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Abstract | Sequence stratigraphy in fine-grained successions is often challenging with traditional datasets, and in such 
intervals, chemostratigraphy is increasingly used to facilitate interpretations. In this study, we present an example from 
mudstone units of the Horn River Group (Northwest Territories, Canada), which provide a local record of Middle to 
Late Devonian marine conditions. The dataset comprises geochemical composition data from X-ray fluorescence (XRF), 
mineralogical data from X-ray diffraction (XRD), wireline logs, total organic carbon (TOC) profiles, and lithological core 
and thin section descriptions. We first focus on a mudstone core with high-resolution thin-section and geochemical 
results, enabling the evaluation of chemostratigraphic signatures associated with surfaces and systems tracts in the 
Horn River Group. By employing chemostratigraphic proxies for terrigenous sediment supply and proportion of 
biogenic silica, sequence stratigraphic analysis is extended to three cores and five outcrops lacking extensive thin 
section coverage. Six complete transgressive–regressive (T–R) sequences are identified and correlated in the Horn 
River Group, comprising higher-resolution cycles in relative sea-level and sediment supply, which are superimposed 
on previously identified larger-scale sequences. The sequence stratigraphic framework presented illustrates the local 
balance between relative sea-level rise and sediment supply along the northwestern margin of Laurentia during the 
Eifelian to the Frasnian. Moreover, this study demonstrates the utility of integrating chemostratigraphic proxies with 
sedimentological results as a means of sequence stratigraphic interpretation and correlation in mudstone intervals.
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Lay summary | In this study, we look at mudstones from the Horn River Group in Canada, which provide a snapshot of 
ocean conditions along the ancient North American coast approximately 385 to 372 million years ago. By combining 
detailed observations with chemical data from rock samples, we interpret how relative sea level and sediment supply 
changed over time as this rock unit formed. We first focus on one location that has a high-resolution dataset and use 
the results from this location to guide interpretations in other areas. Our findings reveal six cycles of sea-level rise and 
sediment supply variation. This study shows how combining detailed observations with chemical data allows us to 
better understand the history of ancient ocean basins and predict the subsurface distribution of mudstone deposits 
with economic potential.

 1. Introduction

Sequence stratigraphy is essential for interpreting chang-
es in sedimentary environments over time and mapping 
facies distributions in predictive resource exploration. Yet, 
geological successions dominated by mudstone often 

present a challenge for those attempting to establish a 
sequence stratigraphic framework. Such intervals are 
commonly marked by subtle sedimentological variations 
relative to coarser-grained clastic and carbonate strata, 
making it difficult to identify useful lithological trends 
from outcrop, core, or well logs without a high-resolution 

https://oap.unige.ch/journals/sdk/
https://www.unige.ch/biblio/en/openaccess/publish-a-journal/open-access-publications/
https://orcid.org/0000-0002-9776-7413
https://orcid.org/0000-0002-9822-1973
https://orcid.org/0000-0002-4383-5871
https://orcid.org/0000-0001-7722-7068
https://orcid.org/0000-0002-1504-5194
https://orcid.org/0000-0002-6683-1750
mailto:maya.lagrange@yale.edu
https://doi.org/10.57035/journals/sdk.2025.e31.1695


LaGrange et al. Integrating geochemical and sedimentological data for mudstone stratigraphy

2Sedimentologika | 2025 | Issue 1 

thin section dataset (e.g., Biddle et al., 2021; Egenhoff 
& Fishman, 2013; Knapp et al., 2017; Macquaker et al., 
2007; Pellegrini et al., 2023; Plint, 2014). Moreover, seis-
mic profiles may be nonexistent or lack the stratal geome-
tries useful for sequence stratigraphic interpretations, and 
in detailed studies of mudstone units, the scale of analy-
sis is generally higher resolution than seismic information 
allows. Biostratigraphic datasets may also be of limited 
use in mudstone units: at times because of thermal deg-
radation or the nature of the depositional environment 
(Ratcliffe et al., 2012b), and for Paleozoic or older strata, 
due to a lower abundance of datable fossils compared 
to younger rocks (Eide, 2005; Slatt & Rodriguez, 2012). 
As with seismic, the resolution of biostratigraphic data 
may also be insufficient, and the availability of biostrati-
graphic results can at times be even more limited than 
the resolution of seismic profiles. Nonetheless, mudstone 
strata hold an extensive record of Earth’s history and past 
climate-sea level interactions, in addition to providing 
essential resources in the form of hydrocarbons, indus-
trial raw materials, mineral deposits, and rare earth ele-
ments necessary for the energy transition (Biddle et al., 
2025; Lazar et al., 2015; Potter et al., 2005; Schieber & 
Zimmerle, 1998). Owing to the difficulties associated with 
mudstone stratigraphy, geochemical profiles are increas-
ingly used to facilitate correlations and supplement tradi-
tional datasets for high-resolution sequence stratigraph-
ic analyses (e.g., B. S. Harris et al., 2021; Li et al., 2021; 
Milad et al., 2020; Sano et al., 2013; Thöle et al., 2020; 
Turner et al., 2016; Wang et al., 2022).

Chemostratigraphy (i.e., chemical stratigraphy) charac-
terizes and correlates sedimentary strata using the geo-
chemical signatures of whole-rock samples (Pearce et al., 
1999). For mudstones, geochemical proxies most often 
take the form of elemental abundance or ratios and have 
been introduced to analyse a wide range of paleoenvi-
ronmental conditions including paleoredox (e.g., Calvert 
& Pedersen, 1993), basin restriction (e.g., Algeo & Lyons, 
2006), detrital sediment flux (Pearce et al., 2005), biogen-
ic silica input (e.g., Arsairai et al., 2016; Davis et al., 1999), 
and salinity (e.g., Wei & Algeo, 2020). Temporal shifts in 
a geochemical proxy can be valuable to sequence stra-
tigraphy because the controlling factors (e.g., terrigenous 
sediment input, paleoredox, degree of basin restriction, 
or proportion of biogenic silica) are often linked to the 
balance between relative sea-level change and sediment 
supply in a sedimentary basin (e.g., B. S. Harris et al., 
2021; Turner et al., 2016). There are also several advan-
tages of chemostratigraphic data, most notably: (1) when 
a core is not available or an outcrop is highly fissile, geo-
chemical results can be acquired from drill cuttings or fis-
sile outcrop samples, (2) the dataset can be collected with 
non-destructive techniques, such as X-ray Fluorescence, 
and (3) collecting chemostratigraphic datasets can be 
time and cost effective.

Limitations exist when employing geochemical data-
sets in sequence stratigraphic analysis. For instance, 

the chemostratigraphic signatures of the basal surface 
of forced regression and correlative conformity (surfac-
es needed to distinguish normal regression from forced 
regression) remain unconstrained (sensu LaGrange et al., 
2020). Additionally, the elements employed as proxies 
are influenced by a multitude of environmental and dia-
genetic factors, which can lead to skepticism that a given 
proxy reflects transgressive–regressive trends. Many au-
thors have thus emphasized the importance of combining 
chemostratigraphic results with other available datasets 
(e.g., petrographical or mineralogical) and using statistical 
analyses to better constrain element affinities (e.g., Algeo 
et al., 2004; Hammes & Frébourg, 2012; Ver Straeten et 
al., 2011; Wesenlund et al., 2022).

This study evaluates the effectiveness of geochemical 
datasets in sequence stratigraphy by comparing chemo-
stratigraphic profiles with stratigraphic interpretations 
based on sedimentological data. We focus on a mudstone 
core with high-resolution thin-section and geochemical 
data, enabling the assessment of chemostratigraphic sig-
natures of surfaces and systems tracts. The chemostrati-
graphic framework is then applied to extend sequence 
stratigraphic analysis to five outcrops and three additional 
cores lacking extensive thin-section results. The dataset 
consists of cores and outcrops from the Devonian Horn 
River Group of the west-central Northwest Territories 
(NWT), Canada, and includes lithological core and thin 
section descriptions, wireline gamma-ray and resistivity 
logs, total organic carbon (TOC), mineralogical compo-
sition through X-ray diffraction (XRD) and geochemical 
composition from X-ray fluorescence (XRF). Biddle et al. 
(2021) presented sedimentological and ichnological data-
sets at the thin section scale, which were used to interpret 
environmental conditions and depositional processes 
associated with the Horn River Group mudstones. Here, 
we combine the petrographic depositional interpreta-
tions from Biddle et al. (2021) with macro-scale sedimen-
tological observations and chemostratigraphic profiles. 
The Horn River Group of the NWT comprises mudstone 
units (Hare Indian and Canol Formations) with coeval plat-
form and reef carbonate units of the Ramparts Formation 
(Figure 1; Pugh, 1983). The current study focuses on lo-
cations where the reef units of the Horn River Group are 
absent and the mudstone intervals are thicker (Figure 1). 
This work includes the previously published geochemi-
cal dataset from the Hare Indian Formation by Harris et 
al. (2021), combined with new chemostratigraphic re-
sults from the Ramparts, Canol, and Imperial Formations. 
Through this study, we evaluate the strengths and limita-
tions of geochemical results in sequence stratigraphy.

 2. Geological background

 2.1. Lithostratigraphy and depositional systems

The strata of the Horn River Group in the west-central 
NWT were deposited during the late Eifelian to Frasnian 
of the Middle to Late Devonian (Kabanov & Gouwy, 2017) 
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Figure 1 | (A) Schematic stratigraphic column for the Horn River Group in the Central Mackenzie Valley and Mackenzie Mountains of 
the Northwest Territories (NWT). This chart is modified from LaGrange et al. (2023) after Kabanov and Deblonde (2019) and adjusted to 
the most recent stage boundary calibrations from Becker et al. (2020). The Francis Creek, Prohibition Creek, Vermillion Creek, and Dodo 
Canyon Members are defined for the Central Mackenzie Valley but have not been established in the Mackenzie Mountains. The black 
bars show the stratigraphic position and coverage of the cores and outcrops of this study. Lateral spacing of cores and outcrops is not to 
scale. (B) Geological map of the study area, showing the locations of cores and outcrops in the Central Mackenzie Valley and Mackenzie 
Mountains of the Northwest Territories (NWT), Canada. The cross-section line A to A’ is also indicated. Modified from Irwin (2020). 
Outcrop abbreviations: CR – Carcajou River, DC – Dodo Creek, MR – Mountain River, PC – Powell Creek, and RC – Rumbly Creek. Other 
acronyms and abbreviations: Fam. – Famennian, Fm. – formation, Gp. – group, Mbr. – member, inf. – informal.
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and comprise the Hare Indian, Ramparts, and Canol 
Formations (Figure 1A). The Horn River Group over-
lies the Hume Formation and is overlain by the Imperial 
Formation. In areas where the Ramparts Formation is 
present, the Hare Indian Formation includes the Bluefish 
Member, an organic-rich mudstone unit (Pugh, 1983), and 
the Bell Creek Member, which is characterized by organ-
ic-poor mudstone with limestone and siltstone interbeds 
(Pyle & Gal, 2016). Where the Ramparts Formation is ab-
sent, the Hare Indian Formation of the Central Mackenzie 
Valley includes three Members: the Bluefish, Francis 
Creek (fissile, argillaceous mudstone), and Prohibition 
Creek (organic-rich mudstone) (Kabanov & Gouwy, 2017; 
Pugh, 1983). Moreover, at locations where the Ramparts 
Formation was not deposited, the organic-rich mud-
stones of the Canol Formation are subdivided into the 
Vermillion Creek Member and the Dodo Canyon Member, 
distinguished by a higher proportion of calcareous mud-
stone intervals in the Vermillion Creek Member (Kabanov 
& Gouwy, 2017). The Francis Creek, Prohibition Creek, 
Vermillion Creek, and Dodo Canyon Members of the Hare 
Indian and Canol Formations are not distinguished in the 
Mackenzie Mountains (Figure 1).

