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A B S T R A C T   

The Middle to Late Devonian was characterized by the widespread deposition of organic-rich mudstone units and 
successive biotic crises and anoxic events in the marine realm, the cause of which remains debated and requires 
constraints from associated marine conditions. This study provides an example of the marine nitrogen cycle 
throughout the late Eifelian to middle Frasnian anoxic pulses. We present new and previously published organic 
whole-rock N (δ15Nbulk) and carbon (δ13Corg) isotopic datasets from organic-rich mudstone units of the Horn 
River Group (Canol and Hare Indian Formations) and overlying Imperial Formation in the Central Mackenzie 
Valley, Northwest Territories, Canada. In the ConocoPhillips Mirror Lake N-20 core, δ13Corg ranges from − 31.0 
‰ to − 24.3 ‰ with δ15Nbulk from − 3.8 ‰ to +1.9 ‰, whereas the Husky Little Bear N-09 core is characterized 
by δ13Corg from − 31.0 ‰ to − 27.2 ‰ and δ15Nbulk from − 2.0 ‰ to +5.9 ‰. The N isotopic signatures near 0 ‰ 
and a lack of δ15Nbulk – δ13Corg relationship are characteristic of N2 fixation by primary producers. Regular os-
cillations in δ15Nbulk are interpreted as the product of episodic, mild oxygenation events. Together, our δ13Corg 
and δ15Nbulk results suggest that locally, N2 fixation was the dominant source of N for primary producers in the 
late Eifelian to middle Frasnian, despite fluctuations in δ13Corg and global marine paleoredox. These findings 
contribute to our understanding of the nitrogen speciation and bioavailability associated with anoxic events, 
biotic crises, and widespread organic carbon burial in the Eifelian to Frasnian oceans.   

1. Introduction 

In this contribution, we present a record of nitrogen and carbon 
stable isotopes from a sedimentary unit in Northern Canada that spans 
the Middle to Late Devonian (latest Eifelian to Frasnian). The time in-
terval was characterized by the widespread deposition of organic matter 
(OM)-rich mudstone (e.g., Klemme and Ulmishek, 1991; Ormiston and 
Oglesby, 1995) in conjunction with a series of global biotic events and 
crises characterized by faunal overturn (e.g., McGhee et al., 2013; 
Walliser, 1996). From the latest Eifelian to Late Frasnian, eleven global 
biotic events have been recognized, many of which have corresponding 
positive δ13C isotope excursions, including the Kačák, Taghanic, 
Frasnes, Middlesex (punctata), and Kellwasser events (e.g., Becker et al., 
2020). Global biotic events in the Middle to Late Devonian greatly 

impacted the tropical shallow marine realm, with extinctions and 
overturn associated with many species of reef builders (e.g., corals and 
stromatoporoids), trilobites, brachiopods, ostracods, and ammonoids (e. 
g., Copper, 2002; House, 1985; Walliser, 1996). Moreover, OM-rich 
mudstone units, with ages corresponding to Devonian biotic events, 
have been recognized in locations across North America, Europe, Russia, 
and Northern Africa (e.g., Fig. 1 of Kabanov and Jiang, 2020). 

Successive episodes of globally expanded marine anoxia on conti-
nental shelves is generally accepted as the explanation for the occur-
rence of these Devonian OM-rich mudstone intervals and associated 
biotic events, although there is not yet consensus about the root cause (e. 
g., Carmichael et al., 2019; Lu et al., 2021; Walliser, 1996; Zambito 
et al., 2012). The corresponding positive δ13C excursions are thought to 
be the product of eutrophication causing high biological productivity, 
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increased OM burial, and ultimately depletion of 12C in the marine C 
reservoir (e.g., Murphy et al., 2000; Pisarzowska and Racki, 2012). For 
the Middle to Late Devonian, several triggers of high productivity have 
been proposed: most notably, eutrophication of epeiric seas from 
volcanism (Racki et al., 2018) and increased terrestrial weathering 
associated with either land plant evolution (Algeo and Scheckler, 1998) 
or intense mountain building (Averbuch et al., 2005). Murphy et al. 
(2000) also argued that eutrophication was maintained by fluctuating 
redox conditions, which led to the recycling of biolimiting nitrogen and 
phosphorus from anoxic seafloors. 

A large body of research exists for the Frasnian –Famennian (Kell-
wasser) and end-Devonian (Hangenberg) mass extinction events, with 
significantly less focus on other global carbon-cycle perturbations, 
which are notably numerous in the Middle and Late Devonian, but not 
all of them associated with severe biotic crises (review in Becker et al., 
2020). Knowledge of the local, regional, and global patterns in marine 
conditions during these “non-disastrous” biotic events remains in its 
infancy but could provide valuable insights into the triggers and con-
sequences of such events. Particularly, a fuller understanding of the 
Middle to Late Devonian marine nitrogen cycle will elucidate relation-
ships between carbon, oxygen, and nutrient feedbacks at the time. 

Herein, we report profiles of δ15Nbulk (whole-rock δ15N) through the 

Horn River Group of the Northwest Territories, Canada, which provide 
information about N speciation and availability of N to primary pro-
ducers of the depositional setting. The Horn River Group (latest Eifelian 
to Frasnian) is one of the marine stratigraphic archives dominated by 
laminated OM-rich mudstone, and as such, it can provide insight to 
oceanic biogeochemical cycling and triggers of global events which are 
imprinted on this interval of geologic time. These strata, which also 
include reef units, were deposited in the tropics, near the equator (Cocks 
and Torsvik, 2011; Scotese, 2014; Scotese and McKerrow, 1990) at 
estimated water depths of 250 to 300 m (Kabanov and Jiang, 2020), 
corresponding to an environment that would have been significantly 
impacted by the Middle to Late Devonian global events. This contribu-
tion provides an example of marine nitrogen speciation and cycling at 
one locality that spans a wide time range from the latest Eifelian to the 
late Middle or the earliest Late Frasnian, which could be compared to 
similar results from age-equivalent OM-rich mudstone units to assess 
global patterns. New and previously published δ13Corg (δ13C of OM) 
profiles are also included herein. Signatures of δ13Corg from the Horn 
River Group have been discussed in Fraser and Hutchison (2017), 
Kabanov and Jiang (2020), Terlaky et al. (2020), and Kabanov et al. 
(2023); δ13Corg is included in this work for comparison with δ15Nbulk 
profiles. 

