] The terrestrial plants in this unit are likely
predominantly conifers. This is based on the abundance of conifer-derived diterpenoid
compounds and the near absence of angiosperm-derived triterpenoids. Diterpenoids tend
to have enhanced preservation compared to triterpenoids [67], so the lack of triterpenoids
is not strong evidence there were no angiosperms present. However, based on the δ13Cleaf
values determined from the n-alkanes and the diterpenoids, the n-alkanes appear to be
largely conifer-derived [52]. The lack of very long-chain n-alkanes (≥C33) is consistent
with taxa that include the taxodioid Cupressaceae such as Metasequoia, Glyptostrobus, and
Taxodium that were common in the ancient Arctic [41,63,68].

The ∆13Cleaf values calculated from the n-C29 alkanes are ~2 per mil higher than those
calculated for similar aged sites in Wyoming and Colorado [52]. These higher values are
consistent with higher water availability and thus higher ∆13Cleaf values [53,54].

The range in hopane δ13Cleaf values are consistent with heterotrophic bacteria con-
suming plant-derived organic matter as well as 13C-depleted sources of carbon including
methane [56]. This is consistent with anoxic conditions.

4.2. Interpretation of Apparent Deuterium Excess in Paleoprecipitation of the Cretaceous Arctic

Proxy-derived water isotope values from the Prince Creek Formation and other mid-
Cretaceous units in the Canadian High Arctic consistently showed pairing of δD and δ18O
values that plot above the Global Meteoric Water Line (Figure 4), suggesting an apparent
Cretaceous deuterium excess (d-excess) in Arctic precipitation. D-excess in precipitation
originates from kinetic fractionation during evaporation. The diffusivity of a water molecule
with deuterium (mass 19) is greater than a water molecule with 18O (mass 20). This results
in water vapor (and resultant precipitation) to have a higher abundance of deuterium
than what would otherwise be expected from equilibrium fractionation effects. There
is often a strong inverse correlation between relative humidity and d-excess in which
decreased relative humidity is correlated with increased d-excess [8,69,70]. The degree to
which relative humidity at the vapor source site affects d-excess is revealed in the data
resulting from the 2012 Superstorm Sandy event. D-excess in New England exceeded
+20‰ as a result of relatively dry continental air interacting with the storm and resulting in
evaporation of Atlantic Ocean water at sites with low relative humidity [60,71]. D-excess
also appears to be positively correlated with precipitation recycling, though many other
factors such as seasonality, vegetation density, and re-evaporation of sub-cloud precipitation
appear to complicate this relationship [72].

While significant efforts by various organizations to characterize modern precipitation
water isotopes have produced vast amounts of data, less is known about Arctic precipitation.
A recent dataset from the Arctic [73] shows d-excess values from −28.8‰ to a high of
+16.3‰, much less than the apparent values from the Prince Creek Formation proxy data.
Airmass trajectory is one factor that governs d-excess. Strong meridional trends, especially
in Eurasia where airmasses travel over the continents, is one explanation for precipitation
with high d-excess, along with lowering of δ18O (a feature observed in Cretaceous data
as well). A recent 1D steady state model of evaporation and precipitation [74] indicated
that precipitation isotope values at latitudes greater than 40◦ are significantly affected
by changes in moisture transport rather than local meteorologic conditions. This may
suggest that a significant component to the explanation of Cretaceous Arctic precipitation
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values (low δ18O and high apparent d-excess) might be related to large-scale variation in
evaporation and precipitation equatorward of the poles.

4.3. The Possible Influence of Continuous Transpiration by Cretaceous Arctic Paleofloras

Continuous photosynthetic activity and transpiration during the Arctic growing sea-
son should induce a kinetic fractionation that preferentially concentrates deuterium (2H)
over protium (1H) in the leaf tissue waters of Cretaceous terrestrial plants. This would
produce an apparent deuterium excess in the n-alkanes extracted from Cretaceous Arctic
terrestrial deposits. Greenhouse experiments on deciduous conifers grown under continu-
ous light conditions showed deuterium enrichments of up to 40 per mil in leaf n-alkanes
compared to those from the same plants grown under diurnal light conditions [75]. Studies
of modern Arctic woody plants show δD enrichments of n-alkanes with similar or even
greater apparent deuterium excess values [76].

