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ABSTRACT
Stromatactis-bearing mud-mound carbonate buildups remain an enigmatic reef type
despite being common in Paleozoic ramp settings. Two Upper Devonian (Frasnian) mud-mounds
in the Mount Hawk Formation provide an opportunity to develop a new case study that can be
compared with the only other well-known coeval examples, in southern Belgium, as well as
evaluate competing hypotheses for mud-mound formation. They crop out side-by-side in the
southern Rocky Mountains of west-central Alberta. The southern mud-mound is 46.2 m thick
and 38.6 m wide at the base, whereas the northern one is 53.3 m thick and 72.2 m wide at the
base, and they exhibit three or four growth stages indicated by interfingering and onlapping
geometries with flanking strata. The biota is diverse, but fossils only occupy 10.7% by volume,
among which sponge spicules, brachiopods, ostracodes and calcimicrobes belonging to
Girvanella and Rothpletzella are the most common. Five microfacies are discriminated in the
mud-mounds: biomicrite, clotted micrite, spiculite, stromatolite and laminate, with clotted
micrite comprising the largest portion. With respect to specific peloidal sediments, five types of
peloids are differentiated: cyanobacterial, intraclastic, pseudo-, bioclastic, and microbial peloids.
They are important components in those microfacies, especially microbial peloids making up the
clotted micrite. The presence of calcimicrobes and calcareous algae throughout the mud-mounds
indicate accretion within the photic zone. Flanking strata suggest the mounds grew in a deeper
ramp setting seaward of a large carbonate platform to the east. Mud-mounds accreted above
storm wave base but below the fair weather wave base. Formation of the carbonate mud involved
a combination of multiple organisms, mechanisms and processes, but bacteria were dominant in
precipitating clotted micrite and forming rigid masses through metabolism. Cyanobacteria were
integral to the frameworks of mud-mounds and their accretion. The same microbial components,
invertebrate biota and clotted micrite occur in underlying strata, suggesting there was a
protracted period of potential mud-mound initiation before the exact conditions arose to trigger it.
The ramp setting, antecedent sea floor topography and relative sea level likely contributed
together to control the development of the mud-mounds. They grew during deposition of the
transgressive systems tract and perhaps also the early highstand systems tract. Stromatactis is
abundant and the cavities responsible were mostly due to excavation by currents rather than
collapse of sponges. This study indicates that mud-mound formation was controlled by a
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combination of processes but they are essentially a microbial buildup and reflected a dynamic
balance between constructional versus destructive processes. As the main components of
microbial carbonates in general, evolution of microbial peloids through the Phanerozoic was
influenced by two secular factors, metazoan diversity and saturation state with respect to CaCO3,
similar to their roles in governing microbial carbonates. However, metazoan decline is not
always linked to microbial resurgence or the other way around. This may be because: (1)
metazoan diversity had no or too little effect on microbial carbonates; (2) a balance arose
between metazoan diversity and other factors influencing microbial carbonates, like carbonate
saturation state; or (3) the mechanism responsible for the decline of metazoans was also
inhibitory to extensive microbial development. Mud-mound abundance through time shows a
similar pattern in general reflecting the influence by fluctuations in metazoan diversity and
CaCO3 saturation state. However, discrepancies between specific intervals suggest there may
have been variation in the amount of CaCO3 available for permineralization of various coexisting microbial communities, influence of their specific environmental conditions and key
importance of synsedimentary cementation.
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CHAPTER 1
INTRODUCTION
The semantics of carbonate mud-mounds are complicated due to various different
definitions based on whether genetic or descriptive terminology is adopted (Webb, 2001a). Their
classification has depended on diverse parameters such as percentage of lime mud versus
skeletons and shells, presence or absence of stromatactis, relief above seafloor at time of
deposition, type of organisms controlling growth or their complex potential origins (Wilson,
1975; James, 1980; James & Bourque, 1992; Bosence & Bridges, 1995; Pratt, 1995; Reitner &
Neuweiler, 1995; Riding, 2002). Foreslope mud-mounds on the type Ⅰ carbonate shelf margin
profile of Wilson (1975) had a profound influence on the term mud-mound in a genetic
connotation, wherein they were believed to represent accumulations of unconsolidated carbonate
mud in low-energy deep-water environment and subsequent lithification to form a rigid structure.
James & Bourque (1992) classified mud-mounds as buildups formed by inorganic accumulation
of lime mud with variable amounts of fossils and separated them from the other two categories,
microbial and skeletal mounds. Pratt (1995) considered mud-mounds to comprise a family of
typically deep-water reefs constructed primarily by microbial activity, and included stromatolitic
and thrombolitic mounds as well as stromatactis-bearing counterparts. Riding (2002), on the
other hand, regarded carbonate mud-mounds as having few or no stromatolites, thrombolites or
in-place skeletons, and subdivided them into high-relief and low-relief mud-mounds. However, a
broader definition has been also adopted: “mud-mounds are carbonate buildups having
depositional relief and being composed dominantly (>50%) of carbonate mud, peloidal mud or
micrite including two end-members whether microbial and biodetrital based on possible origins”
(Bosence & Bridges, 1995). This definition was adopted by James & Wood (2010) and James &
Jones (2016, p. 201) but with a difference in mud content (>80%). It encompasses mud-mounds
formed in both shallow- and deep-water environments and emphasizes a variety of origins. Mudmounds have also been regarded as one of three kinds of benthic carbonate factories, which are
controlled by biotically induced and abiotic precipitates typically occupying deeper water
environments in groups (Schlager, 2000, 2003).
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Wilson (1975) proposed that allochthonous carbonate muds were baffled by metazoans
like crinoids and sponges and early cementation helped to stabilize the normally steep mudmound slopes. Evidence for a microbial origin was based on observation of “cryptalgal” fabrics
by Pratt (1982), suggesting activities of cyanobacteria including sediment trapping and binding
along with precipitation of the carbonate matrix. More evidence and examples then came to light
(e.g. Tsien, 1985; Lees & Miller, 1985; Monty, 1995; Pratt, 1995). However, James & Bourque
(1992) implied that many mud-mounds are not homogeneous but composite, containing a depth
zonation of facies indicating different organism involvement at changing sedimentary positions.
Sponges were implicated for the origin of mud-mounds and also for the formation of stromatactis
(Bourque & Gignac, 1983; Bourque & Boulvain, 1993). Reitner et al. (1995) invoked organically
induced cementation – “organomineralization” – of decaying sponges and the resulting
“polymud” fabric in mud-mounds. Some mud-mounds formed at either hydrocarbon seeps
(Beauchamp & Savard, 1992; Kauffman et al., 1996; Peckmann et al., 1999) or hydrothermal
vents (Belka, 1998; Mounji et al., 1998; Aitken et al., 2002). Thus mud-mounds could be organic
or inorganic in origin or a combination. In the meantime, the processes and products of microbial
carbonate production in many environments are better understood (e.g. Riding, 2000; Visscher &
Stolz, 2005; Dupraz et al., 2009).
Carbonate mud-mounds have been considered to be a different type of carbonate buildups
compared to reefs, because they lack of rigid framework required for ecological reefs to resist
waves (James & Bourque, 1992; Bosence & Bridges, 1995). However, they should also be seen
as part of the reef spectrum since they are interpretated to possess a rigid framework constructed
by microbial activities plus early cementation (Pratt, 1995). Examples such as Famennian mudmounds possessing microbially constructed rigid framework from high-energy settings at or near
the reef margin in the Canning Basin (Webb, 2001a) support this idea. Although environmental
factors controlling the siting and initiation of mud-mound are different from those shallow-water
ecological reefs, mud-mounds and ecologic reefs present a continuum of shared ecologies and
sedimentary characteristics (Wood, 2001). Nevertheless, they are controversial reeflike
bioconstructions because there are no known modern analogues (James & Jones, 2016, p. 201).
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The primary objectives of my research project on two Upper Devonian mud-mounds
from western Canada are to evaluate the physical, biological and diagenetic processes involved
in mud-mound reef construction, in particular to test whether or not microbial activity or
organomineralization played a fundamental role, and to discuss factors potentially controlling
mud-mound initiation, evolution and termination. I also explore the formation of stromatactis,
the cavity systems that riddle the mud-mounds. I develop a classification of different types of
peloids and document their occurrences in the mud-mounds, their relationships to depositional
environment and paleoecology, the roles they played in mud-mound construction, and relate
them to the evolution of mud-mounds through time.
This thesis is organized into five chapters. Chapter 1 provides an introduction including a
brief literature review, main objectives and organization of the thesis. Chapter 2 focuses on
description and interpretation of geometry, biota and microfacies of the mud-mounds in the
Mount Hawk Formation. It also provides insights into the origin of lime mud in mud-mounds,
their initiation, factors controlling them, and formation mechanisms of stromatactis cavities. This
manuscript has been submitted for publication in the international journal Sedimentology and is
in review. Chapter 3 is a transition chapter between the two major chapters corresponding to
manuscripts for publication and explains their relationship. Chapter 4 addresses the nature of
peloidal sediments in mud-mounds and discusses their individual formation mechanisms, their
significance and the evolution of mud-mounds through Phanerozoic. This manuscript has been
submitted to the international Journal of Sedimentary Research and has been returned for
revision. Chapter 5 provides a summary of the major conclusions obtained and future directions.
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CHAPTER 2
COMPOSITION AND ORIGIN OF STROMATACTIS-BEARING MUD-MOUNDS (UPPER
DEVONIAN, FRASNIAN), SOUTHERN ROCKY MOUNTAINS, WESTERN CANADA
Abstract
Stromatactis-bearing mud-mound carbonate buildups remain an enigmatic reef type
despite being common in Paleozoic ramp settings. Two Upper Devonian (Frasnian) mud-mounds
in the Mount Hawk Formation provide an opportunity to develop a new case study that can be
compared with the only other well-known coeval examples, in southern Belgium, as well as
evaluate competing hypotheses for mud-mound formation. They crop out side-by-side in the
southern Rocky Mountains of west-central Alberta. The southern mud-mound is 46.2 m thick
and 38.6 m wide at the base, whereas the northern one is 53.3 m thick and 72.2 m wide at the
base, and they exhibit three or four growth stages indicated by interfingering and onlapping
geometries with flanking strata. The biota is diverse, but fossils only occupy 10.7% by volume,
among which sponge spicules, brachiopods, ostracodes and calcimicrobes belonging to
Girvanella and Rothpletzella are the most common. Five microfacies are discriminated in the
mud-mounds: biomicrite, clotted micrite, spiculite, stromatolite and laminite, with clotted micrite
comprising the largest portion. The presence of calcimicrobes and calcareous algae throughout
the mud-mounds indicate accretion within the photic zone. Flanking strata suggest they grew in a
deeper ramp setting seaward of a large carbonate platform to the east. Formation of the carbonate
mud involved a combination of multiple organisms, mechanisms and processes, but bacteria
were dominant in precipitating micrite and forming rigid masses through metabolism.
Cyanobacteria were integral to the frameworks of mud-mounds and their accretion. The same
microbial components, invertebrate biota and clotted micrite occur in underlying strata,
suggesting there was a protracted period of potential mud-mound initiation before the exact
conditions arose to trigger it. The ramp setting, antecedent sea floor topography and relative sea
level likely contributed together to control the development of mud-mounds. Stromatactis is
abundant and the cavities responsible were mostly due to excavation by currents rather than
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collapse of sponges. This study indicates that mud-mound formation was controlled by a
combination of processes but they are essentially a microbial buildup.
2.1 INTRODUCTION
Carbonate mud-mounds are an important category of carbonate buildups composed
dominantly of micritic limestone and typically exhibiting depositional relief. In the broad sense
they encompass a variety of structures in shallow to deep-water environments (Bosence &
Bridges, 1995; Reitner & Neuweiler, 1995). Pratt (1995) considered mud-mounds to comprise a
family of reefs that formed in deeper conditions and traced their geological record from the
Proterozoic through the Phanerozoic. Not normally referred to as reefs or mud-mounds,
carbonate constructions that grew at methane vents and fluid seeps share numerous similarities
(e.g. Kauffman et al. 1996).
The term ‘mud-mound’ was coined by Textoris (1966) in reference to Silurian examples
in the Michigan Basin. They developed striking topographic relief consisting of biomicrite with
wackestone to packstone textures, and are riddled with cemented cavities called stromatactis
(Shaver & Sunderman, 1989). This kind of reef is therefore the mud-mound archetype and is the
most enigmatic in terms of formation. Among a series of proposed explanations beginning with
sediment baffling and early submarine cementation (Wilson, 1975), microbial activities (Pratt,
1982, 1995; Lees & Miller, 1985, 1995; Tsien, 1985; Monty, 1995) and organomineralization
associated with the decay of sponges (Bourque & Boulvain, 1993; Reitner et al., 1995) are most
