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Abstract
Phylloid algae are recognized as being common reef builders during the Late Paleozoic
and, in many parts of the world, are known to form important hydrocarbon reservoirs. Most
genetic models suggest that phylloid mounds develop primarily through in-situ, constructional
processes. The dominant processes in these models revolve around the baffling of sediment by
the algae themselves, most often in dense meadows, combined with the binding of sediment by
various organisms and pervasive early submarine cementation. Most models suggest phylloid
mound deposition occurs in widely distributed belts along open carbonate platforms or ramps, at
or slightly above wave base in water depths of 15-20 metres. In the Paradox Basin, most of the
individual algal mounds and mound complexes seem to fit previous interpretations, not only for
depth, but also for deposition in a relatively shallow open platform or ramp setting.
There are, however, local accumulations of individual phylloid algal mounds exposed in
outcrop whose distribution and geometry suggest deposition in an environment more closely

associated with strong currents. These algal mounds, which are exposed along the San Juan
River in southwestern Utah, have 10-12m amplitudes and are distributed in a near sinusoidal
pattern suggesting that they may have formed under the influence of wave- or tide-generated
ocean currents. In modern environments, tide-generated currents may pile similar-sized plates of
the modern algae Halimeda into dunes or sand waves along the sea floor with a similar nearsinusoidal distribution. Ascertaining the conditions under which these mounds initiated and
grew may provide an alternative explanation for the genesis of phylloid algal mounds at least
locally, and may have important implications for exploration concepts devised for algal mound
reservoirs. High energy, current-emplaced mounds, for instance, may be aerially limited in the
subsurface and may trend preferentially along strike (e.g. wave currents) or, conversely, along
dip (e.g. tidal currents). In contrast, constructional mounds may have formed in much broader
areas across much of an entire shelf or platform.

Introduction
Late Paleozoic phylloid algal mounds have been described from many localities in
Laurasia, including the United States (Baars, 1992; Dawson & Carozzi, 1986; Forsythe, 2003;
Grammer, et al., 1996, 2000; Heckel & Cocke, 1969; Kirkland et al., 1993; Konishi & Wray,
1961; Mazzullo & Cys, 1979; Pray & Wray, 1963; Roylance, 1990; Samankassou & West, 2002,
2003; Soreghan & Giles, 1999; Toomey, 1980; Toomey et al., 1977), Canada (Beauchamp, et al.,
1989; Breuniger, et al., 1989; Reid, 1986) and Russia (Antoshkina, 1998).

The term phylloid

algae was first used by Pray & Wray (1963) to describe a growth form of leaf-like algae that
includes both calcareous red algae and codiacean green algae. The genus Ivanovia, a codiacean
green algae, is the most abundant type of phylloid algae in the Paradox Basin (Pray & Wray,
1963). Ivanovia is generally thought to have grown in warm, shallow marine environments, at
depths of <20 metres (Wray, 1968; Toomey, 1980 Wilson, 1975).

Deposition of phylloid-

dominated mounds have been attributed to a variety of mechanisms, with most authors
describing some combination of sediment baffling by the algae, along with binding and
encrusting by various organisms, such as gastropods and foraminiferans coupled with the
precipitation of early marine cements (Forsythe et al., 2002; Samankassou & West, 2003).
Phylloid algal mounds exposed in the Paradox Basin region of Utah, southwestern
U.S.A., locally exhibit a sinusoidal pattern of 10-12m high mounds with “wavelengths” that
average some 35-50 metres. Whereas most phylloid mounds are interpreted as being deposited
in relatively shallow open marine environments on carbonate shelves and platforms, the unique
geometry and distribution of these local Paradox examples suggests a possible alternative genetic
history. Here we review the distribution of phylloid algal mounds in the Paradox Basin in
general, and then compare localized mounds, exposed along the San Juan River, to a modern
environment in the Florida Keys where similar algal plates (i.e. Halimeda) make up sand waves
with amplitudes of several metres, that have formed in response to tidal currents.

Methods
Paradox Basin
Seventy-five polished slabs from outcrop and subsurface core were analysed for
composition, fabric and texture. Rock colours were determined using the GSA Rock Colour
Chart (1991). A total of 180 thin sections were analysed from outcrop and subsurface examples
to identify and evaluate the phylloid algal mounds and associated facies. General composition,
allochem type, and abundance of cement and carbonate mud were determined through a
combination of point counting (200-400 counts per slide) according to the guidelines established
by Plas & Tobi (1965) to insure statistical relevance, and visual estimation using the charts

provided in Flugel (1982). Algal mounds in outcrop were measured for height, width (in two
dimensions) and spacing where exposed along the San Juan River in south-western Utah.

