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Abstract 

Core-based mudstone studies, which form the larger part of recent mudstone research, give very limited insights into local-scale lateral 
variability in mudstones. So, whilst regional variability in depositional processes is generally well understood, smaller scale variability is not. 
This study aims to characterize the local-scale along-shelf variability in facies, depositional processes, and facies stacking patterns in a 
mudstone-dominated shelf succession. This study focused on offshore deposits of the Aberdeen Member (Blackhawk Formation) of the Book 
Cliffs (Utah) where excellent exposures allow key stratal surfaces to be correlated from coastal plain through shoreface deposits, to offshore 
muddy deposits. Comprehensive sedimentological analysis was completed on two ~45m stratigraphic successions north of Green River, 
approximately 1.5km apart and oriented parallel to the palaeoshoreline. The two logged successions are characterised by 0.5m to 2m thick 
coarsening upward bedsets that stack to form 5m - 12m parasequences. The basal parts of bedsets consist of heavily-bioturbated homogenous 
fine-mudstone with sporadic bed relics that thicken and coarsen upward into less-bioturbated well-preserved coarse-mudstone beds. This is 
interpreted to reflect a change from occasional current-deposited beds with depositional breaks allowing fauna to inhabit and disturb surface 
sediment to more frequent varying energetic conditions with relatively shorter to non-existent hiatuses. In some cases, bedsets are occasionally 
capped by small-scale (4cm) normally graded and inversely graded beds interpreted to represent deposition via turbidity currents and 
hyperpycnal flows respectively. The two measured sections exhibit varying facies, depositional processes, and facies stacking patterns. For 
example, turbidite and hyperpycnite deposits are not present across the same stratigraphic intervals and bedset quantity differs across the 
measured sections indicating that mudstone-dominated shelf settings vary at extremely local scales. This is likely to be a result of local 
topography and/or wider palaeogeographic influences such as river discharge and delta-slope instability. The variability indicates that local 
dynamics are complex within shelfal mudstones resulting in highly heterogeneous mudstone successions. Furthermore, petrophysical properties 
will be affected by the heterogeneity, subsequently hindering or facilitating aspects of conventional and unconventional hydrocarbon systems. 
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Fig. 1. (A) Loca�on map of Utah, USA. 
(B) Study area and Book Cliffs loca�on. 
(C) Book Cliffs outline. Red dot - proximal shoreface deposits 
measured for updip/downdip correla�on.
(D) Zoomed in map of Beckwith Plateau region. Red dots 
indicate measured sec�ons at BB & BC. 

BB = Ba�leship Bu�e. BC = Blue Castle. GB = Gunnison Bu�e.
A)

B)

C)

D)

Ra�onale
Ÿ Fine-grained, organic-rich sediments are increasingly being 

targeted as shale hydrocarbon reservoirs. 
Ÿ Micro-scale (experimental) and regional-scale (core) dominate 

recent mudstone studies but local-scale (unconven�onal 
produc�on-scale) studies are largely absent. 

Aim: Improve our knowledge of local-scale heterogeneity in 
mudstone-dominated shelfal successions. 

Ÿ Loca�on: Book Cliffs, Utah, USA (Fig. 1). 

Research Ques�ons
1. How variable are deposi�onal processes and stra�graphic architecture at 

local-scale (<2km)?
2. What were the main processes responsible for transport and  deposi�on 

of the Mancos Shale in these specific locali�es?
3. Can the exis�ng sequence stra�graphic framework of the up-dip 

sandstone    deposits be extended into �me-equivalent, offshore fine-
grained deposits at parasequence-scale?

3. Materials & Methods

Fig. 2 (LEFT). (A) Western North America palaeogeography during the middle Campanian (adapted from Blakey, 2014). 
(B) Palaeogeography of Utah and surrounding states during the middle Campanian (adapted from O’Byrne & Flint, 1995).
Fig. 3 (ABOVE). Blackhawk Fm. stra�graphic framework and nomenclature (adapted from Hampson et al., 2001; Pa�son et al., 2007). Transect 
oriented from Price to Utah/Colorado border (yellow line Fig. 2B). (Abbrevia�ons refer to member names, SB = Sequence Boundary).

Tectonic History & Palaeogeography

Ÿ Cretaceous foreland basin occupied by the Western Interior Seaway (WIS) (Fig. 2A) (Blakey, 2014).

Ÿ Large, shallow muddy ramp (Fig. 2A).

Ÿ Deposi�on along the western margin of the WIS (Fig. 2B).