Overall, the mudstone units of the Horn River Group are 
interpreted as a proximal to distal shelf depositional sys-
tem (Biddle et al., 2021), with the Bell Creek Member 
possibly representing the distal portion of a delta (Biddle 
et al., 2021; Tassonyi, 1969). The Ramparts Formation 
is present where the Bell Creek Member is thickest and 
comprises limestone and calcareous mudstone ramp and 
platform deposits, with localized reef units of the Kee 
Scarp Member (Muir et al., 1985). Above the Horn River 
Group, the Imperial Formation comprises a basal 10 to 
15 m thick mudstone overlain by intercalated sandstone, 
siltstone and mudstone units and is interpreted as a pro-
grading submarine fan to slope clinoform system (Hadlari 
et al., 2009). This study includes stratigraphic analysis of 
the basal Imperial Formation mudstone.

 2.2. Tectonic setting

In the Middle to Late Devonian, the study area was locat-
ed along the northwestern margin of Laurentia, at tropi-
cal latitudes near the paleoequator (e.g., Cocks & Torsvik, 
2011; Scotese & McKerrow, 1990). Following supercon-
tinent breakup in the Neoproterozoic, a passive margin 
developed along the present-day northwest margin of 
Ancestral North America, with convergence to the north 
(Dewing et al., 2019; Hadlari et al., 2014) and strata of 
the Horn River Group were deposited in an intrashelf 
basin along the passive margin. In the Late Devonian, 
the Ellesmerian orogeny along the northern margin of 
Laurentia produced a foreland basin in the study area, caus-
ing a shift from the organic-rich mudstones and carbon-
ates of the Horn River Group to deposition of the Imperial 
Formation siliciclastics (Beranek et al., 2010; Garzione et 
al., 1997). Next, a regional sub-Cretaceous unconformity 
was produced by uplift and cooling associated with basin 

inversion. This was followed by renewed burial and then 
eventual exposure of the Horn River Group strata in the 
Mackenzie Mountains during development of the North 
American Cordillera Foreland Basin (Powell et al., 2020). 
The study area is currently experiencing compression pro-
duced by the accretion of the Yakutat terrane onto the 
North American Craton in the Gulf of Alaska, which began 
in the Miocene (Mazzotti & Hyndman, 2002).

 2.3. Sequence stratigraphy

Initial studies of the Horn River Group focused on the Kee 
Scarp Reef Member of the Rampart Formation, placing 
these reef strata in the context of two large-scale sequence 
stratigraphic cycles (e.g., Muir et al., 1985). The Horn River 
Group has also been included in a broad-scale sequence 
stratigraphic framework for the Devonian of the entire 
Northern Canadian Mainland Sedimentary Basin, where 
the Horn River Group and surrounding formations are 
part of two transgressive–regressive (T–R) cycles (Morrow, 
2018). Broadly, the two cycles of Muir and Morrow are 
as follows: (1) Hume Formation to Hare Indian Formation 
or lower Ramparts Formation, (2) Hare Indian Formation 
or lower Ramparts Formation to Imperial Formation 
(Morrow, 2018; Muir et al., 1985), although specific de-
tails about the proposed boundaries between the trans-
gressive and regressive portion of the cycles are limited. 
Using lithofacies interpretations and well-log datasets, 
Potma et al. (2022) interpreted a depositional sequence 
largely consistent with the second cycle above, spanning 
the upper Ramparts Formation to the lowermost Imperial 
Formation. At locations where the carbonate units are 
thick and the overlying Canol Formation mudstone unit 
is thin, higher-frequency cycles were identified in carbon-
ates of the Ramparts Formation, in the form of alternat-
ing transgressive systems tracts and highstand systems 
tracts (e.g., Muir et al., 1985; Muir & Dixon, 1984) or in 
the form of parasequences (Yose et al., 2001). Moreover, a 
chemostratigraphy-based sequence stratigraphic frame-
work for the Hare Indian Formation (the lowermost unit 
of the Horn River Group) was presented by Harris et al. 
(2021). High-frequency stratigraphic cycles have not pre-
viously been identified and correlated in the organic-rich 
mudstone units of the Canol Formation or the Horn River 
Group as a whole.

 3.  Samples and analytical methods

 3.1. Cores and outcrops

This study focuses on four cores in the Central Mackenzie 
Valley of the NWT and five outcrops in the adjacent 
Shúhta (Mackenzie Mountains), located on the traditional 
lands of the Sahtu Dene (Figure 1; Appendix A). The four 
cores are from (1) the MGM Shell East Mackay I-78 well 
(hereafter referred to as the I-78 core), (2) the Husky Little 
Bear N-09 well (N-09 core), (3) the ConocoPhillips Mirror 
Lake N-20 (N-20 core), and (4) the ConocoPhillips Loon 
Creek O-06 well (O-06 core). The five outcrops are located 
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along the banks of Carcajou River, Dodo Creek, Mountain 
River, Powell Creek, and Rumbly Creek, respectively and 
will be referred to according to those geographical names 
(Figure 1). Figure 1A illustrates the stratigraphic position 
and coverage of the cores and outcrops included in this 
study.

 3.2. Sedimentology

In this study, mudstone nomenclature follows the scheme 
presented in Lazar et al. (2015): fine-grained sedimentary 
rocks are named by grain size, and modifiers are applied 
to describe characteristics such as bedding, composition, 
fossil or trace fossil content, and colour. All cores were 
described with observations focusing on lithology, bed-
ding, sedimentary structures, fossils, trace fossils, fissility, 
and composition, with core colour described following 
the Munsell Geological Rock-Color Chart (Munsell Color, 
2009). The core observations were then synthesized to 
produce lithofacies, and XRD data were used to charac-
terize the mineralogy of each facies (see Section 3.3 for 
XRD methods). 

A petrographic dataset from mudstone units of the Horn 
River Group was previously described and interpreted in 
Biddle et al. (2021). For the present study, four new thin 
sections from the N-09 core were prepared from litho-
facies that, until now, did not have any associated thin 
sections (i.e., lithofacies 1 and 2). Methods for thin sec-
tion analysis and the interpretation of microfacies, which 
comprise the microscopic characteristics of rocks (Brown, 
1943), can be found in Biddle et al. (2021). Using sedi-
mentological and ichnological results from thin sections, 
Biddle et al. (2021) previously interpreted environmental 
conditions and sediment transport processes associated 
with the Horn River Group mudstones. These depositional 
interpretations were first presented in Biddle et al. (2021) 
and are again summarized in Appendix A. The distribu-
tion of microfacies with depth was not included in Biddle 
et al. (2021) and is presented for the first time in this study. 
Moreover, macro-scale lithofacies were not published in 
Biddle et al. (2021) and are incorporated herein to extend 
depositional interpretations from wells with high thin sec-
tion coverage to wells with low thin section availability (or 
an absence of thin sections, entirely). In the present work, 
we integrate for the first time petrographic interpretations 
with macro-scale lithofacies results and geochemical pro-
files from the Horn River Group.

 3.3. Composition

TOC data were collected with a LECO Analyser by 
Weatherford Laboratories for the I-78 and N-20 cores 
and by Core Laboratories Canada for the N-09 core. The 
mineralogical composition of the four cores was assessed 
through XRD. The XRD datasets from the N-09, N-20, 
and O-06 cores were collected by Core Laboratories 
Canada, whereas the XRD dataset from the I-78 core is 
from Weatherford Laboratories. Methods for XRD analysis 

comprised sample pulverization, packing into aluminum 
sample holders, and analysis with a copper-source Philips 
automated powder diffractometer. Semi-quantitative 
mineral abundance was determined using integrated 
peak areas and empirical reference intensity ratio factors. 
Gamma-ray and resistivity profiles for the cored intervals 
were collected by the respective companies when the 
wells were drilled and were accessed through publicly 
available records. Depth profiles of aluminum (Al), calcium 
(Ca), iron (Fe), potassium (K), molybdenum (Mo), silicon 
(Si), titanium (Ti), zirconium (Zr), and vanadium (V) were as-
sessed at the University of Alberta with a Niton XL3t XRF 
Analyser. For XRF analysis, outcrop samples were collect-
ed at an interval of 0.1 m to 2 m, with higher resolution 
in intervals of greater interest (e.g., the Hare Indian and 
Canol Formations). These samples were then pulverized 
and placed into sample capsules with a polypropylene 
film base. XRF measurements from the cores were col-
lected every 0.1 m, and the core was washed in the areas 
of analysis. Outcrop and core samples were then analysed 
with XRF for 180 seconds in the mining mode. The analy-
ser was purged with helium during analysis to increase the 
detection of light elements. The United States Geological 
Survey Brush Creek Shale (SBC-1) was used as a reference 
material to monitor accuracy and precision. For each el-
ement, the measured mean, the error reported as two 
standard deviations from the mean (2σ), and certified val-
ues for SBC-1 are reported in Appendix B. Enrichment 
factors for a given element (X) are calculated according 
to Equation 1 (e.g., Brumsack, 2006; Tribovillard et al., 
2006). In this study, we calculated enrichment factors for 
Mo and V and used the Post-Archean Average Australian 
Shale (PAAS) for the average shale values, which gives an 
average of 84,000 ppm Al, 1 ppm Mo, and 140 ppm V 
(Taylor & McLennan, 1985).

EFX = (X/Al)sample/(X/Al)average shale                           (Equation 1)

Our XRF dataset for the Hare Indian Formation (the low-
ermost of the three formations comprising the Horn River 
Group) was previously published in Harris et al. (2021). In 
this study, we present for the first time XRF results from 
the two upper formations in the Horn River Group (the 
Ramparts and Canol Formations), in addition to XRF re-
sults from the overlying Imperial Formation, amounting 
to more than 5,000 new XRF measurements across nine 
cores and outcrops. We include the previously published 
results from the Hare Indian Formation from Harris et al. 
(2021) to allow for a robust sequence stratigraphic analy-
sis of the entire Horn River Group and comparison of geo-
chemical and sedimentological results. This study follows 
sequence stratigraphic nomenclature as summarized by 
Catuneanu (2019).

