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Abstract 
 
In the Lower Cretaceous McMurray Formation (Alberta, Canada), many intervals of intensely 
bioturbated (Bioturbation Index = 5–6) fine-grained sediments are characterized by high gamma-ray 
(GR) readings. Several methods, including sedimentary facies analysis, thin-section petrography, 
handheld spectral gamma-ray, portable X-ray fluorescence, X-ray diffraction, inductively coupled 
plasma-mass spectrometry, microprobe of K-feldspar, energy dispersive spectroscopy, and detrital 
zircon geochronology by laser ablation-inductively coupled plasma-mass spectrometry, were used to 
investigate the interval of interest in core samples. The mineralogical analysis shows that these intervals 
are enriched in heavy mineral grains, and particularly in zircons. The content of radioactive elements is 
variable. Thorium is commonly elevated up to three times, uranium nil to two times, and potassium 
content usually remains normal. The studied intervals consist of interbedded, bitumen-saturated cross-
bedded and/or ripple cross-laminated sandstone (high-energy deposits) and light-gray bioturbated 
mudstone (low-energy deposits), commonly addressed as inclined heterolithic strata (IHS). IHS 
represent tidally influenced, brackish-water, upper point-bar deposits. The zircon grains become 
concentrated while hydraulic processes interact with bioturbation: the burrowing animals cause 
significant sediment mixing that allows the lightest sediment particles to go back into the suspension. 
Additionally, bioturbation increases the surface roughness along the sediment-water interface and, 
causes more turbulent flow, allowing for quartz and other light grains to be removed by traction and/or 
saltation, while dispersed heavier zircon grains become trapped and concentrated in open burrows. 
 
So far, this study is the first to demonstrate the importance of bioturbation in the enrichment of zircon 
grains in IHS. The interaction of bioturbation and hydraulic processes explains the apparently counter-
intuitive enrichment of heavy minerals in a low-energy depositional setting. This scenario likely applies 
to numerous intervals characterized by similar GR and/or zirconium spikes across the McMurray 
Formation. Furthermore, it can be expected that in other sedimentary basins and stratigraphic units, 
similar studies will demonstrate that the proposed mechanism is universal. 
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1. Introduction 
 
Petrophysical rock and fluid property estimates from the measurements of gamma-ray (GR) emission, 
electrical conductivity/resistivity, hydrogen content (neutron), density, and velocity are commonly used 
to characterize, interpret, and evaluate subsurface stratigraphy, sedimentology, and petroleum resources. 
These measurements are most commonly conducted immediately after drilling, under open-hole 
conditions, which allows direct contact of logging tools with rocks and fluids. GR measurements record 
the total emissions of uranium (U), thorium (Th), and potassium (K) – the most abundant sources of GR 
in sedimentary systems. GR logs are typically used for reservoir characterization, and radiation sources 
are commonly inferred from the knowledge about depositional settings. However, the determination of 
point sources of radiation in specific lithologies is warranted in many situations, particularly where 
unusual GR signatures are present. 
  
Bioturbation is the process of sediment reworking by animals or plants via burrowing, ingestion, and/or 
defecation during or shortly after deposition. It can significantly modify primary depositional features, 
including sedimentary structures and/or grain and mineral distributions. The percentage of original 
fabric reworked by biogenic activity is commonly estimated using the “Bioturbation Index” approach 
(BI; Taylor and Goldring, 1993). BI is a quantitative estimate of burrow density, amount of burrow 
overlap, and the sharpness of the original sedimentary fabric. It is represented on a scale of 0 to 6, where 
0 represents the absence of burrows, and 6 indicates complete bioturbation with no original sedimentary 
structures preserved (Reineck, 1963; Reineck and Singh, 1980; Taylor and Goldring, 1993). Biogenic 
sedimentary structures resulting from bioturbation provide valuable information about biota, water 
depth, salinity, turbidity, and energy during sediment deposition. This information, coupled with data 
from physical sedimentary structures, may allow the interpretation of depositional environments (e.g., 
Reineck and Singh, 1980; Seilacher, 1967). Many studies have documented the impact of bioturbation 
on porosity and permeability (Spila et al., 2009; Tonkin et al., 2010; Gingras et al., 2012; La Croix et 
al., 2012), but there is a paucity of evidence documenting specific mineral sorting patterns related to 
bioturbation. In this study, we show a possible link between bioturbation and concentration of heavy 
minerals with GR-generating potential. 
 
Herein, we investigated and described fine-grained sediment from the Lower Cretaceous McMurray 
Formation, Western Canada Sedimentary Basin (Figs. 1A, 2) characterized by anomalously high GR 
emissions and intense bioturbation (BI = 5–6; Fig. 3). To understand this phenomenon, the main 
objectives of this study were to identify the sources of radioactive anomalies recorded by GR logs, 
explain their origin in a geological (sedimentological) context, and decipher potential interdependencies 
of mineralogy, hydrodynamics, and bioturbation. Obtained multi-disciplinary data and proposed novel 
concept of enrichment of heavy mineral grains by bioturbation add on to previous studies on the 
interpretation of depositional environments.  
 
2. Geological setting 
 
The Athabasca Oil Sands Deposit (AOSD) is located in northeastern Alberta, Canada (Fig. 1A). AOSD 
hosts the largest natural bitumen (severely degraded oil) deposits in the world, with an estimated initial 
oil-in-place of 1.7 trillion barrels (Alberta Energy Regulator, 2015). The primary bitumen-bearing units 
are the clastic deposits of the Lower Cretaceous McMurray Formation (Fig. 2). 
 
The McMurray Formation sediments were deposited in the eastern portion of the Cordilleran foreland 
basin along the southern margin of the Western Interior Seaway during the late Barremian and Aptian 
(Hein et al., 2013). The initial accommodation space was likely formed prior to the formation of the 
foreland basin by regional salt-dissolution, which resulted in the partial collapse of the overlying strata 
(e.g., Broughton, 2016) and/or differential erosion of the underlying Devonian strata by northward-
flowing rivers (Hubbard et al., 2016). These processes formed a very irregular sub-Cretaceous 
unconformity, marking the base of the McMurray Formation (Fig. 2). The McMurray Formation is 
known for its complex internal stratigraphy formed by the interplay of fluctuating sediment supply, 
drainage system dynamics, and relative sea-level changes within the low-accommodation sedimentary 
basin setting (Hein and Cotterill, 2006; Flach et al., 2020). The McMurray Formation is informally 
subdivided into the lower (continental), middle (open estuarine and estuarine channel complexes), and 
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upper (marine) members (Carrigy, 1959; Fig. 2). The formation of multiple inter-fingering valleys 
within the middle member (Fig. 2) is attributed to high-frequency sea-level changes (Ranger and 
Pemberton, 1997; Martin, 2018; Horner et al., 2019) or high-frequency avulsions of meander belts 
occurring during a continuous sea-level rise (Flach et al., 2020). 
 
 

 
 

Fig. 1. Geographic location of the Athabasca Oil Sands area within Alberta, Canada (A–B) and interpretation of 
the Precambrian and Phanerozoic age sediment sources by Benyon et al. (2014) and (Dickinson and Gehrels, 2009) 
(C), where (a) represents the Superior Province of the Canadian Shield (~2.5 Ga); (b) represents the Trans-Hudson 
Province (~1.8 Ga); and (c) represents other ca. 1.8 Ga old provinces. Key: dark blue lines refer to the trans-
continental paleo-drainage system during the Cretaceous; “v” demarcate Mesozoic volcanoes of the Cordilleran 
magmatic arc (modified after Benyon et al., 2014). 
 