2. Geological background 

2.1. Lithostratigraphy 

In the central-northern mainland Northwest Territories, the Horn 
River Group succession includes the Hare Indian, Ramparts, and Canol 
Formations, and overlies the fossiliferous limestones and calcareous 
mudstones of the Hume Formation carbonate platform (Fig. 1). Above 
the Horn River Group, the Imperial Formation comprises argillaceous 
mudstone and fine-grained silty sandstone (Pugh, 1983) with fossil 
fragments, including Spathiocaris, common on bedding planes (Fig. 1). 
Conodont age constraints for the Horn River Group and surrounding 
formations are presented in Fig. 1 and described in Appendix A. 

The Hare Indian Formation, lowermost of the three Horn River 
Group units, consists of four members (Fig. 1): the Bluefish (Pugh, 
1983), Bell Creek (Pyle and Gal, 2016), Francis Creek, and Prohibition 
Creek Members (Kabanov and Gouwy, 2017). In our study area, the 
Bluefish Member comprises organic-rich, calcareous to argillaceous 
mudstone, with intercalated fossiliferous limestone (including tentacu-
litids and fragments of other benthic fossils). The Francis Creek Member 
is characterized by organic-rich, fissile, argillaceous mudstone and is 
found below the siliceous to calcareous, organic-rich mudstones of the 
Prohibition Creek Member. In the cores studied herein, macrofossils 
were not observed in the Francis Creek and Prohibition Creek Members. 
The organic-poor mudstones of the Bell Creek Member are not present in 
our study area (Fig. 1). 

The middle unit of the Horn River Group, the Ramparts Formation, 
consists of carbonate ramp, platform, and reef or bank deposits (Muir 
et al., 1985; Pyle and Gal, 2016), and is present only where the Bell 
Creek Member is thickest (Kabanov, 2019). In the cores presented in this 
study, the Ramparts Formation is absent (Fig. 1), and the Canol For-
mation overlies the Hare Indian Formation. The Canol Formation com-
prises two units: (1) the organic-rich, calcareous to siliceous mudstones 
of the Vermillion Creek Member, which occasionally contain tentaculi-
tids, and (2) the siliceous mudstones of the Dodo Canyon Member, with 
a lack of macrofossils (Kabanov and Gouwy, 2017; Fig. 1). 

A petrographic and geochemical study by Snowdon et al. (1987) 
found that the Bluefish Member and Canol Formation are dominated by 
Type II kerogen, derived from marine OM. Rock–Eval pyrolysis results 
suggest that OM in the Francis Creek and Prohibition Creek Members of 
the Hare Indian Formation is also primarily Type II and confirms the 
predominance of Type II kerogen in the Canol and Bluefish units (e.g., 
Pyle et al., 2014). In the Imperial Formation, Rock–Eval pyrolysis data 

Fig. 1. Schematic stratigraphic column showing the Middle to Late Devonian 
units present in the central Mackenzie Valley, Northwest Territories, Canada. 
This chart is modified from Kabanov and Deblonde (2019) and adjusted to the 
most recent stage boundary calibrations from Becker et al. (2020). Members are 
shown for the Hare Indian and Canol Formations. This column shows the dif-
ference in stratigraphic units present from the area near the town of Norman 
Wells compared to our study area to the southeast. Abbreviations: Mbr–Mem-
ber, Fm–Formation, Gp–Group. Binomial names of the conodont zones are 
included in Appendix A. 
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show that Type III (terrestrial) kerogen is present in many samples, 
although several samples show oxygen and hydrogen index values 
characteristic of primarily Type II OM (Hadlari et al., 2009). 

2.2. Geological history 

The Horn River Group was deposited along the northwestern margin 
of Laurentia (Fig. 2). Neoproterozoic supercontinental breakup was 
succeeded by the development of passive margins along the northwest of 
Laurentia, followed by convergence along the northern front (Frank-
linian margin) in the early Paleozoic (Dewing et al., 2019; Hadlari et al., 
2014). In the study area, Early to Middle Cambrian extension and graben 
development (MacLean, 2011) gave way to Late Cambrian to Middle 
Devonian subsidence and carbonate platform development (Fritz et al., 
1991; MacLean et al., 2014). From the Eifelian to the Frasnian, the study 
area was situated at tropical latitudes slightly to the south of the pale-
oequator (Fig. 2B; e.g., Cocks and Torsvik, 2011; Scotese, 2014; Scotese 
and McKerrow, 1990) on the paleogeographic feature known as the 
Mackenzie Platform (Lenz, 1972; Norris, 1985; Fig. 2), which is also 
referred to as the Peel Platform or Peel Shelf by some authors (e.g., 
Kabanov and Jiang, 2020; Morrow, 2018). 

Horn River Group deposition began in the latest Eifelian with the 
accumulation of the OM-rich Bluefish Member of the Hare Indian For-
mation (Kabanov and Gouwy, 2017). The shift from Hume Formation 
carbonates to OM-rich mudstone deposition has been attributed to a 
relative sea-level rise (Gal et al., 2009; Morrow, 2018; Muir and Dixon, 
1984) or to a rise in the oxygen minimum zone (Kabanov, 2019). Sub-
sequent uplift to the northwest resulted in progradation of the Bell Creek 
Member mudstone banks (Muir and Dixon, 1984; Tassonyi, 1969), 
interpreted as marine regression (Morrow, 2018). Meanwhile, the 
Francis Creek and Prohibition Creek Members of the Hare Indian 

Formation were deposited in off-bank settings (Kabanov and Gouwy, 
2017) and deposition of the Ramparts Formation carbonates began 
where the Bell Creek Member mudstone bank was thickest (Kabanov, 
2019). The onset of another marine transgression (Morrow, 2018; Muir 
et al., 1985) eventually led to drowning of the Ramparts Formation 
carbonates and onlapping of the OM-rich Canol Formation (Muir et al., 
1985; Muir and Dixon, 1984; Yose et al., 2001). In the Late Devonian, 
the Ellesmerian orogeny along the northern margin of Laurentia pro-
duced a foreland basin in the study area, which ended Horn River Group 
deposition and initiated a shift to the siliciclastic Imperial Formation 
(Beranek et al., 2010; Garzione et al., 1997). 