Florida Quicksands
Visual reconnaissance was done by snorkelling at 5 sites within the sand belt. Seven
samples were collected by hand and grab sampler at the same locations. Samples were air dried
and sieved and relative abundance of allochems was established using the visual estimation
charts in Flugel (1982).

Geologic Setting
The Paradox Basin is an elongate, northwest to southeast trending intracratonic evaporite
basin that extends from the north-western part of New Mexico into east-central Utah (Fig. 1).
The basin covers an area of approximately 27,000 square kilometres that also encompasses
south-western Colorado and south-eastern Utah (Stevenson & Baars, 1988).

Although the

Paradox Basin was most actively subsiding and accumulating sediments during the Late
Carboniferous (Pennsylvanian), the basin rests on a structural framework that was developed by
late Precambrian time (Baars & Stevenson, 1981). Continued tectonic movement throughout the
Palaeozoic resulted in repeated vertical movements along these basement fractures (Baars &
Stevenson, 1982). In the basin centre, shale, anhydrite, salt and potash were deposited, while
along the northern Uncompahgre Uplift, thick coarser-grained siliciclastic wedges accumulated.
Deposition on the Paradox shelf, further to the south and west, was characterized primarily by
cyclical deposition of carbonates with subordinate siliciclastic sandstones.
The Paradox Formation is defined as an evaporite facies in the basin centre, but there was
coeval deposition of carbonates and siliciclastics on the shelf that are included in the formation.
On the shelf, the mixed carbonate/siliciclastic cycles have been grouped into four major intervals

or stages, which in ascending order are the Barker Creek, Akah, Desert Creek, and Ismay (Fig.
2). The Honaker Trail Formation overlays these intervals and is composed of cherty limestone
and calcareous sandy siltstones in the west. The Honaker Trail Formation grades into more
massive, arkosic sandstones and granulites toward the Uncompahgre Uplift in the east. Towards
the end of Pennsylvanian time, the Hermosa sea withdrew from the Paradox Basin due to
regional tectonics, creating a major unconformity between the Carboniferous and Permian strata
(Grammer et al., 1996).
The Desert Creek and Ismay intervals form the top of the shelfal equivalent of the
Paradox Formation. These shelfal cycles are correlated to the evaporite cycles in the subsurface
through the use of black shales and dark carbonate mudstones, which appear to be
chronostratigraphic units (Choquette & Traut, 1963). The cycle-bounding shales include the
Chimney Rock Shale (base of Desert Creek), the Gothic Shale (base of Lower Ismay), and the
Hovenweep Shale (base of the Upper Ismay). The carbonate cycles of the Desert Creek are
correlated with evaporite cycles 4 and 5 of Peterson & Hite (1969). The Lower and Upper
Ismay are separated by a regional marker bed on outcrop, the Horn Point Limestone, which is
overlain by a siliceous dolomite that weathers a characteristic yellow colour and is known
locally as the “Old Yeller”. The Lower Ismay is correlated with evaporite cycle 3, and the
Upper Ismay with evaporite cycle 2. The Desert Creek, Lower and Upper Ismay intervals are
characterized by extensive development of phylloid algal buildups in the subsurface and are
important hydrocarbon reservoirs in different regions throughout the Paradox Basin.

Phylloid algal mound and associated facies in the Paradox Basin
The following facies descriptions are summarized from Grammer et al., 1996, 2000, and
describe the phylloid algal mound and associated facies observed both in outcrop and in the

subsurface of the Paradox Basin (Fig. 3). In an attempt to maintain some consistency between
studies, and to facilitate comparisons between different studies and study areas, we have utilized
the same basic facies terminology first established by Pray & Wray (1963) and more recently by
Goldhammer et al. (1991), with minor modification and augmentation.

Intermediate Facies-Diverse Biota
The intermediate facies (diverse) is a bioturbated skeletal wackestone to packstone that,
in outcrop, has thin to medium scale undulatory bedding, rare cross-bedding and a diverse
normal marine fauna consisting of crinoids, brachiopods (atrypids, athyrids, spiriferids,
terebratulids, and orthids), tubular and encrusting foraminifera, fusulinids, mollusks, branching
and fenestrate bryozoans, and minor phylloid algae. Most of the skeletal grains are broken but
not very abraded. This facies is bioturbated to burrow-mottled indicating a healthy infaunal
element. Much of the matrix material consists of peloidal mud. The facies contains 5-15%
admixed quartz-dominated sand and coarse silt and 3-5% dolosilt. Bioturbation may result in a
dismicrite fabric with blocky calcite spar filling voids in the matrix mud. Intergranular blocky
calcite spar as well as intragranular calcite spar is common. Some fossil fragments are preserved
only by micrite envelopes around the perimeter of the grains. Wispy and low-amplitude (subcentimetre scale) sutured-seam stylolites are typically present.
The intermediate facies (diverse) is interpreted as a low to moderate energy, open marine
platform facies with good circulation, deposited when flooding of the platform had proceeded to
a point which was conducive to the establishment of a normal sub-tidal carbonate factory.
Lower contacts are gradational. The upper contact is gradational with the Incipient Mound
facies.