 

 
 

Fig. 2. Schematic stratigraphic framework of northeastern Alberta, including the informal subdivision of the 
McMurray Formation into the lower, middle, and upper members (Carrigy, 1959). On the right, an alternative 
interpretation based on the incised-valley system (Fustic et al., 2013b based on principles proposed by Wightman 
and Pemberton, 1997; Hein et al., 2000, 2001; Hein and Cotterill, 2006; Ranger and Pemberton, 1997) formed in 
response to relative sea-level changes. Valley C is the oldest, and Valley A is the youngest, implying that the latter 
erodes sediments of both Valleys B and C. Large-scale depositional elements with their dominant lithologies and 
architecture are demarcated in Valley A. Note multiple stacked channel deposits within Valley A. IHS – inclined 
heterolithic strata. Modified after Fustic et al. (2013b). 
 

This study focuses on multiple stacked and inter-fingered, large-scale (up to 40-m-thick) meandering 
river deposits, which belong to the multiple “valleys” of the middle member of the McMurray Formation 
(Hubbard et al., 2011; Musial et al., 2012; Fustic et al., 2012; Fig. 2). Diagnostic features of these 
meandering deposits are the inclined heterolithic strata (IHS; sensu Thomas et al., 1987) interpreted as 
a product of lateral and/or downstream accretion of point bars (Smith et al., 2009; Hubbard et al., 2011; 
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Fustic et al., 2012; Ghinassi et al., 2016). IHS is dominated by brackish-water trace fossils, whereas 
Skolithos and Cylindrichnus indicate tidal influence (Pemberton et al., 1982; Ranger and Pemberton, 
1992; Ranger and Pemberton, 1997; Hubbard et al., 2011; Jablonski and Dalrymple, 2016; Gingras et 
al., 2016; Shchepetkina et al., 2017). 
 
The variable intensity of bioturbation coupled with the low diversity of ichnogenera in the McMurray 
Formation point-bar deposits is generally caused by such environmental conditions as marked variations 
in river discharge, benthic food availability, turbidity, and salinity (Pemberton et al., 1982; Ranger and 
Pemberton, 1992; Ranger and Pemberton, 1997; Hubbard et al., 2011; Jablonski and Dalrymple, 2016; 
Gingras et al., 2016; Shchepetkina et al., 2017; Broughton, 2018). 
 

Recent provenance studies using detrital zircon U–Pb geochronology have shown that the McMurray 
Formation sediments originated from the proximal Proterozoic and Archean rocks of the Canadian 
Shield and the distal rocks of the Grenville and Appalachian orogens (Fig. 1B). The continental-scale 
sediment transport must have taken place in trans-continental drainage systems (Benyon et al., 2014, 
2016; Blum and Pecha, 2014; Fig. 1B). A recent analysis of a very thin bentonite lamina in a coal layer 
at the top of the Lower McMurray Formation (Rinke-Hardekopf et al., 2019) also suggests sporadic 
ashfalls sourced from the Cordilleran volcanic eruptions (Fig. 1B). Although kimberlites are known to 
have erupted through the Canadian Shield between 106 and 99 Ma (Kjarsgaard et al., 2006; White et al., 
2007; Eccles, 2011), no eruptive material of that origin has been identified in the McMurray Formation 
yet.  
 
Due to the AOSD reservoir complexity, a high density of vertical, “stratigraphic” wells is required to 
assess the hydrocarbon resource and optimize surface mining operations and well placement for in situ 
thermal recovery technologies. Consequently, tens of thousands of vertical wells have been drilled, 
cored, and logged to estimate the petrophysical properties of bitumen-bearing sediments and fluids in 
their pores. Based on the Alberta Energy Regulator (AER) regulations, subsurface data becomes 
publicly available after one year of confidentiality. GR logging is commonly used as the first method 
for a rapid interpretation of stratigraphy and depositional environments, as well as calculations of sand-
mud and/or net-to-gross ratio. The predominance of quartz in the sand fraction and gamma-emitting 
potassium (K) in the clay fraction commonly proofed GR logs as reliable tools for interpreting 
lithological variations and depositional environments. Specifically, low GR (<60 API [API–American 
Petroleum Institute units]) represents clean quartz sands, moderate GR (60–90 API) indicates muddy 
sandstone or interbedded sandstone and mudstone, and high GR (90–120 API) specifies mudstone. 
Values greater than 120 API are very rare. Spectral GR techniques developed to distinguish the 
individual contributions of potassium (K), uranium (U), and thorium (Th) to total GR are rarely applied 
in open holes. Instead, in the cases of uncertain GR data, either high-resolution (i.e., every 0.05 m) 
spectral GR measurements using a handheld spectrometer (commonly referred to as scintillometer) or 
advanced continuous spectral GR recording on cores in the laboratory are done to resolve radiation 
sources and mineral composition. 
 
In the McMurray Formation, elevated GR spikes are commonly caused by increased proportions of 
feldspar grains in quartz-dominated sandstone packages. This association is usually attributed to the 
occasional pulses of arkosic sand characterized by low compositional maturity and delivered from the 
Canadian Shield (Fig. 1B). GR spikes within the mudstone and fine-grained sandstone layers of the 
McMurray Formation have received less attention and are the focus of this study. Intervals with higher 
than expected natural radioactivity emissions are commonly referred to as "hot" GR zones. These zones 
are defined by: (i) the GR spike values exceeding the shale baseline (Fig. 3); (ii) evidence of high 
porosity from resistivity logs, indicating a porous oil-saturated interval; and (iii) relatively low shale 
volume (Vsh) calculated from density-neutron logs. High porosity inferred from resistivity logs 
contradicts the interpretation of high clay content typically ascribed to the GR intervals with high 
readings. The latter interpretation also explains the contradictory results in Vsh calculations from density 
neutron and GR logs.  
 

3. Material and methods  
 
GeoSCOUT (product of geoLOGIC Systems Inc.) was used to access the petrophysical log database 
and visually screen for intervals characterized by anomalously high gamma-ray values compared to the 
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shale baseline within individual wells. Depositional environments were interpreted based on core 
lithology, grain size, and physical and biogenic sedimentary structures (Figs. 3–6) as well as GR and 
other petrophysical logs (Figs. 3–6), including dipmeter, when available (Fig. 5). A dipmeter log is a 
powerful tool for defining vertical channel continuity in the McMurray Formation (Brekke and Evoy, 
2004; Fustic, 2007; Brekke et al., 2017). The GR logs that contained spikes above the shale baseline 
were transferred to GEOLOG (product of Emerson E&P Software) for quantitative petrophysical 
analysis, such as the calculation of shale volume from GR and neutron-density logs. The study was 
limited to the cores available at the Alberta Energy Regulator’s (AER) Core Storage Facility. The AER 
core analysis database revealed the availability of various datasets, including X-ray fluorescence (XRF), 
for some wells (Figs. 4–6).  
 

 
 

Fig. 3. Well 1 (1AA 01-12-076-07 W4M [top]) and Well X (1AA 12-12-076-07 W4M [bottom]). Typical examples 
of "hot" (anomalously high) GR intervals associated with intensely bioturbated beds. A) Core images. Sand is 
black due to heavy oil (bitumen) saturation. Mudstone is light-gray. The red boxes indicate the close-up of the 
interval of interest in (C). B) Total GR logs. The GR shale line (red dashed line) in both wells ranges between 100 
and 120 API, while the GR peaks in the bioturbated zones constitute 270 and 220 API in Wells 2 and X, 
respectively. The blue dashed line is the sand line. C) Close-up view of the interval of interest. Red dots show ICP-
MS spots (Table 3). Note: Well 1 was sampled and studied, while permission to sample well X was not obtained. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 
article.) 
 