Peak thermal conditions (~90 ◦C – 190 ◦C) for the Horn River Group 
occurred prior to the Cretaceous (Issler et al., 2005; Powell et al., 2020). 
This was followed by the development of a regional sub-Cretaceous 
unconformity caused by cooling and uplift, subsequent burial, and 
finally, erosion associated with the North American Cordillera foreland 
basin (Powell et al., 2020). Beginning in the Miocene, the study area has 
experienced ongoing crustal shortening, produced by accretion of the 
Yakutat terrane to the North American craton in the Gulf of Alaska 
(Mazzotti and Hyndman, 2002). The studied cores are currently situated 
within the eastern Laramide Cordillera, in the gently deformed hanging 
wall of the presently active thrust sheet of the Mackenzie Valley syn-
clinorium (Hadlari, 2015). 

2.3. Depositional conditions 

The water depth of the Horn River Group depositional setting is 
estimated at 250–300 m (Kabanov and Jiang, 2020) and paleoclimate 
reconstructions for the Middle and Late Devonian predict upwelling of 
nutrient-rich waters along the western margin of Laurentia, particularly 
in the vicinity of our study area (Golonka et al., 1994). Pyle and Gal 

Fig. 2. Study area and paleogeography. (A) Middle to Late Devonian paleogeographic features in the northern Yukon and Northwest Territories, Canada. Grey lines 
and text are associated with modern-day geographic features, whereas black lines and text represent past features. The locations of the Mirror Lake N-20 and Little 
Bear N-09 cores are shown with black and white stars, respectively. Modified from LaGrange et al. (2022) after Pugh (1983), Al-Aasm et al. (1996) and Morrow 
(2018). (B) A global paleogeographic reconstruction for the Frasnian. Modified from (Scotese, 2014). (C) The position of the study area in Canada. Image modified 
from Google Earth Pro 7.1.8.3036 (2018). 64◦58′56.91” N, 127◦49′26.08” W, Eye alt 323.9 km. Data SIO, NOAA, U.S. Navy, NGA, GEBCO. (Accessed October 
4, 2019). 
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(2016), Kabanov (2019), and Harris et al. (2021) observed enrichments 
of redox-sensitive trace metals (e.g., Mo, V, and U) throughout the Horn 
River Group and lowermost Imperial Formation, suggesting seawater or 
sediment anoxia at that time. For example, depending on the member, 
samples from the Little Bear N-09 and the Loon Creek O-06 cores showed 
median enrichment factors of 16–172 for Mo and 3–16 for U (Kabanov, 
2019). Moreover, biomarkers for green sulfur bacteria in the Canol 
Formation and Bluefish Member indicate euxinia (anoxic and sulfidic 
conditions) within the photic zone (Kabanov and Jiang, 2020) and the 
Mo abundance in the Hare Indian Formation (~ 25–100 ppm) is char-
acteristic of intermittent euxinia in the water column overlying the 
depositional setting (Harris et al., 2021). On the other hand, micro-scale 
bioturbation (< 150 μm) observed in mudstone units of the Horn River 
Group can only be explained by intermittent oxygenation of the seafloor, 
albeit perhaps mild (dysoxic conditions, 0.0–0.1 mL/L O2; Biddle et al., 
2021). The presence of spicules from glass sponges (Hexactinellida) also 
supports periodic weak oxygenation of bottom waters (Kabanov and 
Jiang, 2020). In modern sedimentary environments, these benthic 
sponges tolerate low dissolved oxygen and are found in water depths 
ranging from >500 m up to a minimum depth of 20 m; along the west 
coast of Canada, abundant glass sponges are currently found at water 
depths of 140–240 m, in a low oxygen setting (Leys et al., 2007). 
Although it is possible that sponge spicules were transported intra- 
basinally, the modern habitats of glass sponges suggest that these spic-
ules are likely in-situ or close to. 

With reference to surface water oxygenation, biomarker evidence for 
photic zone euxinia (Kabanov and Jiang, 2020) paired with a scarcity of 
macrofossils or macrofossil imprints is best explained by limited dis-
solved oxygen in surface waters. Supporting this assertion, pelagic mi-
crofossils, albeit with a low abundance and diversity, were observed in 
Horn River Group thin sections, indicating that some oxygen was pre-
sent in surface waters, although limited (Biddle et al., 2021). Together, 
the above observations and interpretations indicate that dissolved oxy-
gen in the water column was likely restricted to the very surface (wave- 
mixed) layer of the photic zone, aside from episodic instances of bottom 
water oxygenation. 

The mechanisms that may have produced periodic bottom water 
oxygenation in the Horn River Group depositional environment can be 
distilled to three potential processes: (1) a downward shift of the upper 
oxygen minimum zone (OMZ) boundary, possibly caused by some high- 
frequency climatic periodicity comparable to ENSO (e.g., the central 
Peruvian Margin; Gutiérrez et al., 2008); (2) episodic bypassing of oxic 
ocean waters over oceanographic barriers, such as sills (e.g., the Cariaco 
Basin of Venezuela; Astor et al., 2003); or (3) sediment gravity flows that 
carry sediment and oxic waters to the depositional setting. In our study 
area, the presence of a hydrographic barrier similar to the Cariaco Basin 
has not been identified, suggesting that the Horn River Group may have 
been deposited in an oceanographically open system (Kabanov, 2019). 
Petrographic facies analysis has provided evidence for sediment-gravity- 
driven deposition in many intervals of the Hare Indian and Canol For-
mations in addition to pelagic suspension settling (Biddle et al., 2021). 
Considering that a topographic barrier cannot be definitively identified, 
the intermittent oxygenation of Horn River Group bottom waters is 
likely explained either by episodic sediment-gravity flows, a cyclic cli-
matic effect, or a combination thereof. 

3. Samples and analytical methods 

Samples for this study were collected from two vertical cores in the 
Central Mackenzie Valley of the Northwest Territories, Canada (Fig. 2): 
(1) the ConocoPhillips Mirror Lake N-20 core located at 64◦59′40.55“ N, 
126◦48’14.83” W (hereafter referred to as the N-20 core), and (2) the 
Husky Little Bear N-09 core at 64◦58′55.2” N, 126◦31′20.2” W (here-
after referred to as the N-09 core), which is approximately 13 km east of 
the N-20 core. Sample preparation methods for both cores, including 
de‑carbonation, are summarized in Appendix A. 