Ÿ Present day Utah and surrounding states - variety of deposi�onal environments (Fig. 2B).  

Stra�graphy

Ÿ Blackhawk Forma�on and Mancos Shale (Campanian, Late Cretaceous).
Ÿ Aggrada�onal to strongly prograda�onal Highstand Sequence Set (HSS).
Ÿ Robust sequence stra�graphic framework (Fig. 3).
Ÿ Mancos Shale = volumetrically significant but studies rarely extend offshore (Fig. 3).
Ÿ Focussed on offshore coeval deposits of the Aberdeen Member. 
Ÿ N-S shoreline trend during Aberdeen Member deposi�on. 
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Ÿ Two stra�graphic successions measured north of Green River 
(47m & 43m). Oriented parallel to the palaeoshoreline.

Ÿ Outcrop logging (lithofacies, sedimentary structures and 
bioturba�on index). 

D)C)

0.5mm

TD

F M C vfS
(Mud)

1
cm

Ÿ Lazar et al. (2015) classifica�on scheme.
Ÿ Bed type variety and abundance, grain size, composi�on 

and bioturba�on index.
Ÿ Bed types quan�fied to understand the spa�al and 

temporal evolu�on of deposi�onal processes. 

Petrographic AnalysisField Observa�ons

Ÿ Collected samples were oriented with respect to 
North.

Ÿ Thin sec�ons prepared parallel to the 
palaeocurrent.
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= Homogenous Mudstone = Thin-bedded Mudstone (<2mm) = Thick-bedded Mudstone (>2mm) = Cemented Mudstone

Fig. 4. Building blocks for iden�fica�on of bedsets and parasequences in the field. 
(A) Bedsets were o�en stacked F1-F3 successions and occasionally stacked F1-F2. 
(B) Parasequences were capped by F4 which ini�ated the beginning of the overlying 
parasequence. (B) Also, displays a variety of bedset stacking pa�erns.

5 lithofacies (F1-F5) iden�fied in the field. 

Ÿ F1: Homogenous Mudstone.
Ÿ F2: Thin-bedded Mudstone (<2mm).
Ÿ F3: Thick-bedded Mudstone (>2mm).
Ÿ F4: Cemented Mudstone.
Ÿ F5: Bedded Sandstone.

These facies commonly stacked to form bedsets and 
parasequences (Fig. 4).

Architecture Variability

Fig. 6. Stra�graphic base of the Aberdeen at Ba�leship Bu�e (A) and 
Blue Castle (B) interpreted to be a transgressive lag deposit. 
(A) Isolated sand-filled channel with abundant fragmented fossils 
(photo inset) at Ba�leship Bu�e. (B) Isolated, sand-filled channel at 
Blue Castle. Fossil fragments absent. (C) Hand specimen displaying the 
wavy structure of sandstone beds observed at the base of Ba�leship 
Bu�e and Blue Castle. 

C)

B)A)

Aberdeen Base

A) B)

Fig. 7. Beds with erosive bases preserved in a nodulised interval at Ba�leship Bu�e. 
(A) A series of stacked <2mm thick beds with erosive bases. (B) Erosional bases clearly visible.

These beds are examples of energe�c processes occurring in fine-grained sediments and were not 
observed at the same stra�graphic level at Blue Castle.

Stacked Beds

A)

4m

Channel margin

Mud-infilled channel that
show three coarsening upward 
sequences into thin (2mm) 
coarse-mudstone beds 

6 small coarsening upward bedsets
capped by thin (3mm) vf. sand beds 
with current ripple lamina�ons

GS

Beds appear to gently
curve and follow
channel margin contact

N

B)

4m

2m

N

Fig. 8. Examples of large-scale erosional features at outcrop scale. (A) Mud-filled channel iden�fied in 
Parasequence 1 at Ba�leship Bu�e (~8m). 
(B) Gu�er casts in Parasequence 4 at Blue Castle. These gu�er casts have sub-ver�cal margins and a low 
aspect ra�o which indicate intense scouring of the substrate. 

The same stra�graphic level at vice versa measured sec�ons did not exhibit similar features. 