4.4. The Possible Influence of Hydrogenotrophic Methanogenesis in Cretaceous Arctic Soils

The carbon isotopic data for paleosol siderites from the Prince Creek Formation ranges
from +3.3 to +6.9‰ VPDB [17]. These δ13C values are characteristic of environments in
which hydrogenotrophic methanogenesis (i.e., CO2 reduction) is the dominant anaerobic
CH4-producing pathway [77,78]. During hydrogenotrophic methanogenesis, 100% of the
CH4 hydrogen is derived from the pore water (groundwater). The δD of hydrogenotrophic
CH4 ranges from −250 to −400‰ VSMOW [79,80]. As a result of this preferential uptake
of 1H, intense hydrogenotrophic methanogenesis can enrich the source water in deuterium
without impacting the oxygen isotopic composition [81–83]. Although extreme deuterium
enrichment has been mostly documented in landfills or in association with contaminant
plumes, deuterium excess in uncontaminated groundwaters has also been documented
in several sites including the Los Angeles Basin [84] and bog pore waters from Glacial
Lake Agassiz peatlands [85]. Enriched carbonate δ13C values are common for high latitude
Cretaceous freshwater siderites [13,14,16,17], suggesting that intense hydrogenotrophic
methanogenesis was pervasive in the Cretaceous Arctic and likely contributed to the
observed deuterium excess.

4.5. The Path Forward

We verified earlier findings regarding high δD values of n-alkanes from Cretaceous
Arctic paleoenvironments [26] while considering that those data came from stratigraphic
intervals with strong evidence for much lower δ18O values than would be predicted from
a simple intercept with the GMWL. This paradox of apparent deuterium excess should
be investigated further. The use of pedogenic clay mineral proxies that simultaneously
constrain both δD and δ18O water values [86] would be a logical next step to address this
question. Further appraisal of Cretaceous Arctic pedogenic siderites using the clumped
isotope technique [29] would add further important constraints on the isotope hydrology
of the region.

The results we reported indicate that simplistic assumptions about the meaning of
isotopic paleoprecipitation proxies should be viewed with caution, considering the myriad
complexities associated with Earth surface processes. The proxies do not directly measure
precipitation water isotope values and so must be evaluated in light of the array of critical
zone processes that can influence their isotopic compositions. Criticisms of the credibility
of very low δ18O values from polar pedogenic siderites have pertained to possible local
orographic complications [25] or seasonal biases in groundwater infiltration [21]. It should
be noted that if those processes actually did determine the lower proxy δ18O values, they
would be even more strongly expressed in producing very low proxy δD values. To this
point in our compilation, that has decidedly not been the case. Other explanations are
required. Biologic influences that could compromise the reliability of polar n-alkane δD
proxies as paleoprecipitation proxies might include the effects of continuous photosyn-
thesis and transpiration during the Arctic growing season. Even more importantly, the
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2H-enriched groundwater δD and 13C-enriched dissolved carbonate δ13C effects of high
methane fluxes from water-saturated Cretaceous Arctic soils should be considered as an-
other complicating factor. In this paper, we compiled sufficient data to now set the stage
for a quantitative evaluation of methane fluxes from Cretaceous Arctic soils, the next step
in this journey of discovery.

5. Conclusions

Our compilation of stable isotope proxies of Cretaceous Arctic paleoprecipitation
posed a paradox. Results from the Late Cretaceous Prince Creek Formation in Alaska
suggested an average water δD of −143‰ VSMOW and an average water δ18O of −24.1‰
VSMOW. Results from mid-Cretaceous units in the Canadian High Arctic yielded an
average water δD composition of −106.5‰ VSMOW and an average δ18O composition of
−22.1‰ VSMOW. Compositional fields of the distributions of water isotope δD and δ18O
values from these Cretaceous Arctic deposits did not intersect with the Global Meteoric
Water Line [87]. If taken at face value, they indicate that Cretaceous Arctic groundwaters
were characterized by an apparent deuterium excess ranging from about 40 to 60 per mil.
The processes responsible for this result are uncertain at this point but might include:
(1) Cretaceous changes in the zonal patterns of evaporation and precipitation at lower
latitudes, (2) the effects of continuous photosynthesis and transpiration that enriched
Cretaceous Arctic leaf tissue waters in deuterium, or (3) the effects of large methane fluxes
from Cretaceous Arctic soils that enriched their groundwaters in deuterium. We further
suggested several possible scientific approaches to addressing this paradox through use of
newer isotopic proxies that uniquely constrain the relevant paleoenvironmental parameters.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/geosciences12040143/s1, Table S1: Total organic carbon δ13C (TOC,
‰, VPDB) values and weight percent TOC (wt. % TOC); Table S2: n-Alkane concentrations (µg/g)
from n-C16 to n-C37 alkane; Table S3: Pristane and phytane concentrations (µg/g); Table S4: Hopane
concentrations (µg/g); Table S5: Conifer-derived diterpane and diterpene concentrations (µg/g);
Table S6: Biomarker indices and summary concentrations (µg/g); Table S7: n-Alkane δ13C values
(‰, VPDB), calculated leaf δ13C values by n-alkane (‰, VPDB), and calculated leaf fractionation
(δ13Cleaf) values for n-C29 alkane (‰, VPDB); Table S8: Hopane δ13C values (‰, VPDB); Table S9:
Conifer-derived diterpane δ13C values (‰, VPDB), average diterpane δ13C values (‰, VPDB), and
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