 3.4. Chemostratigraphic proxies

Nine elements were considered as geochemical proxies: 
Al, Ca, Fe, K, Mo, Si, Ti, Zr, and V. In mudstone units, 
the elements often associated with the detrital fraction 
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include Al, Fe, K, Ti, and Zr (e.g., Ratcliffe et al., 2012a; 
Sano et al., 2013); these elements were selected as po-
tential proxies for terrigenous sediment supply. The ratio 
of Ti to Al was also included to assess the relative abun-
dance of heavy minerals compared to aluminosilicate 
minerals, which may vary with aeolian dust input (e.g., 
Wehausen & Brumsack, 1999) or changes in fluvial dis-
charge (Sageman & Lyons, 2003). Vanadium and Mo are 
redox-sensitive trace metals that become enriched under 
reducing conditions; their abundance is commonly used 
as a proxy for paleoredox conditions (e.g., Algeo & Liu, 
2020; Tribovillard et al., 2006). Moreover, Ca was includ-
ed here as a proxy for carbonate mineral content, and 
Si was considered as a proxy for quartz and aluminosili-
cate content. Trends in Si were compared with those of 
Al to assess the presence of excess (non-aluminosilicate) 
Si, which can be derived from aeolian, biogenic, or hy-
drothermal sources (e.g., Adachi et al., 1986; Sageman & 
Lyons, 2003). In this study, Principal Component Analysis 
(PCA) was used to assess the covariance between the el-
emental proxies and to select the most useful proxies for 
comparison with sequence stratigraphic interpretations. 
Highly skewed variables were log-transformed, and the 
“prcomp” function of the R programming language was 
used to perform PCA of the dataset.

Normalizing certain elements (e.g., Si, Ti, Mo, V) to Al can 
be useful for comparing their abundance to detrital alumi-
nosilicate abundance. However, normalizing to Al can pro-
duce apparent correlations between unrelated elements, 
especially if the coefficient of variation (CV) for Al is large 
compared to that of the normalized elements (Van der 
Weijden, 2002). In our dataset, the CV of Al ranges from 
25 % to 66 % depending on the core or outcrop, with an 
average of 47 % (Appendix B). This is similar to the CV 
for Ti (28 % to 74 %, average of 47 %) and lower than the 
CV for Mo (35 % to 174 %, average of 76 %) and V (37 
% to 122 %, average of 66 %) and thus, these elements 
were normalized to Al for presentation in the results fig-
ures (Appendix B). Titanium was normalized directly to Al, 
whereas Mo and V were normalized to Al and an average 
shale value (Equation 1). In contrast, the CV of Si ranges 
from 12 % to 54 %, with an average of 28 % (Appendix B), 
and thus, it was not normalized Al. Instead, we identified 
intervals of excess Si by comparing the trends in Si and Al.

 4. Res ults

﻿4.1. Sedimentological and mineralogical results

We identified six lithofacies in the Horn River Group 
and the lowermost Imperial Formation in our study area 
(Figure 2; Table 1). The lithofacies (LF) are: (LF1) light 
grey tentaculitoid grainstone intercalated with dark grey 
calcareous to calcareous siliceous mudstone; (LF2) me-
dium grey planar parallel-laminated calcareous to si-
liceous calcareous mudstone; (LF3) brownish black conti-
nuous planar parallel-laminated siliceous mudstone with 
common calcareous/dolomitic laminae and cm-scale 

carbonate beds; (LF4) brownish black continuous planar 
parallel-laminated siliceous mudstone; (LF5) medium 
dark grey planar parallel laminated fissile argillaceous to 
siliceous intraclasT–Rich mudstone; and (LF6) medium 
grey homogenous-appearing fissile argillaceous to si-
liceous mudstone with common fossil fragments.

Following the scheme presented in Biddle et al. (2021), 
the thin sections included in this study were classified 
as one of the following seven microfacies (MF): (MF1) 
homogeneous-looking radiolarian-rich fine mudstone; 
(MF3) discontinuous wavy parallel to homoge-
neous-looking fine mudstone; (MF4) rarely bioturbated 
discontinuous wavy parallel silt-bearing fine mudstone; 
(MF5) bioturbated discontinuous wavy parallel silt-bea-
ring fine mudstone; (MF6) bioturbated discontinuous 
planar parallel to continuous wavy non-parallel medium 
mudstone; (MF7) fossiliferous discontinuous to conti-
nuous wavy parallel fine mudstone; or (MF8) fossiliferous 
discontinuous to continuous wavy parallel fine mudstone 
(Appendix A). In the present study, Microfacies 2 (MF2) 
from Biddle et al. (2021) has been reclassified as a diage-
netic overprinting of other microfacies (Appendix A). 
Where possible, instances of MF2 have been reassigned 
to other microfacies.

In the N-09 core, which has high thin section coverage 
relative to the other cores and outcrops, relationships 
between lithofacies and microfacies can be readily ob-
served (Figure 3). Certain lithofacies (e.g., LF3, LF4, and 
LF6) are characterized by more than one microfacies. In 
other lithofacies, a single microfacies was observed. For 
example, LF1 strata are primarily characterized by MF7, 
and LF5 is exclusively characterized by MF8 (Figure 3). 
Table 1 includes a summary of all lithofacies and micro-
facies relationships from the N-09 and O-06 cores.

 4.2. Multivariate statistical results

PCA results from the Horn River Group (Hare Indian, 
Canol, and Ramparts Formations) and the lowermost 
Imperial Formation are displayed in Figure 4. Principal 
component 1 (PC 1) explains 45.4 % of the variance in the 
Canol Formation dataset, 48.3 % of the variance in the 
Hare Indian Formation, 40 % in the Imperial Formation, 
and 75.2 % in the Ramparts Formation. Principal compo-
nent 2 (PC 2) accounts for 27.4 %, 22.8 %, 26.8 %, and 9.8 
% of the variance in the Canol, Hare Indian, Imperial, and 
Ramparts Formations datasets, respectively. In all four 
plots, Al, Fe, K, Ti, and Zr are clustered together (Figure 
4). In the Canol, Hare Indian, and Imperial Formations, Mo 
and V plot near one another, although in the Ramparts 
Formation, V covaries with Al, K, Ti, and Zr rather than 
Mo (Figure 4). Silicon is present in a similar zone to V and 
Mo in the Canol, Hare Indian, and Imperial Formations, 
but plots near Al, K, Ti, and Zr in the Ramparts Formation. 
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Name Mineralogy Sedimentology and Accessories Fossils and 
Bioturbation

Associated 
Microfacies

Depositional 
environment (based 
on microfacies 
interpretations from 
Biddle et al., 2021)

LF1: Light grey 
tentaculitoid 
grainstone 
intercalated 
with dark grey 
calcareous to 
calcareous 
siliceous 
mudstone

• Quartz:  
5 – 31 %, μ = 14 %

• Carbonate:  
46 – 89 %, μ = 74 %

• Total clay:  
6 – 23 %, μ = 12 %

• n = 3

• Laminae are wavy discontinuous non-parallel or 
continuous and discontinuous planar parallel

• Tentaculitoid beds are sometimes graded, 
with an upwards decrease in the abundance of 
tentaculitoids

• Soft-sediment deformation structures 
occasionally observed (ball and pillow structures, 
load casts occasionally present at base)

• Cone-in-cone structures may be present

• Non-fissile to low-fissility

• Tentaculitoid beds 
and laminae

• Bioturbation not 
observed with the 
naked eye

Primarily MF7 
with some 
occurrences of 
MF6 

Deposition by a 
combination of low-
density turbidites, 
plug-like flows, and 
debrites suggestive 
of a storm-influenced 
shelf setting.

LF2: Medium 
grey planar 
parallel-
laminated 
calcareous 
to siliceous 
calcareous 
mudstone

• Quartz:  
19 – 44 %, μ = 31 %

• Carbonate: 
29 – 76 %, μ = 52 %

• Total clay: 
5 – 16 %, μ = 16 %

• n = 2

• Planar parallel laminae common

• Stylolites parallel and co-current with bedding 
planes

• Non-fissile

• Bioturbation not 
observed with the 
naked eye

MF5, MF6, and 
MF7

Deposition from 
plug-like flows and 
low-density turbidity 
currents on the storm-
influenced shelf in an 
adjacent but more 
distal position relative 
to LF1.

LF3: Brownish 
black continuous 
planar parallel-
laminated 
siliceous 
mudstone 
with common 
calcareous/
dolomitic 
laminae and cm-
scale carbonate 
beds

• Quartz: 
8 – 93 %, μ = 74 %

• Carbonate: 
6 – 58 %, μ = 20 %

• Total clay: 
6 – 58 %, μ = 20 %

• n = 118

• Common calcareous/dolomitic laminae or cm-
scale limestone/dolostone beds

• Common calcite/dolomite and pyrite nodules 
(often have both carbonate and pyrite in same 
nodule)

• Stylolites common on bedding planes

• Planar parallel laminae common

• May also appear homogeneous

• Pyrite streaks sometimes present

• Low-moderate fissility

• Pyritized 
tentaculitoids are 
rarely observed on 
bedding planes

• Bioturbation not 
observed with the 
naked eye

Primarily MF3, 
with some 
occurrences of 
MF1, MF4, and 
MF5 

Deposition from storm-
wave resuspension of 
unconsolidated, water-
rich muds and pelagic 
suspension settling 
in a more distal shelf 
position relative to LF1 
and LF2.

LF4: Brownish 
black continu
ous planar 
parallel-lami
nated siliceous 
mudstone

• Quartz:  
30 – 91 %, μ = 63 %

• Carbonate:  
0 – 57 %, μ = 8 %

• Total clay:  
7 – 51 %, μ = 29 %

• n = 33

• Planar parallel laminae common but sometimes 
also appears homogeneous

• Abundant pyrite streaks

• Pyrite nodules common

• Occasional calcareous or dolomitic laminae

• Rare limestone/dolostone nodules

• Low-moderate fissility

• Bioturbation not 
observed with the 
naked eye

MF4, MF5, and 
MF6

Deposition from plug-
like flows, low-density 
turbidites, and debrites, 
suggesting deposition 
in an intermediate shelf 
position, more distal 
than LF2 and LF1, but 
more proximal than 
LF3.

LF5: Medium 
dark grey pla
nar parallel 
laminated fissile 
argillaceous 
to siliceous 
intraclasT–Rich 
mudstone

• Quartz:  
1 – 67 %, μ = 42 %

• Carbonate:  
0 – 17 %, μ = 4 %

• Total clay:  
30 – 99 %, μ = 54 %

• n = 14

• Occasional pyrite nodules

• Moderate-high fissility

• Planar parallel laminae are common

• Intraclasts often present along laminae

• Rare calcareous laminae

• Rare Spathiocaris 
fossils on bedding 
planes

• Bioturbation not 
observed with the 
naked eye

MF8 Deposition from high 
energy, intraclast-
generating erosive 
bottom currents in a 
proximal shelf to distal 
delta setting.

LF6: Medium 
grey 
homogeneous-
appearing fissile 
argillaceous 
to siliceous 
mudstone with 
common fossil 
fragments

• Quartz:  
28 – 71 %, μ = 48 %

• Carbonate:  
0 – 14 %, μ = 1 %

• Total clay:  
27 – 72 %, μ = 51 %

• n = 27

• Often appears homogeneous, but planar 
parallel laminae also present

• Pyrite nodules common

• Occasional dolomitic laminae or cm-scale beds

• High fissility

• Fossil fragments 
(including 
Spathiocaris) 
common on bedding 
planes

• Bioturbation not 
observed with the 
naked eye

Primarily MF3, 
with minor 
occurrences of 
MF4

Deposition from storm-
wave resuspension of 
unconsolidated, water-
rich muds in a similar 
but more proximal shelf 
position relative to LF3.