Strict government regulations on destructive core analysis for the preparation of thin sections, 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) geochemistry, and zircon geochronology 
(high volume of sediments required) limited the investigations. For this research, special sampling 
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permission was given only for a short (~0.3 m; Fig. 5) core interval in well A (1AA 09-02-081-09 W4M; 
lat 55°59′36.72′′ N, long 111°17′16.23′′ W; Fig. 5). A "hot" GR interval in that well was identified based 
on a significant separation of shale volume curves calculated from GR and neutron-density (Fig. 5). 
Limited destructive analysis was also permitted for selected intervals in well 1 (1AA 01-12- 076-07 
W4M; lat 55°32′59.85′′ N, long 110°57′59.40′′ W, Fig. 3A), well 2 (1AA 03-12-076-07 W4M; lat 
55°33′52.18′′ N, long 110°57′′12.24′′ W; Fig. 5), and well 3 (1AA 14-14-076-07 W4M; lat 55°35′23.93′′ 
N, long 110°58′45.41′′ W; Fig. 6). Well X (1AA 121,207,607 W4M; lat 55°34′16.43′′ N, long 
110°57′41.13′′; Fig. 3B) was intended to be studied in more detail, but permission was not given. We 
kept it as an illustration of relationship between GR and bioturbation. 
 
3.1. Analyses conducted on Well A 
 
Facies analysis, spectral GR, and XRF measurements were conducted on an approximately 20-m-long 
slabbed core interval of well A (Fig. 5). For the facies analysis, the slabbed core surfaces were examined 
macroscopically and by hand lens. The grain size was estimated using a comparison chart, while the 
ichnological content was evaluated by identifying the biogenic sedimentary structures and intensity of 
bioturbation to estimate BI. Among the bioturbation structures, biodeformation structures display no 
distinct outlines that would allow classification in terms of paleontological nomenclature (Schäfer, 
1956). In contrast, trace fossils display distinct outlines and exhibit typical burrow geometry. The trace 
fossils were identified on the ichnogeneric level because only 2D surfaces were available for 
investigation. In particular, the morphological approach was used to identify trace-fossil taxa (Knaust, 
2017).  
 
The spectral GR measurements were obtained using a handheld spectrometer (RS-230 BGO, Radiation 
Solutions Inc.). These data provided the contributions of U, Th, and K to compare the sum with total 
radioactivity measured by an open-hole log. Each measurement was set to 90 s. A total of 33 
measurements, or approximately one measurement every 0.25 m, were taken from a depth interval of 
446.45 to 454.64 m (Table 1).  

Table  1 
Spectral gamma-ray analysis obtained using 
a handheld spectrometer (model RS-230 BGO). 

 

Depth (m) U[ppm] Th[ppm] K[wt%] 
446.45 1.8 4.3 0.7 
446.73 1.5 5.1 0.8 
447.01 1.8 3.9 0.5 
447.29 2.0 3.8 0.7 
447.57 2.4 4.4 0.5 
447.85 2.0 4.5 0.6 
448.13 1.7 3.8 0.6 
448.41 1.5 5.0 0.6 
448.69 1.9 4.8 0.6 
448.97 1.4 5.0 0.7 
449.25 2.0 3.7 0.7 
449.53 2.1 4.1 0.6 
449.81 1.5 5.1 0.5 
450.09 1.4 3.9 0.5 
450.37 2.2 4.3 0.6 
450.95 1.7 5.8 0.6 
451.1 2.2 4.8 0.5 
451.25 1.8 5.1 0.6 
451.52 2.1 4.3 0.6 
451.79 1.4 5.6 0.5 
452.06 1.5 2.8 0.7 
452.36 1.5 3.1 0.6 
452.55 1.6 4.7 0.6 
452.74 1.4 5.1 0.5 
452.93 1.8 3.5 0.5 
453.12 1.7 3.0 0.5 
453.31 2.1 3.9 0.4 
453.5 1.2 3.3 0.6 
453.69 1.5 4.3 0.5 
453.88 1.6 3.1 0.7 
454.07 1.7 2.5 0.6 
454.26 1.8 3.9 0.5 
454.45 1.7 3.2 0.6 
454.64 1.7 2.8 0.4 
Average 1.7 4.1 0.6 

 

XRF was conducted directly on the split core 
surface using a Bruker Tracer 5G with helium (He) 
purge in the He Geochem mode. Any surface 
contaminants were removed by gentle washing and 
light scraping, if necessary. The slabbed core was 
dried out before the XRF measurements. Twenty 
sample points from the interval of interest were 
measured and analyzed (Table 2, Fig. 5).  
 
A number of specialized analyses were conducted 
on five samples collected from immediately below 
and above the interval characterized by increased 
GR emission, as inferred from Vsh GR and Vsh 
density separation (Fig. 5A) and intense 
bioturbation (Fig. 5B). The analyses included thin-
section petrography, X-ray diffraction (XRD), 
electron microprobe analyses (EMPA), inductively 
coupled plasma-mass spectrometry (ICP-MS), and 
laser ablation-inductively coupled plasma-mass 
spectrometry (LA-ICP-MS) (Table 3; Fig. 5C). 
Thin-section preparation included the removal of 
bitumen with toluene (solvent), followed by an 
alcohol wash to remove salts, and impregnation 
with epoxy after drying. The samples were mounted 
onto a glass slide, where they were ground to a total 
thickness of 30 μm and then polished.  
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Fig. 4. Well 2 (1AA 03-12-076-07 W4M). A) Composite log and geochemical data (340–410 m). Composite log: 
GR – gamma-ray, DIP – dipmeter, VSH – volume shale, DEN – density porosity, Zr – zirconium, Th – thorium; 
U – uranium (in ppm from XRF). In facies column: yellow – clean sand; orange – sand-dominated IHS; light-gray 
– mud-dominated IHS; and dark-gray – mudstone. Wavy red lines show major erosional surfaces; straight red 
arrows show hot GR intervals; black curved arrow points to vertical continuity of a single, large-scale point bar. 
DIP column: red tad-poles show IHS dips, and purple tad-poles cross-bed dips; LPB – lower point bar. The blue 
rectangle indicates the core interval in (B). B) Core images of the “hot” GR interval (352.3–365.8 m) showing 
bitumen-saturated sandstone overlain by mudstone and the transition to marine shale. The red box demarcates the 
core interval in (C). C) Close-up view of the interval of interest with annotated trace fossils. The diminutive and 
restricted trace-fossil assemblage is dominated by Planolites (PL), moderate occurrences of Cylindrichnus (CYL), 
and minor Palaeophycus (PA) and Skolithos (SK). 
 

 
 
The thin sections were stained with a combination of alizarin red and potassium ferricyanide to highlight 
carbonate mineralogy. Sodium cobalt-nitrite, barium chloride, and rhodizonic acid were applied to 
highlight plagioclase and potassium feldspars. Two sets of five thin sections were prepared. One set was 
covered by glass for petrographic analysis, and another set remained uncovered for microprobe analysis. 
The petrographic sections were examined under the 4× and 10× magnification lenses of the Nikon 
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Eclipse 50i POL microscope under polarized light and photographed using a Motic camera. The thin 
sections were prepared by AGAT Laboratories but analyzed at the University of Calgary.  
 

 
 
The mineralogical composition was also analyzed by XRD (Rigaku Multiflex XRD Diffractometer) at 
40 kV and 40 mA, using a Cu K-alpha X-ray source at the Geoscience Research Laboratory of the 
University of Calgary. The samples were homogenized and milled prior to the mounting and analysis.  
 