widely accepted theories. Despite detailed petrographic observations of some mud-mounds (e.g.
Lees & Miller, 1995; Boulvain, 2001; Kröger et al., 2016), the dominance of bioclasts and
micrite and rarity of in situ skeletons leave the reconstruction of the original benthic community
still problematical. Consequently the factors that controlled mud-mound accretion are uncertain,
as well as the exact mechanism for the formation of the stromatactis cavities.
Here we describe in detail two Upper Devonian (Frasnian) mud-mounds in the Mount
Hawk Formation that crop out in the southern Rocky Mountains of west-central Alberta, Canada.
Besides adding one more case study to the roster of mud-mound descriptions, we focus on
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discriminating the various microfacies of both the mud-mounds as well as their flanking and
immediately underlying beds, in order to map the distribution of biotic and micritic elements and
variation of fabrics like fossil concentrations and stromatactis. We try to detect if a bathymetric
signal is present, and evaluate the physical, biological and diagenetic processes involved in reef
construction, and in particular to test whether or not microbial activity or organically induced
cementation played a fundamental role.
2.2 GEOLOGICAL SETTING
The Phanerozoic tectonic architecture of Western Canadian Sedimentary Basin (WCSB)
can be divided into two phases, the first being the cratonic platform from Cambrian to Middle
Jurassic time and the second the foreland basin extending from Middle Jurassic to Oligocene
(Wright et al., 1994). Throughout the Devonian, the WCSB was located adjacent to the palaeonorthwestern continental margin of Laurentia at an equatorial position just in the southern
hemisphere (Fig. 2.1A), where wind-driven coastal or symmetrical equatorial upwelling may
have occurred (Mallamo, 1995; Copper, 2002). The Late Devonian to Mississippian Antler
Orogeny has been suggested to have created the Kootenay Arc and led to its collision with
Laurentia causing a foreland basin to develop (e.g. Richards, 1989; Root, 2001). However, the
arc appears to have remained a pericratonic terrane (Nelson & Colpron, 2007), and the lack of a
detrital sedimentary wedge thickening away from the craton and into the Prophet Trough
suggests the boundary was mainly extensional (Miall, 2008), although localized uplift may have
been the source of siliciclastic sediment in the earliest Famennian (Stevenson et al., 2000).
The Frasnian of the Alberta Basin saw initially a regionally broad carbonate platform
which differentiated into a complex array of shallow-water attached and isolated carbonate
platforms with intervening shallow basinal areas (Switzer et al., 1994; Potma et al., 2001;
Whalen & Day, 2008) (Fig. 2.1B and C). These subsequently became largely filled in, and
extensive platform development was restored. Evaporites were deposited locally in restricted
areas to the palaeo-east and -south. From late Givetian to early Famennian there are nine
recognized third-order depositional sequences superimposed upon a second-order sea-level
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oscillation designated as Devonian Depophase Ⅱ by Johnson et al. (1985) (Fig. 2.2), which
controlled patterns of platform-margin development (Whalen & Day, 2008).
The stratigraphic unit containing the two mud-mounds is the upper Frasnian Mount Hawk
Formation which crops out along the Front Ranges of the Rocky Mountains. The subsurface
equivalent of its upper half is the Nisku Formation of the lower Winterburn Group (Fig. 2.3). It
represents a basin-filling unit which normally onlaps or pinches out against the platform margin.
The Nisku Formation comprises Winterburn Sequences 1 and 2 (Potma et al., 2001). The mudmounds occur in the lower one, Sequence 1. This interval contains so-called “pinnacle reefs”
along the southeastern side of the Winterburn Basin (Chevron Exploration Staff, 1978).
Dolomitized mud-mounds are present in the Mount Hawk Formation at a number of localities in
the eastern Rocky Mountains (Price, 1964; MacKenzie, 1967; Mount Nestor—Pratt, pers. obs.).
The Mount Hawk Formation belongs to the standard upper Palmatolepis gigas conodont
Biozone (Weissenberger, 1994) and to the late Pa. rhenana Biozone (Potma et al., 2001).
Conodonts from off-reef strata 5.5 m above the base of the mud-mounds belong to Zones 12 and
13 of the Montagne Noire biozonal scheme (McLean & Klapper, 1998).
The two mud-mounds are exposed on the northeastern side of a small, unnamed mountain
(53°38’40”N, 119°11’45”W) 28 km south-southwest of Grande Cache and 7.5 km east-southeast
of Childear Mountain across Kvass Creek in Willmore Wilderness Provincial Park (Fig. 2.4). A
third mud-mound is exposed across the narrow valley to the east but it is faulted. The area has
been informally known as Winnifred Pass (Desbordes & Maurin, 1974). Here, a continuous
succession of Frasnian to Lower Carboniferous strata belonging to the upper Perdrix, Mount
Hawk, Calmar, Simla, Palliser and Exshaw formations is present (Fig. 2.5). Thickness of the
Mount Hawk Formation between bases of the mud-mounds and Calmar Formation in this
locality is close to 100 m.
2.3 METHODS
The shape of the mud-mounds was determined from photographs taken by helicopter and
from the mountainside opposite the exposure. The mud-mounds were measured with a tape with
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the help of fixed climbing ropes. Internal features like bedding, where present, and the flanking
relationships of the mud-mounds were documented. Rock samples were collected and plotted on
maps of the mud-mounds based on the photographs (Fig. 2.6). A total of 152 samples were
collected from both mud-mounds and off-mound strata, which have as good a coverage as
possible considering the near-vertical cliff exposure and loose rock. 206 large (5 × 7.5 cm) thin
sections, mostly oriented vertically, were prepared from slabbed and polished samples for
petrographic examination. Some samples were also processed for carbon and oxygen stable
isotopes. Quantitative compositional data were acquired by point-counting with JMicroVision
image analysis software (Nicolas Roduit, Switzerland) and bulk grain measurement was used.
2.4 MOUND GEOMETRY
The south mud-mound is 46.2 m thick and 38.6 m wide at the base, whereas the north
mud-mound is some 53.3 m thick and 72.2 m wide at the base. They are separated by a distance
of about 100 m. The strata below the south mud-mound flex southward which is considered due
to slight tectonic deformation. Off-mound strata are thin- to medium-bedded argillaceous
wackestone and dark-grey to brownish grey in colour. They interfinger with the lower part of the
mud-mounds whereas onlap the upper mud-mound flanks to fill the depositional topography.
Both mud-mounds show clear aggradational stacking pattern but the south one shows its
internal geometry, configuration and growth stages more clearly. A growth stage is characterized
by the accretion of the mud-mound together with its interfingering beds and then its cessation,
followed by subsequent onlapping flanking beds. Lines were traced on the outcrop photographs
along the boundary where onlapping strata end on mud-mound flanks (Fig 2.7A and B).
However, there are no obvious surfaces inside the mud-mound complex that point to an
interruption in growth. Formation started with a dome shape achieving the maximum relief and a
quite steep slope. The subsequent growth stages developed partly on the top of the pre-existing
mud-mound and partly on the off-mound strata (Fig. 2.7A). Relief is gradually reduced and also
the angles of the flanks become slightly gentler. The north mud-mound only exposes a twodimensional surface, but three growth stages can be differentiated (Fig. 2.7B). The first growth
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stage has lower relief and gentler flanks than those of the following growth stages. The base of
the second growth stage covers a larger area than that of the other growth stages.
Tracing the strata underlying and overlying the mud-mounds suggests that the north mudmound may have initiated a little earlier than the south mud-mound, whereas it appears that both
terminated at more or less the same time. Flanking strata show a gradually shallowing
depositional dip away from the mud-mounds.
2.5 STROMATACTIS
The mud-mound matrix shows a distinctive polymud fabric revealed by variation in
colour and density, and is composed of biomicrite and clotted micrite with a plenty of
stromatactis and other cavities (Figs 2.8A–F, 2.9A–F, 2.10A–F and 2.11A–C). Locally layered
peloidal micrite alternates with laminar siliceous sponges (Fig 2.11D). Stromatactis is abundant,
whether filled with variably coloured calcite cement or laminated or featureless lime mudstone
or peloids (Fig. 2.12A–C). Some common features present around and within stromatactis would
shed a light on mechanisms of their formation (Figs 2.13A–C and 2.14A–F). It shows a variety
of shapes: irregular, lenticular or laminar. Some stromatactis cavities are arranged in subparallel
to parallel arrays. Their orientations are not necessarily the same. Fenestral pores are common.
Samples cut horizontally show that stromatactis is interconnected around lobate masses of
biomicrite matrix. Deformation features such as microfaults are also present rarely. Geopetal
internal sediment covers the bottoms of most stromatactis and locally fills them. Carbonate muds,
peloidal micrite and peloids are the dominant components in stromatactis as well as in cavities in
skeletons and shells (Figs 2.15A–D; 2.16A and B). Peloidal micrite and peloids are commonly
present on top of micrite. Microbial encrustations on bioclasts are common (Figs 2.15D and E
and 2.16D). Ostracode valves are the most common fossils within stromatactis cavities, which
contrast with their dispersed distribution in the matrix (Fig. 2.16A–D).
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2.6 BIOTA
Although the mud-mounds are composed dominantly of carbonate mud, i.e. micrite,
fossils still occupy 10.7% by volume. They include calcimicrobes, calcareous algae, and both
sessile and vagile invertebrate shells and skeletons, either whole or fragmented. These organisms
are autochthonous and actively constructed the framework, baffled and trapped mud, encrusted
other bioclasts, and otherwise passively contributed sediment grains.
Calcimicrobes represented by Rothpletzella (Fig. 2.17A–C), Renalcis (Fig. 2.17D and E)
and Girvanella (Fig. 2.17F and G) make up 9.7% of all the fossils. Girvanella and Rothpletzella
are the most common and appear as balls of enrolled tubes, laminar sheets, dispersed filaments,
intraclastic fragments, twisted bundles, and encrustations on other fossils. Intertwined Girvanella
filaments within micrite comprise part of the framework. Renalcis is only locally present, as
clusters in the micrite matrix and attached to the ceilings and bottoms of stromatactis.
Fragments of calcareous green algae make up 5.4% of total fossils although they are
generally poorly preserved due to their primary aragonite skeletal mineralogy. They are mainly
stick-like or branching forms belonging to Kamaena (Fig. 2.17H and I), Vermiporella (Fig. 2.17J)
and Pseudopalaeoporella (Fig. 2.17K), as well as a Neoradiosphaeroporella-like form
consisting of clusters of spheres (Fig. 2.17L). Calcispheres are regarded as algal cysts and make
up 1.9% of fossils. Two types are present, non-radiosphaerids with walls composed of micrite
(Fig. 2.17Q) and radiosphaerids with walls of radially oriented calcite crystals (Fig. 2.17R).
Foraminifers are represented by benthic forms belonging to Tikhinella (Fig. 17M), Eonodosaria
(Fig. 2.17N), Nanicella (Fig. 2.17O) and Bisphaera (Fig. 2.17P), and they comprise 5.2% of
fossils.
A variety of shells is present. Brachiopods are relatively common, comprising 13.1% of
fossils. Articulated individuals occur, but most are preserved as single valves and shell fragments,
sometimes in stromatactis cavities. Several taxa are present, with impunctate (Fig. 2.18D),
punctate (Fig. 2.18E) and pseudopunctate (Fig. 2.18F) shells; detached spines exhibit a two-layer
fibrous microstructure (Fig. 2.18G). Microborings are common. Gastropods account for 4.2% of
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fossils (Fig. 2.18I and J). Fragments are more abundant than complete shells, and some occur
inside or at the base of stromatactis cavities. Girvanella and Rothpletzella encrustations and
micrite envelopes are common. Dacryoconarids belonging to Tentaculites comprise 2.3% of
fossils, and occur as whole and broken conical tubes (Fig. 2.18B and C). They are problematica
but may be lophophorates (Vinn & Zatoń, 2012). Other calcareous tubes occur free-standing or
as encrustations on other bioclasts, and make up 0.6% of fossils (Fig. 2.18A). Ostracodes are
common as articulated or disarticulated carapaces making up 11.8% of fossils. They are also
common at the bottoms of the stromatactis cavities together with internal sediments, and these
tend to be smaller than those in the matrix. Clusters of single valves may be coated by Girvanella
and Rothpletzella or micrite envelopes. Most have a smooth surface and belong to the
palaeocopids (Fig. 2.18M), whereas forms with a frilled ornamentation are rare (Fig. 2.18N).
Echinoderms make up 11.9%, as echinoid spines and plates (Fig. 2.18K) and crinoid ossicles
(Fig. 2.18L), which sometimes show microborings. Fragments of trepostome and fenestrate
bryozoans are a minor component, making up 0.7% of fossils (Fig. 2.18H).
Spiculate sponges are the most abundant fossils, making up 24.9%. However, sponge
spicules are much more common than intact, partially collapsed or fragmented skeletons,
occurring as monaxons, triaxons and tetraxons of variable sizes derived from either lithistid
demosponges or hexactinellids (Fig. 2.19C and D). Calcified examples with well-preserved
spicule networks are also present (Fig. 2.19A and B), sometimes together with microbial laminae.
Stromatoporoids, by contrast, comprise 2.4%, and are mostly branching Stachyodes (Fig. 2.19E
and F) and rarely laminar Stromatopora (Fig. 2.19G). Tabulate and rugose corals make up 5.7%
of fossils, either whole or fragmented. Tabulate corals are mainly Thamnopora (Fig. 2.19H) and
more rarely Sinopora (Fig. 2.19I), whereas branching disphyllid rugose corals are relatively rare
(Fig. 2.19J) although an in situ colony is present on the southern side of the south mud-mound.
Microborings and encrustations of Girvanella and Rothpletzella are common.
There is no obvious distribution pattern of the mound biota. Generally they are variably
distributed everywhere in both mounds (Figs 2.20 and 2.21). A regular lateral or vertical change
of appearance frequency and abundance of certain biota is not apparent.
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2.7 MICROFACIES