Table 1 | Characteristics of the six lithofacies identified in the Horn River Group and lowermost Imperial Formation in the I-78, N-09, N-20, 
and O-06 cores. Quartz, total clay, and carbonate are normalized to 100 wt %, with n denoting the sample size and μ representing the 
mean. This lithofacies scheme is modified from Harris (2020), which includes a summary of lithofacies in the Hare Indian Formation of the 
Horn River Group, from Biddle et al. (2021), which presented microfacies for the Horn River Group, and from LaGrange et al. (2022), which 
summarized lithofacies in the N-09 core of the Horn River Group. Acronyms and abbreviations: LF – lithofacies and MF – microfacies. 
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 4.3. Chemostratigraphic results

The profiles of Al, Si, Ca, Ti/Al, EF V, and EF Mo for each 
core and outcrop are presented in figures 5 to 13, with 
the full dataset in Appendix B. Of the five detrital proxies 
considered in PCA (Al, Fe, K, Ti, and Zr), the elements K, 
Fe, and Zr plot near Al and Ti (Figure 5); therefore, we 
focus on Al and Ti, as the others exhibit similar trends. 

 4.3.1. N-09 Core

A series of peaks in Al are present in the N-09 core, and 
the two most prominent are located in the Francis Creek 
Member of the Hare Indian Formation and the Imperial 
Formation (Figure 5). Trends in Si typically show an op-
posite pattern to Al, and the Ti/Al ratio remains rela-
tively constant. Calcium levels are generally low (< 5 %) 

1 cm

1 cm 1 cm

1 cm

A B

C D

E F

Lithofacies 1 Lithofacies 2

Lithofacies 4

Lithofacies 5 Lithofacies 6

1 cm

1 cm

Lithofacies 3

Intraclasts

Stylolite Calcareous 
laminae

Siliceous
mudstone

Pyrite nodule

Stylolite

Figure 2 | Representative photographs showing the six lithofacies identified in the Horn River Group and overlying Imperial Formation of 
our studied cores. (A) Tentaculitoid grainstone intercalated with calcareous to calcareous siliceous mudstone in Lithofacies 1 at a depth of 
1823.3 m in the Bluefish Member of the Hare Indian Formation of the N-09 core. (B) A calcareous mudstone of Lithofacies 2 from the N-09 
core at a depth of 1777.3 m in the Vermillion Creek Member of the Canol Formation. (C) Lithofacies 3 at 1749.2 m in the Vermillion Creek 
Member (Canol Formation) of the O-06 core. The image shows a siliceous mudstone with calcareous laminae. (D) A siliceous mudstone 
characteristic of Lithofacies 4 at 1677.7 m in the Dodo Canyon Member (Canol Formation) of the O-06 core. (E) IntraclasT–Rich laminae 
in a mudstone sample of Lithofacies 5 from the I-78 core at 1829.2 m in the Dodo Canyon Member of the Canol Formation. (F) A fissile, 
argillaceous mudstone of Lithofacies 6 at 1696.3 m from the N-09 core in the Imperial Formation.
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throughout the core, apart from spikes in the Bluefish 
Member of the Hare Indian Formation and around the 
Hare Indian–Canol formational contact. Patterns in the 
enrichment factors for V and Mo generally match one 
another, with the greatest enrichment in the Dodo 
Canyon Member of the Canol Formation. However, in 
the lower half of the Dodo Canyon Member, the peak in 
EF Mo from 1738 m to 1730 m stratigraphically precedes 
the EF V peak at 1725 m. 

 4.3.2. O-06 Core

The Al profile from the O-06 core is characterized by 
clear fluctuations, with the largest peaks present in the 
Francis Creek Member (Hare Indian Formation) and 
Imperial Formation (Figure 6). Silicon shows the reverse 

trends to Al, with the highest Si at depths where Al is 
lowest. The Ca profile shows peaks in the lower half of 
the Hare Indian Formation, at the Hare Indian–Canol for-
mational contact, and again at the contact between the 
Vermillion Creek Member and Dodo Creek Member in 
the Canol Formation. Aside from higher Ti/Al values in 
the Hume Formation carbonates underlying the Horn 
River Group, the ratio of Ti to Al is steady throughout the 
Hare Indian, Canol, and Imperial Formations. Together, 
the EF V and EF Mo redox proxies show several coinci-
dent peaks in enrichment, most prominently at 1800 m 
in the upper Bluefish Member (Hare Indian Formation) 
and 1691 m in the middle of the Dodo Canyon Member 
(Canol Formation). Additionally, in both the Powell Creek 
Member (Hare Indian Formation) and the lower portion 
of Dodo Canyon Member (Canol Formation), there are 
peaks in EF Mo a few meters below peaks in EF V.

 4.3.3. N-20 Core

Aluminum in the N-20 core follows a similar pattern as in 
the N-09 and O-06 cores, with a large spike in the Francis 
Creek Member, lower-magnitude cycles throughout 
the Powell Creek Member and Canol Formation, and 
another large peak in the Imperial Formation (Figure 
7). Again, the Si profile shows opposite trends relative 
to Al. In this core, Ca follows a similar pattern as in the 
O-06 core, with highest values in the lower interval of 
the Hare Indian Formation, and lower magnitude peaks 
at the Hare Indian to Canol formational transition, and 
at the top of the Vermillion Creek Member. The ratio of 
Ti to Al is generally stable in the Hare Indian, Canol, and 
Imperial Formations, except for a peak at the base of the 
Hare Indian Formation at the contact with the underlying 
Hume Formation. Enrichment factors for V and Mo exhi-
bit similar profiles as in the O-06 core, with several peaks 
and troughs, most of which align at the same depths. 
In two intervals (the Powell Creek Member and lower 
Dodo Canyon Member), the highest EF Mo values occur 
roughly 10 m below the highest EF V results.

 4.3.4. I-78 Core

The I-78 core includes the Bluefish Member at the base 
of the Hare Indian Formation and the upper portion 
of the Canol Formation, separated by an unretrieved 
gap of core spanning approximately 60 m (Figure 8). 
The Si, Al, and Ca profiles in the Bluefish Member are 
characterized by repeated fluctuations superimposed 
upon larger-scale trends. From the base of the core 
moving upward through the Bluefish Member, Al and 
Ca generally decrease while Si increases, until a shift 
at 1955 m marks a reversal: Al and Ca begin to rise, 
and Si declines. The ratio of Ti/Al has low variability in 
the Bluefish Member, aside from small peaks around 
1947 m and 1938 m. In the Canol Formation, Al and Si 
covary negatively, and Ti/Al is generally steady. Trends 
in EF V and EF Mo are aligned in both the Bluefish 
Member and Canol Formation intervals of the I-78 core. 

Figure 3 | Microfacies (MF) and lithofacies (LF) results for the 
Husky Little Bear N-09 core. Interpreted depositional trends are 
shown to the left, along with interpreted sequence stratigraphic 
surfaces and systems tracts. Microfacies were interpreted from 
thin sections by Biddle et al. (2021), with each microfacies line on 
this figure representing data from one thin section. Acronyms and 
abbreviations: Gp – group; Fm – Formation, Mb – Member; Hu. – 
Hume; B.F. – Bluefish; F.C. – Francis Creek; P.C. – Powell Creek; 
V.C. – Vermillion Creek; D.C. – Dodo Canyon; DU – drowning 
unconformity; MFS – maximum flooding surface; MRS – maximum 
regressive surface; RST – regressive systems tract; and TST – 
transgressive systems tract. 
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 4.3.5. Carcajou River Outcrop

As with the cores, Al and Si show opposite trends 
throughout the Canol and Imperial Formations at the 
Carcajou River outcrop (Figure 9). The Canol Formation 
is characterized by smaller magnitude cycles in the 
abundance of Al and Si, whereas the overlying Imperial 
Formation contains a larger magnitude peak in Al and 
decrease in Si at approximately 87 m. The Ca pro-
file does not show any remarkable peaks throughout 
the section and is characterized by a subtle decrease 
from the lower to the upper Canol Formation. The Ti/
Al profile is steady throughout the sampled interval. 
Enrichment factors for the redox-sensitive trace metals 
V and Mo show three peaks in the upper half of the 
Canol Formation. The upper two peaks in EF V and EF 
Mo occur at the same depths as one another (at ~ 77 
m and ~ 65 m), but the lowermost spikes in EF V and 
EF Mo are offset from each other by approximately 5 m. 

 4.3.6. Dodo Creek outcrop

In the section sampled at Dodo Creek, Al and Si nega-
tively covary and are characterized by repeated fluctua-
tions in their abundance (Figure 10). Calcium peaks at 
around 20 m in the lower Canol Formation and shows 
a clear decrease from the lower to the upper Canol 
Formation. In contrast, the Ti/Al ratio is steady and shows 
little variability throughout the Canol Formation and 
lower Imperial Formation. The enrichment factors for 
V and Mo show cycles of increase and decrease in the 
Canol Formation, which mostly align with one another, 
except in the interval from 67 to 80 m, where the peak in 
EF Mo precedes the peak in EF V by roughly 10 m.

 4.3.7. Mountain River Outcrop

A continuous section of the Horn River Group is present 
at Mountain River, and is entirely accessible, apart from 
one short interval at the top of the Hare Indian Formation 
(Bell Creek Member), which could not be sampled be-
cause of its recessive nature and thick vegetation cover. 
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The lowermost Bluefish Member is characterized by low 
Al, high Si, EF V, and EF Mo, which shifts to increasing 
Al and decreasing Si, EF V, and EF Mo moving upwards 
in the Hare Indian Formation (Figure 11). In contrast to 
the other cores and outcrops, Al does not peak in the 
middle of the Hare Indian Formation and instead conti-
nues to increase upward towards the unsampled interval 
at the top of the Bell Creek Member. Calcium is variable 
throughout the Hare Indian Formation, with highest va-
lues in the lower Bluefish Member. The Horn River Group 
at Mountain River also includes the platform carbonates 
of the Ramparts Formation, which are characterized by 
variable but generally decreasing Al and Si, combined 
with low enrichment factors of V and Mo. Calcium also 
fluctuates in the Ramparts Formation, with an overall 
increasing upwards trend. Above the Ramparts interval 
(in the Canol and Imperial Formations), the geochemi-
cal proxies exhibit similar trends as in the other cores 
and outcrops: (1) Si and Al show similar but opposite 
patterns, with smaller magnitude cycles in the Canol 

Formation and a larger magnitude peak in Al near the 
Canol–Imperial contact, (2) Ca shows generally higher 
values in the lower Canol Formation relative to the up-
per Canol Formation and Imperial Formation, and (3) 
highs in EF Mo and EF V occur at several horizons, most 
of which coincide, except for in the interval from 110 to 
120 m. The Ti/Al profile fluctuates very little throughout 
the interval sampled at the Mountain River outcrop.