Feldspar compositions were determined using a JEOL JXA-8200 EMPA housed at the University of 
Calgary. For feldspars, the quantitative measurements of compositions were made using wavelength-
dispersive X-ray spectroscopy (WDS) for Si, Al, Fe, Ca, Na, K, and Ba with an accelerating potential 
of 15 kV, a beam current of 20 nA, and a beam diameter of 5 μm. The measurements were calibrated 
using the following standards: K, Si, and Al on orthoclase standard, Na on albite standard, Ca on 
anorthite standard, and Fe on hornblende standard. The analyses were done on smooth surfaces and 
away from alterations and fractures. Raw counts were converted to concentrations using a ZAF 
correction protocol. Energy-dispersive X-ray spectrometry (EDS) was used for qualitative mineral 
identification. The WDS X-ray maps of U, Th, and Zr were used to locate the point sources of these 
elements in the sample.  
 
Whole-rock geochemical analyses were accomplished on five samples at Bureau Veritas Commodities 
in Vancouver, British Columbia, Canada. Major elements were measured using inductively coupled 
atomic emission spectrometry (ICP-AES) and trace elements using ICP-MS, following lithium 
tetraborate fusion of the sample powders.  
 
U–Pb dating of approximately 300 detrital zircon grains recovered from a 30-cm core section (from 
~451.5 m to ~451.8 m; Fig. 5) from well A was done using laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) at the University of Calgary. The sample material was treated with 
30%–50% hydrogen peroxide to remove organic material prior to mineral separation. A full description 
of the measurement procedure, data reduction, and approach to filter the data is provided in Matthews 
and Guest (2017). Isotope signal intensities were measured using an Agilent 7700 quadrupole (ICP-MS) 
connected to a Resonetics RESOchron 193 nm excimer laser ablation system. Ablation occurred within 
a Laurin Technic M-50 dual volume ablation cell. All laser settings, dwell times for individual masses, 
gas flow rates, and ICP-MS settings can be found in the Supporting Information. For further information 
on the laser ablation system, the reader is referred to Müller et al. (2009). The well-characterized zircon 
reference material FC1 (Paces and Miller Jr, 1993) was used as the calibration reference material. Eight 
ablations for each of the three reference materials dated between 28.2 Ma and 1062.4 Ma were 
performed in each session to validate the results and assess uncertainties. Data reduction was handled 
in the commercially available Iolite software package (v2.5) (Paton et al., 2010) and a custom Excel 
VBA macro (ARS4.0). Uncertainty propagation was aligned with Horstwood et al. (2016), and all 
sources of uncertainty, both random and systematic, were propagated according to their best practices. 
The dates used for plotting and in the Discussion section are 206Pb/238 U for dates less than 1200 Ma. 
The data were filtered for outliers using the probability of concordance calculated by the Concordia Age 
function in Isoplot (Ludwig, 1998, 2012). Measurements with less than 1% probability of concordance 
were eliminated from the data set. The measurements of 300 grains yielded 241 grains that passed the 
1% probability of the concordance filter.  
 
3.2. Analyses conducted on Wells 1, 2, and 3 
 
 A "hot" GR interval in well 1 was identified by a significant total GR spike reaching 270 API units 
(Fig. 3A), while in wells 2 and 3, it was recognized by a significant separation of shale volume curves 
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calculated from GR and neutron-density (Figs. 4 and 6). Facies analysis was conducted on slabbed cores 
using the same approach as for well A. Sampling was permitted only for the ICP-MS analysis of two 
samples in well 1 (Fig. 3A) and three samples in well 3 (Fig. 6). Additionally, high-resolution XRF data 
for well 2 (Fig. 4A) and well 3 (Fig. 6A) and a thin section from well 3 (Figs. 6C–F) were obtained from 
a publicly available database (AER Digital and Sample Repository Database), analyzed, and interpreted. 
 
 
 

4. Results and interpretations 
 
4.1. Lithology and ichnology of Well A  
 
The sedimentary rocks of well A are represented by brown or black, oil-stained sandstone and light-gray 
mudstone. The bottom of the studied interval consists of approximately 0.5 m-thick cross-bedded 
sandstone (Fig. 5). The cross-bedded bottomsets exhibit flat-lying, non-bioturbated, light-gray mudstone 
at ~454.5 m that grades upward into darker colored, gently dipping (on Fig. 5: to the right), carbonaceous 
mudstone at ~454.4 m and thick, up to 30◦-dipping, clean sandstone foresets towards the top of box 1. 
Core box 2 contains dm-scale cross-bedded sandstone with rip-up clasts at the base at ~453.71 m and/or 
fine-grained sandstone bottomsets at 453.4 m. The sedimentary rocks of box 3 are characterized by the 
interbedding of cross-bedded sandstone with fine-grained bottomsets (e.g., at 452.85, 452.75, and 
452.55 m), ripple-laminated sandstone, and bioturbated mudstone at ~453.0 m. The sedimentary rocks 
of box 4 comprise fine-grained ripple cross-laminated sandstone grading into intensely bioturbated 
mudstone (BI = 6). Part of box 5 is missing, while the preserved 6 part consists of mixed, intensely 
bioturbated sandstone and mudstone. Box 6 contains almost exclusively ripple cross-laminated 
sandstone grading into bioturbated mudstone interbedded with thin sandstone and/or laminae, which 
continue into boxes 7 and 8 to approximately 448.15 m. Above 448.15 m, there is black, medium-
grained, ripple cross-laminated sandstone. An overall fining-upward trend, coupled with an upwards 
decrease in the thickness of cross-beds and an increase in the presence of ripple cross-lamination, mud 
content, and bioturbation, is diagnostic of tidally influenced point-bar deposits of the McMurray 
Formation (Smith, 1989; Hubbard et al., 2011). In boxes 4–8, interbedded sandstone and mudstone are 
characteristic of IHS deposits formed in response to seasonal and/or decadal changes in flow and 
sediment influx (Smith, 1989; Jablonski and Dalrymple, 2016; Fustic et al., 2018). The brown-colored 
sandstone reflects a water-saturated zone with residual oil-stains, where a gas cap was present in the 
past, which was likely derived from the secondary microbial gas generation following petroleum 
entrapment (Fustic et al., 2013a; Fustic et al., 2019). Above it, black-colored sandstone (Box 8) is 
bitumen-saturated (Fustic et al., 2013a, Fustic et al., 2019). 
 
Biodeformation structures may occupy 1/3–2/3 within a burrowed interval, and they are produced by 
near-surface grazing by small endobenthic organisms (e.g., Wetzel, 2009). Among the trace fossils, 
Cylindrichnus, Planolites, and Skolithos are rather common and characterized by the following details: 
• Cylindrichnus is a slightly curved, downward tapering, vertical to inclined burrow with a mud-

laminated wall and sand-filled causative tube. Cylindrichnus is characterized by a diameter of 0.4–0.8 
cm and a length of 3–5 cm.  

• Planolites is an unlined to rarely lined, straight to tortuous, circular to elliptical burrow with a variable 
diameter of 0.2–0.9 cm; its fill is structureless and differs from the host rock.  

• Skolithos is a straight, simple, unbranched, vertical to sub-vertical tube with a uniform diameter of 4–
6 mm. 