Channel Features

Fig. 5. Correla�on panel for Ba�leship Bu�e and Blue Castle. A sequence boundary must be expressed, perhaps the gu�er 
casts located near the top Parasequence 4 (Fig. 8B & 10). Parasequence nomenclature from Kamola & Huntoon (1995). 
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Spa�al and Temporal Bed Type Variability

Fig. 10. Spa�al and temporal evolu�on of the bed types iden�fied in thin-sec�ons. 
Deposi�onal processes - W = Waning flow (BT 1, 2 & 3), H = Hyperpycnal flow (BT 4 & 5), S = Suspension Se�ling (BT 6), B = Bioturba�on (BT 7).

Planar lamina�on

Wave ripples

Current ripples

Nodules

Thin inversely graded bedsets

Gu�er casts

Low angle laminae

Ripples with erosional base

Thin-bedded mudstone (<2mm)

Thick-bedded mudstone (>2mm)

Cemented mudstone

Homogenous mudstone

Bedded v.fine sandstone

1. Unipar�te normally graded mudstone

2. Bipar�te normally graded mudstone

3. Tripar�te normally graded mudstone

4. Bigrada�onal mudstone

5. Inversely graded mudstone

6. Planar laminated mudstone

7. Bioturbated mudstone

Log Symbols Lithofacies Bed Type Pie Chart

Poster Key

Fig. 11. Typical microscopic features observed in each lithofacies (N = Bed quan�ty).
(F1) Homogenous Mudstone - beds commonly disrupted by bioturba�on. (F2) Thin-bedded Mudstone - Evidence 
of suspension se�ling absent. (F3) Thick-bedded Mudstone - Evidence of fluvial input and suspension se�ling 
absent. (F4) Cemented Mudstone - The finest grained lithofacies, suspension se�ling common. 

Deposi�onal Process Variability

BT 1: Unipar�te Normally Graded Beds 

0.5mm

TD

F M C vfS
(Mud)

Observa�ons

Ÿ Sharp, erosional base.
Ÿ Normally graded coarse to fine-grained mudstone.
Ÿ Bioturba�on increases upward. 

Interpreta�on & Deposi�onal Product

Gradual waning flow. Low-density turbidity current: Turbidite

BT 2: Bipar�te Normally Graded Beds 

1mm

TD

A

A

B

B

F M C vfS
(Mud)

Observa�ons

Ÿ Sharp, erosional-scoured base. 
Ÿ Bipar�te organisa�on (A & B).
Ÿ Coarse-fine grained mud couplets.
Ÿ Common wood debris.

Interpreta�on & Deposi�onal Product

Rapid waning flow. Basal sec�on - Dense/laminar 
flow. Upper - turbid flow: Storm-induced deposit - 
Tempes�te (sensu Myrow & Southard, 1996).

BT 3: Tripar�te Normally Graded Beds
TD

0.5mm

F M C vfS
(Mud)

A

B

C

Observa�ons

Ÿ Sharp, erosional base with tripar�te organisa�on (A, B & C).
Ÿ (A) Coarse-grained mudstone with occasional low-angled 

laminae.
Ÿ (B) Stacked, faint, intercalated ungraded-graded planar laminae.
Ÿ (C) Bioturbated fine-grained mudstone. 

Interpreta�on & Deposi�onal Product

Waning flow. Three-part microstra�graphy develops as 
deposi�onal flow evolves: Wave-enhanced sediment-gravity 
flow (WESGF) (sensu Macquaker et al., 2010).

BT 4: Bigrada�onal Beds 

1mm

TD

F M C vfS
(Mud)

A

B

A

B

B

A

Observa�ons

Ÿ Sharp, erosional to non-erosional base.
Ÿ Two subdivisions (A & B).
Ÿ (A) Inversely graded, fine to coarse-grained mudstone.
Ÿ (B) Normally graded, coarse to fine-grained mudstone.
Ÿ Common wood debris.

Interpreta�on & Deposi�onal Product

Waxing/waning flow. Direct fluvial discharge - Sustained 
hyperpycnal flow: Hyperpycnite (sensu Mulder & 
Alexander, 2001).

BT 5: Inversely Graded Beds 

0.5mm

TD

F M C vfS
(Mud)

Observa�ons

Ÿ Sharp, non-erosional base.
Ÿ Inversely graded, fine to coarse-grained mudstone.
Ÿ Erosional tops.

Interpreta�on & Deposi�onal Product

Waxing flow. Direct fluvial discharge - Hyperpycnal 
flow (waxing part of flow and bypass): 
Hyperpycnite

BT 6: Planar Laminated Beds 

2mm

TD

F M C vfS
(Mud)

Observa�ons

Ÿ Sharp, con�nuous, non-erosive base.
Ÿ Planar lamina�ons.
Ÿ Organic ma�er (opaque material) common.
Ÿ Very common in cemented mudstone (F4). 