 4.3.8. Powell Creek outcrop

The Powell Creek outcrop section begins with the 
Ramparts Formation and was continuously sampled 
except for an inaccessible gap surrounding the Canol–
Imperial formational contact. Like at Mountain River, the 
Ramparts Formation shows fluctuating, positively cova-
rying Al and Si with an overall upward decrease, and 
variable Ca with a general upward increase (Figure 12). 
Relatively little enrichment of V and Mo and steady Ti/Al 
(i.e., low fluctuation in the ratio and all Ti/Al values below 

Figure 5 | Microfacies (MF), lithofacies (LF), total organic carbon (TOC), gamma-ray log, resistivity log, and X-ray fluorescence results for 
the Husky Little Bear N-09 core. Microfacies were interpreted from thin sections by Biddle et al. (2021), with each microfacies line on this 
figure representing data from one thin section. The solid line on the resistivity plot represents shallow resistivity (10”), whereas the dashed 
line is associated with deep (90”) resistivity. Acronyms and abbreviations: Gp – group; Fm – Formation, Mb – Member; Hu. – Hume; 
B.F. – Bluefish; B.C. – Bell Creek; F.C. – Francis Creek; P.C. – Powell Creek; V.C. – Vermillion Creek; D.C. – Dodo Canyon; MF – microfacies; 
LF – lithofacies; TOC – total organic carbon; GR – gamma ray; Res. – resistivity; EF V – V enrichment factor; EF Mo – Mo enrichment 
factor; MFS – maximum flooding surface; MRS – maximum regressive surface; and DU – drowning unconformity.
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0.1)  are also observed in the Ramparts Formation at 
this location. Moving up section, the Canol Formation is 
initially characterized by relatively low Al and Si concen-
trations, elevated Ca and Ti/Al values, and generally low 
enrichment in trace metals. Above ~ 82 m in the Canol 
Formation, trends in the geochemical proxies return to 
those observed in the Canol Formation from other cores 
and outcrops, with increased Si and Al displaying nega-
tive covariance, low and steady Ti/Al, and cycles in trace 
metal enrichments. The Canol–Imperial formational 
contact was inaccessible at this location, but above 120 
m, the Imperial Formation is characterized by increasing 
Al, decreasing Si, steady Ti/Al, and low enrichment of V 
and Mo.

 4.3.9. Rumbly Creek

Only a short section of the Canol Formation was acces-
sible at Rumbly Creek. This interval is marked by subtle 
fluctuations in Al, Si, EF V, and EF Mo. As observed in 
other cores and outcrops, Al and Si show similar but 

opposite trends to one another. Calcium and the Ti/Al 
profile are steady throughout the sampled interval, with 
consistently low values and little fluctuation. Moreover, 
patterns in the redox proxies are similar to one another, 
with enrichment in V at similar stratigraphic horizons as 
peaks in EF Mo.

 4.3.10. Chemostratigraphic Summary

The formations comprising the Horn River Group are 
characterized by distinct chemostratigraphic trends 
in the cores and outcrops considered in this study. 
Stratigraphically lowest of the units considered, the 
Bluefish Member of the Hare Indian Formation typically 
displays fluctuating Si and Al superimposed upon a lar-
ger-scale trend. Overall, there is a Si peak and Al decrease 
in the Bluefish Member, which corresponds to a horizon 
of elevated V and Mo enrichment. At locations where the 
Ramparts Formation is absent, there is a subsequent Al 
peak and decline in Si toward the middle of the Hare 
Indian Formation (Francis Creek Member), accompanied 

EF Mo
D

ep
th

 (m
)

17
80

17
60

17
40

17
20

17
00

16
80

16
60

16
40 Ca (%)Si (%) Ti/Al EF V

H
or

n 
Ri

ve
r G

ro
up

H
u.

H
ar

e 
In

di
an

Gp Fm Mb

Ca
no

l
Im

pe
ria

l

GR (API) Al (%)

10 20 300 0

20
0

40
0

60
00

0.
1

0.
2

0.
30 10 200

10
0

20
0

30
0

B.
F.

F.C
.

P.C
.

V.
C.

D
.C

.

ConocoPhillips Loon Creek O-06 core
18

00

0 20 40 600 20 40 60

MF LF
Facies

Microfacies (MF): Lithofacies (LF):
proximaldistal

3 4 5 6 7 8 63 4 2 1 5
DUMFS MRSSurfaces:

1

proximaldistal

Res. 
(ohm•m)

0.
2 2 20 20
0

20
00

A

A

B

B

C

C

D

D

E

E

F

F

Figure 6 | Lithofacies, gamma ray log, resistivity log, and X-ray fluorescence (XRF) results for the ConocoPhillips Loon Creek O-06 core. 
The solid line on the resistivity plot represents medium depth resistivity (30”), whereas the dashed line is associated with deep (90”) 
resistivity. Acronyms and abbreviations: Gp – group; Fm – Formation, Mb – Member; Hu. – Hume; B.F. – Bluefish; B.C. – Bell Creek; F.C. 
– Francis Creek; P.C. – Powell Creek; V.C. – Vermillion Creek; D.C. – Dodo Canyon; MF – microfacies; LF – lithofacies; TOC – total organic 
carbon; GR – gamma ray; Res. – resistivity; EF V – V enrichment factor; EF Mo – Mo enrichment factor; MFS – maximum flooding surface; 
MRS – maximum regressive surface; and DU – drowning unconformity.



LaGrange et al. Integrating geochemical and sedimentological data for mudstone stratigraphy

13Sedimentologika | 2025 | Issue 1 

by low EF V and EF Mo. Where the Ramparts Formation 
is present, the peak in Al instead occurs much higher, 
near the top of the Hare Indian Formation. Calcium in the 
Hare Indian Formation is always highest in the Bluefish 
Member, with a few lower magnitude peaks stratigraphi-
cally higher up in the formation.

In contrast to the other formations of the Horn River 
Group, Si and Al show positive covariance in the 
Ramparts Formation, and this formation is characterized 
by fluctuating Si and Al concentrations, which general-
ly decrease upward, and very little V or Mo enrichment. 
Calcium also varies in the Ramparts Formation, with an 
overall increase in abundance up section.

The Canol Formation displays several cycles in the abun-
dance of Al, Si, EF V, and EF Mo, and the highest enrich-
ment of the redox proxies V and Mo is observed at the 
top of this interval. In all outcrops and cores, the lower 
half of the Canol Formation is characterized by higher 
Ca relative to the upper portion. At Powell Creek, the Ca 
concentration in the lower half of the Canol Formation 
is unusually high, with values up to 40%. Additionally, 
Ti/Al shows very little change in the Horn River Group, 
aside from a spike in the lower Canol Formation at Powell 
Creek, which contains limestone turbidites originating 
from the Kee Scarp Member reefs (Mackenzie, 1970) and 

sometimes is referred to as the informal ‘allochthonous 
limestone unit’.

Overlying the Horn River Group, the lower Imperial 
Formation is typically marked by a large peak in Al, 
coinciding with a decrease in Si. Enrichment of V and 
Mo declines at the top of the Canol Formation, and the 
base of the Imperial Formation shows low EF V, EF Mo, 
and steady Ti/Al. Calcium concentration is mostly low 
throughout the Imperial Formation, without remarkable 
trends.

 4.4. TOC Results

In the N-09 core, TOC ranges from 1.5 to 8.6 wt. %, with 
the highest values in the Vermillion Creek Member of 
the Canol Formation and lowest values in the Imperial 
Formation (Figure 5; Appendix C). TOC values are slight-
ly lower in the N-20 core than in the N-09 core, ranging 
from 0.7 to 7.5 wt. %, again with the greatest TOC enrich-
ment in the Vermillion Creek Member and lowest abun-
dance in the Imperial Formation (Figure 7; Appendix 
C). In the cored intervals of the I-78 well, TOC ranges 
from 0.4 to 9.2 wt. % and the highest values are asso-
ciated with the Canol Formation (Figure 8; Appendix C). 

Figure 7 | Lithofacies, total organic carbon (TOC), gamma ray log, and X-ray fluorescence (XRF) results for the ConocoPhillips Mirror Lake 
N-20 core. Acronyms and abbreviations: Gp – group; Fm – Formation, Mb – Member; B.F. – Bluefish; F.C. – Francis Creek; P.C. – Powell 
Creek; V.C. – Vermillion Creek; D.C. – Dodo Canyon; TOC – total organic carbon; GR – gamma ray; EF V – V enrichment factor; EF Mo – Mo 
enrichment factor; MFS – maximum flooding surface; MRS – maximum regressive surface; and DU – drowning unconformity.
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 4.5. Wireline Results

Gamma log values range from 52 to 284 API in the N-09 
core, 7 to 282 API in the O-06 core, and 7 to 301 API in the 
N-20 core (Figures 5 to 7; Appendix D). The N-09, O-06, 
and N-20 cores are characterized by the lowest gamma 
log values at the contact between the Hume Formation 
and Hare Indian Formation, two peaks in the lower half 
of the Hare Indian Formation, fluctuating values in the 
Canol Formation, and relatively steady values around 
115 to 130 API in the Imperial Formation. The available 
gamma profile for the I-78 core extends from the top 
of the Canol Formation down to the base of the Francis 
Creek Member in the Hare Indian Formation; no data is 
available for the base of the Hare Indian Formation or 
underlying Hume Formation. In the I-78 core, gamma log 
values range from 50 to 301 API, with lowest values in 
the upper Hare Indian Formation, and generally higher 
but fluctuating values in the Canol Formation (Figure 8; 
Appendix D).

In the N-09 core, shallow resistivity (10”) ranges from 4 to 
797 Ω•m, and deep resistivity (90”) spans 4 to 750 Ω•m 
(Figure 5). Shallow resistivity was not publicly available 

from the O-06 core. Instead, medium (30”) resistivity va-
lues from the O-06 core are between 6 and 1973 Ω•m, 
whereas the deep (90”) resistivity values range from 6 
to 2009 Ω•m (Figure 6). Resistivity results from the N-20 
core were not publicly available. The I-78 core is charac-
terized by shallow (10”) resistivity ranging from 4 to 447 
Ω•m, and deep resistivity (90”) from 5 to 444 Ω•m (Figure 
8). Patterns in resistivity are similar between the N-09, 
O-06, and N-20 cores, with higher values at the base of 
the Hare Indian Formation in the Bluefish Member and 
lower resistivity in the upper Hare Indian Formation, tran-
sitioning again to higher values in the Canol Formation. 
Very little offset is observed between the shallow and 
deep resistivity in the N-09 and I-78 cores (Figures 5 and 
8) or between the medium and deep resistivity in the 
O-06 core (Figure 6).

5. Discussion

 5.1. Depositional trends

Biddle et al. (2021) suggest that the Horn River Group 
mudstone units represent a continuum along the conti-
nental shelf (below fair weather wave base) from the most 
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Figure 9 | X-ray fluorescence (XRF) results from the Carcajou River outcrop. Acronyms and abbreviations: Gp – group; Fm – Formation, 
Mb – Member; EF V – V enrichment factor; EF Mo – Mo enrichment factor; MFS – maximum flooding surface; and MRS – maximum 
regressive surface.