 
Stratified sandstone and bioturbated mudstone have been interpreted to form within a fluvio-tidal 
system, precisely, in the inner to middle estuary or deltaic distributary channel. The deposition of sand 
occurred during high freshwater discharge episodes, facilitating dune migration, while mud accumulated 
during the periods of low discharge from tidally influenced, suspension-rich brackish water (Melnyk 
and Gingras, 2020). Mud flocculation and deposition were fostered along the seawater-freshwater 
interface (e.g., La Croix and Dashtgard, 2014). Abundant bioturbation structures originating from the 
soles of the mudstone beds indicate marine influence in the estuary (e.g., Wetzel et al., 2017). 
Nonetheless, the burrows are rather small, and trace fossil diversity is low, implying stressed 
depositional setting (e.g., Pemberton et al., 1982; Wightman and Pemberton, 1997; Beynon and 
Pemberton, 1992; Buatois and Mángano, 2011). 
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Fig. 5. Well A (1AA 09-02-081-09 W4M). A) GR and corresponding shale volume (Vsh) curves calculated from 
GR and density curves. Note a significant separation between VshGR (red) and VshDEN (black) between 450 and 
452 m. characterized by values close to 0 and close to 1, respectively. Blue rectangle represents the whole core 
interval depicted in B. B) Core images from depths of 447.57–454.64 m with the interval of interest (~451.5–451.9 
m). Key: black depth numbers—spots of spectral GR and XRF measurements; red circles—spots of special core 
analyses (XRD, petrography, and ICP-MS, see Table 4). The yellow arrow indicates an interval sampled for LA-
ICP-MS. Blue arrows represent the thickness of individual cross-beds; rs – ripple cross-laminated sandstone; xb – 
cross-bedded sandstone. C) XRF concentrations of Zr (ZR, ppm), Th (TH, ppm), U (U, ppm), and K (K, %). Red 
dots show ICP-MS spots (Table 3). The yellow transparent box indicates an interval sampled for LA-ICP-MS.  
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Fig. 6 Well 4 (1AA 14-14-076-07 W4M). A) GR log and geochemical data (360–400 m). Composite log: GR – 
gamma-ray, VSH – volume shale, DEN – density, ZR – zirconium, TH – thorium, U – uranium (in ppm from 
XRF), and K – potassium (in % from XRF). The blue rectangle shows the “hot” GR core interval depicted in (B); 
a red curved arrow shows vertical continuity of a single, large-scale point bar; a small red dot shows the location 
of the photomicrographs shown in (C–F). B) Core images of the “hot” GR interval (372.0–382 m) with the interval 
of interest (~375.0–377 m). Yellow circles show the location of ICP-MS samples (Table 4). Middle circle with red 
dot in the centre (at 376.2 m indicates thin section location for (C–F). C) x12.5 PPL. Overview image of moderately 
to poorly sorted, burrowed (Bur) sandy siltstone (sublitharenite). Subangular to subrounded grains range in size 
from fine silt to upper coarse-grained sand. Framework grains are comprised of abundant quartz (Qtz – 
monocrystalline and minor polycrystalline), minor potassium and plagioclase feldspars (Fld), and traces of lithic 
grains, including chert (Cht), plutonic rock fragments (PRF). Accessory grains include minor carbonaceous debris, 
mica, and heavy mineral grains (i.e., rutile, tourmaline, epidote, and heavy minerals (HM). Secondary pyrite (Py) 
is disseminated throughout the matrix. Discrete pyrite framboids line some pores of the sandy burrows. D) x25 
PPL view of a quartz-filled burrow and surrounding matrix (Mtx). Detrital quartz (Qtz) is also visible in a thin 
discontinuous lamination above the burrow. Additional detrital constituents: polycrystalline quartz (PQ), 
plagioclase feldspar (Fld), and potassium feldspar (KFld). Carbonaceous debris (Carb) and pyrite (Py) are 
disseminated. E) x100 XPL. High-magnification microphotograph of a quartz-rich burrow-fill. Qtz – quartz, KFld 
– potassium feldspar, Ms – muscovite, HM – heavy minerals, and Mtx – matrix. F) x400 XPL. High-magnification 
microphotograph of a burrow-fill, HM – heavy mineral, Note: PPL stands for transmitted, plain-polarized light; 
XPL stands for cross-polarized light. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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4.2. Mineralogy of Well A 
 
Petrographic analysis (Fig. 7) revealed the predominance of quartz (>98%) and minor amounts of K-
feldspar (1%–2%) in the samples. Zircons were absent in sample 5, occurred in traces in samples 1 and 
4, and were relatively abundant in samples 2 and 3 (Fig. 7 [top row]). Mudstone matrix was present in 
the bioturbated, zircon-enriched samples 2 and 3 (Fig. 7 [top row]). XRD analysis confirmed the 
dominance of quartz with some kaolinitic clays. K-feldspar was not detected in the XRD patterns due 
to its low proportion (<2%). Kaolinite is a common weathering product of feldspar; thus, small amounts 
of kaolinite detected in the XRD analyses may indirectly indicate the presence of K-feldspar (i.e., 
degraded feldspar). 
 
4.3. Elemental composition and radioactive sources in Well A  
 
The handheld spectral GR data showed low U concentrations (average 1.7 ppm; Table 1). These values 
were below the detection limit (~5 ppm) for the instrument and used cautiously. Similarly, Th showed 
a negligible variation with 2 minor spikes at depths of 450.95 and 451.79 m, located within the zone of 
interest (Figs. 5A–B). K concentrations also barely varied (0.4%–0.7%; Table 1).  
 
The XRF data (Table 2, Fig. 5C) showed that Zr and Th showed an order of magnitude (~10×) increase 
within the interval of interest (Table 2, Fig. 5C), while U was below or close to the instrument detection 
limit (<7 ppm). K concentrations were low (Table 2, Fig. 5C) with subtle variability, consistent with the 
spectral GR data (Table 1).  
 
The ICP-MS results (Fig. 5C; Table 4) indicated elevated elemental concentrations (less than two times 
in U, about two times in Th, and three times in Zr), while K concentration variability was minimal (Fig. 
5C; Table 4). Similar trends obtained for the ICP-MS and XRF data (Fig. 5C) imply the reliability of 
XRF measurements. 
 

 
 
The WDS X-ray mapping results of thin sections (Fig. 8) illustrated that Zr concentrations were 
associated with zircon grains in the sampled interval. Furthermore, U and Th enrichment was almost 
exclusively associated with monazite grains (Fig. 8). This suggests that the horizons with high GR 
readings may be the zones of heavy mineral enrichment.  
 
4.4. Sediment provenance and geochronology of Well 1 
 
Sediment provenance was interpreted using thin-section petrography, mineralogy, and U–Pb 
geochronology. The predominance of well-sorted, sub-rounded to rounded quartz grains (Figs. 7–8) in 
the sandstone packages of the five studied samples strongly indicates high textural and compositional 
maturity.  
 
The composition of feldspars was also used to distinguish between the plutonic, volcanic, and 
metamorphic sources. Out of the 74 EMPA spot analyses of feldspars, 67 were considered reliable 
(analytical total > 99 wt% and stoichiometrically consistent) and used for the interpretation (Table 5). 
In all samples, the orthoclase component was high (90%–93%), the albite component was minor (6%–
9%), and the anorthite component was rare (<0.5%) (Fig. 9). These compositions imply metamorphic 
and plutonic rocks as feldspar sources (Trevena and Nash, 1981, p. 137; Fig. 11). This is consistent with 
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an origin from plutonic igneous rocks within the Canadian Shield or metamorphic rocks from the 
Grenville/Appalachian domain.  
 

 
 
The detrital zircon U–Pb age-dating results (Fig. 10) showed that the population of zircons ranged from 
the Archean to the Paleozoic. The Archean-aged zircons were relatively rare, with most grains ranging 
from 2600 to 2800 Ma, and a few zircons were determined to be over 3000 Ma. The Mesoproterozoic-
aged grains constituted the bulk of the zircon population, with the prominent 1000–1200 and 1600–1900 
Ma signatures. A significant contribution from the 300–600 Ma zircons revealed the Paleozoic 
component and Appalachian orogen (300–600 Ma). This agrees with the sediment sources from the 
eastern parts of North America, where these rocks are exposed. Provenance of older grains is difficult 
to determine and beyond the scope of this study, but generally points to sources from Canadian Shield. 
Generally, this signature is also in line with detrital zircon populations previously reported from the 
middle McMurray Formation (Benyon et al., 2014, 2016; Blum and Pecha, 2014; Fig. 1B). Importantly, 
there was no evidence of Mesozoic and younger zircons characteristic of the Cordilleran magmatic or 
volcanic sources. Scattered zircon grains were notably smaller (< 30 μm) than quartz and feldspar grains 
(~100–200 μm; Figs. 7–8). 
  