2.7.1 Biomicrite
Description
Biomicrite is dominant, appearing as variable amounts of bioclasts and other grains
distributed in a more or less uniform matrix; it commonly approaches a packed texture. The
matrix is locally affected by aggrading neomorphism (Fig. 2.22A and B), and contains scattered
authigenic quartz crystals and pyrite (Fig. 2.22C). Sponge spicules, brachiopods, ostracodes,
echinoid spines and plates, and crinoid ossicles are dominant fossils. Foraminifers, corals,
gastropods, calcimicrobes, calcareous algae, Tentaculites and stromatoporoids are subordinate.
Bryozoans, worm tubes and calcispheres are also present. Most fossils are fragmentary.
Cyanobacteria take several forms (Figs 2.17A–G and 2.23D–F). Microborings in calcareous
shells, crinoids, as well as corals are common (Fig. 2.23A–D). Encrustations by Rothpletzella or
Girvanella (Fig. 2.23E and F), grains coated with a rim of micrite (cortoids), as well as peloids
are also present.
Interpretation
The presence of calcimicrobes and calcareous algae indicate deposition within the photic
zone. This kind of biomicrite represents a variety of processes, including the permineralization of
benthic cyanobacteria followed by their mechanical disintegration due to wave agitation (e.g.
Arp et al., 2001; Pratt, 2001; Riding, 2006a; Dupraz et al., 2009). Microbially induced
precipitation could be from microenvironmental changes from either or both photosynthesis and
biodegradation. In situ patches of well-preserved cyanobacterial filaments suggest that microbial
mats were widespread and helped stabilize the surface. The presence of microborings and micrite
rims on bioclasts suggest grain destruction also contributed lime mud (e.g. Perry, 1998). Peloids
were derived from physically reworked cementing matrix, wholly micritized bioclasts and
aggregates of calcified coccoidal cyanobacteria (e.g. Weller, 1995; Kaźmierczak at al., 1996;
Reid & Macintyre, 2000).
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Detrital spicules randomly scattered in the matrix are from collapsed sponge skeletons
after the decay of soft tissues (Beauchamp, 1989; Warnke & Meischner, 1995). Stromatoporoids
are rare here, although they are common in some other Devonian mud-mounds (Pratt, 1995;
Boulvain, 2007; Da Silva et al., 2011a; Tosolini et al., 2012). The dendroid stromatoporoid
Stachyodes appears to be adapted to lower energy environments (Da Silva et al., 2011b), but as
most of the bioclasts and lime mud are mixed together, occasional storm activity probably took
place.
2.7.2 Clotted micrite
Description
This microfacies makes up a large proportion of both mud-mounds, and possesses similar
fossil assemblages to the biomicrite (Fig. 2.24A). It typically appears adjacent to or as a patch
surrounded by the biomicrite, and the contact is usually gradational. Sponge spicules are locally
concentrated (Fig. 2.25A–D). However, the matrix shows a distinctive darker and denser (Figs
2.24A and 2.26A–D) or clotted and peloidal aspects (Figs 2.24B–D, 2.25A–D, 2.26E and F and
2.27A–D). The different densities of clotted micrite intergrade, and in places a thrombolitic
fabric is present (Fig. 2.24D). Cyanobacterial filaments belonging to Girvanella are widespread
(Fig. 2.28A–F). Pyrite is common but authigenic quartz is absent. Gastropods, sponge spicules
and crinoids are sometimes encrusted by thin dense micritic laminae, Girvanella or Rothpletzella
(Fig. 2.26E). Aggrading neomorphism is absent.
Interpretation
The close spatial relationship and intergradation between the biomicrite and clotted
micrite, as well as basically the same fossil assemblages including calcimicrobes, suggest that
they probably were deposited more or less at the same time and patches of the micrite were
modified subsequently. The clotted micrite is commonly interpreted as the product mainly by
anaerobic heterotrophic bacterial metabolism (e.g. Riding, 2000; Pratt & Haidl, 2008;
Rodgríguez-Martínez et al., 2010). Direct evidence like the close spatial association between
bacteria and their byproduct is missing here like most cases because of the lack of bacterial relics.
This may be because the bulk of carbonate precipitation took place in globules of extracellular
polymeric substances (EPS) (Aloisi et al., 2006; Bontognali et al., 2008) instead of on cell walls
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(Warthmann et al., 2000; Bosak & Newman, 2003; van Lith et al., 2003). In this way bacteria
avoid entombment during the permineralization process (Bontognali et al., 2008). Bacterial
metabolic processes including ammonification, denitrification, sulphate reduction and anaerobic
sulphate oxidation can lead to HCO3– and raised alkalinity favouring CaCO3 precipitation (e.g.
Castanier et al., 1999, 2000; von Knorre & Krumbein, 2000; Riding, 2000; Dupraz et al., 2004,
2009; Riding & Tomás, 2006; Heindel et al., 2010; Spadafora et al., 2010). Degradation and
decomposition of organic matter like sponge soft tissues and cyanobacterial EPS by
heterotrophic bacteria are fundamental for these processes to cause physicochemical change in
the microenvironment. Microscopically common pyrite suggests that sulphate reduction was
probably important in the mud-mounds.
Organomineralization induced by non-living organic molecules (Reitner et al., 1995;
Trichet & Défarge, 1995; Défarge et al., 1996; Neuweiler et al., 2007) may have taken place in
the piles of spicules representing collapsed sponges. This would be expected to overlap with
bacterial micrite precipitation and it is difficult to discriminate between them (Riding, 2000).
Aggrading neomorphism is absent probably because residual organic matter slowed this effect of
diagenetic fluids (Guido et al., 2011).
2.7.3 Stromatolite
Description
This microfacies is rare and is localized to small areas on the accreting mud-mound
surface and inside stromatactis cavities. Stromatolitic fabric is expressed by discontinuous to
continuous micritic and peloidal laminae, forming flat, wavy or domical features at the
millimetre to centimetre scale (Figs 2.29A–C and 2.30A–D). Larger, subrounded to rounded
peloids, 0.12–0.75 mm in diameter, are occasionally dispersed in the laminae (Fig. 2.29A and B).
Rare bioclasts such as ostracodes, gastropods and brachiopods are also locally present and may
be partially micritized (Figs 2.29A and B and 2.30A and D). Convex-up ostracode valves are
more common in the stromatolitic laminae in stromatactis. Sponge spicular networks are in
places overgrown by and intercalated with stromatolitic laminae (Figs 2.29B and C and 2.30D).
Calcimicrobes are absent.
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Interpretation
Similar stromatolitic structures have been observed in other mud-mounds (Pratt, 1982;
Neuweiler, 1993; Reitner et al., 1995), and it has been proposed that the Proterozoic counterparts
to stromatactis-bearing mud-mounds are stromatolites (Pratt, 1995). The formation of peloids,
peloidal micrite, and micrite are accepted as dominantly in situ precipitation of CaCO3 in zones
of microbial mats undergoing decay by heterotrophic bacteria (e.g. Paerl et al., 2001; Dupraz et
al., 2004, 2009; Visscher & Stolz, 2005; Riding & Tomás, 2006; Pratt & Haidl, 2008; Heindel et
al., 2010; Spadafora et al., 2010). The micrite laminae were thin crusts formed by precipitation
within bacterial biofilms possibly during breaks in accretion (Reid et al., 2000, 2003), or as
organomicrite in former organic templates (Reitner et al., 1995). Some micrite and peloids were
sediments that were remobilized by episodic storms and settled on the mat and became stabilized
through binding (e.g. Reid et al., 2000; Browne, 2011; Suarez-Gonzalez et al., 2014). Some of
the peloids are probably wholly or fragmented in situ micritized bioclasts during sedimentation
breaks (Reid et al., 2000). The convex-upward oriented ostracode valves indicate gentle
oscillatory currents penetrating stromatactis cavities.
2.7.4 Spiculite
Description
This microfacies is characterized by sponge spicular networks with a wide range of
preservational state. Well-preserved networks exhibit irregularly or orthogonally arranged
spicules surrounded by dense or peloidal micrite, whereas deteriorated networks are expressed
by faint meshworks, tubular networks, vermiform textures, fenestral fabric, or cavities with
unsupported peloids (Fig. 2.31A–D). This microfacies is associated with stromatolite and clotted
micrite (Fig. 2.31C and D).
Interpretation
Sponge spicular networks and spicules are common in many mud-mounds, which has led
to the notion that siliceous sponges and their taphonomic products played a determinant role in
the accretion and construction of mud-mounds as well as stromatactis formation (Bourque &
Boulvain, 1993; Reitner et al., 1995; Neuweiler et al., 1999; Leinfelder, 2001; Desrochers et al.
2007; Delecat et al., 2011). The typically irregular shape suggests sponges had a low
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preservation potential (Lee et al., 2014). The matrix around the networks is dense or peloidal
micrite, much of which may be organomicrite triggered by organic macromolecules produced by
the decay of sponge soft tissue by heterotrophic bacteria that were living in the sponges (Reitner,
1993; Reitner et al., 1995). It has been suggested that the amount of bacteria determined the
resulting texture: a peloidal texture indicates abundant bacteria whereas a dense micritic texture
indicates comparatively few bacteria (Reitner et al., 1995). Organomicrite precipitation preserves
the original arrangement of sponge spicules (Reolid, 2007). Because the opal-A of spicules is
dissolved quickly under alkaline conditions, preservation of spicular networks depends also on
relative timing and degree of dissolution, degradation and organomineralization (Warnke, 1995;
Warnke & Meischner, 1995). Therefore, good preservation of siliceous sponges would occur
when rigid automicrite formed in the sponge prior to the complete dissolution of spicules (Webb,
1999; Adachi et al., 2009).
Cavities are formed through decay of sponge tissue with no or incomplete calcification
(Warnke, 1995; Neuweiler et al., 1999). This can produce fenestral fabric. Vermiform texture is
interpreted to be partially obliterated spicule outlines, since the gradation with spicule networks
is recognizable in some cases (Bourque & Boulvain, 1993). Some less regular tubular fenestral
pores may be moulds of microbial filament bundles (Pratt, 1982).
2.7.5 Laminite
Description
This microfacies consists of interlayed 100 µm to 1.2 cm thick laminae composed of
detrital grains (Fig. 2.32A–C). Micrite layers are homogeneous. Biomicrite layers consist of
poorly sorted, silt- to very fine sand-sized, rounded peloids and rarely bioclasts such as ostracode
valves. Biosparite layers are very fine sand- to fine sand-sized, dominantly irregular to angular,
and poorly sorted peloids accompanied by small bioclasts including crinoids, ostracodes,
brachiopods, calcimicrobes and so on. Most bioclasts are fragmented. The laminite commonly
shows normal grading, with biosparite at the bottom gradually changing upwards into biomicrite,
and micrite at the top. Each succession is separated by an erosional or abrupt contact. The
number of laminae varies. These laminae are usually flat, but some are gently inclined or have
low-relief domical shape.
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Interpretation
Grain size, sorting, graded stacking and erosional or sharp contacts suggest reworking
and transport, then deposition during events of waning storm wave action. The number of
laminae may be related to the frequency of storm waves.
2.7.6 Flanking strata
Description
Biomicrite is the most common microfacies, containing echinoderms, sponge spicules,
ostracodes, brachiopods, corals, calcareous algae, stromatoporoids, gastropods, tentaculites,
worm tubes, foraminifers, peloids and small intraclasts (Fig. 2.33A, B and D). Bioclasts and
peloids are generally coarse silt- to fine sand-sized. Bioclasts are generally less abundant than in
the mud-mounds. They are variably distributed, with bedding-parallel orientation locally evident
(Fig. 2.33B). Small domal stromatolites (Fig. 2.34A), Girvanella and Rothpletzella filaments and
encrustations (Fig. 2.34B–D), sponge spicule meshworks (Fig. 2.34E and F) and peloidal to
clotted micrite (Fig. 2.35A–C) are also present. Very fine- to fine-sand sized peloidal sparite also
occurs (Fig. 2.33C). It contains well-sorted and subrounded to rounded peloids, along with
bioclasts such as ostracodes, brachiopods and so on. Micrite envelopes on fossils are variably
common.
Interpretation
The argillaceous lime mud matrix is derived from background suspension sedimentation
during quiescent water conditions. The clay originated from the Ellesmerian orogeny in the
Canadian Arctic Archipelago and also locally from the Peace River Arch (Oliver & Cowper,
1963; Stoakes, 1980, 1992; Switzer et al., 1994; Whalen & Day, 2008). During latter
transgressive systems tract development and the highstand systems tract the shallow platform
hosted a robust carbonate factory existed and shed much fine-grained lime mud into deeper areas
to the present-day west (Whalen et al., 2000a). Terrigenous influx declined because of the fast
rising relative sea level (Stoakes, 1992). The presence of in situ cyanobacteria suggests a position
within the photic zone. Fossils are mostly autochthonous in the off-mound bioclatisc wackestone,
but some finer grained bioclasts and peloids could have been suspended by storms and
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transported in (Whalen et al., 2000a). Hydrodynamic modification likely from episodic storms is
indicated by fragmentary grains and their occasional parallel orientation as well as the sorting in
peloidal sparite laminae.
2.8 DISCUSSION
2.8.1 Origin of carbonate mud
The origin of the several forms of micrite, or ‘polymud’, in reefal mud-mounds is still a
key question. Their isolation in argillaceous limestone and topographic relief imply in situ
production of carbonate mud. Microbes (e.g. Pratt, 1982, 1995; Lees & Miller, 1995; Monty,
1995;) and sponges (e.g. Bourque & Boulvain, 1993; Reitner et al., 1995; Neuweiler et al., 2001a)
have been the most widely advocated constructors. In the Mount Hawk Formation, however,
bioclasts comprise only 10.7% of the mud-mounds by volume, and sponge spicules make up just
one-quarter of individuals. On the other hand, the observed proportion of calcimicrobes is
dependent on the preservation state, and otherwise there is no direct record of bacteria and
cyanobacteria.
The existence of widespread cyanobacterial mats is suggested by abundant in situ
filaments, oriented both upright and prostrate, in both biomicrite microfacies. These suggest that
cyanobacteria are the main framework constructors, by trapping and binding bioclasts, and
perhaps attracting grazing invertebrates. Production of the dense and clotted micrite is primarily
due to one or more avenues of bacterial metabolism and consequent permineralization in the
mats, although the scattered sponge skeletons and localized patches of spiculite may indicate a
subordinate role for organomineralization. Stromatolites reflect mainly the same microbial mat
growth and precipitation process.
The uniform micrite in the non-clotted biomicrite is probably derived from abrasion and
disintegration of calcimicrobes and calcareous algae; breakdown of invertebrate skeletons and
shells contributed only in a limited way, as they were more robust particles. Cyanobacterial mats
here stabilized the surface and filaments commonly calcified due to photosynthetic activity, but
were not the sites of bacterially induced permineralization. Common microborings and
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fragmentary bioclasts indicate that bioerosion also produced mud-sized grains. Rare patches of
sponge spicular networks suggest localized organomineralization. Laminites reflects redeposition
of fine-grained sediment.
Thus the production of carbonate mud represents a combination of multiple processes.
According to the relative volumes of the microfacies in the Mount Hawk Formation,
cyanobacteria and bacteria were dominant in precipitating micrite and forming rigid masses.
However, there was much more cyanobacteria living on the mounds than are preserved. They
produced not only a great deal of carbonate mud but also were integral to framework building
and accretion as first proposed by Pratt (1982). Sponge-derived organomicrite contributed in a
minor way in the Mount Hawk Formation, unlike some other mud-mounds in which
organomineralization has been considered to be dominant (e.g. Bourque & Boulvain, 1993;
Neuweiler et al., 1996, 1999) or as even the sole process (Desrochers et al., 2007). In any case,
the low preservation potential of microbes means that the various potential roles they may have
played in mud-mound accretion may be underestimated.
2.8.2 Initiation of mud-mounds
A variety of lithologies have been observed acting as substrates on which mud-mounds
accreted, such as argillaceous bioclastic limestones (Boulvain, 2007; this paper), glauconitic
marls (Hammes, 1995), crinoidal grainstone lenses (Kaufmann, 1998), oolitic and oncolitic
packstone and grainstone (Samankassou, 2001) and hardgrounds (Walker & Alberstadt, 1975).
However, Devuyst & Lees (2001) detected a transitional facies characterized by clotted micrite
(“grumous” carbonate mud) immediately underlying Lower Carboniferous mud-mounds and
proposed this as a necessary precursor to their formation. In the Mount Hawk Formation, the
abrupt contact lithological contrast between the underlying well-bedded strata and the massive
mud-mounds is suggestive of sudden mound initiation instead. However, clotted micrite,
calcimicrobes, organomineralized sponges, and a few stromatolite laminae, identical to those in
the mud-mounds, also occur in flanking strata. The clotted micrite suggests that the most
important constructional elements of mud-mounds and related calcification processes were
present prior to their initiation. All the biota that occurs in the mud-mounds also exists in the
surrounding strata too, with only a slightly lesser abundance and a minor taxonomic differences.
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This was presumably caused by small environmental distinctions, habitat differences (e.g.
cavities and firm substrates in and on the mud-mounds), varying sedimentation and sediment
production rate, and taphonomic variations (e.g. Ahr & Stanton, 1996). Thus the ingredients for
mud-mound formation seem to have been present beforehand, but accretion required other
factors.
2.8.3 Possible factors controlling growth of mud-mounds
The evolution of mud-mounds would have been affected potentially by a variety of
factors. In discussing Lower Cretaceous examples in northeastern Mexico, Murillo-Muñetón &
Dorobek (2003) identified seafloor topography, hydrocarbon seeps/hydrothermal vents,
upwelling, anoxia in the water column, ramp-like depositional profile, low background
sedimentation rate, and relative sea-level fluctuations, in addition to siliciclastic influx and water
depth as it controlled illumination and wave influence (e.g. James & Bourque, 1992; Lees &
Miller, 1995; Samankassou, 2001; Rodríguez-Martínez et al., 2010; Samankassou et al., 2013).
Which of them were the most important depended on specific situations.
2.8.3.1 Ramp setting
The Arcs Member or the correlative Nisku Formation and most of the Mount Hawk