Incipient Mound Facies

The incipient mound facies is a phylloid algal mudstone to wackestone with a matrix of
peloidal mud and scattered diverse skeletal grains (Fig. 4a). This low energy facies is found as a
regionally pervasive, muddy phylloid algal unit present at the base of algal mounds in both
outcrop and subsurface. The incipient mound facies forms a laterally persistent, flat bed at the
base of algal mounds in outcrop that is approximately 1.5-2.0m thick, with a sharp basal contact
and a gradational transition into the overlying phylloid algal mound. The facies is interpreted as
a low energy accumulation of phylloid algal plates and carbonate mud on an open platform. The
mechanism(s) responsible for the transition from muddy algal facies to well-developed phylloid
algal mounds is unknown, but probably results from changes in environmental conditions such as
wave and/or current energy, and therefore circulation, which would then affect temperature,
salinity and water quality.

Phylloid Algal Mound Facies
Throughout the Paradox Basin, in both outcrop and in the subsurface, the phylloid algal
facies consists of phylloid algal bioherms that vary in geometry from biostromal (flat and
elongate) to a mound-like morphology with flat bases. The internal fabric of the algal facies
varies from grain-supported algal bafflestones to algal wackestones and packstones with a highly
variable biotic component ranging from near mono-specific to a diverse normal marine faunal
assemblage (Fig. 4). Abundant primary porosity is partially filled with syndepositional marine
cements (fibrous and botryoidal) as well as peloidal sediment or cement (MacIntyre, 1985). The
algal facies often exhibits excellent porosity and permeability and forms the major petroleum
reservoir facies throughout the Paradox Basin.
Grammer et al. (1996) described the algal mounds as typically made up of individual
plates forming either a bafflestone fabric or packstone fabric, and suggested that mound
construction may have been either by aggradational growth of phylloid algae dominated mounds

similar to modern Halimeda mounds (Hine et al., 1988), and/or as accumulations of individual
plates by currents and/or wave action.
From their combined subsurface and outcrop study, Grammer et al. (2000) interpreted the
algal mounds as being deposited in moderate energy, open platform environments of varying
depth, but generally less than 20 metres. The well-developed algal mound geometries were
thought to be the result of an in-situ accumulation of plates with aggradational growth
characterized by a bafflestone fabric. Abundant fibrous and botryoidal marine cements, common
throughout the mounds (Fig. 4c-e), were likely fast growing and syndepositional based on
modern examples (Grammer et al., 1993, 1999), and would have provided a rigid framework for
the mounds to continue their aggradational growth (Roylance, 1990). These mounds may have
kept pace with sea-level rise and grown into waters only 1-2 metres deep, as indicated by the
presence of intertidal Chaetetes–bearing facies or high-energy, well-washed shoals that cap the
mounds.
The biostromal algal-rich beds were interpreted to have formed primarily through the
hydrodynamic accumulation of phylloid algal plates in response to currents and wave action in
water depths of 5-10 metres.

The biostromal beds are characterized by a wackestone to

packstone fabric with more interstitial mud and a lack of an interlocking fabric of algal plates
(i.e. bafflestone) characteristic of algal mounds.

Algal mounds at 8-Ft. Rapids
Well developed mound-like algal buildups are exposed over a distance of approximately
3.5km near a location that is locally referred to as 8-Foot Rapids (see Fig. 3). As shown in
Figure 5, the mounds exhibit a remarkable near-sinusoidal distribution in outcrop, with average
mound heights of approximately 10-12m and with spacing between individual mounds varying
from about 45-60 metres. These mounds were interpreted as having formed in maximum depths

of 12-15 metres. Some of the mounds at 8-Foot Rapids exhibit evidence of being sub-aerially
exposed, with microkarst filled with internal breccias present at the tops. Many of the mounds
are subsequently capped by tidal sandstones. These individual mounds, in general, have the best
porosity and permeability values near the core of the mound, with an increase in mud and overall
decrease in porosity and permeability towards the flanks.
The mounds at 8-ft. Rapids consist of a varying amount of algal plates (25-55%), most of
which are broken and average about 1-3mm in longest dimension (Fig. 4 b-f). Unbroken plates
(8-10mm long on average) are locally present throughout the samples.

In addition to the

phylloid algae, the mounds consist of a subordinate amount of encrusting foraminifera,
bryozoans, brachiopods and thin-shelled bivalves. Locally abundant internal sediment consisting
of peloidal/skeletal wackestone line and fill primary pores in the overall packstone/grainstone
fabric.