4.5. Lithology, mineralogy, elemental composition, and radioactive sources in Wells 1, 2, and 3  
 
The intensely bioturbated (BI = 6) interval in Well 1 is approximately 0.3 m thick (Fig. 3A). It is 
characterized by a sharp GR spike reaching 270 API (Fig. 3A) and is overlain by a thick structureless 
and non-bioturbated (BI = 0) mudstone interval typical for the McMurray Formation abandoned-channel 
fills (Muwais and Smith, 1990; Fustic et al., 2013b). The sharp contact suggests either rapid 
abandonment by chute avulsion (Fustic et al., 2018) or an erosive cutbank of a younger channel. 
Dipmeter data (not available for this well) would allow for a definite conclusion (sensu Muwais and 
Smith, 1990). The intensely bioturbated interval in Well 2 is characterized by a GR spike reaching 200 
API (Fig. 4A) and Vsh separation (Fig. 4A). The bioturbated interval forms part of a 35-m-thick, fining-
upward sequence. A 20-m-thick interval (355–375 m; Fig. 4A) with unidirectionally oriented shallow 
dips (<10°) is indicative of IHS of a typical, large-scale (>30-m-thick) McMurray point-bar deposit 
(Fustic, 2007; Fustic et al., 2012; Brekke et al., 2017). Vsh separation in Well 3 (Fig. 6A) coincides with 
the top of a fining-upward cycle (Fig. 6A) and is indicative of the upper point bar composed of 
structureless and non-bioturbated light-gray mudstone (Fig. 6B). However, thin-section petrography 
reveals that this interval is intensely bioturbated (Fig. 6C–F).  
 

The ICP-MS data showed that the concentrations of U, Th, and Zr in the interval of interest in Well 1 
were approximately three times, four times, and more than five times higher than in surrounding layers, 
respectively. The concentration of K in the interval of interest varied little (Table 4). Although the ICP-
MS results of Zr in Well 3 did not show any significant spikes (up to 435 ppm), higher-resolution XRF 
data revealed several localized spikes, with concentrations exceeding 1000 ppm (Fig. 6). The 
photomicrographs of Well 3 (Fig. 6C–F) showed not only the bimodal distribution of grains, in places 
where the matrix is characterized by silt and burrow-fill dominated by coarse-grained quartz, but they 
also presented heavy minerals, including zircons, within the burrow fill (Fig. 6C–F). The observed heavy 
mineral grains were significantly smaller than the quartz grains (Fig. 6C–F) due to the effects of 
hydraulic equivalence and sorting. Zircon grains (density 4.7 g/cm3) are much heavier than quartz 
(density 2.65 g/cm3), and the density contrast is enhanced when buoyancy is taken into account. 
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Therefore, hydraulic sorting in fluvial channels becomes even more effective (e.g., Best and Brayshaw, 
1985). The observed difference in grain size between quartz and zircon grains matches the results of 
previous experimental studies (e.g., Tourtelot, 1968) as well as the observations of fluvial sandstones; 
in the latter case, zircons were found to be about 2ϕ smaller than concomitantly transported sand grains 
(e.g., Augustsson et al., 2019). 
 

 
 

Fig. 7. Well A (1AA 09-02-081-09 W4M). Low-magnification images of selected thin sections (top row) and 
high-magnification photomicrographs of selected parts (zoomed in) in cross-polarized (top row) and plane-
polarized lights (second row). The two bottom rows represent the backscattered electron images of the same thin 
sections. Numbers at the top right corner of each image indicate the sample number. Qtz-quartz, K-Fldp – 
potassium feldspar, yellow dashed line – a cluster of zircons. Sample depths can be found in Fig. 5. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 
article.) 
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Fig. 8. Well A (1AA 09-02-081-09 W4M). Rows 1–4: Backscatter electron images and corresponding X-ray maps 
for Zr, U, and Th. The Zr, U, and Th signatures are associated with zircon grains and, in some cases, with monazite 
grains (U and Th). The sample depths are shown in Fig. 5. Sample 3 (rows 2 and 3) shows many bright spots 
(heavy minerals) in backscattered images. Some of them are zircon grains (white circles, Zr map), but none of the 
mapped zircon grains contains Th or U (see the positions of dashed white circles in U and Th maps). The two other 
grains (yellow and green circles) contain U and Th, but no Zr, suggesting they are monazite grains. Samples 1 and 
5 are located above and below the interval of interest, respectively, and contain no heavy minerals. Row 5: Energy 
dispersive spectroscopy (EDS) of a monazite grain from Sample 3 (Fig. 5, Table 3). Note: U spikes are caused by 
monazite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 9. Ternary diagram of Anortite, Albite, and Orthoclase (An-Ab-Or) showing the composition of K-feldspar 
from samples 1–5 (for sample locations refer to Fig. 5). The boundaries of volcanic; volcanic or plutonic; and 
volcanic, plutonic, or metamorphic provenance groups after Trevena and Nash, 1981, p. 142 and demonstrate a 
compositional range of eight provenance groups of feldspar. V – volcanic, p – plutonic, m – metamorphic, v + g – 
volcanic or granophyre, v + p – volcanic or plutonic, p + m – plutonic or metamorphic, v + p + m – volcanic, 
plutonic, or metamorphic, p + m + a – plutonic, metamorphic, or authigenic. 
 

 
 
 

Fig. 10. Relative probability distribution of age ranges from 300 zircon measurements from a single sample, well 
A (sample location is shown in Fig. 5), showing the predominance of 300–600 Ma and ca. 1000–1200 Ma age of 
zircon grains. The grains were interpreted to be derived from the Appalachian and Grenville sources in eastern 
North America. A lesser amount of grains aged 1600–1900 Ma (Proterozoic) and ca. 2600–2800 Ma (Archean) 
were interpreted to be likely derived from the Canadian Shield. These results coincide with the basin-wide 
provenance studies of Benyon et al. (2014, 2016) and Blum and Pecha (2014). 
 
4.6. Gamma-ray sources 
 
The calibration of measurements obtained by wireline tools and analytical laboratory results, as well as 
the comparison between the two, were based on empirical observations. Standard industry conversion 
methods for calculating total GR (in API units) from U, Th, and K concentrations include equations 
developed by the American Petroleum Institute (API) and (Crain, 2006):  
 
API equation:    GR total = 4×THOR+8.1×URAN+19.6×POTA,  (1)  
 
Ross Crain equation:   GR total = 4×THOR+8×URAN+16×POTA,   (2)  
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where GR total is measured in the API units; URAN – uranium; THOR – thorium; and POTA – 
potassium. URAN and THOR are given in ppm and POTA in %.  
 
Using the ICP-MS values obtained from Sample 3 at the depth of 451.93 in Well A (Table 4; Fig. 5C) 
in Eqs. (1) and (2), the yielded results are very similar to GR total measured in an open-hole (Fig. 5A):  
 
API equation:    GR total = 4×21.4+8.1×5+19.6×1.12 = 148.52   (3)  
 
Ross Crain equation:   GR total = 4×21.4+8.0×5+16.0×1.12 = 145.50   (4)  
 
The same is true for the ICP-MS values obtained from Sample 2 at a depth of 377.7 m in Well 1 (Fig. 
3), whereas Sample 1 in the same well (377.5 m) shows an anomalously low GR total value of 
approximately 75–80 API.  
 