The N-20 core is 216.5 m long and includes the top of the Hume 
Formation, the entire Hare Indian and Canol Formations, and the 
lowermost 50 m of the Imperial Formation. Samples from this core were 
collected throughout the Horn River Group and the Imperial Formation 
at 2 m intervals except where a significant interval of core was missing. 
A total of 96 samples from the N-20 core were analyzed for δ13C and 
δ15N at the University of Alberta with a Thermo Scientific Delta V plus 
isotope ratio mass spectrometer. Both C and N isotopic results are re-
ported using the delta notation whereby δ = (Rsample/Rstandard – 1). The 
δ13Corg values are reported relative to Vienna Pee Dee Belemnite (V- 
PDB) and the δ15Nbulk values are reported relative to atmospheric N2 
(AIR). Two standards were used for calibration of isotopic measure-
ments: OAS High Organic Content Sediment Standard (δ13C = − 28.9 ‰ 
and δ15N = +4.3 ‰) and OAS Low Organic Content Soil Standard (δ13C 
= − 26.7 ‰ and δ15N = 7.0 ‰). The analytical precision of these mea-
surements was within 0.2 ‰ for both N and C isotopic compositions 
based on repeated measurements over the course of this study. 

The 167.8 m N-09 core spans the uppermost Hume Formation to the 
lower Imperial Formation. Samples for δ13C and δ15N were collected at 
an interval of 0.6 to 0.7 m from the Bluefish Member to the lowermost 
Dodo Canyon Member, for a total of 144 samples. The δ13Corg data for 
this core has been published by Kabanov and Jiang (2020), although the 
δ15Nbulk has not previously been published. Methods for both δ13Corg 
and δ15Nbulk can be found in the supplementary materials of Kabanov 
and Jiang (2020) and are also summarized here. A Delta Advantage 
Isotope Ratio Mass Spectrometer was used for isotopic analyses. δ13Corg 
values are reported relative to Vienna Pee Dee Belemnite (V-PDB) and 
δ15Ntot values relative to atmospheric N2 (AIR). Internal standards 
comprised: C-51 Nicotiamide (δ15N = 0.07, δ13C = − 22.95), C-52 mix of 
ammonium sulphate and sucrose (δ15N = 16.58, δ13C = − 11.94), C-54 
caffeine (δ15N = − 16.61, δ13C = − 34.46), blind standard C-55: glutamic 
acid (δ15N = − 3.98, δ13C = − 28.53). For δ13C, these internal standards 
were calibrated to the following international standards: IAEA-CH-6 
(δ13C = − 10.4‰), NBS-22 (δ13C = − 29.91‰), USGS-40 (δ13C =
− 26.24‰) and USGS-41 (δ13C = 37.76‰). For δ15N, the international 
standards IAEA-N1 (δ15N = 0.4‰), IAEA-N2 (δ13C = 20.3‰), USGS-40 
(δ15N = − 4.52‰) and USGS-41 (δ15N = 47.57‰) were used for cali-
bration. Analytical precision is better than 0.2 ‰ for both nitrogen and 
carbon isotopic composition, based on repeated analysis of the C-55 
internal standard. 

A number of source rock evaluation parameters were collected by 
ConocoPhillips for the N-20 core and by Husky Energy for the N-09 core, 
some of which are included herein. From the N-09 core, these datasets 
include five vitrinite reflectance values and 55 total organic carbon 
(TOC) measurements. The N-20 core dataset comprises vitrinite and 
TOC for 61 samples and Oxygen Index values for 58 samples. Please see 
Appendix A for additional details about the methods. 

4. Results 

The N-09 core is characterized by a large TOC range from 1.54 wt% 
to 8.63 wt% (Supplementary Table 1) and a vitrinite reflectance range 
from 1.02% Ro to 1.29% Ro (Supplementary Table 2). The N-20 core has 
similar TOC range from 0.15 wt% to 7.46 wt% (Supplementary Table 1), 
but a larger range of vitrinite reflectance from 0.04% Ro to 1.46% Ro 
(Supplementary Table 2). Rock-Eval pyrolysis results and the Oxygen 
Index (OI) for the N-20 core can be found in Supplementary Table 3. OI, 
which is higher in Type III (terrestrial) kerogen than in Types I and II 
(Tissot and Welte, 1984), ranges from 4 to 80 mg CO2/g Corg and is 
displayed with depth in Fig. 4. The N and C isotopic composition of 
samples from the N-20 core are presented in Fig. 3 and Fig. 4 and listed 
in Supplementary Table 4. In this core, δ13Corg values range from − 31.0 
‰ to − 24.3 ‰ and δ15Nbulk values are between − 3.8 ‰ and + 1.9 ‰. For 
the N-09 core, δ13Corg values are between − 31.0 ‰ and − 27.2 ‰ with 
δ15Nbulk values ranging from − 2.0 ‰ to +5.9 ‰ (Fig. 3; Fig. 4; Sup-
plementary Table 5). 
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When taken together, δ13Corg from the N-20 and N-09 cores spans 
from − 31.0 ‰ to − 24.3 ‰ (Fig. 3). Trends in δ13Corg are similar for both 
cores starting in the Bluefish Member with an initial decrease followed 
by an increase (Fig. 4). Following the system of Kabanov and Jiang 
(2020), the most notable peaks in δ13Corg are numbered moving from the 
base of the cores upward (Fig. 4). First, a noticeable δ13Corg peak (Peak 
A, increase of ~2 ‰) is present in the Hare Indian Formation near the 
Bluefish Member-Francis Creek Member contact, which is succeeded by 
a sharp decline throughout the Francis Creek Member. The δ13Corg 
values remain relatively constant throughout the Prohibition Creek 
Member, after which there is an increasing trend culminating in δ13Corg 

Peak B in the lower Vermillion Creek Member of the Canol Formation, 
representing an increase of ~1 ‰ in the N–20 core and ~ 2 ‰ in the N- 
09 core. The δ13Corg values then decrease upwards throughout the 
Vermillion Creek Member to the contact with the Dodo Canyon Member, 
where Peak B2 is observed near the contact between these two members 
(~ 1 ‰ increase in the N-20 core and ~ 2 ‰ R increase in the N-09 core). 
Only the N-20 core dataset extends significantly above this contact, 
where the δ13Corg values steadily decrease from Peak B2 up into the 
Imperial Formation, although this decline is punctuated by two spikes: 
Peak B3 in the Dodo Canyon Member, representing an increase of 
approximately 1 ‰, and the double peak of B4 and B5, which is in the 

Fig. 3. Organic carbon (δ13Corg) and whole-rock nitrogen (δ15Nbulk) isotopic composition for samples from the N-20 and N-09 cores, grouped by formation.  
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lowermost Imperial Formation, also with an increase of about 1 ‰. The 
overall decrease in δ13Corg from Peak B into the Imperial Formation is 
terminated by an abrupt spike (Peak C, ~ 6 ‰ increase) at 1954 m, 
which is followed by a shift toward heavier δ13Corg values and another 
~2 ‰ magnitude peak at approximately 1905 m (Peak D). 