Non-Skeletal Capping Facies – Oolitic
This facies consists of oolitic and coated grain packstones to grainstones, which are
typically cross-bedded and are interpreted as being deposited in shallow water, high energy
shoals. The ooids are medium sand sized, and range from superficially coated to well-developed
ooids with multiple cortical laminae. Coated grains frequently have nuclei of rounded skeletal
grains.

Lithoclasts of ooid packstone and grainstone are commonly incorporated into the

sediment. Ooid packstones and grainstones frequently cap the algal mounds in the subsurface of
the Paradox Basin.

Skeletal Capping Facies
Many of the Paradox algal mounds are capped by skeletal packstones (locally wackestone
to grainstone) containing a diverse, normal marine fauna consisting of crinoids, brachiopods,
bryozoans, fusulinids, other foraminifera (encrusting, biserial, uniserial, and opthalmidids), thin-

shelled mollusks, bryozoans, Chaetetes fragments and local phylloid algae (Grammer et al.
2000). The skeletal grains are typically broken and somewhat abraded and may contain a
superficial coating. The grain size of skeletal fragments ranges from silt to coarse sand size on
average, with local fragments up to 8mm in diameter.

The quartz-dominated siliciclastic

component ranges from silt to very fine sand size, with abundance varying from approximately
5-10%. The quartz grains range from angular to rounded, but are mostly sub-angular to subrounded. The matrix contains abundant peloids. This facies is generally burrow-mottled to
structureless with local laminations preserved in wackestone intervals. In outcrop this facies is
medium to thick bedded with occasional trough cross-bedding.
The diverse skeletal capping facies is interpreted as relatively high energy, shallow
platform facies associated with shoals or in well-flushed channels between algal mounds. The
diversity of fauna, low but variable matrix content, and broken and abraded nature of allochems
indicate that this facies was deposited under moderate energy conditions on a shallow open
marine platform with good circulation, very similar to modern reefal sands (James, 1983).
Where associated with algal mounds, the skeletal capping facies tends to fill topographic lows
between mounds, both on-lapping and ultimately draping individual mounds.
A notable subfacies of the SC-D facies, characterized by in-situ, Chaetetes “patch reefs”,
is often found capping algal mounds. Where present, these Chaetetes heads may be up to a
metre in diameter and stand approximately 0.25-0.5 m vertically. Spacing between heads ranges
from about 2-5 m on average. The Chaetetes are present within a matrix of well-washed “reefal
sands” consisting of diverse fauna skeletal packstones. Chaetetes is a massive, frame-building
organism most likely related to coralline demosponges that range from Devonian to Permian, and
is particularly common in Middle Carboniferous strata in North America (Connolly et al., 1989).
While depth ranges reported in the literature have varied from intertidal to below wave base, the

most recent interpretations are that Chaetetes favoured very shallow waters, approaching
intertidal depths (Connolly et al., 1989, p. 139). This interpretation is consistent with their
stratigraphic position on top of mounds that have built up to near sea level.

Development of Phylloid Algal Mounds in the Paradox Basin
General
Samankassou & West (2003) review the genesis of various phylloid algal buildups,
categorizing the various buildups into 3 end-members. In the Paradox Basin, the 8-Ft. Rapids
bioherms fit most closely into their Type 1 and Type 3 models. Type 1 mounds are described as
“constructed of cup-shaped algal thalli” and consist of low diversity buildups dominated by
phylloid green algae. The authors indicate that the mounds formed by the growth of phylloid
algae that were “closely packed and juxtaposed next to and above one another”, forming a
constructional framework characterized by “intercup voids (that) contain various fillings, such as
irregular grains, uniform peloidal sediment, early marine cements, and homogeneous mud”. The
internal fabric, peloidal sediment/cement, abundance of syndepositional marine cements, and
low biotic diversity of Type 1 mounds are consistent with the observations from the Paradox
Basin mounds described by Grammer et al. (1996, 2000).
Type 3 mounds are described by Samankassou & West (2003) as mounds that formed
from the mechanical accumulation of algal plates in a muddy environment. These mounds have
somewhat higher biotic diversity, abundant broken thalli, and variable internal void spaces
mostly filled with cements, and are also often capped by shallow water facies. Samankassou &
West (2003) suggest that these types of mounds likely formed primarily through transport of
algal fragments by bottom feeders and scavengers, although they suggest that metre-scale mega
ripples might also be formed by “currents” (Hamblin, 1969). The possibility of large dunes or

sand waves forming “mounds” is especially intriguing for the phylloid algal mounds observed in
outcrop at 8-Ft. Rapids.