Sample 1:  
 
377.5 m API equation:   GR total = 4×10.2+8.1×2.9+19.6×0.77 = 79.40   (5) 
 
377.7 m Ross Crain equation:  GR total = 4×10.2+8.0×2.9+16.0×0.77 = 76.30   (6)  
 
Sample 2:  
 
377.5 m API equation:   GR total = 4×40.7+8.1×8.4+19.6×0.64 = 243.4   (7)  
 
377.7 m Ross Crain equation:  GR total = 4×40.7+8.0×8.4+16.0×0.64 = 240.2   (8)  
 
Distinguishing GR sources is an important screening method for revealing the presence of U and Th in 
heavy mineral grains, which are the subject of this study.  
 
5. Discussion 
 
Comparing continuous data, such as open-hole and sedimentary core logs, with results from micro- to 
nano-scale spot specific measurements or analyses taken at dm-scale distances from each other (e.g., 
spectral gamma, XRF, XRD, EMPA, EDS/X-Ray, ICP-MS) or homogenized samples (50-cm interval) 
may lead to apparent discrepancies. For example, continuous GR shale volume and density curve 
separation from ~450.5 to ~452 m (Fig. 5A) represents an intensely bioturbated interval (Fig. 5B), but 
spot-specific XRF and ICP-MS results show significant variations within this interval (Fig. 5C). 
Similarly, in Well 1 (Fig. 3A), the low content of U, Th, and Zr is observed adjacent to the samples with 
three-to-five times enrichment of these elements. It is suggested that radioactive zircon grains are 
concentrated within multiple thin (laminae-scale) bioturbated intervals and cause averaged, apparently 
continuous, open-hole log readings.  
 
 
5.1. Sediment provenance 
 
Mineralogical sample composition indicates that the sediments are mature and are dominated by quartz 
with minimal amounts of feldspars and clay minerals, suggesting prolonged transport. Detrital zircon 
age constraints (using geochronology) indicate that the sources were located in eastern North America, 
including the Canadian Shield, Appalachian, Grenville, and Trans-Hudson orogens (Fig. 10). This 
implies long (many tens to hundreds of kilometers) transport distances. The relatively low amounts of 
feldspar and the presence of kaolinitic clays may indicate prolonged exposure and weathering processes 
or, more likely, increased maturity due to multiple reworking cycles by rivers and tides in the McMurray 
Formation’s low accommodation setting (Leckie et al., 2009). This scenario agrees with the fact that 
zircon is an ultrastable heavy mineral and can survive several cycles of exhumation, weathering, 
transport, and burial. Zircons are characterized by low fissility and very low solubility over a wide range 
of pH values. Consequently, if the catchment area is stable and subject to very slow denudation, the 
parent material resides for a considerable amount of time within the weathering zone, and very stable 
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heavy minerals (e.g., zircon, rutile, tourmaline) may become enriched. This scenario appears possible 
for the Canadian Shield (Fig. 1B) during the Mesozoic.  
 
Previous regional provenance studies of the McMurray Formation were based on zircons obtained from 
clean, cross-bedded sandstone deposited in high-energy settings, such as a channel base (Benyon et al., 
2014, 2016; Blum and Pecha, 2014; Fig. 1B). The utilized sampling strategy assumed that most zircons 
and other heavy minerals were hydrodynamically concentrated in high-energy settings. However, the 
XRF results presented herein (Figs. 4–6) show that the strongest Zr signal is commonly associated with 
fine-grained, intensely bioturbated sediments of the upper point bar (Figs. 3–6), implying that fine-
grained strata are also good targets for detrital zircon geochronologic studies.  
 
5.2. Radioactive sources 
 
The reproduction of the GR total values (see Section 4.6) shows that heavy minerals sourced Th and U 
radiation are major contributor of natural radioactivity in the “hot” GR zones. More ICP-MS data points 
would provide a more valid statistical model.  
 
The assumption that most, if not all, Zr spikes in the IHS intervals recorded by XRF (Figs. 4–6) are 
caused by zircon grains and, consequently, most, if not all, Th and U spikes are caused by emissions 
from zircon grains, leads to several questions: (i) What does the fining-upward log pattern really 
represent?, and (ii) Since the content of measured K in most cases (Fig. 5) is low and likely not sufficient 
to recalculate the recorded total GR, does it really represent the increased clay content, as commonly 
suggested, or is it a function of zircon grains dispersed in fine-grained sediments? Answers to these 
questions are beyond the scope of this work and need to be addressed in the future.  
 
A comparison of the API values of GR spikes with the corresponding shale baselines (Fig. 3) and Vsh 
density curve suggests that, in anomalous areas, U and Th contribute to an increase in GR readings up 
to three times of baseline value. The removal of U from API calculations for Samples 1–3 (Section 4.6) 
shows a decrease of approximately 30% of the total calculated API units.  
 
Sample 1 (U+Th+K) GR total = 4×10.2+8.1×2.9+19.6×0.77 = 79.40 (9)  
 
Sample 1 (Th+K) GR total = 4×10.2+8.1×0.0+19.6×0.77 = 55.90 (30%decrease) (10)  
 
Sample 2 (U+Th+K) GR total = 4×40.7+8.1×8.4+19.6×0.64 = 243.4 (11)  
 
Sample 2 (Th+K) GR total = 4×40.7+8.1×0.0+19.6×0.64 = 175.55 (28%decrease) (12)  
 
Sample 3 (U+Th+K) GR total = 4×21.4+8.1×5.0+19.6×1.12 = 148.52 (13)  
 
Sample 3 (Th+K) GR total = 4×21.4+8.1×0.0+19.6×1.12 = 107.55 (28%decrease) (14)  
 
5.3. Possible mechanisms of zircon concentrations 
 
Zr is transported by rivers in dissolved, colloidal, and particulate forms. It preferably precipitates and 
concentrates in brackish waters (Schneider et al., 2016), analogous to the tidally influenced McMurray 
Formation deposits. The interdependence of Zr and the biosphere is not well understood. Essentially, Zr 
behaves like a trace element in the biosphere, where it occurs in higher amounts than most other trace 
elements (Ghosh et al., 1992). Zr is taken up by plants from soil and water, and it accumulates in certain 
tissues (Ghosh et al., 1992). Its abundance in Bulgarian coals is explained by the enrichment in tissues 
of precursors (Eskenazy, 1987). The relationship of zircon grains and biosphere is poorly documented, 
except for the evidence of selective zircon accumulations in Psammophaga zirconia – benthic 
foraminifera living in the modern Adriatic and Black Seas (Sabbatini et al., 2016). In many instances, 
ashfalls provide enormous amounts of mineral nutrients, which strongly impact the biosphere, initiating 
algal blooms and consuming oxygen in the water column. The processes mentioned above cause ideal 
conditions for the preservation of organic matter (Lee et al., 2018). Ashfalls can also enhance 
environmental conditions and indirectly impact benthic fauna (e.g., Wetzel, 2008, 2009).  
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Elemental mapping of the samples (Fig. 8) illustrates that Zr is associated with zircon grains (Fig. 8). 
However, this does not rule out the possibility that some Zr was concentrated by other above-mentioned 
processes elsewhere in the McMurray Formation. The results of this study suggest that anomalous GR 
log signatures can be associated with strongly bioturbated mudstone and/or fine-grained sandstone with 
unusual concentrations of heavy minerals, in particular, of zircon and monazite (Figs. 6–8). Zircon 
enrichment in sediments may involve a combination of source characteristics, weathering, and/or 
hydraulic sorting. The lack of syndepositional ages in the detrital zircon population does not support 
enrichment by a Zr-rich syndepositional source, such as volcanic ash.  
 