The δ15Nbulk values of the N-20 core oscillate within a relatively 
narrow range, with most falling between − 4 ‰ to 0 ‰ from the base of 
the core in the Bluefish Member to the top of the core in the Imperial 
Formation (Fig. 4; Supplementary Table 4). In the N-09 core, the 
δ15Nbulk values at the base of the Bluefish Member alternate between 
values near 0 ‰ and heavier values ranging from approximately +3 ‰ 
to +6 ‰. Moving upwards in the Bluefish Member, δ15Nbulk values 
decrease as they approach the overlying Francis Creek Member. From 
the Francis Creek Member to the Dodo Canyon Member, the δ15Nbulk 
values of the N-09 core remain at relatively constant values, for the most 
part oscillating within a range of − 2 ‰ to 0 ‰ (Fig. 4; Supplementary 
Table 5). Cross plots of δ13Corg – δ15Nbulk, δ13Corg – vitrinite, δ15Nbulk – 
vitrinite, δ13Corg – TOC, and δ15Nbulk – TOC, details of their construction, 
and a discussion of their trends can be found in Appendix A. 

5. Discussion 

5.1. δ13Corg Signatures 

In the modern, δ13C signatures of both land plants and phyto-
plankton vary depending on the species, within a range of approxi-
mately − 20 ‰ to − 30 ‰ for C3 land plants (e.g., Fry and Sherr, 1984; 
Sackett, 1989; Wilson et al., 2005) and − 10 ‰ to − 30 ‰ for marine 
phytoplankton (e.g., Falkowski, 1991; Lamb et al., 2006; Wilson et al., 
2005). The δ13Corg values from the N-20 and N-09 cores range from 
− 31.0 ‰ to − 24.3 ‰ (Fig. 4), within the approximate range for both 
marine phytoplankton and C3 land plants. Microbial degradation can 
subsequently modify carbon isotopic signatures of OM. Studies from 
some areas have observed that microbial degradation does not signifi-
cantly alter δ13C signatures of OM (e.g., Chen et al., 2008; Galimov, 
2004; Meyers and Eadie, 1993; Schelske and Hodell, 1995), whereas in 
other cases it has been concluded that these processes do result in small 
δ13Corg shifts (e.g., Benner et al., 1987; Bottcher et al., 1998; Galimov, 
2004; Lehmann et al., 2002; Prahl et al., 1997). For example, a decrease 
of 4 ‰ and 1.6 ‰ in δ13Corg following microbial degradation was 
observed by Benner et al. (1987) and Lehmann et al. (2002), 

Fig. 4. Carbon isotopic composition with depth in (A) 
the N-20 and (B) N-09 cores. Letters label the most 
prominent peaks in δ13Corg. Nitrogen isotopic signa-
tures are shown with depth in (C) the N-20 core and 
(D) the N-09 core. The Oxygen Index (OI) for the N-20 
core is plotted for comparison with both the δ13Corg 
and δ15Nbulk profiles, with units of mg CO2/g of 
organic C. Colours correspond to the members. Ab-
breviations: Fm – Formation, BF – Bluefish, FC – 
Francis Creek, PC – Prohibition Creek, and DC – Dodo 
Canyon. Age information for the Hare Indian and 
Canol Formations is based on current conodont 
biostratigraphy as summarized in Gouwy (2022). The 
exact position of the Eifelian – Givetian and the 
Givetian – Frasnian boundary in each core is an 
approximation using the available data (denoted with 
dashed lines). Based on the currently available 
biostratigraphic data, is it not possible to determine if 
the Frasnian to Famennian contact is present in the 
Imperial Formation strata of these cores.   
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respectively. Microbial degradation should lead to decreased δ13Corg 
through enrichment of lignin in the remaining OM, which is 13C poor 
relative to other components of OM (Benner et al., 1987; Lehmann et al., 
2002). Nonetheless, these decreases may be counteracted by the in situ 
growth of heterotrophic microbial biomass enriched in 13C compared to 
primary producers (Chen et al., 2008). Finally, thermal maturation of 
OM during burial leads to increases in δ13Corg of the residual OM 
(typically by <2 ‰) because molecules with lower weight experience 
preferential thermal cracking (Lewan, 1983; Tang et al., 2005; Tocqué 
et al., 2005). Even with C isotopic shifts of a few permil associated with 
microbial degradation and thermal maturation (which may have coun-
teracted one another), the δ13Corg signatures observed are within the 
expected range for marine phytoplankton and C3 plants (Falkowski, 
1991; e.g., Fry and Sherr, 1984; Sackett, 1989; Wilson et al., 2005). 

The δ13Corg datasets show trends throughout the Horn River Group 
and overlying Imperial Formation (Fig. 4), consisting most notably of 
eight peaks in δ13Corg. In our dataset, δ13Corg peaks C and D are coin-
cident with increases in the OI profile of the N-20 core (Fig. 4). A peak in 
OI is also present slightly above Peak A, which is likely the product of 
small differences in core depth measurement between the samples taken 
for isotopic analysis and the samples collected by ConocoPhillips for 
Rock-Eval pyrolysis. The association of Peak A with a spike in OI is 
corroborated by the results of Kabanov and Jiang (2020), who plotted OI 
for the N-09 core and found an increase in OI at the same depth as Peak 
A. Similar to the conclusion drawn by Kabanov and Jiang (2020), our 
results indicate the δ13Corg peaks A, C, and D are best explained by a 
larger proportion of terrestrial OM than at other depths because OI is 
generally higher in Type III (terrestrial OM) kerogen relative to Types I 
or II (Tissot and Welte, 1984). The addition of terrestrially derived OM is 
typically expected to also influence δ15Nbulk signatures, which is not 
observed (Fig. 4). However, it is possible that temporal variations in the 
proportion of terrestrial OM produced shifts in δ13Corg but not δ15Nbulk. 
Terrestrial plants contain a similar proportion of C as aquatic plants, but 
much less N (e.g., Meyers, 1994). This mass difference led Algeo et al. 
(2014) to suggest that the addition of a small proportion (e.g., 10–20%) 
of terrestrial OM has little influence on the δ15Nbulk of the marine 
sedimentary units. Thus, if the fraction of terrestrial OM compared to 
marine OM in horizons A, C, and D is small, this would explain the 
absence of corresponding δ15Nbulk shifts. 