Figure 10 | X-ray fluorescence (XRF) results from the Dodo Creek outcrop. Acronyms and abbreviations: Gp – group; Fm – Formation, 
Mb – Member; EF V – V enrichment factor; EF Mo – Mo enrichment factor; MFS – maximum flooding surface; and MRS – maximum 
regressive surface.
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distal microfacies (MF1), interpreted to be the product of 
pelagic suspension settling, to intermediate environments 
with deposition influenced by storm activity (MF2–7), 
and finally to MF8 deposited in the most proximal envi-
ronment, possibly associated with the distal reaches of a 
delta. The present work follows the depositional frame-
work of Biddle et al. (2021), with one notable exception: 
Microfacies 2 (MF2) was originally interpreted to represent 
a relatively distal setting with prolonged periods between 
deposition, leading to the accumulation of early diagenet-
ic dolomite. In this study, we propose the demotion of MF 
2 from a formal ‘microfacies’ to a diagenetic overprinting, 
which is not considered diagnostic of a particular setting, 
as it has been observed to overprint several other micro-
facies (e.g., MF6, MF7, and MF8; Figures 11A, 11B, 11C, 
12A, 12B, and 12C in Biddle et al., 2021). Consequently, 
the interpreted order of microfacies from distal to proxi-
mal is MF1, MF3, MF4, MF5, MF6, MF7, and MF8.

Depositional interpretations, which are derived from the 
microfacies scheme presented in Biddle et al. (2021), are 
summarized in Table 1. Based on the microfacies observed 
in each lithofacies, the distal to proximal order of lithofa-
cies on the shelf is interpreted as LF3, LF6, LF4, LF2, LF1, 
and LF5. In LF6, the occurrence of MF3 and MF4 suggests 

that the depositional processes and setting resembled 
those of LF3, in which MF3 is also the most prevalent mi-
crofacies. Despite this petrographic likeness, LF6 has sig-
nificantly higher clay mineral content, with an average of 
51 % in LF6 relative to an average of 20 % in LF3 (Table 1). 
Combined, the microfacies and mineralogy imply that LF6 
may have formed in a similar, distal shelf setting relative 
to LF3, but with a more clay mineral-rich sediment source. 
Lithofacies 6 is associated with the Imperial Formation 
and coincides with a transition in tectonic setting from a 
passive margin to a foreland basin (Beranek et al., 2010; 
Garzione et al., 1997), supporting the idea that a shift in 
provenance explains the difference in clay abundance be-
tween LF3 and LF6. However, the presence of MF1 (ho-
mogenous-looking radiolarian-rich fine mudstone) in LF3 
leads to the conclusion that LF3 may have formed in a 
slightly seaward position compared to LF6. As with LF3, 
LF4 includes occurrences of MF4 and MF5, but is also 
composed of MF6, suggesting deposition in an interme-
diate shelf position relative to the more proximal LF2 and 
LF1 or the more distal LF3 and LF6. Both LF1 and LF2 
are characterized by MF6 and MF7, although LF2 also in-
cludes occurrences of the more seaward MF5. Taken to-
gether, the prevalence of the more proximal MF7 in LF1 
and instances of the more distal MF5 in LF2 suggest that 
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LF1 was deposited in a landward position relative to LF2. 
Lithofacies 5 is exclusively composed of the most proxi-
mal microfacies (MF8) and is thus interpreted as the litho-
facies reflecting deposition in the most landward position.

5.2. Sequence stratigraphic interpretation of the N-09 
Well

In the N-09 core, high-resolution thin section coverage al-
lows for the identification of depositional trends from shifts 
in microfacies and lithofacies (Figure 3). Seven prograda-
tional trends are indicated by shifts from distal to proximal 

facies, while six retrogradational trends are marked by fa-
cies transitions from proximal to distal (Figure 3). Given 
that mudstone strata of the Horn River Group represent 
deposition along the continental shelf, retrogradation-
al trends in shelfal facies are suggestive of transgression 
at the shoreline; conversely, progradational trends are 
interpreted as shoreline regression. Six maximum flood-
ing surfaces, marking the switch from transgression to re-
gression (Posamentier & Allen, 1999), are thus identified 
in strata of the N-09 core and labelled A to F on Figure 
3. Maximum regressive surfaces, which separate underly-
ing regressive strata from overlying transgressive deposits 
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Figure 13 | X-ray fluorescence (XRF) results from the Rumbly Creek outcrop. Acronyms and abbreviations: Gp – group; Fm – Formation, 
Mb – Member; EF V – V enrichment factor; EF Mo – Mo enrichment factor; MFS – maximum flooding surface; and MRS – maximum 
regressive surface.
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(Helland-Hansen & Martinsen, 1996), are also identified 
in the N-09 core and labelled A to F (Figure 3). Following 
previous authors (e.g., Kabanov, 2019; Morrow, 2018; Muir 
& Dixon, 1984), the transition from the Hume Formation 
into the Hare Indian Formation is interpreted as a drown-
ing unconformity produced by relative sea-level rise and/
or the spread of anoxic waters across the Hume carbonate 
platform.

Strata above maximum regressive surfaces and below 
maximum flooding surfaces comprise the transgressive 
systems tract (TST). In turn, intervals underlain by the 
maximum flooding surface and overlain by the maximum 
regressive surface constitute strata of the regressive sys-
tems tract (RST; sensu Embry and Johannessen, 1992). 
Together, these systems tracts represent six complete 
transgressive–regressive (T–R) sequences in the Horn 
River Group, with two T–R sequences in the Hare Indian 
Formation and four T–R sequences in the overlying Canol 
Formation (Figure 3).

Distinguishing normal regression from forced regression 
to separate the RST into the highstand systems tract (HST), 
falling stage systems tract (FSST), and lowstand systems 
tract (LST) proves challenging with the available dataset. 
In marine settings, the correlative conformity represents 
the transition from forced regression to normal regres-
sion, and in some instances, can be recognized sedimen-
tologically by a decrease in grain size reflecting a reduc-
tion in the volume and size of fluvial sediment reaching 
the shoreline (Catuneanu, 2022). Regressive strata of the 
N-09 mudstone core are not characterized by any marked 
reductions in grain size, suggesting that correlative con-
formities are not present in the study interval, or are too 
subtle for recognition. Moreover, the absence of any clear 
erosive surfaces in the N-09 core suggests that regressive 
surfaces of marine erosion—the product of wave erosion 
during forced regression (Plint & Nummedal, 2000)—did 
not form at the location of the N-09 core during accumu-
lation of the Horn River Group. This may be because wave 
erosion occurred in a more proximal position relative to 
the Horn River Group depositional setting, or alternative-
ly, owing to continuous relative sea level rise, an absence 
of forced regression altogether. Results from the platform 
and reef units of the Ramparts Formation (which are ab-
sent in the N-09 core) support the latter possibility. No 
evidence of subaerial exposure was observed in the plat-
form and reef carbonates of the Ramparts Formation ex-
posed in the Mackenzie Mountains (Muir, 1988) and Yose 
et al. (2001) interpreted a series of alternating TSTs and 
HSTs in the subsurface Ramparts Formation of the Central 
Mackenzie Valley. Based on conodont biostratigraphy, the 
upper Hare Indian Formation and lower Canol Formation 
are time-equivalent to the Ramparts Formation (Kabanov 
& Gouwy, 2017, 2020), suggesting that at least in these 
portions of the Hare Indian and Canol Formations, the 
RSTs are likely HSTs, meaning that relative sea level did 
not fall and cycles were instead controlled by fluctua-
tions in sediment supply and the rate of relative sea-level 

rise. These interpretations are consistent with a review by 
Kabanov et al. (2023), which casts doubt upon the exis-
tence of high-frequency eustatic sea-level fluctuations 
(amplitudes greater than 25 m) during the Middle to Late 
Devonian.

 5.3. Interpretation of chemostratigraphic proxies

In the cores considered here, Al abundance is greatest in 
lithofacies 6 and 7, which have the highest average clay 
mineral abundance of the seven lithofacies (Figures 5 to 
8; Table 1), lending support to the interpretation of Al 
as a proxy for terrigenous sediment supply. Overall, the 
lack of variability in the Ti to Al ratio throughout the Horn 
River Group and overlying Imperial Formation suggests 
that the abundance of Ti-hosting phases varies alongside 
the abundance of aluminosilicates, without instances of 
significantly increased or decreased heavy mineral supply 
or preservation compared to aluminosilicates. The only 
two units characterized by notable increases in Ti/Al are 
both limestone intervals (the Hume Formation below the 
Horn River Group and allochthonous carbonate beds in 
the Canol Formation at Powell Creek), meaning that Ti/
Al is also an indicator of shifts between siliciclastic- and 
carbonate-dominated sedimentation.

The Hare Indian, Canol, and Imperial Formations contain 
highs in Si that correspond to lows in Al, interpreted to 
contain ‘excess silica’ from: (1) aeolian, (2) hydrothermal, 
or (3) biogenic sources (e.g., Adachi et al., 1986; Sageman 
& Lyons, 2003). Firstly, marine sediments that contain a 
higher windblown fraction can be characterized by elevat-
ed ratios of Si/Al, Ti/Al, and Zr/Al because quartz, rutile, 
and zircon are more resistant to physical weathering than 
clay minerals (Brumsack, 2006; Wehausen & Brumsack, 
1999). The excess Si peaks in the Horn River Group and 
Imperial Formation are not accompanied by peaks in Ti/Al, 
and as such, we dismiss the possibility that this excess Si is 
derived from aeolian input. Secondly, excess silica may be 
hydrothermal in origin. Adachi et al. (1986) demonstrat-
ed that hydrothermal cherts could be distinguished from 
non-hydrothermal cherts and siliceous sediment through 
an Fe–Al–Mn ternary diagram. When all samples from the 
Hare Indian, Canol, and Imperial Formations are plotted 
onto this ternary diagram (Figure 14), most data falls in 
zone I (non-hydrothermal), with only a few data points fall-
ing into the zone II (hydrothermal), likely because these 
outlier samples contain a high proportion of sulfide min-
erals (e.g., pyrite nodules). The excess silica in the Hare 
Indian, Canol, and Imperial Formations is thus best ex-
plained by the third possibility: presence of biogenic silica, 
which in this case is likely derived from the radiolarian tests 
commonly observed in the Horn River Group (e.g., Biddle 
et al., 2021; Kabanov, 2019). In the Ramparts Formation, 
trends in Si typically match those of Al (Figure 4, 11, and 
12) and therefore the Si profile is interpreted the same 
way as the Al profile, as a proxy for terrigenous sediment.  
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In sedimentary successions, patterns in EF V and EF Mo 
may reflect fluctuations in paleoredox or sedimentation 
rates. Firstly, V and Mo become more authigenically en-
riched in seafloor sediment under increasingly reducing 
conditions (e.g., Scott et al., 2017; Scott & Lyons, 2012). 
Secondly, through an analysis of fine-grained strata from 
western Canada and Argentina, Crombez et al. (2020) 
found that sedimentation rates also influence the accu-
mulation of redox-sensitive trace metals and argued that 
low sedimentation can cause elevated authigenic trace 
metal enrichment, which may be unrelated to changes in 
paleoredox conditions. In the present study, the relation-
ship between microfacies distribution and trace metal en-
richment suggests that sedimentation rates were not the 
primary control on trace metal enrichment (Figure 5). For 
example, the highest EF V and EF Mo values in the N-09 
core are present in the Dodo Canyon Member of Canol 
Formation (D.C. on Figure 5). In the Dodo Canyon interval, 
high trace metal enrichment is associated with the most 
distal microfacies observed in the N-09 core (Microfacies 
3). However, similar levels of enrichment are observed in 
the more proximal Microfacies 5 and 6 (Figure 5), which 
represent deposition in a position closer to the shoreline, 
characterized by higher sedimentation rates relative to 
Microfacies 3 (Biddle et al., 2021). Taken together, the ob-
served patterns of Mo and V enrichment across different 
microfacies suggest that paleoredox conditions were like-
ly the primary driver of authigenic Mo and V enrichments 
in Horn River Group strata.