Formation are considered to be a complete third-order sequence (Whalen et al., 2000a; Whalen
& Day, 2008, 2010), comprising the lower half of T–R cycle IId of Johnson et al. (1985). A
reduced platform-to-basin gradient caused by basin-filling sedimentation during deposition of the
previous falling-stage systems tract and subsequent lowstand systems tract provided the
foundation for the progradation of a regionally extensive, low-angle carbonate ramp (Watts,
1987; Whalen et al., 2000a). The lithology of the Mount Hawk Formation suggests a somewhat
deeper water environment on the ramp. This kind of setting is considered the most conducive for
mud-mound development because it is characterized by relatively low sediment accumulation
rate due to the low depositional gradient ensuring that only limited volumes of fine-grained
sediment are transported to the outer-ramp and basin from shallow water (e.g. Murillo-Muñetón
& Dorobek, 2003). Mud-mounds sensu lato have been found in other platform situations (Wilson,
1975; Brunton & Dixon, 1994; Pratt, 1995) including rare examples interpreted to have
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developed in relatively shallow water (e.g. Wendt, 1993; Dronov, 1993; Bridges et al., 1995;
Tosolini et al., 2012).
2.8.3.2 Topographic highs
Localization of mud-mounds seems to show no regular geographic pattern in areas where
there are numerous buildups, but antecedent sea floor topography is a possible controlling factor
because a preference for growing on submarine topographic highs is not an uncommon
phenomenon with mud-mounds and other reefs (e.g. Baria et al., 1982; Ahr, 1989; Birenheide et
al. 1991; Hammes 1995; Jeffery & Stanton, 1996; Pickard, 1996; Jeffery, 1997; Lasemi et al.,
1998; Dorobek & Bachtel, 2001; Samankassou, 2001; Samankassou et al., 2013). Such
topographic highs may be result of syndepositional tectonic uplift, faulting, accumulation of
skeletal or shelly debris, erosion or salt doming (e.g. Baria et al., 1982; Ahr, 1989; Birenheide et
al. 1991; Jeffery, 1997). In the Mount Hawk Formation, the instance of obvious warping
underlying the south mud-mound appears to be tectonic effects maybe associated with faulting of
the nearby mud-mound across the narrow valley. However, local variation in geopetal orientation
of stromatactis and small microfaults suggest some minor synsedimentary earthquake-induced
deformation, but otherwise an overall tectonically stable mud-mound growth episode. Also the
nearly identical size and geometry of the two mud-mounds imply that tectonism did not produce
local differences of growth space in sea floor topography. However, an intrinsic control operated
too, as demonstrated by multiple superimposed phases of accretion where the previous phase acts
as the substrate for the next growth phase. This has been observed in other examples as
demonstrated by interfingering relationships (e.g. Jeffery, 1997; Dorobek & Bachtel, 2001).
Sediment production could have been enhanced on topographic highs once they developed, due
to elevation higher in the photic zone and possibly increased nutrient supply (Jeffery & Stanton,
1996; Stanton et al., 2000) as well as less contamination by allochthonous argillaceous material
(e.g. Samankassou, 2001).
2.8.3.3 Chemosynthesis
Some mud-mounds formed through bacterial chemosynthesis, related either to
hydrocarbon seeps (Beauchamp & Savard, 1992; Kauffman et al., 1996; Peckmann et al., 1999)
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or possibly hydrothermal vents (Belka, 1998; Mounji et al., 1998; Aitken et al., 2002). The
Perdrix Formation underlying the Mount Hawk Formation consists of calcareous shale and
argillaceous limestone with average carbonate contents between 76% and 88% and 1–5%
organic matter and is considered an important hydrocarbon source rock (Whalen et al., 2000b),
and potentially a source of methane-rich fluids. However, no conduits (e.g. faults or fractures)
have been observed. Also typical features normally present in chemosynthetic mud-mounds are
absent, such as strongly depleted carbon isotope values due to isotopic fractionation associated
with bacterial methane oxidation (Table 2.1), typical vent faunas like chemosynthetic bivalves
and tube worms, as well as botryoidal cements if related to hydrocarbon seeps (e.g. Beauchamp
et al., 1989; Beauchamp & Savard, 1992; Kauffman et al., 1996; Peckmann et al., 1999) or
significantly low oxygen isotope values (Table 2.1), underlying volcanic sills and fossil tubes if
related to hydrothermal vents (Belka, 1998; Mounji et al., 1998; Aitken et al., 2002).
2.8.3.4 Upwelling and oxygenation
Upwelling has also been proposed as an important controlling factor in the siting and
growth of mud-mounds (e.g. Wright, 1991; Bridges et al., 1995; Jeffery & Stanton, 1996;
Pickard, 1996; Lasemi et al. 1998; Stanton et al., 2000). The outer portions of the WCSB during
the Late Devonian could have been influenced by upwelling of nutrient-rich water displacing
shallow surface waters and the elevated primary productivity could have been favourable for
filter-feeding sponges, brachiopods and crinoids, as well as heterotrophic bacteria. However, this
would have affected the entire benthos rather than selectively individual buildups (Lees & Miller,
1995). Internal waves along the pycnocline due to density stratification created by the
thermocline moves are thought to impinge on the antecedent sea floor relief and re-suspend
organic matter (Stanton et al., 2000). Mud-mounds in the Mount Hawk Formation are within the
photic zone as are the laterally adjacent sediments, well above any potential thermocline.
Moroever, distinctive oceanic signatures of upwelling such as radiolarian assemblages and
phosphorite grains have not been reported from this region.
It has been suggested that mud-mound growth may have been restricted to the oxygen
minimum zone as optimal for concentrating organic matter and promoting microbial micrite
production (Leinfelder et al., 1993, 1994; Stanton et al., 2000). Oxygen minimum zone “edge
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effects” may account for the supply of nutrients and essential elements for mud-mounds via
diffusion and vertical mixing (Neuweiler et al., 2001b). However, the common skeletal and
shelly benthos, including calcareous algae, in the Mount Hawk Formation mud-mounds and offmound strata indicate fully oxic conditions in normal-marine seawater.
2.8.3.5 Light
Mud-mounds may be homogenous or composite based on the vertical zonation of
different biotic assemblages and fabrics. Composite mud-mounds exhibit facies stacking
representing a depth zonation generally indicating a shallowing-upward trend, as demonstrated
by the Belgian Lower Carboniferous Waulsortian mounds (Lees & Miller, 1985) and Upper
Devonian “récifs rouges” (Bourque & Boulvain, 1993). These depth-related facies are
characterized by different grain type assemblages and bounded by surfaces like the base of
photic zone, base of sub-photic zone, fair weather wave base, and storm wave base. More
detailed subdivision is possible based on light index indicators such as calcareous algae,
oncolites and their relative abundance (Bourque et al., 1995; Rodríguez-Martínez et al., 2010).
Deeper water mud-mounds still generally accreted within the photic zone (Pratt, 2000), but some
may have initiated below it. The two mud-mounds in the Mount Hawk Formation are
homogenous with respect to the grain type assemblage, without any depth-related growth phases.
It indicates no bathymetric effects probably because relief was insufficient to lead to changes in
light penetration and wave-induced turbulence. Light illumination was essential for
photosynthetic cyanobacteria, but it was not decisive for their initiation, growth and termination.
2.8.3.6 Relative sea level change and sedimentation rate
Preference for mud-mounds to initiate and accrete during transgressive systems tract
development and to keep building during highstand systems tract deposition seems typical (e.g.
Bourque et al., 1995; Pickard, 1996; Lasemi et al., 1998; Dorobek & Bachtel, 2001; Elrick &
Snider, 2002; Murillo-Muñetón & Dorobek, 2003; Somerville, 2003; Fernandez et al., 2006;
Calner et al., 2010; Samankassou et al., 2013), although some mud-mounds continued to grow
when the relative sea level was falling and during development of the lowstand systems tract (e.g.
Boulvain, 2001, 2007; Samankassou et al., 2013). These mud-mounds typically show shallower
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water biotic elements in their upper phases. Mud-mounds associated with higher order relative
sea level fluctuations commonly have smaller sizes due to lesser accommodation (e.g. Elrick &
Snider, 2002; Fernandez et al., 2006).
It is considered that photosynthetic microbial communities can withstand only minor
background argillaceous sedimentation and the rapidly rising relative sea level would result in
very low background sedimentation rate, which would also lead to stable substrates (Leinfelder
et al., 1994) and bacterial decomposers would also be inhibited by that (McMahon et al., 2016).
High input of clay and silt or allochthonous lime mud would exclude mud-mound development
(e.g. Christopher, 1990; Leinfelder et al., 1994; Pickard, 1996; Samankassou, 2001; Elrick &
Snider, 2002; Fernandez et al., 2006; Samankassou et al., 2013) and would also affect the overall
morphology and internal stratal patterns of growing mud-mounds (Leinfelder et al., 1994;
Dorobek & Bachtel, 2001; Samankassou et al., 2013). Mud-mounds are generally free of
siliciclastic fines. Fernandez et al. (2006) suggested that carbonate mud sedimentation rate
outpacing clay fallout rate helped increase topographic relief, which protected the mud-mounds
from thin clay-laden hyperpycnal flows. On the other hand, pronounced microbialite
development has been attributed in part to elevated nutrient influx as a consequence of minor
terrigenous input (Schmid et al., 2001). Alternatively, there may be an intrinsic limit to
accommodation space for mud-mounds to grow and the depth of storm wave base may be the
surface around which mud-mounds would stop growing (Bourque et al., 1995; Dorobek &
Bachtel, 2001). There are also a few cases of the termination of mud-mound accretion by
drowning due to transgression (e.g. Kaufman, 1998; Boulvain, 2001).
Deposition of the basinal and deeper shelf Mount Hawk Formation during accumulation
of the different systems tracts results in differences in the geometry, mineralogy and clast content
of redeposited carbonate units (e.g. Whalen et al., 2000a). The lower part of Mount Hawk
Formation onlaps the previous aggradational bypass platform margin as the lowstand wedge
largely filling platform to basin gradient, whereas the upper portion represents transgressive and
highstand background and redeposited sediments, and the uppermost Mount Hawk Formation is
the lowstand wedge of the succeeding sequence. Most of the upper part was likely deposited
during highstand shedding with the prograding platform. The two mud-mounds sit at or near the
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base of the upper Mount Hawk Formation. During transgressive and highstand times
siliciclastics are sequestered along the shoreline or limited to the edge, whereas increased
sedimentation rate of allochthonous siliciclastic fines would be swept into the deeper water
during falling relative sea level and the lowstand systems tract. Deposition of a series of backstepping mud-mounds including omission surfaces at Ancient Wall during transgression noticed
by Whalen et al. (2000a) seems to be related. Thus they are interpreted to initiate and grow
during transgression and maybe the early highstand but slow down during the late highstand. A
mainly aggradational stacking pattern of both mounds indicates multiple phases of development.
These phases perhaps have been controlled by the fourth-order sea-level fluctuations. An ideal
scenario for each phase would probably be growth together of mud-mounds and interfingering
beds at their bases during TST and HST and termination of mud-mounds and growth of
onlapping flanking beds during falling sea-level and LST, which reduced the large relief to
provide the substrate for next stage. The high-frequency fluctuations are considered to have left a
signal in the equivalent subsurface Nisku Formation (e.g. Villéger, 1996). However, the
difference between these two mud-mounds in the number of growth stages suggests that
responses of individual mud-mounds to higher-order sea-level oscillations may not be exactly the
same.
The Arcs Member and lower to upper part of the Mount Hawk Formation represent a
complete third-order sequence (Whalen & Day, 2008). Biostratigraphy suggests that the lower
Mount Hawk extends through Montagne Noire Zone 11, while most of the Nisku, Arcs/Grotto
and upper Mount Hawk formations lie within Zone 12 (McLean & Klapper, 1998). The Mount
Hawk Formation in the Kvass Creek locality belongs to Zones 11 and 12 and the contact
between these two zones is unclear but lies within a range 5.5 m above and 40 m below the base
of mud-mounds. The lowest Lobstick Member at the base of Nisku Formation is in Zone 11 and
the contact with Zone 12 lies somewhere in the middle to upper Lobstick Member. The Lobstick
Member was interpreted as the lowstand systems tract of the Winterburn Sequence 1 (Potma et
al., 2001). Alternatively, the lower part of Lobstick Member consists of lowstand deposits and
the rest accreted during transgression (Switzer et al., 1994; Villéger, 1997). However, due to the
commonly rarely preserved lowstand deposits on the platform top (Whalen & Day, 2008) and the
backstepping upper Lobstick to Bigoray members (Wendte et al., 1995), the latter assumption
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seems more likely. Also synsedimentary faults at the middle or upper Lobstick level exerted a
structural control on the inception of pinnacle reefs in the Nisku Formation (Villéger, 1997). This
may have a relationship with the topographic highs below the two mud-mounds. Thus it is
reasonable to put the contact of Zones 11 and 12 well below the mud-mound base. In other
words, the two mud-mounds started growing not long after the beginning of transgression.
2.8.4 Stromatactis
Stromatactis is a calcite spar-filled cavity system, whose elements have flat to undulose
smooth lower surfaces and digitate upper surfaces, made up principally of isopachous crusts of
centripetal cement and enclosed within the biomicrite mud-mound matrix (Bourque & Boulvain,
1993). A variety of explanations have been proposed (e.g., Bathurst, 1982; Pratt, 1982; Bourque,
2003; Flügel, 2004 pp. 194–196; Hladil, 2005; Aubrecht, 2011; Rodríguez-Martínez, 2011) ever
since their first description and identifcation as stromatoporoids (Dupont, 1881). These belong to
two main groups: abiogenic/inorganic (dissolution, collapse, internal erosion, dewatering of
muds, presence of gas hydrates, etc.) and biogenic/organic (recrystallized fossils, decaying
organisms, burrowing, etc.). A widely promoted view is that it is due to collapse of loose
material in sponges undergoing cementation under the sediment–water interface (Bourque &
Gignac, 1983; Bourque & Boulvain, 1993; Neuweiler et al., 2001a; Neuweiler & Bernouilli,
2005; Delecat & Reitner, 2005; Aubrecht et al., 2009; Delecat et al., 2011). The striking contrast
between common stromatactis in Paleozoic mud-mounds versus their near-absence in Mesozoic
ones may be correlated to siliceous sponge evolution and biological sediment recycling
(bioerosion, deposit feeding) (Neuweiler et al. 2001a). The main alternative is patchy microbial
binding and synsedimentary cementation followed by winnowing of unconsolidated sediment
(Pratt, 1982). The contrast between the Paleozoic and Mesozoic may then be due, at least in part,
to evolutionary effects governing the nature of the biomicrite sediment.
In the Mount Hawk Formation localized physical excavation of sediments probably
account for most stromatactis for several reasons. First, few stromatactis masses are present
within or surrounded by the spicule networks, and they are generally much larger than
identifiable sponge skeletons. Second, large-sized fossils like erect brachiopod valves or tabulate
corals are commonly present inside stromatactis, which is accounted for by removal of adjacent
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sediment leaving them behind. Third, the matrix includes sedimented lime mud and clotted
micrite, intraclasts, and cyanobacterial filaments, all of which show evidence of early
cementation. Geopetal internal sediment represents suspended carbonate muds that infiltrated
from the surface, likely during storm-induced turbulence, whereas peloidal micrite and most of
peloids are probably in situ microbial precipitates. These cavities probably provided a protected
habitat for a cryptic ostracode fauna, and possibly the microbial mats grown on internal
sediments within cavities act as a food source for grazing (Schmid et al., 2001).
2.9 CONCLUSIONS
Two well-preserved Upper Devonian (Frasnian) mud-mounds in the Mount Hawk
Formation crop out side-by-side in the southern Rocky Mountains of west-central Alberta. They
developed on a gentle ramp as part of a third-order sequence, during deposition of a transgressive
systems tract and maybe highstand systems tract and they were terminated when the relative sea
level started falling. The south mud-mound is 38.6 m wide at the base and 46.2 m thick, whereas
the northern one is 72.2 m wide at the base and 53.3 m thick. They show an aggradational
stacking pattern of multiple growth stages probably determined by fourth-order relative sea level
fluctuation.
Five microfacies are discriminated in both mud-mounds: biomicrite, clotted micrite,
spiculite, stromatolite and laminite. The mud-mounds grew in the deeper ramp depositional
environment within the photic zone at around the limit of storm wave base. A combination of a
diverse benthic biota and microbial processes generated the carbonate sediment. Bacterial
metabolism was the dominant process to precipitate micrite forming rigid framework, whereas
cyanobacteria were the most important in mud-mound accretion. Existence of the same microbial
components and clotted micrite, albeit with lesser amounts, as well as almost all same elements
of the mud-mound biota in underlying off-mound strata, indicate the initiation of mud-mounds
was not a response to a sudden major environmental change but was essentially waiting for the
exact conditions to trigger it. The most important controlling factors may have been the ramp
profile, development of gentle submarine topographic highs and relative sea level change.
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Most stromatactis cavities were due to the physical excavation of sediments by currents,
although a few small ones were caused by collapse of uncemented material in spiculate sponges.
Detrital carbonate muds and in situ microbially precipitated peloids or peloidal micrite are main
components of internal sediments in stromatactis cavities, accompanied locally by ostracode
carapaces.
Besides providing detailed documentation of a second occurrence of Frasnian-aged mudmounds, this study concludes that stromatactis-bearing mud-mounds were able to form at
moderate depths but entirely within the photic zone on a carbonate ramp, and that growth was
largely by microbial activity.
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Table 2.1.––δ18O and δ13C values (‰ versus Vienna PDB) of mud-mound matrix.
Sample
δ13C
δ18O