Peaks B, B2, and B3 in δ13Corg occur in the Canol Formations, 
whereas peaks B4 and B5 are present at the Canol – Imperial Formations 
contact. Unlike peaks A, C, and D, these horizons are not associated with 
increases in OI. We explore the other possible causes of δ13Corg peaks B – 
B5: (1) differences in thermal maturity, and (2) local changes in bio-
logical productivity and/or global changes in biological productivity 
associated with Devonian global events. 

First, variations in the degree of thermal maturity with depth could 
cause trends in δ13Corg, with higher thermal maturity resulting in 
increased δ13Corg (Tang et al., 2005; Tocqué et al., 2005). Average 
δ13Corg and vitrinite reflectance values were cross-plotted at a two-meter 
interval and no relationship is observed (Supplementary Table 6; 
Fig. S.1). As such, it is unlikely that thermal maturation is the cause of 
peak B in δ13Corg. 

Secondly, trends in δ13Corg could reflect local or global scale varia-
tions in biological productivity and organic carbon burial. Biological 
uptake of C favours 12C (Freeman, 2001) and photosynthesis in aquatic 
primary producers favours CO2 (aq) over HCO3

− (Degens et al., 1968). If 
growth rates increase, δ13C values in primary producers shift toward 
heavier values (Falkowski, 1991; O’Leary, 1981). This heavier shift in 
δ13C of primary producers can be explained by a switch to reliance on 
HCO3

− , which is isotopically heavier, or because of a change in isotopic 
fractionation between dissolved inorganic C and primary producers 
(Hollander and McKenzie, 1991). On a larger scale, eutrophication 
resulting in high biological productivity is commonly proposed as a 
cause of Devonian global positive δ13C excursions because of increased 
OM burial, producing depletion of 12C in the marine C reservoir (e.g., 

Murphy et al., 2000; Pisarzowska and Racki, 2012). Thus, a spike in 
δ13Corg, as observed in peaks B – B5, would represent increased bio-
logical productivity, with the comparatively lower δ13Corg values 
observed in between these peaks representing times of decreased pro-
duction. A lack of corresponding δ15Nbulk peaks may be explained in one 
of the following two ways, or a combination of both: (1) the dominant 
source of N was very large compared to demand by primary producers, 
and thus variations in primary productivity would not have resulted in 
variations in the degree of N isotopic fractionation, and (2) δ13Corg peaks 
are the product of global-scale carbon cycle changes and do not corre-
spond to local variations in primary productivity. 

Although changes in biological productivity during deposition of the 
Canol Formation could have occurred on a local scale, δ13Corg peaks B – 
B5 may correspond with global δ13C patterns. Positive δ13Ccarb and 
δ13Corg excursions have been observed and correlated in Middle to Late 
Devonian sedimentary intervals worldwide, many of which have been 
correlated with biotic crises (e.g., Lash, 2019; Zhang et al., 2019). The 
ultimate cause of eutrophication is debated, but high nutrient supply 
and elevated biological productivity is a widely accepted explanation for 
Devonian pulses of expanded marine anoxia (e.g., Algeo and Scheckler, 
1998; Averbuch et al., 2005; Kaiho et al., 2021). Based on the Frasnian 
age of peaks B – B5, these may coincide with the Frasnes, Middlesex, 
Rhinestreet, or Kellwasser global Devonian events, all associated with 
known positive isotopic excursions (e.g., review in Becker et al., 2020), 
although, it is difficult to pinpoint without a high-resolution biostrati-
graphic dataset from these cores. For the N-09 and N-20 cores, Kabanov 
and Jiang (2020) initially speculated that δ13Corg peaks B, B2, and B3 
may coincide with the Frasnes, Middlesex, and Rhinestreet global 
events, respectively. However, Kabanov et al. (2023) correlated δ13Corg 
and conodont results from the Prohibition Creek outcrop (ca. 30 km NE 
of the N-09 core) with five age-equivalent δ13Corg profiles across Laur-
ussia and suggested that Peak B coincides with the Frasnes event, 
whereas peaks B2 and B3 represent the early and late pulses of the 
Middlesex (punctata) event. 

5.2. δ15Nbulk signatures 

The δ15Nbulk values of sediments or sedimentary rocks are weighted 
averages of the N isotopic compositions of organic N and mineral-bound 
N. Because the N in detrital minerals is low and the N in authigenic 
minerals is mainly sourced from organic degradation, and thus has 
similar δ15N to that of OM (Li et al., 2021; Williams et al., 1995), the 
δ15Nbulk values of OM-rich sediments or sedimentary rocks are generally 
representative of the organic signatures of the samples. Before inter-
preting δ15Nbulk values in the context of primary organic signatures, it is 
important to note that microbial degradation of OM during early 
diagenesis can produce δ15N shifts. The magnitude of these changes is 
dependent on productivity, bottom water dissolved oxygen concentra-
tion, and sedimentation rate (Robinson et al., 2012). Accordingly, the 
δ15N values of sediments from modern continental margin settings (shelf 
and slope; water depth < ~ 1000 m) have been found to reflect the δ15N 
signatures of photic zone NO3

− and sinking particles, indicating negli-
gible early-diagenetic δ15N shifts (< 2 ‰), which contrasts with deeper 
water, open-ocean systems typically characterized by lower productivity 
and sedimentation rates (Altabet et al., 1999; Freudenthal et al., 2001; 
Robinson et al., 2012; Thunell et al., 2004). A recent depositional 
interpretation of the Horn River Group points to a distal shelf setting 
(Biddle et al., 2021) with water depth coarsely estimated at 250–300 m 
(Kabanov and Jiang, 2020), which according to the modern, would have 
been characterized by minimal early-diagenetic δ15N shifts in the 
sediment. 