The cores and outcrops included herein are generally 
characterized by EF V and EF Mo profiles that fluctuate in 

tandem, except for a few instances where a peak in EF Mo 
occurs several meters below a spike in EF V. Commonly, 
an offset between the EF V and EF Mo peaks is present in 
the mid-Hare Indian Formation and mid-Canol Formation 
(e.g., in the Powell Creek Member and lower Dodo 
Canyon Member of the O-06 core shown in Figure 6). 
These occasional discrepancies between EF Mo and EF 
V may be explained by the different processes by which 
the two elements are authigenically enriched in sediment. 
Vanadium is sequestered in anoxic sediments through 
the reduction of V(V) to V(IV) and formation of insoluble 
VO(OH)2, whereas under euxinic conditions, further re-
duction to V(III) leads to precipitation of V2O3 or V(OH)3 

(Calvert & Pedersen, 1993; Wanty & Goldhaber, 1992). In 
contrast, under euxinic conditions, Mo—present in sea-
water as molybdate (MoO4²

-)—reacts with H2S to form 
particle-reactive thiomolybdates (e.g., MoS4²

-), which ac-
cumulate in sediments through complexation with organ-
ic matter or reduced compounds (Erickson & Helz, 2000; 
Helz et al., 1996). Thus, horizons characterized by peaks 
in EF Mo preceding peaks in EF V may represent times 
when anoxia persisted after euxinic conditions subsided, 
leading to a decline in Mo enrichment but continued se-
questration of V into seafloor sediments.

﻿5.4. Chemostratigraphic signatures of sequence strati-
graphic surfaces and systems tracts in the N-09 core

In the N-09 core, maximum flooding surfaces are charac-
terized by minima in Al, reflecting low terrigenous sed-
iment input, and maxima in biogenic silica suggested 
by high Si relative to Al (Figure 5). In contrast, maximum 
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regressive surfaces A to E show peaks in Al, indicating 
that these surfaces formed at times of highest terrigenous 
sediment supply, and low Si compared to Al, suggesting 
a decreased proportion of biogenic silica at these hori-
zons (Figure 5). However, maximum regressive surface 
F, present at the transition from the Canol Formation to 
the Imperial Formation, is instead characterized by low 
Al and high Si relative to the overlying strata, and coin-
cides with the transition to lithofacies 6 (Figure 5). The 
Canol Formation to Imperial Formation transition marks 
the shift in tectonic setting from a passive margin to a 
retroarc foreland basin (Beranek et al., 2010; Garzione et 
al., 1997), meaning that maximum regressive surface F 
is a first-order sequence boundary. The marked increase 
in Al above maximum regressive surface F and high clay 
content in lithofacies 6 are indicative of increased terrige-
nous sediment supply (Figure 5), but the retrogradational 
trend suggests that this heightened sedimentation rate 
was outpaced by increased accommodation. Although 
the Imperial Formation is generally considered to be a 
progradational unit (e.g., Hadlari et al., 2009), our results 
suggest that the lowermost portion of this formation (the 
interval included herein) reflects transgression. This is con-
sistent with the typical early stage of foreland basin evolu-
tion, where accommodation produced by orogenic load-
ing and subduction drag forces outpaces sediment supply 
from the initially low-lying orogeny (Catuneanu, 2004 and 
references therein).

Regressive systems tracts (above maximum flooding sur-
faces and below maximum regressive surfaces) are char-
acterized by an upwards-increasing Al profile contrasted 
by upwards-decreasing Si abundance, suggestive of in-
creasing terrigenous supply and a declining proportion 
of biogenic silica (Figure 5). Regressive systems tracts 
(above maximum flooding surfaces and below maximum 
regressive surfaces) are characterized by an upwards-in-
creasing Al profile contrasted by upwards-decreasing Si 
abundance, suggestive of increasing terrigenous supply 
and a declining proportion of biogenic silica (Figure 5).

The calcium profile shows a notable decrease in concen-
tration at maximum flooding surface A and a spike around 
maximum regressive surface B (Figure 5). No clear shifts 
in Ti/Al are associated with the interpreted sequence 
stratigraphic framework, beyond a marked decline in Ti/
Al at the basal drowning unconformity associated with 
the Hume to Hare Indian formational contact (Figure 5). 
Gamma and resistivity logs show variable signatures at 
maximum flooding and maximum regressive surfaces.

In contrast, there are noticeable patterns in the enrich-
ment factors for V and Mo relative to sequence strati-
graphic surfaces (Figure 5). Maximum flooding surfaces 
are most often present at or very near peaks in EF V and 
EF Mo. Above the maximum flooding surfaces, EF V and 
EF Mo in RSTs typically display either a decreasing pattern 
or a peak followed by a decrease. Maximum regressive 
surfaces often occur just below an increase in EF V and EF 

Mo, with the TSTs above them characterized by increasing 
EF V and EF Mo moving upwards. The trends observed in 
EF Mo and EF V imply that the sediment and/or bottom 
water conditions were mostly reducing, possibly leading 
to euxinia, during or shortly after the maximum flood-
ing surfaces. As the RST progressed, these conditions 
became progressively less reducing, followed by a shift 
towards more reducing conditions after the maximum 
regressive surface in the TST. An analysis of chemostrati-
graphic results from previous mudstone studies suggests 
that the observed pattern in redox conditions is character-
istic of an oceanographically open rather than restricted 
depositional setting (LaGrange et al., 2020), lending fur-
ther support to the interpretation that the Middle to Late 
Devonian system of the study area was deposited in an 
unrestricted marine setting (e.g., Kabanov, 2019; Morrow, 
2018). These observations also suggest that in the dep-
ositional settings of the Hare Indian, Canol, and lower 
Imperial Formations, paleoredox conditions varied along-
side changes in the balance between relative sea-level 
rise and sediment supply.

 5.5. Sequence stratigraphic correlation

Obtaining high-resolution thin section coverage across 
several wells and outcrops is rarely feasible, and geo-
chemical signatures are increasingly employed in se-
quence stratigraphic analyses of mudstone intervals to 
supplement sedimentological datasets (e.g., B. S. Harris 
et al., 2021; Li et al., 2021; Milad et al., 2020; Sano et al., 
2013; Thöle et al., 2020; Turner et al., 2016; Wang et al., 
2022). Aside from the N-09 core, the cores and outcrops 
considered in this study have limited to no thin section 
coverage for reasons including budgetary constraints, dif-
ficulties in obtaining suitable samples from outcrops char-
acterized by high fissility, and, in certain instances, incor-
rect preparation of mudstone thin sections. Results from 
the N-09 core identify the chemostratigraphic signature of 
sequence stratigraphic surfaces in the Horn River Group, 
which allows for the interpretation of these surfaces in the 
other cores from the Central Mackenzie Valley (Figures 5 
to 8) and outcrops of the Mackenzie Mountains (Figures 
9 to 13). Of the chemostratigraphic proxies considered 
in the N-09 core, the Al and Si profiles display the most 
consistent signatures at maximum flooding and maximum 
regressive surfaces. Trends in those two elements, reflect-
ing the proportion of terrigenous sediment and biogenic 
silica, are thus used as the primary tools for the sequence 
stratigraphic interpretation of the other cores and out-
crops.

The dataset from the O-06 well provides an opportunity 
to test the chemostratigraphic signatures derived from the 
N-09 core. Thin sections from the O-06 core are sparse 
and preclude a high-resolution sequence stratigraphic 
interpretation based solely on shifts in microfacies and 
lithofacies. Guided instead by the chemostratigraphic sig-
natures in the N-09 core, maximum regressive and max-
imum flooding surfaces were identified in the O-06 core 
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(Figure 6). At depths where thin sections are present in 
the O-06, these interpretations agree with the deposition-
al trends indicated by the microfacies distributions, sug-
gesting that in the Horn River Group, Al and Si profiles are 
reliable indicators of transgressive and regressive trends.

Only two of the nine locations considered in this study—
the Mountain River and Powell Creek outcrops—include 
the carbonates of the Ramparts Formation (Figure 11 
and 12). Present between the Hare Indian and Canol 
Formations, the Ramparts interval is not characterized by 
the same trends in redox proxies as those observed in the 
other formations of the Horn River Group or the Imperial 
Formation. At both outcrops, the Ramparts Formation 
displays very little enrichment of V and Mo, without clear 
changes in EF V or EF Mo alongside surfaces or systems 
tracts (Figures 11 and 12). The lack of enrichment or 
trends in V and Mo may be explained by less reducing 
depositional conditions relative to the other formations, 
possibly from shallower water depths and/or oxygenated 
water entrained with material shed from the Kee Scarp 
Member reefs.

Figure 15 shows the correlation between outcrops and 
cores (A to A’ in Figure 1), moving approximately from 
northwest to southeast. Regressive systems tracts and 
transgressive systems tracts are interpreted following 
the criteria identified in the N-09 core, representing six 
complete T–R sequences between the base of the Hare 
Indian Formation and the lowermost Imperial Formation 
(Figure 15). The T–R sequences range in thickness from 
approximately 10 m to 60 m, with lateral thickness varia-
tions (Figure 15). In most T–R cycles (with the exception 
of T–R cycle 2), the regressive portion of the T–R cy-
cle (RST) is thicker than the transgressive portion (TST). 
Thickness variations within the same systems tract are 
attributed to differences in depositional system. RST 1 
is thickest at Mountain River outcrop, suggesting higher 
rates of sediment accumulation compared to the other 
sections, which is expected given that at this location, RST 
1 comprises the Bell Creek Member (distal deltaic mud 
banks), which is absent in the westward studied cores 
and outcrops (e.g., Kabanov & Deblonde, 2019; Pyle & 
Gal, 2016), probably because of increased distance to the 
clastic sediment source. TST and RST 2 are also thickest 
at Powell Creek, where there is a thick succession of the 
Ramparts Formation carbonate strata, which likely expe-
rienced higher rates of sediment accumulation compared 
to the off-bank areas where the other sections were de-
posited.