Interpreta�on & Deposi�onal Product

Lamina�ons, grain size and absent grading suggest deposi�on via 
suspension fall out - Ver�cal suspension se�ling: Laminated 
mudstone

BT 7: Bioturbated Mudstone 

2mm

A)

2mm

B)

1mm

C)

Observa�ons

Ÿ Sediment intensely reworked by burrowing organisms.
Ÿ Primary sedimentary structures absent (A). 
Ÿ Bioturba�on regularly disrupts bedding (B). 
Ÿ Spherical burrows common (C) - Planolites.  

Interpreta�on & Deposi�onal Product

Bioturba�on nature indicates a so�/soupy substrate.
Deposi�onal process unknown: Bioturbated Mudstone

Bed Types (BT) Iden�fied
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*Darker background = finer matrix
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(All bed types present)
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Bioturbation common and 
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sediment 

(Bed types 4 and 6 absent)

F2 Cumula�ve
Thickness

Rela�ve
Abundance

*N=56

Common continuous normally
graded beds with erosive bases 

Infrequent discontinuous
normally graded beds with
erosive bases 

Bioturbation common and 
infrequent to regularly disrupts
sediment 

(Bed types 1, 2 and 3 only)

F3 Cumula�ve
Thickness

Rela�ve
Abundance

*N=36

Common planar laminated beds

Common discontinuous normally 
graded beds with erosive bases

(Bed types 4 and 5 absent)

Common planar laminated beds

Common discontinuous normally 
graded beds with erosive bases

Bioturbation common but does
disrupt planar laminated bedsF4 Cumula�ve

Thickness

Rela�ve
Abundance

Fig 9. Variety of bed types (BT 1-6) recognised in thin sec�ons. The bed types iden�fied represent a variety of 
deposi�onal processes common in shallow-water environments. TD = Transport Direc�on.
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1. Introduc�on Deposi�onal Models
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Conclusions & Wider Implica�ons
Conclusions

Ÿ This mud-dominated shelf was highly energe�c and is characterized by a variety of interpreted deposi�onal processes - turbidites, tempes�tes, WESGFs and hyperpycnites. 

Ÿ Parasequences and bedsets are highly variable spa�ally and temporally at scales less than 2km.

Ÿ Bioturba�on intensity does not show any systema�c variability within parasequences. 

Ÿ This mud-dominated shelf is interpreted to record avulsion of offshore-directed feeder systems.

Wider Implica�ons

Ÿ Understanding and recognizing local-scale deposi�onal process and architectural variability will improve our knowledge of unconven�onal reservoir quality.

Ÿ Channels, gu�er casts and nodulised intervals will influence porosity and permeability of unconven�onal reservoirs, as well as fracturability.

Ÿ If discon�nuous cemented intervals are observed in core, they may be misinterpreted as the onset of a new parasequence. This may lead to inaccurate sequence stra�graphic placement 
within the wider stra�graphic context.
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Fig. 13. Deposi�onal model for Parasequences 3+4 of Aberdeen Member distal deposits.Fig. 12. Deposi�onal model for Parasequences 1+2 of Aberdeen Member distal deposits.

Deposi�on of PS 3+4 - Storm/Wave Dominated

Ÿ The dominance of turbidites (BT 1), tempes�tes (BT 2), WESGFs (BT 3) and absent 
hyperpycnites (BT 4 & 5) suggests storm/wave-dominated coastline without river influence.  

Ÿ Wave ripple presence indicates deposi�on above the storm-weather wave base.

Ÿ Gu�er casts in Blue Castle (PS4) indicates a higher energe�c environment compared to 
Ba�leship Bu�e. 

Ÿ Regional sediment starved periods create laterally con�nuous cemented intervals. 

Deposi�on of PS 1+2 - Storm/Wave Dominated with River Influence

Ÿ The presence of waxing/waning hyperpycnites (BT 4) and waxing hyperpycnites (BT 5) 
suggest river-input influenced distal deposi�on. 

Ÿ Wave ripple absence indicates deposi�on below the storm-weather wave base.

Ÿ Mud-filled channel and stacked thin (3cm) inversely graded bedsets (16m-27m) indicate a 
higher energe�c environment in the Ba�leship Bu�e locality compared to Blue Castle. 

Ÿ Regional and localized sediment starved periods create laterally con�nuous and 
discon�nuous cemented intervals respec�vely.
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