5
0.72
-6.31

7
0.65
-7.34

10
0.84
-6.49

9.2-5
0.47
-9.47

9.2-6
0.76
-6.82

9.3-5
0.27
-10.42
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9.3-7
0.60
-6.53

9.3-15
0.29
-7.98

9.3-16
0.60
-6.24

9.4-3
0.39
-9.86

9.4-6
0.85
-6.01

Average
0.585
-7.59

Fig. 2.1. A) Late Devonian global paleogeographic map (380 Ma). B) Late Devonian
paleogeographic map of the western North American region (375 Ma). Illustrations from “Global
Paleogeography and Tectonics in Deep Time ©2016, Colorado Plateau Geosystems, Inc” and
“North American Key Time-slices Series ©2013, Colorado Plateau Geosystems, Inc”. C) Late
Frasnian (Winterburn Group) paleogeographic map, east-central British Columbia and central
Alberta, Canada. Area west of eastern limit of thrust Paleozoic strata is palinspastically restored.
Colours: orange=landmass; blue=limestone shelf; grey=shale/argillaceous limestone basin.
(Modified from Switzer et al., 1994; McLean and Klapper, 1998.)

30

Fig. 2.2. Late Devonian conodont biostratigraphy and transgression–regression (T–R) cycles
plotted against second- and third- and fourth-order sea-level variations, sequence stratigraphy,
and lithostratigraphy for western Canada. (Modified from Whalen and Day, 2008.)
Fm.=Formation, Mbr.=member, Fa.=Famennian.
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Fig. 2.3. Late Devonian stratigraphic scheme for the outcrop and subsurface successions in
Alberta. (Modified from Switzer et al., 1994.)
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Fig. 2.4. Map of Alberta showing location of the study area in Willmore Wilderness Park south
of Grande Cache (red star).
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Fig. 2.5. Northeastern side of a small, unnamed mountain in Willmore Wilderness Park viewed
from helicopter, showing the Upper Devonian stratigraphy and the two mud-mounds studied.
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Fig. 2.6. Sample locations (red stars) in mound (outlined in blue) and off-mound areas. A) The
south mud-mound. B) The north mud-mound.
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Fig. 2.7. Base (yellow line) and growth stages (orange lines) of mud-mounds. A) South mudmound. B) North mud-mound.
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Fig. 2.8. Photographs of polished slabs of mud-mound framework. A, C–F cut vertically; B cut
obliquely, near horizontally. A) Stromatactis largely filled with laminated or massive lime
mudstone with remaining cavities filled by calcite cement. B) Irregularly shaped stromatactis. C)
Stromatactis and abundant fenestral pores; brachiopod in lower left corner. D) Lenticular
stromatactis. E) Lenticular stromatacis filled with laminated lime mudstone exhibiting
microfaults. F) Subparallel laminar stromatactis. Scale bars 1 cm.
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Fig. 2.9. Photographs of polished slabs of mud-mound framework. A–C, E and F cut vertically;
D cut approximately horizontally. A) Laminar stromatactis that changes orientation in middle;
large stromatactis at top containing laminated lime mudstone. B) Lenticular to laminar
stromatactis. C) Irregular to lenticular stromatactis partly filled with lime mudstone; matrix has
common brachiopods. D) Interconnected stromatactis around lobe-like masses. E) Parallel
laminar stromatactis. F) Large stromatactis in lower; laminar fenestral pores in upper. Scale bars
1 cm.
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Fig. 2.10. Optical scans of thin sections of mud-mound framework cut vertically. A) Parallel
laminar stromatactis; fenestral pores in upper. B) Irregularly laminar stromatactis with uppermost
one filled with peloids; fenestral pores in lower. C) Slightly oblique laminar stromatactis filled
with peloids. D) Oblique small stromatactis and fenestral pores with some partly filled by peloids.
E) Large stromatactis partly filled with laminae of micrite and peloids. F) Irregularly laminar
stromatactis; two cross-cut each other in upper left. Scale bars 1 cm.
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Fig. 2.11. Optical scans of thin sections of mud-mound framework cut vertically. A) Variably
dense clotted micrite with stromatactis. B) Peloidal and micritic matrix with intercalated
irregular laminar stromatactis. C) Biomicrite and peloidal matrix with stromatactis and abundant
small fenestral pores. D) Alternating layers of peloidal matrix and laminar siliceous sponges.
Scale bars 1 cm.
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Fig. 2.12. Optical scans of thin sections of mud-mound framework cut vertically, showing
different shapes of stromatactis. A) Irregularly lenticular stromatactis in lower and middle, and
laminar stromatactis with flat base in upper; matrix is rich in fenestral pores. B) Three irregularly
lenticular stromatactis, with the upper two filled with laminated micrite and peloidal micrite. C)
Obliquely oriented subparallel laminar stromatactis; matrix in upper is pelsparite. Scale bars 1
cm.
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Fig. 2.13. Thin section photomicrographs of stromatactis related to sponges. A) Stromatactis
with spicular network forming the roof and laminated peloidal micrite geopetal sediment. B)
Spicular network overlain by stromatactis with peloidal micrite geopetal sediment. C) Spicular
network enclosing fenestral pore containing peloidal micrite geopetal sediment. Scale bars 1 mm.
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Fig. 2.14. Thin section photomicrographs of stromatactis showing evidence for matrix removal
by winnowing. A) Stromatactis with irregular roof, peloidal geopetal sediment, and upright
brachiopod valve projecting into the cavity. B) Irregular piece of variably dense clotted micrite
‘suspended’ in stromatactis. C) Stromatactis roof with ‘suspended’ piece of biomicrite matrix;
lamina of Girvanella (dense micrite) sits on the roof. D) Stromatactis with sharp contact between
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roof and matrix, with biomicrite intraclasts on the floor. E) Geopetal micrite internal sediment
with intraclasts filling depression in matrix biomicrite. F) Dense biomicrite matrix sharply
overlain by geopetal laminated peloidal micrite internal sediment. Scale bars 1 mm.
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Fig. 2.15. Thin section photomicrographs of sediment infilling stromatactis. A) Stromatactis
almost filled by bioclasts, micrite, peloidal micrite and peloids; wavy laminae in lower suggests
stromatolitic lamination. B) Stromatactis almost filled by peloidal micrite and peloids. C)
Articulated brachiopod lodged in stromatactis; shell interior is filled with the same sediments as
A. D) Gastropods with micrite envelopes in the matrix and inside stromatactis. E) Thamnopora
encrusted by Girvanella inside stromatactis. Scale bars 1 mm.
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Fig. 2.16. Thin section photomicrographs of geopetal internal sediment inside stromatactis. A)
Peloidal micrite containing ostracodes and gastropods at the bottom of stromatactis. B)
Laminated peloidal micrite with ostracodes at the bottom of stromatactis. C) Intraclast of clotted
micrite containing ostracodes ‘suspended’ in stromatactis. D) Cluster of ostracodes surrounded
by Rothpletzella ‘suspended’ in stromatactis. Scale bars 1 mm.
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Fig. 2.17. Thin section photomicrographs of biotic constituents in mud-mounds. A) Balls of
enrolled Rothpletzella tubes. B) Laminar Rothpletzella bundles. C) Branching Rothpletzella in
longitudinal section. D) Renalcis. E) Renalcis. F) Dispersed Girvanella filaments. G) Twisted
Girvanella filaments. H) Kamaena. I) Kamaena. J) Vermiporella. K) Pseudopalaeoporella. L)
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Neoradiosphaeroporella?. M) Tikhinella. N) Eonodosaria. O) Nanicella. P) Bisphaera. Q) Nonradiosphaerid calcisphere with thick micritic wall. R) Radiosphaerid calcisphere with radial
calcite wall.
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Fig. 2.18. Thin section photomicrographs of biotic constituents in mud-mounds. A) Calcareous
worm tubes. B) Transverse section of Tentaculites. C) Longitudinal section of Tentaculites
showing crenulate exterior. D) Thin brachiopod valves with low convexity. E) Transverse
section through articulated atrypoid brachiopod with punctate shell. F) Brachiopod shell showing
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pseudopunctae. G) Brachiopod spine. H) Trepostome bryozoan. I) Planispiral gastropod. J)
Turbinate gastropod. K) Echinoid spine. L) Crinoid ossicles; left one shows pentagonal outline.
M) Articulated ostracode. N) Entomozoan ostracode valve.
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Fig. 2.19. Thin section photomicrographs of biotic constituents in mud-mounds. A) Lithistid
demosponge (dolomitized left of centre). B) Non-lithistid demosponge showing well-preserved
spicule network. C) Spicules, mainly monaxons and tetraxons. D) Spicules, mainly monaxons
and stout triaxons. E) Longitudinal section of stromatoporoid Stachyodes. F) Transverse section
of Stachyodes. G) Stromatopora. H) Tabulate coral Thamnopora. I) Tabulate coral Sinopora. J)
Branching disphyllid rugose coral.
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Fig. 2.20. Relative abundances of biotic constituents at different positions in the south mudmound.
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Fig. 2.21. Relative abundances of biotic constituents at different positions in the north mudmound.
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Fig. 2.22. Thin section photomicrographs of microfacies of biomicrite. A) Aggrading
neomorphism in micritic matrix with bundles of Girvanella. B) Aggrading neomorphism in
micritic matrix with peloids and micritized bioclasts. C) Biomicrite with dispersed authigenic
quartz crystals. D) Biomicrite with intraclast of microbial clotted micrite. E) Biomicrite with
conical aggregate of Rothpletzella. F) Biomicrite with clusters of Girvanella. Scale bars 1 mm.
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Fig. 2.23. Thin section photomicrographs of microfacies of biomicrite. A) Biomicrite with
brachiopod valve perforated with microborings. B) Biomicrite with brachiopod shell perforated
with microborings. C) Thamnoporid corals perforated with microborings. D) Thamnoporid coral
perforated with microborings.. E) Brachiopod shell encrusted by Rothpletzella. F) Ostracode
with thick Girvanella encrustation. Scale bars 1 mm.