Paradox Basin mounds - overview
Although the processes and controls of algal mound field development are still poorly
understood and widely debated in the Paradox Basin, Grammer et al. (1996, 2000) identified a
number of generally recognized and regionally pervasive trends that encompass most of the algal
mound accumulations studied in the basin. First, most of the individual mound fields are
oriented with their long dimensions in a strike-parallel (i.e. NW/SE) direction, and with the
exception of the giant Aneth Field (Weber et al., 1995), a majority of the fields are 1.5-3 km
wide in dip direction by 1.5-11 km long in strike direction, and consist of a number of coalesced
mound units (Fig. 3). Second, the individual mound fields found in the subsurface typically
develop on a regional thick of underlying "shale" (Peterson & Hite, 1969; Wilson, 1975). Third,
there is a general thinning of regional evaporites over the crests of the mound fields, also
observed in the subsurface. Fourth, there is a strong component of lateral variability within
mound fields as indicated from field development histories (Petroleum Frontiers, 1984, Herrod &
Gardner, 1988).
These trends indicate that there was some kind of depositional or structural control on the
regional alignment of many of the mound fields in the subsurface of the Paradox Basin. In
addition, the pattern of individual mound fields developing on local areas of anomalously thick
shales, also aligned in a strike-parallel direction, suggests a concomitant control mechanism. It
is also clear that, by the end of algal mound growth, there were areas of positive topographic
relief as documented by the thinning of overlying evaporites, suggesting that the mounds
accreted vertically.

Previous studies by Grammer et al. (1996, 2000) concluded, as did those of many
previous workers, that the major control on the regional distribution of mound fields was the
change in relative sea level through time and that the primary mechanism for relative sea-level
change across the basin was most likely glacioeustatic in origin (Crowell, 1978; Goldhammer, et
al., 1991). They suggested, however, that the general distribution of individual mound fields
may be the result of a combination of both structural and depositional controls. Baars &
Stevenson (1982) and Stevenson & Baars (1986, 1988) argued persuasively for a series of deepseated NW/SE trending faults that remained active through Pennsylvanian time in this region.
The strong correlation between algal mound field orientation and these regional faults is strong
circumstantial evidence that the two are interrelated. One possibility is that the algal mound
fields developed on a series of slightly down-thrown blocks associated with these regional faults.
This would explain both the regional trend of the mound fields as well as the underlying "shale"
thicks. Differential and increased subsidence in the area of mound development would create
increased accommodation space for the mounds to grow vertically and would explain the
propensity for the mounds to stack in some fields. Another possibility is that the "shale" thicks
formed in response to current and/or wave action that resulted in strike-parallel mud banks,
similar to those found today off the coast of South America (Rine & Ginsburg, 1985).
Accretionary algal mound growth would have likely been able to outpace the relative rise
of sea level in response to the combination of tectonic and eustatic mechanisms (Schlager, 1981;
Goldhammer et al., 1991). The majority of the mounds in the subsurface are interpreted as
accretionary buildups formed by a combination of sediment baffling, binding and early marine
cementation and exhibit a general bafflestone fabric with little internal sediment. Growth of
mounds vertically into shallow water is indicated by the general decrease in mud towards the
tops of mounds, the extensive brecciation which is likely due to wave action, and the fact that

some of the mounds show evidence of subaerial exposure. The regional thinning of overlying
evaporites confirms that the mounds were positive topographic features.
Lateral variability within the mound fields observed in the subsurface, which varies from
tens to several hundred of metres, was described by Grammer et al. (1996, 2000) as a function of
the distribution of individual mounds within the field. In outcrop at least, lateral variability of
the mounds is observed on two scales. Well-developed, high amplitude algal mounds with good
porosity and permeability occur in coalesced units that are typically 300-400m in long dimension
and that pinch out laterally into muddy facies. These coalesced mound units are what is most
commonly discussed in subsurface examples and, when locally abundant, make up the majority
of the small algal fields in the basin. The individual mounds that make up these coalesced units
vary from about 3-14 metres high and are spaced from 30-70 metres apart. From a reservoir
standpoint, these individual mounds, in general, have the best porosity and permeability values
near the core of the mound, with a general increase in mud and overall decrease in porosity and
permeability towards the flanks.
Grammer et al. (1996, 2000) suggested that one explanation for the distribution of these
smaller coalesced mound units is that they formed on local areas of slightly higher relief either
on regional scale (i.e. field scale) mud banks or within structurally-controlled lows. They
suggested that low relief antecedent highs could then have formed through the accumulation of
smaller-scale mud banks in both strike and dip parallel orientations, similar to that described in
the modern by Rine & Ginsburg (1985). In the above scenario, Grammer et al. (1996, 2000)
suggested that individual mounds that locally display a near sinusoidal distribution, like those at
8-ft. Rapids, could have been controlled by current and/or wave action, but no example of how
this might occur was presented.