Thermal maturation is further expected to cause 15N enrichment in 
the remaining OM as the lighter isotope is preferentially released during 
this process (Williams et al., 1995). Nonetheless, thermal maturation 
appears to have little effect on δ15Nbulk and OM δ15N values of sedi-
mentary rocks (e.g., Boudou et al., 2008; Rivera et al., 2015), which 
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could be explained by retention of released N through incorporation into 
authigenic clay minerals as fixed NH4

+ (Ader et al., 2016; Williams et al., 
1995) or minimal N isotope fractionation during thermal N loss (Boudou 
et al., 2008). A cross-plot of vitrinite reflectance (a proxy for thermal 
maturity) and δ15Nbulk values shows that, while the few data from the N- 
09 core show a rough positive trend, more data from the N-20 core 
clearly show no relationship between δ15Nbulk and Ro values (Fig. S.2), 
suggesting that thermal maturation has not significantly affected 
δ15Nbulk values in this case. Considering the potential effects of micro-
bial degradation and thermal maturation on the δ15Nbulk values of the 
Horn River Group in the N-09 and N-20 cores, we conclude that the 
δ15Nbulk signatures observed are representative of the primary organic 
signatures of the samples. 

The primary organic signature, in turn, is impacted by the type of 
inorganic N used by organisms that initially introduce N into the food 
chain. Nitrogen is first supplied to marine settings as (1) fluvial NO3

− , 
with δ15N values of modern riverine NO3

− (sourced from areas with little 
anthropogenic fertilization) ranging from approximately − 0.1 ‰ to +5 
‰ (e.g., Harrington et al., 1998; Mayer et al., 2002; Voss et al., 2006), or 
(2) dissolved atmospheric N2, which has a δ15N value of approximately 
+0.7 ‰ (Emerson et al., 1999). Processes that remove N from seawater 
and recycle N within the oceans can also modify the isotopic signature of 
the fixed N pool (primarily NO3- and NH4+). In OMZs of modern oceans, 
non-quantitative loss of fixed N through denitrification and anammox 
results in large δ15N enrichment of the remaining NO3

− , producing heavy 
δ15NNO3- values exceeding +15 ‰ (e.g., Brandes et al., 1998; Cline and 
Kaplan, 1975). However, N isotopic enrichments produced by fixed N 
loss are not always this large. For denitrification and anammox zones in 
marine sediments, models suggest positive δ15N shifts in overlying water 
column NO3

− that range from ~0 ‰ to +5 ‰ (e.g., Brandes and Devol, 
2002; Kessler et al., 2014 and references therein) and settings charac-
terized by water column anoxia (and thus quantitative denitrification) 
show very little resulting δ15N enrichment of NO3

− (e.g., Thunell et al., 
2004). Nitrogen isotopic fractionation can also occur during minerali-
zation of OM and nitrification (Ader et al., 2016), although associated 
shifts in δ15N of the fixed N pool are minimal if these processes are near 
quantitative (e.g., Thunell et al., 2004). 

To acquire nutrient N, some organisms assimilated fixed N, whereas 
other organisms, known as diazotrophs, obtain N by ‘fixing’ dissolved 
atmospheric N2. Biological uptake of NO3

− or NH4
+ through assimilation 

can produce significant negative δ15N shifts relative to the N source 
because the lighter 14N is preferentially taken up in this process (e.g., 
decreases of up to ~9 ‰ for NO3

− assimilation and up to ~25 ‰ for NH4
+; 

Bauersachs et al., 2009; Pennock et al., 1996). The degree of fraction-
ation depends on the availability of fixed N and the biological growth 
rate, with higher N availability and/or lower growth rates associated 
with higher fractionation and thus lighter δ15N in primary producers (e. 
g., Hoch et al., 1994; Kessler et al., 2014; Thunell et al., 2004; Wada 
et al., 1990). Studies of modern diazotrophic cyanobacteria have shown 
that fractionation during N2 fixation catalyzed by Mo (the most common 
catalyst in modern oceans) varies from ~ − 2 ‰ to − 3 ‰, resulting in 
biomass δ15N values of − 2 ‰ to 0 ‰ (e.g., Bauersachs et al., 2009; 
Carpenter et al., 1997; Minagawa and Wada, 1986; Montoya et al., 
2002). 

In our samples, the δ15Nbulk values are mostly between 0 ‰ and − 4 
‰ in the N-20 core and 0 ‰ and − 2 ‰ in the N-09 core (except for the 
Bluefish Member, which will be discussed below). These persistent 
negative δ15Nbulk values could be obtained in one or more of the 
following ways: (1) assimilation of abundant (non-limiting) NO3

− , (2) N2 
fixation, or (3) assimilation of abundant (non-limiting) NH4

+. First, NO3
−

assimilation from a NO3
− -unlimited reservoir is associated with a large 

isotopic effect and can result in a similar δ15N range to the values 
observed in this study (Bauersachs et al., 2009). We discount this first 
possibility; it is unlikely that NO3

− was abundant to the point that it was 
non-limiting for growth considering the interpreted paleoredox condi-
tions (regularly occurring photic zone euxinia). Second, the low δ15Nbulk 

values in our samples could be the product of N2 fixation. Although 
paleoredox conditions would have limited the presence of aerobic 
diazotrophs (e.g., the cyanobacteria Trichodesmium) to the uppermost 
oxygenated water column, anaerobic diazotrophs (e.g., the bacteria 
Vibrio diazotrophicus) could have occupied the deeper shelfal waters, 
much like in the modern, including the Costa Rica Dome OMZ (Cheung 
et al., 2016) and the Peru Margin OMZ (e.g., Loescher et al., 2014). 
Finally, abundant NH4

+ could lead to N isotopic fractionation during 
assimilation, producing 15N-depleted biomass (e.g., Ader et al., 2016; 
Higgins et al., 2012; Junium and Arthur, 2007; Uveges et al., 2020) and 
δ15N values similar to those seen herein. A scenario of abundant NH4

+ is 
plausible for the Horn River Group given that highly reducing conditions 
in the water column would have been associated with low levels of 
nitrification. Moreover, biomarker evidence for photic zone euxinia 
(Kabanov and Jiang, 2020) implies that NH4

+ would have been available 
to primary producers. Overall, the paleoredox regime of our deposi-
tional setting likely allowed for both N2-fixation and NH4

+ assimilation, 
similar to the processes proposed by Higgins et al. (2012) for the Cen-
omanian– Turonian Ocean Anoxic Event (OAE 2) at the Demerara Rise. 