58

Fig. 2.24. Thin section photomicrographs of microfacies of clotted micrite. A) Abundant
dispersed bioclasts in dense micrite. B) Scattered thin brachiopod valves. C) Variably dense
clotted micrite. D) Crudely layered thrombolite with variably dense peloidal micrite; tentaculites
at lower left. Scale bars 1 mm.
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Fig. 2.25. Thin section photomicrographs of clotted micrite rich in sponge spicules. A) Large
spicules mainly in upper and small ones in lower. B) Large spicules in upper and small ones in
lower,. C) Large spicules in lower and small spicules in upper; indistinct Girvanella in upper
middle. D) Concentration of small spicules in micrite. Scale bars 1 mm.
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Fig. 2.26. Thin section photomicrographs of clotted micrite and biomicrite. A) Patch of dense
micrite surrounded by biomicrite. B) Patches of dense micrite and biomicrite. C) Dense micrite
overlying stromatactis, gradually changing to biomicrite; stromatactis contains peloidal geopetal
sediment. D) Patches of dense micrite and biomicrite. E) Peloidal micrite in lower, overlain by
partly neomorphosed biomicrite; the two layers are separated by a stylolite. F) Dense clotted
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micrite of matrix and pelsparite with ostracodes in stromatactis; the upper surface of matrix
exhibits microbial micrite lamina. Scale bars 1 mm.
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Fig. 2.27. Thin section photomicrographs of microfacies of clotted micrite. A) Large spicules
and small cavities. B) Small spicules and small cavities surrounded by stromatactis. C) Peloidal
micrite surrounding cavity. D) Peloidal micrite with sponge spicules and small cavities. Scale
bars 1 mm.
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Fig. 2.28. Thin section photomicrographs of calcimicrobes in clotted micrite. A) Dense micrite
adjacent to stromatactis. B) Close-up of A (top, left of centre) showing Girvanella in micrite. C)
Obliquely oriented thin Girvanella bundle within peloidal micrite in upper middle. D) Girvanella
and bioclasts in micrite E) Vertically oriented Girvanella and micrite envelopes around crinoid
ossicles. F) Girvanella in peloidal micrite. Scale bars 1 mm.
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Fig. 2.29. Thin section photomicrographs of microfacies of stromatolite. A) Diffusely laminated
peloidal micrite and micrite with pellets in lower. B) Diffusely laminated peloidal micrite and
micrite with partly collapsed sponge at bottom. C) Alternation of laminar sponge networks and
diffusely laminated peloidal micrite; small stromatactis and fenestral pores from sponge collapse.
Scale bars 1 mm.
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Fig. 2.30. Thin section photomicrographs of stromatolite. A) Domical stromatolite consisting of
peloids and dense micrite laminae, overlain by dark micrite. B) Branching stromatolite, with
dense micrite laminae in lower, beocming indistinct in upper. C) Oblique tabular stromatolite
with laminae of peloids and dense micrite. Base surface is clear. D) Domical stromatolite
overlying sponge spicular network. Scale bars 1 mm.
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Fig. 2.31. Thin section photomicrographs of microfacies of spiculite. A) Part of lithistid
demosponge within peloidal micrite. B) Partly collapsed laminar sponge showing residual, well
defined peloids and peloidal aggregates. C) Dense, seemingly irregular network within clotted
micrite. D) Irregular networks intercalated with crudely layered peloidal micrite forming
framework with stromatactis containing geopetal micrite (middle left). Scale bars 1 mm.
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Fig. 2.32. Microfacies of laminite. A) Optical scan of thin section of domical normally graded
laminae disrupted by cracks. Scale bar 1 cm. B) Thin section photomicrograph showing crosslaminated peloidal biosparite lamina grading into thin micrite and peloidal micrite laminae. Scale
bar 1 mm. C) Thin section photomicrograph showing normally graded peloidal biosparite to
micrite laminae. Scale bar 1 mm.
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Fig. 2.33. Thin section photomicrographs of mound-flanking beds. A) Slightly argillaceous
biomicrite containing foraminifers, ostracodes, crinoids, brachiopods, and algae; bioclasts are not
oriented. B) Argillaceous biomicrite; bioclasts are bedding plane-parallel. C) Well-sorted
pelsparite containing. calcispheres and small bioclasts with micrite envelopes. D) Slightly
argillaceous biomicrite containing large mound-derived intraclasts. Scale bars 1 mm.
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Fig. 2.34. Thin section photomicrographs of calcimicrobes and sponges in mound-flanking beds.
A) Small stromatolite. B) Bioclast coated in turn with Girvanella and clotted micrite then
Rothpletzella. C) Biomicrite with Girvanella bundles. D) Peloidal micrite with Girvanella and
Rothpletzella. E) Spicular network with central cavity. F) Lithistid demosponge containing
peloids and bioclasts including calcispheres. Scale bars 1 mm.
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Fig. 2.35. Thin section photomicrographs of clotted micrite in mound-flanking beds. A) Peloidal
micrite surrounded by stromatactis. B) Clotted micrite with Thamnopora, ostracodes and other
bioclasts. C) Peloidal micrite with sponge spicules and Girvanella. Scale bars 1 mm.
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CHAPTER 3
TRANSITION
According to the last chapter, these two mud-mound-type reefs in the Mount Hawk Formation
are dominantly composed of clotted microcrystalline calcite. The following chapter then looks
carefully into specific peloidal sediments in mud-mounds based on detailed petrographic study.
Also chapter 4 will provide a big picture about the evolutionary histories of microbial carbonates
and carbonate mud-mounds.
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CHAPTER 4
UPPER

DEVONIAN

(FRASNIAN)

STROMATACTIS-BEARING

MUD

MOUNDS,

WESTERN ALBERTA, CANADA: REEF FRAMEWORK DOMINATED BY PELOIDAL
MICROCRYSTALLINE CALCITE
Abstract
Two mud mound-type reefs in the Mount Hawk Formation (Upper Devonian, Frasnian)
in western Alberta are dominantly composed of peloidal to locally clotted microcrystalline
calcite. Five types of peloids are differentiated: cyanobacterial, intraclastic, pseudo-, bioclastic,
and microbial peloids. Three subtypes of cyanobacterial peloids are subdivided based on whether
they are physically reworked calcified filaments, aggregates of calcified coccoids, or precipitated
within stromatolite-forming cyanobacterial mats or biofilms. Intraclastic peloids are eroded
fragments of early-lithified matrix. Pseudo-peloids represent artifacts of poorly preserved sponge
spicular networks reflecting the interplay between dissolution of spicules and
organomineralization. Bioclastic peloids are basically fully micritized hard parts. Microbial
peloids dominate the framework and were generated by bacterial metabolic activities with
probably some contribution from organomineralization in areas adjacent to spicular networks.
Essentially these mud mounds were constructed by microbial activities and reflect a dynamic
balance between constructional versus destructive processes. The mud mounds formed within the
photic zone and accreted above storm wave base but below the fair weather wave base, during
deposition of the transgressive systems tract and perhaps also the highstand systems tract. As the
main components of microbial carbonates in general, evolution of microbial peloids through the
Phanerozoic was influenced by two secular factors, metazoan diversity and saturation state with
respect to CaCO3, similar to their roles in governing microbial carbonates. However, metazoan
decline is not always linked to microbial resurgence. This may be because: (1) metazoan
diversity had no or too little effect on microbial carbonates; (2) a balance arose between
metazoan diversity and other factors influencing microbial carbonates, like carbonate saturation
state; or (3) the mechanism responsible for the decline of metazoans was also inhibitory to
extensive microbial development. Mud mound abundance through time shows a similar pattern
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in general reflecting the influenced by fluctuations in metazoan diversity and CaCO3 saturation
state. However, discrepancies between specific intervals suggest there may have been variation
in the amount of CaCO3 available for permineralization of various co-existing microbial
communities, influence of their specific environmental conditions, and key importance of
synsedimentary cementation.
4.1 INTRODUCTION
Peloidal carbonate sediments, considered here to include all microcrystalline calcite
(micrite) components that have a pelleted aspect, appear as spheroidal, ellipsoidal, or angular
grains composed of micro- and cryptocrystalline calcium carbonate. They typically lack internal
structures but in some cases consist of clotted micrite. Various mechanisms of formation have
been proposed (e.g. Macintyre, 1985; Coniglio & James, 1985; Chafetz, 1986; Sun & Wright,
1989; Reitner, 1993; Kazmierczak et al., 1996; Tribovillard, 1998; Samankassou et al., 2005;
Pratt & Haidl, 2008; Vodrazkova & Munnecke, 2010; Pratt et al., 2012). Flügel (2004, p. 111–
117) summarized four origins for nine types of peloids: (1) biotic formation (fecal pellets, algal
peloids, bioerosional peloids); (2) reworking of mud and grains (mud peloids, mold peloids); (3)
alteration of grains (bahamite peloids, pelletoids); and (4) in situ formation (microbial peloids,
precipitated peloids).
Peloidal sediments comprise large and sometimes dominant proportions of Phanerozoic
carbonate platforms, and are locally important in Proterozoic counterparts as well. They are
typically also abundant in shallow-water reefs and deeper water mud mounds, the latter being
composed dominantly of micritic limestone and often exhibiting striking depositional relief. In
many studies of mud mounds, clotted peloids or peloidal micrite are interpreted simply as having
a microbial origin, whereas the relationship to other kinds of peloidal sediments and their overall
sedimentological significance are dealt with in relatively few examples, such as in the Lower
Carboniferous of Spain (Rodríguez-Martínez et al., 2010). In that case, seven peloidal-dominated
microfacies comprising three categories are recognized petrographically based on descriptive
parameters like size variation (homogeneous or heterogeneous) and types of support (matrix- or
cement-supported) at the centimeter scale. This differentiation helps clarify the role of peloidal
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elements in micro-framework construction and points to the value of precise characterization of
peloidal sediments in understanding mud mound growth.
Here we describe peloidal sediments in detail in two Upper Devonian (Frasnian) mud
mounds in the Mount Hawk Formation that crop out in the southern Rocky Mountains of westcentral Alberta, Canada. The main aims of this paper are to: (1) describe and classify the
different types of peloids and their occurrence; (2) interpret mechanisms involved in their
formation; (3) relate the different types to depositional environment and paleoecology; (4)
evaluate the role each peloid type played in mud mound construction; and (5) discuss the
evolution of peloids through time.
4.2 GEOLOGICAL SETTING
Throughout Paleozoic time the Western Canadian Sedimentary Basin was located
inboard of the passive continental margin of western Laurentia at a near equatorial position (Fig.
4.1A and B). During the Frasnian, the Alberta Basin portion was initially a regionally broad
carbonate platform which differentiated into a complex array of shallow-water attached and
isolated carbonate platforms with intervening shallow basinal areas (Fig. 4.1C); evaporites were
deposited in regions with oceanographic restriction to the east and south (Switzer et al., 1994;
Potma et al., 2001; Whalen & Day, 2008). Nine third-order depositional sequences superimposed
upon a second-order sea-level oscillation have been recognized from the late Givetian to the
early Famennian (Whalen & Day, 2008). Demise of most Frasnian reef framework builders
during the Frasnian–Famennian extinction event terminated Devonian reef development in the
Western Canada Sedimentary Basin (Copper, 2002), although carbonate platform growth
continued (Peterhänsel & Pratt, 2008).
The stratigraphic unit containing the two mud mounds studied here is the upper Frasnian
Mount Hawk Formation, which crops out in the Front Ranges of the Canadian Rocky Mountains
(Fig. 4.2). The subsurface equivalent of its upper half is the Nisku Formation of the lower
Winterburn Group. The Nisku Formation comprises Winterburn Sequences 1 and 2 (Potma et al.,
2001). The mud mounds occur in the lower one, Sequence 1. This interval contains what have
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been termed “pinnacle reefs” along the southeastern side of the Winterburn Basin (Chevron
Exploration Staff, 1978). Dolomitized mud mounds are present in the Mount Hawk Formation at
a number of localities in the eastern Rocky Mountains (Price, 1964; MacKenzie, 1967; Mount
Nestor south of Canmore—Pratt, pers. obs.). The Mount Hawk Formation belongs to the
standard upper Palmatolepis gigas to the upper Pa. rhenana conodont biozones (Weissenberger,
1994; Potma et al., 2001). Conodonts from off-reef strata 5.5 m above the base of the mud
mounds belong to Zones 12 and 13 of the Montagne Noire biozonal scheme (McLean & Klapper,
1998).
The two mud mounds are exposed on the northeastern side of a small, unnamed mountain
(53°38’40”N, 119°11’45”W) 28 km south-southwest of the town of Grande Cache and 7.5 km
east-southeast of Childear Mountain across Kvass Creek, in the Willmore Wilderness Provincial
Park, Alberta (Fig. 4.3). A third mud mound is exposed across the narrow valley to the east but it
is faulted. The area has been informally known as Winnifred Pass (Desbordes and Maurin, 1974).
Here, a continuous succession of Frasnian to Lower Carboniferous strata belonging to the upper
Perdrix, Mount Hawk, Calmar, Simla, Palliser, Exshaw, and Pekisko formations is present (Fig.
4.4).
4.3 METHODS
The near-vertical cliff exposure necessitated the use of rock climbing techniques in order
to collect samples and plot their location on maps of the two mud mounds based on photographs
taken by helicopter and from the mountainside across the valley. Some 150 samples were
collected from both mud mounds and off-mound strata, with as good a coverage as possible. 206
large (5 × 7.5 cm) thin sections, mostly oriented vertically, were prepared from slabbed and
polished samples. Standard petrographic examination is the main approach, and parameters such
as shape, size, sorting, roundness, crystal size, and internal fabric are considered the diagnostic
criteria to describe and interpret the origin of peloids.
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4.4 TYPES OF PELOIDAL SEDIMENTS

4.4.1 Cyanobacterial peloids
Description.—Three kinds of cyanobacterial peloids have been observed in the mud
mounds. Type 1 is represented by irregularly shaped to subrounded and rounded spheroidal
micritic grains, which show relics of calcified filaments (Fig. 4.5A–C). They have a wide range
of diameters, from 50 µm to 350 µm. Type 2 consists of rounded to well-rounded grains 10–200
µm in diameter, inside of which is a single coccoid or aggregate of coccoidal microfossils (Fig.
4.5D). Type 3 is also well rounded but smaller, typically 10–15 µm wide, with indistinct margins
(Fig. 6A–D). The first and second types occur as transported particles dispersed in massive
micritic matrix, along with other grains like bioclasts and coated grains in grainstone/packstone
laminae of laminated limestone, and also in cavities. The third is an in situ fabric and typically
forms clusters located within clumps of relatively well-preserved cyanobacterial filaments in the
massive matrix.
Interpretation.—Peloids in this category are closely associated with recognizable
fossilized cyanobacteria, but their different appearance depends on the involvement of
filamentous versus coccoidal forms in addition to taphonomic processes. For the first type,
filamentous fabrics inside the grains are interpreted to represent calcified filaments belonging to
Rothpletzella or Girvanella formed through either in vivo sheath impregnation (e.g. Riding, 2000;
Arp et al., 2001) or post-mortem degradative sheath calcification (e.g. Chafetz & Buczynski,
1992; Turner et al., 2000; Pratt, 2001; Riding, 2006a), or both, which would account for the
variable style of preservation. Photosynthetic uptake of CO2 and/or HCO3– uptake raises
alkalinity, whereas biodegradation releases Ca2+ and HCO3– and increasing the local saturation
state, and both can lead to CaCO3 precipitation (e.g. Decho et al., 2005). Mechanical
disintegration by current activity may have generated large quantities of lime mud (Pratt, 2001).
Similar peloids have been reported elsewhere (e.g. Flügel, 2004, p. 113; Vodrazkova &
Munnecke, 2010). The second type likely formed by calcification of single or clusters (‘colonies’)
of coccoidal cyanobacteria (Kaźmierczak et al., 1996, Tribovillard, 1998; Adachi et al., 2004).
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The last type is also interpreted to be derived from cyanobacterial calcification within a
microbial mat.