The Quicksands, southwest Florida Keys
The Quicksands is an area about 60km west of Key West, Florida, which consists of a
high energy accumulation of non-oolitic carbonate sands that has formed in response to tidal
currents flowing across the shallow platform (Fig. 6). The area ranges from approximately 210m deep, and extends over an area that is about 15km wide (E-W) and 10km long (N-S). The
Quicksands have formed on an antecedent (Pleistocene) topographic high called the MarquesasQuicksands Ridge, which sits an average of about 10-15m higher than the surrounding west
Florida platform (Shinn et al. 1990). The southern end of the Marquesas-Quicksands Ridge is
located about 10km in from the platform margin that borders the deep water Straits of Florida
further to the south (Shinn et al., 1990). The tidal channels and tidal bar belts near Halfmoon
shoal, an area located in the south-western-most part of the Quicksands complex, is the primary
location used for comparison in this study (Fig. 7).
As reported in Shinn et al. (1990) and verified by our own observations, sand waves with
amplitudes of 5-7m and wavelengths varying from about 150-250 metres, cover the bottom of
the main tidal channel just west of Halfmoon Shoal (Fig. 8). These sand waves are forming in
response to N-S tidal flow, and occur in water depths of approximately 10-12 metres. Based
upon the results reported in Shinn et al. (1990), as well as our own sampling, the sand waves are
made up primarily of Halimeda sands (average 45%), with subordinate amounts of normal
marine skeletal components (corals, mollusks, benthic foraminifera, echinoids and red algae).
Halimeda is a codiacean green algae that is considered to be a modern example of at least
some of the phylloid algae (Heckel & Cocke, 1969; Scoffin, 1987), especially Ivanovia, the most
common type found in the Paradox Basin mounds (Pray & Wray, 1963). The calcifying algae
have large, potato chip-like plates which break off during storms and/or are released after the
organism dies (Fig. 9). As discussed in Shinn et al. (1990), studies have shown that a single

mature plant of the type of Halimeda most prevalent in the Quicksand sand bars (Halimeda
opuntia), may grow as many as 3,000 new plates within a time span of about 4 months (Hudson,
1985).
Grain size analysis of our samples show that the individual Halimeda plates making up
the sand bars in this region average about 3-5mm (longest dimension), with maximum lengths of
6-8mm (Fig. 9), making them similar in both size and shape to the Phylloid algal plates found in
the Paradox Basin mounds (aver. 4-5mm, maximum approx. 8-10mm). In both the Paradox
Basin mounds and the modern sand waves, platy algae make up the predominant grain type (8Ft. Rapids: rge. 9-55%, aver. 34%; Quicksands: rge. 10-66%, aver. 45%) with subordinate
amounts of normal marine biota contributing to the sediment.

Phylloid Algal Mounds Developed in Tidal Passes?
The question of whether the Paradox mounds exposed at 8-Ft. Rapids might have formed
as a result of tidal currents piling algal plates into large sand waves is significant for a number of
reasons. Of particular interest is that such a mechanism would provide a new model for the
formation of some of the Paradox algal mounds, while also providing support for the few studies
to date which have suggested a similar genetic process in phylloid mounds in other parts of the
world (Hamblin, 1969; Heckel & Cocke, 1969; Giles & Soreghan, 1999; Samankassou & West,
2003). In addition, if some algal mounds form within tidal channels or passes, it could change
the way that exploration models are developed for some fields. Instead of following regional
structural trends, or mapping mounds as a series of “patch reefs” that are widely distributed
across a shallow carbonate platform, mound fields that develop in tidal channels or passes will be
located within a relatively narrow belt that is oriented roughly perpendicular to the strike of a
platform (Fig. 10).

There are a number of similarities between the modern sand waves forming in the
Quicksands region and the Upper Carboniferous phylloid algal mounds exposed along the San
Juan River. In both locations, large mounds/sand waves are made up primarily of coarse, platy
carbonate grains that range from coarse grained sand to gravel size. Based on the common
interpretation that Ivanovia, the most common phylloid in the Paradox Basin, is related to the
modern codiacean alga Halimeda, it is likely that the hydrodynamic behaviour of these two types
of platy carbonate grains would be very similar under similar current conditions. Whereas platelike algae is the dominant grain type in both locations, the subordinate grains are also similar and
characterized by a diverse, shallow marine biota. In the Paradox region, the mounds/dunes are
interpreted to have formed in water depths of 12-15 metres, while the larger Holocene sand
waves in the Quicksand region are being deposited in depths of about 10-12 metres.
In addition, Grammer et al. (1996, 2000) suggested that the algal mounds near 8-Ft.
Rapids were likely distributed in an elongate, roughly dip-oriented trend that was about 1km
wide by 3-4km long, similar in scale and geometry to the main tidal bar belts near Halfmoon
Shoal. In the Paradox example, the present-day San Juan River, and therefore the outcrop of
exposed mounds, runs approximately E-W, or approximately along dip during Pennsylvanian
deposition. Modern feeder streams have carved secondary canyons that intersect the main river
canyon at near right angles, which locally provides a means to observe the distribution of
mounds in the strike dimension.