Nonetheless, it is important to note that a comparison of δ15Nbulk to 
δ13Corg does not show any relationship (Fig. S.3). This suggests a 
decoupling of the sources or processes that affect C and N in strata of N- 
20 and N-09 cores. If phytoplankton used C and N both from dissolved 
ions, the δ13Corg and δ15Nbulk values should vary parallelly as primary 
productivity changes, but this covariance is not observed, which sug-
gests that primary producers instead derived N from atmospheric N2 (e. 
g., Hodell and Schelske, 1998; Li et al., 2008). Interestingly, biomarker 
results point to the presence of green sulfur bacteria (anaerobic photo-
trophs) in the Bluefish Member of the Hare Indian Formation and the 
Canol Formation (Kabanov and Jiang, 2020) and many modern species 
of these bacteria are diazotrophic (e.g., Madigan, 1995). In sum, 
although it is plausible that a certain degree of NH4

+ assimilation 
occurred, the lack of δ15Nbulk – δ13Corg relationships suggests that N2 was 
the dominant N species used by primary producers. 

The δ15Nbulk values of the N-09 core show a peak in the Bluefish 
Member near the contact with the underlying Hume Formation (Fig. 4). 
This contact represents drowning of the underlying carbonate platform 
caused by marine transgression (Morrow, 2018), also interpreted as a 
drowning unconformity sensu W. Schlager (Kabanov and Gouwy, 2017). 
In the N-09 core, the interval at the base of the Bluefish Member is 
characterized by OM-rich, calcareous to argillaceous mudstone inter-
calated with limestone laminae and beds, which are commonly graded, 
and contain tentaculitids and fragments of other benthic fossils such as 
Amphipora, brachiopods, and ostracods (Kabanov et al., 2016). These 
characteristics of the limestone beds suggest that they comprise trans-
ported debris, possibly derived from an up-dip area where the carbonate 
factory was still operating following significant relative sea-level rise. 
The relatively high δ15Nbulk values observed at the base of the Bluefish 
Member in the N-09 core likely correspond to these limestone beds. OM 
with higher δ15N was likely transported along with carbonate debris 
from a more proximal area where higher dissolved oxygen in the water 
column meant that NO3

− was available to primary producers. The 
absence of similarly high δ15N readings in the N-20 core can be 
explained by two factors. First, in the N-09 core, the stratigraphically 
lowest sample was collected right at the Bluefish Member – Hume For-
mation contact, whereas the lowest sample from the N-20 core was 
collected 2.9 m above the Bluefish Member base. Secondly, the sampling 
spacing for the N-20 core (2 m) was somewhat coarser than for the N-09 
core (0.6–0.7 m), making it more likely that the basal Bluefish limestone 
beds comprising transported debris were not sampled. 

Aside from the high δ15Nbulk values at the base of the N-09 core 
Bluefish Member, the δ15Nbulk oscillations observed throughout the 
length of both cores (Fig. 4) may be the product of the episodic weak 
oxygenation events that characterized the depositional setting. For 
example, in Lake Kivu (Eastern Africa), Uveges et al. (2020) observed 
that mixing events, which supplied oxygen to anoxic deep waters, 
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ultimately gave rise to spikes in sediment δ15Nbulk through an increase in 
water-column denitrification and anammox. Non-quantitative denitri-
fication and anammox, as expected in weakly oxygenated conditions, 
result in 15N enrichment of the remaining fixed N pool (e.g., Brandes 
et al., 1998; Cline and Kaplan, 1975), which could increase δ15N of 
biomass through biological assimilation of the isotopically enriched N 
species. Compared to modern sediments, Uveges et al. (2020) suggested 
that δ15Nbulk fluctuations produced by oxygenation events are expected 
to be muted in organic-rich mudstone units because of sediment 
compaction and time-averaging. The oscillations in our δ15Nbulk dataset 
likely serve as an example of one such muted record of episodic and 
relatively brief disturbances to the background paleoredox state. 

Finally, relative to the N-09 core, the δ15Nbulk signatures from the N- 
20 core are on average 1.4 ‰ lower in the Canol Formation and 1.6 ‰ 
lower in the Hare Indian Formation (Figs. 3 and 4; Supplementary Ta-
bles 4 and 5). Although a small inter-lab δ15N discrepancy could occur, 
these large differences in δ15Nbulk are more likely explained by some-
what differing marine conditions at the location of each core. The N-20 
core is situated approximately 13 km to the WNW from the N-09 core 
and thus was deposited in a seaward position. It is possible that there 
were differences in the supply of nutrients or abundance of oxygen in 
surface waters between these two positions in the basin, affecting the 
abundance of fixed N. If this difference were instead attributed to con-
trasting burial depth and thermal maturity between the two cores, this 
would mean that the N-09 core experienced a higher thermal degrada-
tion of OM than the N-20 core. In fact, vitrinite reflectance values from 
the two cores are comparable (Fig. S.1) and the N-20 was buried deeper, 
which discounts the possibility of variations in thermal maturity as the 
cause of the δ15Nbulk differences. 

6. Conclusions 

A high-resolution dataset comprising δ15Nbulk and δ13Corg was 
collected from OM-rich mudstone samples of the Middle to Late Devo-
nian Horn River at two locations in the Central Mackenzie Valley of the 
Northwest Territories, Canada. Vitrinite reflectance, TOC, and Rock- 
Eval pyrolysis datasets were integrated with the δ15Nbulk and δ13Corg 
to provide information about thermal maturity and OM type and 
abundance. The following key conclusions are drawn from our results:  

• δ15Nbulk values ranging from − 4 ‰ to 0 ‰ and a lack of δ15Nbulk – 
δ13Corg relationship suggest that dissolved N2 was the primary N 
species used by primary producers.  

• Regular oscillations in the δ15Nbulk dataset likely represent a muted 
record of high frequency but relatively brief episodes of mild 
oxygenation that punctuate a background state of photic zone 
euxinia at this location.  

• Spikes in δ13Corg are not accompanied by corresponding changes in 
δ15Nbulk. In particular, δ13Corg peaks in the Canol Formation, which 
have been interpreted by other authors as representing global 
Devonian events, do not show matching changes in δ15Nbulk. These 
results suggest that nutrient N speciation and nutrient N cycling 
processes remained relatively constant at this location, despite the 
global scale changes in the marine realm that characterize the Middle 
to Late Devonian period of Earth’s history. 

Correlations of this δ15Nbulk record from northwest Canada with 
δ15Nbulk datasets from age-equivalent organic-rich mudstone units are 
suggested as important next steps. Such comparisons will contribute to a 
clearer picture of the regional and global N cycle during the Middle to 
Late Devonian, a time characterized by successive marine biotic crises 
and widespread deposition of organic-rich mudstone. 
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