The concentration of zircon and monazite by hydraulic sorting can occur due to the high density of these 
minerals. The grain-size and abundance analyses of heavy minerals suggest that in some settings, such 
as alluvial fans, zircon grains may preferentially concentrate in the fine-grained heavy mineral fraction 
(Potter, 1955; Hou et al., 2011). Similarly, turbidite sandstone beds can show normal or inverse grading 
if the heavy minerals are abundant. The type of grading depends on the density of the heavy minerals 
(von Rad, 1972). Zircon tends to be enriched in the fine-grained sandstone fraction, while the 
concentration of other heavy minerals decreases concomitantly upward (von Rad, 1972). 
 
The ancient McMurray River system represented a typical continental-scale river that flowed over a 
very long distance (Fig. 1B). Most of its course likely had a low gradient, and sediment sorting was 
efficient (e.g., Miall, 1996). Thus, fine-grained IHS of upper point bars (Fig. 11A–B) may have been 
subjected to heavy mineral enrichment by hydraulic processes and associated grain sorting based on the 
hydraulic equivalence (e.g., Miller and Miller, 2007). However, hydraulics alone cannot explain why 
the highest concentrations occur in the most bioturbated intervals (Figs. 3–6). This aspect is addressed 
below.  
 
The significantly elevated natural radioactivity is related to an increased zircon content in the examined 
intensely bioturbated fine-grained strata (Figs. 3–6), wherein the zircon grains are randomly distributed 
(Figs. 7–8) rather than stratified as a result of hydrodynamic sorting. Neoichnological studies have 
shown that burrowing organisms do not only disturb primary sedimentary structures but may also cause 
sediment re-suspension and modify a relatively smooth sediment-water interface into an irregular 
surface, exhibiting enhanced roughness due to the newly formed cones and funnels (e.g., Sanford, 2008; 
Han et al., 2019). Furthermore, if exposed on the surface at low to moderate densities (e.g., Eckman et 
al., 1981), the lined tubes may affect the flow and enhance sediment reworking (e.g., Carey, 1983; 
Nowell and Jumars, 1984). As a consequence, the current flow along the sediment-water interface 
becomes more turbulent and unsteady. As such, fine particles can entrain into suspension and be 
transported by traction and/or saltation (e.g., Nowell and Jumars, 1984; Vogel, 1994). Bioturbation is 
known to significantly modulate the IHS of the upper point-bar deposits in the Middle McMurray 
Formation (Figs. 11A–B). Following the deposition on the lateral or downstream accretion surface (Fig. 
11B), burrowing organisms disturb sediments, re-suspend clay and silt particles, and generate a rough 
surface, which in turn helps create a turbulent flow (Fig. 13C). Furthermore, biogenic sediment mixing 
causes repeated turnover of the inhabited sediment layer (“mixed layer”). Hence, the particles exposed 
on the surface are subjected to multiple hydraulic sorting cycles (e.g., Gérino et al., 2003). The increased 
turbulence leads to even more particles become suspended and initiates bedload transport of heavier 
grains, including zircons, by traction and saltation (Fig. 11C). The heavy grains then become rapidly 
trapped by the gravity force in numerous burrows (Fig. 11C). Due to the permanent sediment reworking 
and removal of fine particles, the beds aggrade slowly, and the proportion of heavy grains, including 
zircon, increases (Fig. 11D). These processes occur simultaneously and recurrently (Fig. 11E), in 
particular, during the freshet and waning-flood stages.  
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Fig. 11. A schematic (not to scale) and simplified diagram representing the interpreted geological setting (A–B) 
and key geological events causing zircon concentration in fine-grained IHS of the upper point-bar deposits of the 
Middle McMurray Formation (C–D). Key: X—a hypothetical location of wells shown in Figs. 1 and 4–5. A) 
Sketch of a typical (up to 5-km-wide) McMurray Formation point bar characterized by both lateral and downstream 
accretion (Smith et al., 2009; Hubbard et al., 2011; Fustic et al., 2012). B) Cross-section through lateral (I-I′) or 
downstream (I-I′′) accretion sets of a point bar in (A). The black rectangle shows the point-bar location illustrated 
in (C-E). Note that typical IHS dips range between 3◦ and 11◦. C) Processes occurring along the sediment-water 
interface with the input from vertical burrows (e.g., Skolithos, Cylindrichnus), re-suspension of fine particles, the 
occurrence of turbulent flows due to increased surface roughness, bedload transport, zircon trapping in burrows, 
and inferred downstream removal of fine-grained particles. Note: in a dynamic setting, all processes occur 
simultaneously. D) Processes described in (C) result in progressive “thinning” of original strata and enrichment of 
zircon grains. E) Following the next (likely seasonal) high-flow conditions and deposition of sand, the mudstone 
enriched with zircons is buried, and a new mud-dominated unit gets deposited. The processes described in (C–D) 
re-occur. 
 
 

X-ray microtomography (Micro-CT; Baniak et al., 2014) would help visualize in 3-D the proposed 
zircon trapping in burrows. More high-resolution sampling would allow for better statistical data 
representation. A comparison of zircon concentrations in the lower versus upper point-bar deposits 
might shed new light on the hydrodynamic sorting of grains in high-energy versus low-energy 
depositional settings. Similar studies in other sedimentary basins, stratigraphic units, and laboratory 
experiments involving flume tanks and microcosm sediments with heavy minerals and introduced 
burrowing organisms (sensu Herringshaw and McIlroy, 2013) are expected to demonstrate that the 
proposed mechanism is universal. Literature review lacks studies describing the potential impact of 
volcanic ashfalls on the intensity of bioturbation in brackish-water settings. Although nutrient 
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availability in brackish-water settings usually is not a limiting factor, such study may provide new 
insights about the interdependence of physical processes and the biosphere.  
 
6. Conclusions  
 
Contrary to the conventional wisdom that increased radioactivity (i.e., "hot" GR) in fine-grained strata 
is almost exclusively caused by an increased potassium content present in clay minerals, our study shows 
that GR spikes can be caused by increased concentration of zircon and/ or monazite grains. Zircon and 
monazite grains are commonly entrained in heavy mineral fractions during fluvial transport and may get 
entrapped in sandy fractions under favorable conditions.  
 
The zircon age distribution is consistent with other samples from the Middle McMurray channel 
deposits, suggesting the Canadian Shield, Appalachian, and Grenville sources. The analyzed samples 
provide no evidence for syndepositional zircons from late-stage Cordilleran volcanism or local 
kimberlite eruptions. The association of zirconium in the samples to zircon grains rules out significant 
zirconium transport by river systems in dissolved, colloidal, and particulate forms and later precipitation 
in fine-grained upper point-bar deposits. Instead, based on the integration of the geochemical and 
petrographic data, sedimentary facies analysis, and detrital zircon geochronology, we envisage an 
interplay of hydraulic sorting and bioturbation leading to the entrapment of zircons and other heavy 
minerals in the studied "hot" GR intervals. The distinct association of the "hot" GR intervals with high 
intensity of bioturbation suggests that zircon grains within the IHS of the upper point-bar deposits may 
get entrapped in burrows through the preferential removal of lighter grains by re-suspension due to 
burrowing.  
 
The proposed explanation may apply to the other intervals characterized by similar GR and/or Zr spikes 
across the McMurray Formation. To the best knowledge of authors, this is the first documentation of 
zircon-grain entrapment caused by bioturbation. These findings may be applicable to other heavy 
mineral fractions in similar depositional settings. Implications to reservoir characterization studies might 
also be significant.  
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