Along such a secondary stream channel at 8-Ft. Rapids

(Wildhorse Canyon), it is possible to walk-out and follow the rapid change from the 10-12m high
mounds/dunes exposed along the main river as they pinch out within just a couple hundred
metres to the south. This type of rapid reduction in large sand waves/dunes would be expected
near the edges of the tidal channels and passes, and is similar to what is observed near Halfmoon
Shoal. Unfortunately, the distribution of the mounds to the north of 8-Ft. Rapids, which would

be towards the other side of an hypothesized tidal pass, is unknown as the section is not exposed
by the river or subordinate streams.
The many similarities between the large sand waves forming in the Quicksands area and
the Paradox mounds at 8-Ft. Rapids strongly suggest that the phylloid “mounds” might have
been deposited as sand waves or dunes within a tidal channel or pass (Fig. 11). Such an
interpretation could have a significant effect on the exploration strategies employed within the
basin for algal mound reservoirs. The distribution of relatively small satellite fields within the
Paradox Basin, which are typically 1-2km wide and 3-5 km long, have previously been
interpreted as being associated with deep-seated structural trends, and are mapped and explored
for accordingly. Whereas there is most likely a structural component to these near-dip oriented
fields, based upon the abundant subsurface data that has been studied to date, the possibility of
tidal pass concentration of algal mounds should not be discounted.

Conclusions
The striking similarity of the phylloid algal mounds exposed along the San Juan River to
the sand waves reported by Shinn et al. (1990) in south-western-most Florida (i.e. in grain size,
shape, allochem distribution, platy component abundance and near sinusoidal distribution, as
well as amplitude and wavelengths of the individual mounds), suggests that the mounds exposed
along the river near 8-Ft. Rapids may have also been deposited in response to tidal currents. The
formation of phylloid algal mounds due to hydrodynamic emplacement of algal plates moved by
high energy tidal currents would provide not only another possible mechanism to explain the
formation of these Late Palaeozoic mounds, but could be significant to explorationists searching
for mounds that are hydrocarbon reservoirs. In contrast to the standard model of broad shelfal
distribution of algal mounds, those emplaced through the work of tidal currents are most likely
going to be in relatively narrower belts that are oriented primarily in a dip direction. Realization

that these important hydrocarbon reservoirs may have multiple orientations may prove to be a
valuable tool in many hydrocarbon basins throughout the world.
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Figure Captions

Figure 1.
Map showing location of the Paradox Basin in the southwestern portion of the United
States. Modified from Choquette (1983) and Grammer et al. (1996).
Figure 2.
General Pennsylvanian stratigraphy of the Paradox Basin area showing the
Desmoinesian age of the studied Desert Creek and Ismay intervals. Modified from Goldhammer
et al. (1991) and Baars and Stevenson (1982).
Figure 3.
Map showing location of the 4 primary outcrop locations on the Paradox shelf and the
cored wells studied through the same interval in the basin. The focus of this paper is the exposed algal
mounds around the Eight Foot Rapids location in the southwest part of the map. Note also how the
individual mound fields (except for the giant Aneth field), located in the basin to the northeast, are
generally of limited aerial extent and trend in a NW-SE direction. Strike of the basin is also in a NW/SE
orientation.
Figure 4.
Thin section photomicrographs, plane polarized light: a) incipient mound facies,
showing local large phylloid algal plates in mud matrix; b) interior of phylloid algal mound with
abundant early marine cement; c) abundant phylloid algal plates with primary pores partially filled with
early cement and peloidal sediment and/or cement (P), blue is pore space; d) fragmented algal plates and
abundant early marine cement, some botryoidal (B); e) botryoidal (B) and other early marine cements
between broken phylloid algal plates; f) low power photomicrograph showing classic distribution of
algal plates and abundant early cement. Blue is pore space.

Figure 5.
Photograph with line drawing showing distribution of algal mounds on the upstream,
south side of the river at 8-Foot Rapids. Amplitude of exposed algal mounds at this location ranges
from 8-14 meters with “wavelengths” averaging about 50-55 meters.