The lowermost portion of our sequence stratigraphic in-
terpretation aligns with the previous framework for the 
Hare Indian Formation by Harris et al. (2021), with one 
complete T–R sequence identified in the basal Hare Indian 
Formation. Morrow (2018) interpreted Devonian T–R cy-
cles on a basin-wide scale for the Northern Canadian 
Mainland Sedimentary Basin (north of 60 º and westward 
of the Canadian shield). T–R Cycle B of Morrow (2018) 

extends from the base of the Hume Formation to the top 
of the Hare Indian Formation, whereas T–R Cycle C ex-
tends from the top of the Hare Indian Formation into the 
Imperial Formation, with a maximum flooding surface in 
the Canol Formation (Morrow, 2018). For our study area, 
the results presented herein suggest that within T–R Cycle 
C of Morrow (2018), the large-scale maximum flooding 
surface, and thus the shift from retrogradation to progra-
dation, lies within the Imperial Formation rather than the 
Canol Formation; i.e., above the units considered in the 
present study. Moreover, this dataset shows that in the 
Horn River Group, higher-frequency T–R sequences are 
superimposed upon the larger-scale basin-wide T–R se-
quences of Morrow (2018).

In this case study of the Horn River Group, gamma-ray 
logs do not consistently align with patterns in the detrital 
clay proxy Al, nor do they routinely correspond with trends 
in organic matter content or depositional environments 
(e.g., Figures 5 to 8). Integrating additional datasets (e.g., 
TOC and detrital proxies) allows the influence of organ-
ic matter versus clay minerals to be disentangled, which 
is otherwise difficult to distinguish in the gamma-ray log 
profile. In the wells considered herein, resistivity trends 
sometimes exhibit large-scale inverse relationships with 
Al concentrations (e.g., in the Francis Creek Member of 
the Hare Indian Formation and the Imperial Formation). 
However, there is no clear relationship between pat-
terns in resistivity and trends in facies or geochemical 
proxies, particularly in the upper Hare Indian and Canol 
Formations (e.g., Figures 5, 6, and 8). This discrepancy is 
likely attributed to the range of factors controlling resis-
tivity log readings, including pore fluid properties. While 
gamma-ray and resistivity logs effectively show broad lith-
ological changes in our study interval—such as transitions 
from the limestone Hume Formation to the organic-rich, 
primarily siliciclastic Horn River Group and subsequently 
to the clay-rich Imperial Formation—they alone are not 
sufficient to extend detailed sequence stratigraphic inter-
pretations from wells with extensive thin section coverage 
to those without. Here, the integration of three datasets 
(sedimentological, geochemical, and wireline) allowed for 
the resolution of sequence stratigraphic ambiguities and 
fine-scale correlation between localities. For example, 
depositional trends in the N-09 core revealed that a maxi-
mum regressive surface is present near the Canol–Imperial 
formational contact, which is not evident solely based on 
trends in wireline or geochemical proxies. Moreover, the 
inclusion of geochemical results enabled the identifica-
tion of stratigraphic trends and signatures associated with 
fluctuations in detrital sediment abundance, biogenic Si, 
and paleoredox, facilitating the correlation of high-resolu-
tion sequences between study localities. For instance, this 
framework allows for the detailed identification and map-
ping of siliceous maximum flooding surfaces between the 
N-09 core and other wells of the Central Mackenzie Valley 
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 5.6. Environmental forcing mechanisms

Both local and global environmental factors may have 
shaped compositional shifts across stratigraphic surfaces 
and systems tracts of the Horn River Group. Firstly, cycles 
in the proportion of detrital sediment—as suggested by 
fluctuations in the abundance of Al—would have been in-
fluenced by the balance between terrigenous sediment 
supply and relative sea level change. Along the Arctic 
margin of Laurentia, the Middle to Late Devonian was 
characterized by convergence and episodic terrane accre-
tion (Anfinson et al., 2013; Hadlari et al., 2014; van Staal 
& Zagorevski, 2023), likely producing pulses of enhanced 
terrigenous sediment supply reaching the study area from 
the northern source region.

Secondly, fluctuations in relative sea level represent an-
other important control on detrital sediment abundance, 
and these variations may be the result of global (eustatic) 
sea level variations, local tectonic activity, or a combina-
tion of both. A eustatic sea level curve for the Devonian 
was first proposed by Johnson et al. (1985) based on 
age-equivalent lithofacies cycles in strata of North 
America and Europe. This eustatic curve has since been 
updated by a number of studies (e.g., Becker et al., 2020; 
Haq & Schutter, 2008), and a review by Kabanov et al. 
(2023) calls into question the evidence for high-frequen-
cy (1 million-year or less) eustatic fluctuations in Middle 
to Late Devonian. Notably, there is no evidence for rela-
tive sea level fall in the Horn River Group strata included 
herein, or in Ramparts Formation platform and reef car-
bonates at other locations in the Mackenzie Mountains 
and Central Mackenzie Valley (e.g., Muir, 1988; Yose et 
al., 2001). Accordingly, T–R sequences and Al abundance 
fluctuations in the Horn River Group may largely reflect 
cycles in terrigenous sediment supply amidst a back-
ground of relative sea level rise associated with passive 
margin subsidence. In this case, regressive systems tracts 
would have been the product of lower rates of relative sea 
level rise paired with elevated rates of terrigenous sed-
iment supply, producing a seaward shift in depositional 
environments.

The stratigraphic distribution of biogenic Si also shows 
cycles corresponding to transgressive–regressive cycles in 
the Horn River Group of our study area. This pattern of 
biogenic Si enrichment at maximum flooding surfaces has 
been observed in other Devonian mudstones of North 
America (e.g., the Duvernay Formation of Alberta and the 
Woodford Shale of Oklahoma) and attributed to increased 
biological productivity or decreased clastic dilution (N. B. 
Harris et al., 2018; Turner et al., 2016). Interestingly, when 
the depths of the sequence stratigraphic surfaces in the 
N-20 and N-09 cores are compared with the δ13C pro-
files from the same cores, spikes in δ13C—interpreted to 
reflect increased biological productivity—commonly cor-
respond to maximum regressive surfaces rather than max-
imum flooding surfaces (δ13C profiles for the N-09 and 
N-20 cores are presented and interpreted in LaGrange 

et al., 2023). The correspondence between maximum re-
gressive surfaces and instances of higher biological pro-
ductivity suggests that reduced clastic dilution may have 
been the primary cause of enhanced levels of biogenic Si 
at maximum flooding surfaces in the Horn River Group.

Enrichment factors of the trace metals Mo and V—in-
terpreted to reflect changes in paleoredox—also vary 
alongside shifts in depositional environments and trans-
gressive–regressive cycles in the Horn River Group, with 
the highest enrichment at or just above maximum flood-
ing surfaces (e.g., Figure 5). In an unrestricted basin at 
a seafloor position above the oxygen minimum zone, 
transgression is expected to reduce bottom water oxy-
genation by shifting both the oxygen minimum zone and 
wave base landward (N. B. Harris et al., 2013; LaGrange 
et al., 2020). 

Moreover, global variations in marine oxygenation likely 
influenced bottom water paleoredox during deposition 
of the Horn River Group. In the latest Eifelian to Late 
Frasnian of the Devonian Period, eleven global marine 
biotic events have been recognized, including the Kačák, 
Taghanic, Frasnes, Middlesex (punctata), Rhinestreet, 
and Kellwasser events, which are associated with positive  
δ13C excursions (e.g., Becker et al., 2020). In tropical shal-
low marine settings, global biotic events resulted in ex-
tinctions and overturn of many species, including corals, 
stromatoporoids, trilobites, brachiopods, ostracods, and 
ammonoids (e.g., Copper, 2002; House, 1985; Walliser, 
1996). The cause of these events is generally attributed 
to expanded marine anoxia on continental shelves, al-
though underlying triggers are debated (e.g., Carmichael 
et al., 2019; Lu et al., 2021; Walliser, 1996; Zambito et 
al., 2012). Based on redox-sensitive trace metal enrich-
ment, Kabanov (2019) identified four intervals in the Horn 
River Group, interpreted as anoxic horizons (approxi-
mately corresponding to maximum flooding surfaces A, 
C, E, and F in this paper). With conodont biostratigraphy, 
Kabanov and Jiang (2020) suggested that these horizons 
correlate with the Kačák, Frasnes, Middlesex (punctata), 
and Rhinestreet events, and showed that the Kellwasser 
event occurs after deposition of the Horn River Group 
and is thus not recorded in the strata considered herein. 
Although every maximum flooding surface interpreted in 
this study is associated with some degree of V and Mo 
enrichment (e.g., Figure 5), the magnitude varies. Higher 
enrichment is observed at maximum flooding surfaces A, 
C, E, and F, suggesting that reduced bottom water oxy-
genation from local maximum flooding events may have 
also corresponded to events of globally increased marine 
anoxia, producing higher magnitude trace metal enrich-
ment relative to maximum flooding surfaces B and D.

 6. Conclusions

Chemostratigraphic proxies and depositional trends were 
used to establish a high-resolution sequence stratigraphic 
framework for the Middle to Late Devonian Horn River 
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Group of the west central NWT (Canada), spanning four 
cores in the Central Mackenzie Valley and five outcrop 
locations in the Mackenzie Mountains. This framework 
suggests the presence of six T–R cycles from the latest 
Eifelian to the Frasnian along the northwestern shelf of 
Laurentia. Sedimentologically, there was no evidence for 
the correlative conformity or regressive surface of marine 
erosion, meaning that regressive strata likely constitute 
highstand systems tracts. These findings, combined with 
results from the time-equivalent platform and reef carbon-
ates (Muir, 1988; Yose et al., 2001), suggest a continuous 
rise in relative sea level in the study area from the latest 
Eifelian to the Frasnian. The enrichments of redox-sensi-
tive trace metals V and Mo exhibit trends relative to indi-
cators for terrigenous sediment and biogenic silica. These 
trends suggest that the most reducing conditions in the 
bottom water and/or seafloor sediment occurred during 
or shortly after the maximum flooding surfaces, indicating 
a relationship between fluctuations in local paleoredox, 
sediment supply, and relative sea level.

Owing to the subtle lithological variations characteristic 
of the Horn River Group mudstone interval, microscale 
sedimentological observations from thin sections were 
required to make robust depositional interpretations for 
sequence stratigraphic analysis. Nonetheless, obtaining 
a thin section dataset with extensive vertical and lateral 
coverage was not feasible in the Horn River Group, as 
is the case for most mudstone successions of econom-
ic or paleoceanographic significance around the globe. 
This study shows that chemostratigraphy can extend a 
sedimentology-based sequence stratigraphic framework 
across a broad area, facilitating subsurface mapping of 
surfaces and systems tracts. In the N-09 core of the Horn 
River Group, maximum flooding surfaces and maximum 
regressive surfaces each have a consistent and charac-
teristic chemostratigraphic signature, facilitating their 
identification in cores and outcrops with sparse or no thin 
section coverage. However, the maximum regressive sur-
face marking the transition from the Canol Formation to 
the Imperial Formation (and the shift from passive margin 
to foreland basin) is associated with a markedly different 
geochemical signature than the other maximum regres-
sive surfaces in the N-09 core. This exception to the typ-
ical maximum regressive chemostratigraphic signature 
illustrates the value of integrating both sedimentological 
and geochemical datasets for sequence stratigraphy in 
fine-grained strata. 
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