4.4.2 Intraclastic peloids
Description.—Intraclastic peloids have sharp margins, are variable in shape from
subangular to rounded, exhibit a wide range of diameters from 20 µm to 450 µm, and are poorly
sorted (Fig. 4.7A–C). Most are too small to mirror the original fabric of the matrix, but some do
contain bioclasts or microbial elements. They are most common in laminated limestone, as a
volumetrically important component of packstone or grainstone laminae, but they are also
sporadically distributed in the massive matrix as well as occurring as a geopetal sediment at the
bottom of some stromatactis cavities.
Interpretation.—Peloids of this category are interpreted as intraclasts, which are similar
to mud peloids of Flügel (2004, p. 113). They are derived from erosion and redeposition of the
micritic matrix of bioclastic wackestone after it had undergone initial stiffening, likely through
synsedimentary cementation, caused by periodic storm-induced bottom turbulence. A
considerable amount of early cementation was characteristic of mud mounds due to bacterial
metabolic activities or/and organomineralization related to dead sponges (e.g. Bourque &
Boulvain, 1993; Lees & Miller, 1995; Monty, 1995; Pratt, 1995; Reitner et al., 1995; Neuweiler
et al., 1999).
4.4.3 Pseudo-peloids
Description.—Pseudo-peloids are clusters of micritic grains of different sizes and shapes
within a small proportion of the siliceous sponge fauna (Fig. 4.8A–B). Most sponge spicular
skeletons are poorly preserved and collapsed, such that these peloids appear to float in cavities
cemented by calcite spar. They are mostly rounded to well rounded and in diameter range from
40 µm to 300 µm. In some cases these grains exhibit reverse grading. These sponge meshworks
with or without pseudo-peloids occur in the massive micritic matrix and in between laminae of
or beneath stromatolitic limestones (Fig. 4.8A–D).
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Interpretation.—Pseudo-peloids are common in siliceous sponge fossils as old as the
Cambrian (e.g. Coulson & Brand, 2016) and the close spatial relationship indicates that they are
related to diagenetic and taphonomic processes that took place in the sponges. They are therefore
not sediment grains per se. They reflect the impact of non-living organic molecules involved in
organomineralization (Trichet & Défarge, 1995; Défarge et al., 1996) from bacterial
biodegradation of sponge soft tissues and dissolution of spicules (Reitner et al. 1995; Warnke,
1995; Adachi et al., 2009). Dissolved spicules may appear as anastomosing fine tubules (e.g.
Coulson & Brand, 2016), or a cluster of pseudo-peloids may be the only remnant of a sponge
that has collapsed. Sponge meshworks forming laminae may represent ‘stromatolites’ built by a
combination of laminar sponges and microbial biofilms or mats (Luo & Reitner, 2016).
4.4.4 Bioclastic peloids
Description.—Bioclastic peloids are subangular to well rounded and their size varies
widely (Fig. 4.9A–C). Fully micritized bioclasts lack evidence of the original microstructure,
whereas partly micritized brachiopod shells, corals, crinoid ossicles, and so on are common,
often exhibiting micrite envelopes or microborings. Some peloids appear to be derived from
calcispheres and there is a range of preservation from unaltered individuals to fully micritized
grains (Fig. 4.9C). Encrustations of filaments and coccoids of calcified cyanobacteria are also
common. Bioclastic peloids dispersed in stromatolitic limestones and cavities and have different
shapes than microbial peloids. They are also present in grainstone/packstone laminae of
laminated limestone and in the massive micritic matrix where they occur with bioclasts and
peloids of other origins (e.g. intraclastic).
Interpretation.—Peloids in this category are derived from the micritization of fossil
grains, primarily from infestation by endolithic microorganisms such as cyanobacteria (e.g.
Kobluk & Risk, 1977; Reid & Macintyre, 2000). Micritization weakens bioclasts facilitating
their breakdown and abrasion to yield rounded peloids whose origin then becomes uncertain
(Samankassou et al., 2005), unless they are accompanied by cortoids with micritic envelopes
representing the early stages of micritization. Breakdown of micritized grains is potentially an
important source of lime mud (e.g. Reid et al., 1992). Brachiopods, corals, and crinoids appear to
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be the preferential bioclasts for micritization (e.g. Peterhänsel & Pratt, 2001, 2008; Vodrazkova
& Munnecke, 2010). Some bioclastic peloids may have originated as homogenous micrite
infilling shelly and skeletal fossils (e.g. ostracodes, foraminifera, calcareous algae and
gastropods) whose hard parts then dissolved (Adachi et al., 2004). They are termed “mold
peloids” by Flügel (2004, p. 116). However, we have not distinguished examples of this sort.
4.4.5 Microbial peloids
Description.—Microbial peloids have somewhat fuzzy margins but are well rounded.
They are widespread in the matrix either alone or with sponge spicules and often together with
other grains such as cyanobacterial filaments (Girvanella and Rothpletzella), brachiopods,
crinoids, and gastropods (Fig. 4.10A–F). They also form laminae of stromatolitic limestone,
around sponge spicule networks, and as geopetal sediment at the bottom of cavities (stromatactis
or shelter pores under shells or skeletons) (Figs 4.11A–C and 4.12A–F). There are generally two
ranges of sizes, one 20–40 µm in the matrix, whereas the other 40–100 µm in cavities. Where
small, closely spaced and concentrated, they form a clotted fabric. Microbial peloids may
occlude almost the whole cavity, and ostracodes and fragments of calcified cyanobacteria may
also be present. Not all the peloids in cavities are microbial, as those with blocky and/or rod
shapes, sharp margins, and larger sizes up to 200 µm across are bioclastic peloids.
Interpretation. —These peloids are commonly related to bacterial activities (e.g.
Chafetz & Folk, 1984; Chafetz, 1986; Folk & Chafetz, 2000; Reid, 1987; Sun & Wright, 1989;
Reitner, 1993; Riding & Tomás, 2006), although it is also possible that some are abiotic
chemical precipitates (Macintyre, 1985; Bosak et al., 2004). Whereas direct evidence of bacterial
relics is only rarely discernible (Chafetz, 1986), bright fluorescence in some examples indicates
remains of organic matter (Sun & Wright, 1989), and the fatty acids are almost identical to those
of bacterial origin (Chafetz, 1986). Vital activities of bacterial ‘colonies’ can induce calcite
precipitation of peloids (Chafetz & Folk, 1984; Chafetz, 1986; Folk & Chafetz, 2000), perhaps
preferentially in the extracellular polymeric substances (EPS) rather than inside cell (Aloisi et al.,
2006; Bontognali et al., 2008). Similar or identical peloids could be precipitates from
organomineralization in association with nonliving organic macromolecules produced by decay
of sponge soft tissue by heterotrophic bacteria (Reitner, 1993; Reitner et al., 1995) and no criteria
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seem available to distinguish them (Riding, 2000). The overall scarcity of bioclasts and
bioclastic peloids in cavities may indicate the microbial peloids were also mostly not washed in
but, rather, precipitated in them. Peloid packing density determines their lightness and darkness
in terms of appearance under transmitted light. This may reflect spatial organization of bacterial
‘colonies’ in the decaying organic matter and variations in bacterial density due to nutrient and
oxidant supply as well as shrinkage due to degradation of organic matter (Riding & Tomás,
2006). Even though the mud mounds host a diverse suspension-feeding and grazing communities,
although few if any deposit-feeders, no fecal pellets can be distinguished. They probably
disaggregated or were ingested on the mud mound surface.
4.5 DISCUSSION
4.5.1 Significance of peloids in mud mounds
Peloids would normally be considered to be a poor indicator of environmental conditions
and biological processes as they are common in lagoonal deposits, peritidal and subtidal shelf
carbonates, and reefs of all types, and multiple mechanisms can be involved in their formation.
However, the five categories of peloids identified here each point to specific mechanical,
biological, and diagenetic mechanisms. Thus, precise genetic differentiation of these grains
offers important information on the depositional setting and paleoecology.
It has been suggested that microbial peloids are favored by relatively low-energy
conditions during relative rapid sea level rise when sedimentation rate and clay input are low
(Sun & Wright, 1989; Leinfelder et al., 1994; Reitner et al., 1995; McMahon et al., 2016). The
existence of cyanobacteria suggested by filament and coccoid relics in cyanobacterial peloids
and micritization process in bioclastic peloids argue for formation of these mud mounds within
the photic zone. Physical impact from storm waves is indicated by intraclastic peloids and type 1
cyanobacterial peloids. Thus, the combination of information provided only by peloidal
sediments implies that these mud mounds were deposited above the storm wave base, below the
fair weather wave base, and within the photic zone during mainly transgressive systems tract and
maybe also early highstand systems tract.

81

Facies specificity is also reflected by the distribution of the different peloidal types.
Biomicrite and laminate are the main hosts for type 1 and type 2 cyanobacterial, bioclastic, and
intraclastic peloids, although all four types are occasionally present in cavities, whereas type 3
cyanobacterial peloids are only found in biomicrite. Microbial peloids are common in cavities,
sponge spicule networks, and stromatolites. These peloids can also form a clotted micrite matrix.
Pseudo-peloids only occur in spicular networks. Microbial peloids in sponges may suggest
automicrite precipitation due to substantial amounts of heterotrophic bacteria present in decaying
sponges, in contrast to ‘massive’ aphanitic micritic textures and pseudo-peloids thought to be due
to organomineralization after biodegradation (Reitner et al., 1995).
Overall peloidal sediments occupy a significant volume of the two mud mounds,
although the different types of peloids vary quantitatively and only some of them seem to have
played a major constructional role. Unlike the other peloid categories that are mainly detrital
carbonate grains, type 3 cyanobacterial peloids, pseudo-peloids, and microbial peloids, except
those in cavities, act more as matrix precipitated in situ.
Thus the mud mound framework was constructed primarily by processes revealed by type
3 cyanobacterial peloids, pseudo-peloids, and microbial peloids. Type 3 cyanobacterial peloids
indicate patches of cyanobacterial mats that helped stabilize the mud mound surface. Micrite
precipitation took place frequently in these mats, triggered by either photosynthetic activity or
bacterial decay of cyanobacterial organic matter, or both. Their continued growth is also
reflected in areas exhibiting stromatolitic lamination. Bacterial metabolism-induced calcification
accompanied by organomineralization is fundamental to build rigid mud mounds as suggested by
pseudo-peloids and microbial peloids. Type 1 cyanobacterial and intraclastic peloids also imply a
dynamic balance between constructional versus destructive processes on mud mounds, tipped in
favor of the former. Bioerosion and micritization of bioclasts by cyanobacteria and their own
calcification contributed to the loose matrix in between the rigid components. Although the mud
mounds do contain sporadic in situ siliceous sponges and the bioclasts of various kinds of sessile
invertebrates and calcareous green algae, these contributed only in a limited way, and overall
these mud mounds were constructed mainly by microbial activities.
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4.5.2 Peloids in an evolutionary perspective
Throughout their geological history peloids share the same basic mechanisms of
formation whether biotic or abiotic. Nevertheless, their abundance varies through time,
suggesting a combination of some long-term evolutionary controls as well as environmental
factors specific to individual occurrences. Among the various types of peloids, the microbial
ones were more sensitive to long-term factors compared to those influenced mainly by physical
or micritization processes, because they were primarily precipitated by microbiological activity.
These peloids, with their dense and clotted micritic textures, are the main components of
microbial carbonates in general, constructing an array of sedimentary bodies like stromatolites,
thrombolites, dendrolites, leiolites, microbial reefs, and mud mounds. Naturally these may also
contain trapped particles and in situ calcareous algae and invertebrate skeletons.
Compilations by Kiessling (2002; Flügel, 2004, p. 378) where the category of microbial
carbonates refers to microbialite-dominated reefs, including reef mounds, mud mounds,
biostromes, and rigid framework reefs in which microbialites are volumetrically the most
prevalent biotic component, show a secular trend in the relative abundance through the
Phanerozoic (Figs 4.13A and 4.14). Reefal microbial carbonates increased from the early
Cambrian to their greatest abundance in the middle and late Cambrian. Subsequently they
declined to a low in the Early Silurian. This was successively followed by a slight increase
during the Late Silurian–Early Devonian, decline in the Middle Devonian, marked increase
during the Late Devonian–Mississippian, followed by an abrupt drop during the Pennsylvanian–
Middle Permian interval. Another marked increase during the Late Permian–Early Triassic is
followed by a decline during the Middle Triassic–Middle Jurassic to the lowest point since
beginning of the Phanerozoic. Recovery in the Late Jurassic is followed by a progressive decline
afterwards. Cenozoic levels are much less than those of both the Paleozoic and Mesozoic.
That a broadly inverse relationship seems to exist between the long-term, albeit episodic,
decline of marine microbial carbonates and a general rising trend of metazoan diversity through
the Phanerozoic has been known for a long time (Figs 4.13A and 4.14). For example, relative
abundance declined during major radiation events such as the Cambrian and Ordovician
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diversifications. This has been assumed to indicate that metazoan competition limited the
development of microbial carbonates (e.g. Riding 2005, 2006b). Similarly, increased abundance
of microbial carbonates followed two mass extinction events, the Late Devonian and endPermian. However, the same increase in abundance did not occur in the aftermath of the endOrdovician, Late Jurassic, and end-Cretaceous extinction events.
Secular variation in CaCO3 saturation state of seawater has been considered as another
fundamental control due to the dependence of microbial calcification on ambient water chemistry
(Kempe & Kaźmierczak, 1990; Opdyke & Wilkinson, 1990; Riding, 2000; Webb, 1996, 2001b;
Riding, 2005; Riding & Liang, 2005a, b), which influences not only microbial carbonates but
also shallow-marine carbonate precipitation in general (e.g. Riding & Liang, 2005b; Kiessling &
Simpson, 2011). This may explain the perceived late Quaternary decline of cryptic bacterial
crusts in tropical coral reefs (Riding et al., 2014). Although secular correspondence between
peaks of calculated saturation ratio and episodes of increased abundance of microbial carbonates
has been observed, anomalies also exist (Fig. 4.14). It should be noted, however, that the
apparent anomaly around 80–120 Myr is because CaCO3 removal by biologically controlled
calcification by pelagic plankton was not taken into account (Webb, 1996; Riding & Liang,
2005a).
Microbial crusts in Quaternary tropical reefs are mostly cryptic (Webb, 1996), suggesting
that these peloidal crusts are restricted to low-light habitats due to inability to compete with
eukaryotes in more illuminated sites (Reitner et al., 2000; Riding et al., 2014). However,
metazoan diversity may not always have a negative impact on microbial carbonates because: (1)
ancient reef frameworks are commonly microbial–metazoan consortia (e.g. Pratt, 1982; Brunton
& Dixon, 1994; Dupraz & Strasser, 1999; Olivier et al., 2003, 2004; Brayard et al., 2011); (2)
modern microbialite and infaunal invertebrate communities are known to co-exist; and (3)
microbialites may have provided havens from harsh environmental conditions for early
metazoans (Tarhan et al., 2013). Moreover, metazoans affect microbial carbonates in a variety of
ways, through bioerosion, bioturbation, competition for ecospace, nutrients, and CaCO3, and
changing sedimentological conditions (Pratt, 1982; Garcia-Pichel et al., 2004; Riding, 2005;
Riding & Liang, 2005a; Mata & Bottjer, 2012). The relationship is not simply reflecting the
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abundance of burrowing or grazing invertebrates as is commonly held. Therefore, the
relationship between metazoan decline and microbial resurgence might not be strictly causative,
but rather coincidental. For example, the demise of skeleton-dominated reefs was suggested to
control microbial carbonate proliferation but it seems valid only for certain intervals (Yao et al.,
2016). The Late Devonian and end-Permian extinction events left vacant ecospace with the
reduction of heavily calcifying organisms and suppression of infaunal activity which may have
been responsible for microbialite resurgence. However, the cause of the extinction events may
well have promoted microbialite resurgence, regardless of ecospace competition. The various
factors would have affected microbial carbonates in different degrees in different geographical
basins and at different times in the rock record.
Thus, a number of explanations can be proposed for times when metazoan diversity
decreased but with no noticeable microbial response – or the other way around – in particular the
early Cambrian, end-Ordovician, end-Triassic, and end-Cretaceous: (1) metazoan diversity
causes no or too little effect on microbial carbonates; (2) a balance arose between the metazoan
diversity and other factors influencing microbial carbonates, and this could be carbonate
saturation state; or (3) the mechanism responsible for the decline of metazoans is also inhibitory
to extensive microbial development. Low saturation state of CaCO3 could have inhibited
lithification (Riding, 2005), such as with the end-Triassic mass extinction (Kiessling, 2002)
when volcanic degassing of CO2 tied to the rifting of Pangea has been proposed to have caused
temporary under-saturation of seawater with respect to aragonite and calcite and a corresponding
suppression of carbonate sedimentation (Hautmann, 2004; Hautmann et al., 2008a, b). There
seems to have been little or vacant ecospace immediately after the end-Ordovician extinction
event despite large-scale taxonomic turnover (Mata & Bottjer, 2012), which was at least as
severe ecologically among the five major mass extinctions (McGhee et al., 2004). The apparent
lack of a significant microbial response across the Cretaceous–Paleogene boundary (Mata &
Bottjer, 2012) suggests that photosynthesis and bioturbation were not suppressed enough to have
an effect. This is supported by the trace fossil record (Ekdale & Bromley, 1984; Savarda, 1993;
Ekdale & Stinnesbeck, 1998), although there was a slight decrease in marine ichnodiversity
(Buatois & Mángano, 2016). Reefs were virtually absent during the latest Cretaceous (Kiessling,
2002) and yet the early Paleogene did not experience a resurgence of microbialites.
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Mud mound abundance through time shows a similar pattern compared to the general
trend of microbial carbonates (Fig. 4.13B). As a component primarily composed of peloids of
microbial origin in microbial carbonates, mud mounds were also influenced by metazoan
diversity change and CaCO3 saturation state overall in the same way as stromatolites appear to
have been (e.g. Riding 2000) as well as CaCO3 precipitation in cyanobacterial biofilms in
general (e.g. Arp et al. 2001). Although differences in sponge skeleton rigidity and greater
amounts of suspended carbonate mud pumped into cavities are suggested to be responsible for
the contrast between the Paleozoic and Mesozoic in terms of the presence of stromatactis
(Neuweiler et al., 2001a), this does not seem to account for the uneven mud mound abundance
between the three eras. In other words, the decreased abundance of stromatactis in the Mesozoic
and its rarity, or even absence, in the Cenozoic may just be a result of low mud mound
abundance due to the generally increasing metazoan diversity and a lower CaCO3 saturation state.
However, discrepancies between the general trend of microbial carbonates in specific intervals
versus that of mud mounds during times that would be considered favorable for microbial
carbonate development, are obviously not caused by secular factors. In this sense,
correspondence between mud mound abundance changes between specific intervals and
variation of secular factors may not have causative implications, even though there are increases
after mass extinction events like the Late Devonian and end-Triassic. It suggests there could
have been times of less CaCO3 available for permineralization of various co-existing microbial
communities, which could have suppressed the growth of mud mounds. The notion that
stromatolite abundance responded to changing sedimentological and early diagenetic conditions
(e.g. Pratt 1982) is applicable to mud mounds as well because of their specific conditions and of
the complex role of controlling factors (Murillo-Muñetón & Dorobek, 2003). It may decrease
their sensitivity to the metazoan diversity to some degree, if some mud mounds are indeed
mainly diagenetic accretionary buildups rather than directly constructed reefs (e.g. Desrochers et
al., 2007). Changes in the volumetrically important synsedimentary cementation, strikingly
evident in stromatactis-bearing mud mounds, probably played a role in governing their relative
abundance, but this is still unclear.
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4.6 CONCLUSIONS
Two well-preserved Frasnian mud mounds in the Mount Hawk Formation of western
Alberta are dominated by peloidal sediments. Petrographic study differentiates five categories of
peloids, namely cyanobacterial, intraclastic, pseudo-, bioclastic, and microbial peloids.
Cyanobacterial peloids are further subdivided into three types depending on whether they are
physically reworked calcified filaments, aggregates of calcified coccoids, or precipitated within
cyanobacterial mats. Intraclastic peloids are eroded fragments of early-lithified matrix. Pseudopeloids represent artifacts of poorly preserved sponge spicular networks reflecting the interplay
between dissolution of spicules and the effects of non-living organic molecules in promoting
organomineralization. Bioclastic peloids are derived from fully micritization of hard parts such
as brachiopod shell fragments, crinoid ossicles, and calcispheres. Bacterial metabolic activities
are responsible for generating microbial peloids, with probably an additional contribution from
organomineralization for those adjacent to sponge spicule networks.
The range of peloids recognized suggests that these mud mounds accreted above storm
wave base, below fair weather wave base, and within the photic zone during deposition of the
transgressive and early highstand systems tracts that comprise the Mount Hawk Formation. The
mud mounds were essentially constructed by microbial activities and reflect a dynamic balance
between constructional versus destructive processes. Bacterial metabolism-induced calcification
along with organomineralization, were primarily responsible for the growth of the rigid mud
mound framework. Cyanobacterial mats also helped stabilize the loose surface.
As the main components of microbial carbonates in general, evolution of microbial
peloids through the Phanerozoic was influenced by two secular factors: metazoan diversity and
saturation state with respect to CaCO3, similar to their roles in governing microbial carbonates.
However, the relationship between metazoan decline and microbial resurgence is not always
linked. This may be because: (1) metazoan diversity had too little or no effect on microbial
carbonates; (2) a balance arose between metazoan diversity and other factors influencing
microbial carbonates, like carbonate saturation state; or (3) the mechanism(s) responsible for the
decline of metazoans was also inhibitory to extensive microbial development. Mud mound
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abundance through time shows in general a similar pattern, reflecting fluctuations in metazoan
diversity and CaCO3 saturation state. However, discrepancies between specific intervals suggest
there may have been variation in the amount of CaCO3 available for permineralization of various
co-existing microbial communities, influence of their specific environmental conditions, and key
importance of synsedimentary cementation.
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Fig. 4.1. A) Late Devonian global paleogeographic map (380 Ma). B) Late Devonian
paleogeographic map of regional North America (375 Ma). Photographs courtesy of R.C. Blakey.
C) Late Frasnian (Winterburn Group) paleogeographic map, east-central British Columbia and
central Alberta, Canada. Area west of eastern limit of thrust Paleozoic strata is palinspastically
restored. Colors: orange, landmass; blue, limestone shelf; gray, shale/argillaceous limestone
basin. (Modified from Switzer et al., 1994 and McLean and Klapper, 1998.)
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Fig. 4.2. Late Devonian stratigraphic scheme for the outcrop and subsurface successions in
Alberta central plains and outcrop strata in Alberta north central mountains and foothills.
(Modified from Switzer et al., 1994.)
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Fig. 4.3. Map of Alberta showing location of the study area in Willmore Wilderness Park (red
star).

91

Fig. 4.4. Northeastern side of a small, unnamed mountain viewed from helicopter showing the
Upper Devonian stratigraphy and the two mud mounds studied here.
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Fig. 4.5. Thin-section photomicrographs (plane-polarized light) of cyanobacterial type 1 and type
2 peloids. A) Packstone matrix rich in round, irregular, and elongate peloids and bioclasts; some
peloids show relics of calcified filaments. B) Small peloids with indistinct filaments (center) and
filaments in matrix (lower left). C) Dense peloid (center) containing tightly packed filaments. D)
Small peloid (center) formed by an aggregate of coccoids. Scale bars 1 mm.
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Fig. 4.6. Thin-section photomicrographs (plane-polarized light) of cyanobacterial type 3 peloids.
A) Projection of peloidal matrix in stromatactis cavity with indistinct filaments grading into
micrite (right). B) Detail of central portion of A showing peloids with indistinct filaments. C) A
clump of peloids in wackestone matrix. D) Detail of C showing filaments and coccoids. Scale
bars 1mm.
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Fig. 4.7. Thin-section photomicrographs (plane-polarized light) of intraclastic peloids. A)
Uneven erosive boundary overlain by packstone–grainstone lamina rich in variably shaped,
normally graded peloids. B) Subangular–subrounded and poorly sorted peloids, some containing
bioclasts, overlying micritic–bioclastic matrix. C) A packstone lamina rich in bioclasts and
irregularly shaped, subangular–rounded peloids. Scale bars 1 mm.
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Fig. 4.8. Thin-section photomicrographs (plane-polarized light) of pseudo-peloids. A) Peloidal
grains clustered in a cavity in a sponge meshwork, B) Partially collapsed sponge meshwork
(upper and left) containing reverse-graded peloids floating in the cavity flanked by microbial
peloidal matrix (lower right). C) Interbedded poorly preserved sponge meshwork and peloidal
micritic laminae. D) Relatively well preserved laminar sponge meshwork (lower) overlain by
stromatolitic laminae composed of microbial peloids. Scale bars 1mm.
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Fig. 4.9. Thin-section photomicrographs (plane-polarized light) of bioclastic peloids. A) Large
blocky peloids with relatively sharp boundaries with microbial peloids in stromatolitic laminae.
B) Large blocky peloids with microbial peloids in stromatactis cavity. C) Blocky peloids of
various sizes with calcispheres with thick micritic walls and ostracode valves. Scale bars 1 mm.
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Fig. 4.10. Thin-section photomicrographs (plane-polarized light) of microbial peloids in the
matrix. A) Large area of microbial peloids (more densely packed in lower middle and upper left).
B) Microbial peloids with scatted brachiopod valves. C) Microbial peloids with abundant
spicules. D) Microbial peloids with spicules of two size ranges (small in lower, large in upper). E)
Microbial peloids with cyanobacterial filaments referable to Girvanella (oriented subhorizontally

98

in lower right). F) Microbial peloids with cyanobacterial filaments referable to Girvanella
(oriented obliquely to nearly vertically). Scale bars 1 mm.
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Fig. 4.11. Thin-section photomicrographs (plane-polarized light) of peloidal micrite in
stromatolitic laminae and around sponge spicular networks. A) Indistinct stromatolitic laminae
composed of peloidal micrite exhibiting varying density. B) Microbial peloids and peloidal
micrite forming stromatolitic laminae, with some bioclastic peloids. C) Relatively well-preserved
sponge spicular network containing peloidal micrite. Scale bars 1 mm.
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Fig. 4.12. Thin-section photomicrographs (plane-polarized light) of microbial peloids in cavities.
A) Densely packed microbial peloids at the bottom of stromatactis with irregular roof. B)
Densely packed microbial peloids at the bottom of stromatactis with nearly flat roof. C)
Stromatactis containing micritic layers with scattered peloids below and a peloidal layer above
with ostracodes and gastropods. D) Stromatactis containing two peloidal layers separated by a
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dense micritic lamina, overlain by micrite and aggregates of peloids. E) Closely spaced peloidal
micrite containing sponge spicules, overlain by micrite lamina and peloids with ostracodes above.
F) Peloids and ostracodes in gastropod. Scale bars 1 mm.
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Fig. 4.13. A) Relative abundance of microbialite-dominated reefs compared to Sepkoski’s
marine metazoan familial diversity through the Phanerozoic. (Modified from Mata and Bottjer,
2011.) B) Relative abundance of mud mounds compared to Sepkoski’s marine metazoan familial
diversity through the Phanerozoic. (Mud mound abundance data are from PaleoReefs Database
and Krause et al., 2004.)
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Fig. 4.14. Comparison of microbial carbonate abundance with Sepkoski’s marine metazoan
generic diversity and calcite saturation state through the Phanerozoic. Green arrows indicate
times with decreased metazoan diversity and increased microbial carbonate abundance. Red
arrows indicate times with increased CaCO3 saturation state and increased microbial carbonate
abundance. (Modified from Riding and Liang, 2005a.)
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CHAPTER 5
SUMMARY
Two well-preserved Upper Devonian (Frasnian) mud-mounds in the Mount Hawk
Formation crop out side-by-side in the southern Rocky Mountains of west-central Alberta. They
developed on a gentle ramp as part of a third-order sequence, during deposition of a transgressive
systems tract and maybe highstand systems tract and they were terminated when the relative sea
level started falling. The south mud-mound is 38.6 m wide at the base and 46.2 m thick, whereas
the northern one is 72.2 m wide at the base and 53.3 m thick. They show an aggradational
stacking pattern of multiple growth stages probably determined by fourth-order relative sea level
fluctuation.
Five microfacies are discriminated in both mud-mounds: biomicrite, clotted micrite,
spiculite, stromatolite and laminite. Petrographic study differentiates five categories of peloids,
namely cyanobacterial, intraclastic, pseudo-, bioclastic, and microbial peloids. Clotted micrite
making up by microbial peloids is the dominant matrix of mud-mounds. The mud-mounds grew
in the deeper ramp depositional environment within the photic zone at around the limit of storm
wave base. A combination of a diverse benthic biota and microbial processes generated the
carbonate sediment. Bacterial metabolism was the dominant process to precipitate micrite
forming rigid framework, whereas cyanobacteria were the most important in mud-mound
accretion. Existence of the same microbial components and clotted micrite, albeit with lesser
amounts, as well as almost all same elements of the mud-mound biota in underlying off-mound
strata, indicate the initiation of mud-mounds was not a response to a sudden major environmental
change but was essentially waiting for the exact conditions to trigger it. The most important may
have been development of gentle submarine topographic highs.
Most stromatactis cavities were due to the physical excavation of sediments by currents,
although a few small ones were caused by collapse of uncemented material in spiculate sponges.
Detrital carbonate muds and in situ microbially precipitated peloids or peloidal micrite are main
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components of internal sediments in stromatactis cavities, accompanied locally by ostracode
carapaces.
Besides providing detailed documentation of a second occurrence of Frasnian-aged mudmounds, this study concludes that stromatactis-bearing mud-mounds were able to form at
moderate depths but entirely within the photic zone on a carbonate ramp, and that growth was
largely by microbial activity reflecting a dynamic balance between constructional versus
destructive processes.
As the main components of microbial carbonates in general, evolution of microbial
peloids through the Phanerozoic was influenced by two secular factors: metazoan diversity and
saturation state with respect to CaCO3, similar to their roles in governing microbial carbonates.
However, the relationship between metazoan decline and microbial resurgence is not always
linked. This may be because: (1) metazoan diversity had too little or no effect on microbial
carbonates; (2) a balance arose between metazoan diversity and other factors influencing
microbial carbonates, like carbonate saturation state; or (3) the mechanism(s) responsible for the
decline of metazoans was also inhibitory to extensive microbial development. Mud-mound
abundance through time shows in general a similar pattern, reflecting fluctuations in metazoan
diversity and CaCO3 saturation state. However, discrepancies between specific intervals suggest
there may have been variation in the amount of CaCO3 available for permineralization of various
co-existing microbial communities, influence of their specific environmental conditions, and key
importance of synsedimentary cementation.
Detailed sedimentologic and paleoecologic studies should be undertook on more mudmounds of various ages in different areas to unreal their mystery, although they may actually
show multiple origins. However, the stromatactis-bearing ones especially in Paleozoic may
eventually be proven to be microbial in fact. Regarding to stromatactis cavities formed mainly by
the winnowing process, future attention should be paid on their variable shapes, sizes and
arrangement. They may reflect the balance between intermittent effective strong storm waves
and the mud-mound growth rates and are also probably somehow related to the repetitive
reworking of the same stromatactis forming sites.
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