Figure 6.
Space shuttle photograph and map showing lower Florida peninsula and Florida Keys.
Box in lower left of photograph outlines the Marquesas Keys and the Quicksands area where large
amplitude sand waves comprised mostly of Halimeda plates are actively forming due to tidal currents.
Image courtesy of the Image Science and Analysis Laboratory, NASA, Johnson Space Centre. Map
modified from Shinn et al. (1990).
Figure 7.
Space shuttle photograph (top) showing location of The Quicksands west of the
Marquesas Keys. Low-altitude aerial photograph of Quicksands showing well-developed tidal bar belts
of carbonate sand trending N/S, and large (several meter) sand waves with crests oriented in a roughly
E/W orientation. Image courtesy of the Image Science and Analysis Laboratory, NASA, Johnson Space
Centre. Aerial photograph modified from Shinn et al. (1990).
Figure 8.
High-resolution single-channel seismic profile from Shinn et al. (1990) showing large
(5+ meters high) sand waves that are migrating across the bottom of a tidal channel just west of
Halfmoon shoal. Sand waves are forming in depths of about 12 meters. Arrow indicates Pleistocene
bedrock surface as originally illustrated by Shinn et al. (1990).

Figure 9.
Photograph showing living codiacean (green) alga Halimeda sp. on the left. The white
sands on the right are from the Quicksand area and are comprised mainly of disarticulated plates from
Halimeda sp. The plates are released from the living organism upon death, or due to storms, etc. that
break off part of the alga.
Figure 10.
Schematic diagrams illustrating variations in algal build-ups that form through commonly
accepted baffling and binding (left) and as a result of tidal currents building sand waves or dunes. In the
classic model, phylloid algal mounds are formed by a combination of baffling, binding, and
syndepositional marine cementation. These mounds are distributed much like other patch reefs, and
would extend preferentially along strike. In contrast, phylloid algal sand waves forming in tidal
channels or passes, would be much more limited aerially, and found in belts that are dip-elongated with
widths along strike varying from hundreds of meters to a few kilometres based upon modern examples.
Figure 11.
Diagram showing model for development of phylloid algal mounds/dunes in a tidal
channel or tidal pass. Mound distribution would be elongated in dip direction and relatively narrow in
strike dimension (hundreds of meters to few km’s). The diagram shows the sand waves/dunes initiating
during the early to middle TST as the platform becomes flooded to a point where tidal currents start to
develop (T-1 and T-2). The bases of the dunes in this model are muddier than later when the tidal
currents reach higher velocities. The algal dunes, consisting primarily of phylloid algal plates, form
during maximum tidal flow during highstand (T-3). As available accommodation space becomes more
limited during the latest highstand (T-4), the topographic lows between the dunes would become filled
with more diverse shallow marine skeletal grains from nearby areas. In the Paradox Basin example
discussed here, lowstand results in exposure of the mounds, followed by a capping of the cycle with
siliciclastic sands.

Table 1. Summary chart showing reported parameters of phylloid algal mounds from various locales,
illustrating the overall geometry of the reported mounds as well as the fabric and grain components.

Location
Phylloid Algal Mound Outcrops
Eastern Kansas,
northeastern Okalahoma
and northwestern Missouri
(Heckel & Cocke, 1969)
Sverdrup Basin,
Canadian Arctic
(Beauchamp et al., 1989)

Finnmark Shelf,
Norwegian Barents Sea
(Bruce & Toomey, 1992)

Age
Pennsylvanian

Fabric/Matrix

Subordinate Grains

Sparry Algal Calcilutite and Algal echinoderms, bryozoan,
Calcilutite (mud matrix), and Algal brachiopods, molluscs, corals,
Sparite and Algal Calcarenite
gastropods, and foraminiferans
(cement matrix)

Upper Carboniferous Phylloid Algal Boundstone, Algal
Wackestone to Floatstone, and
Foraminifer-algal Packstone to
Grainstone (cement matrix)

Amplitude

Wavelength

3-24 meters

bryozoans, echinoderms,
foraminiferans, sponges,
brachiopods and lithoclasts

Permian

Not available from drilling at time
of written study.

sponges, bryozoans, attached
brachiopods, and Tubiphytes and
Palaeoaplysine

buildups not
measured

buildups not
measured

Desert Creek and
Ismay Intervals,
Paradox Basin, Utah
(Grammer et al., 1996; 2000)

Pennsylvanian

Phylloid Algal Bafflestone (grainsupported) to Algal
Wackestones and Packstones
(cement, mud-rich to mud-lean
matrix)

chaetetes, peloids, bivalves,
foraminiferans, brachiopods,
crinoids, gastropods, molluscs and
bryozoans

8-14 meters

33-58 metres

Providence Limestone,
Western Kentucky
(Moshier & Kirkland, 1993)

Pennsylvanian

Phylloid Algal Wackestone to
Grainstone (cement matrix)

Archaeolithophyllum (phylloid algae
species) - no mention of other grains

Bug and Papoose Canyon
Fields, Paradox Basin,
Utah and Colorado
(Roylance, 1990)

Pennsylvanian

Phylloid Algal Boundstones
(mostly botryoidal aragonite
cement matrix)

Southern New Mexico
Western Orogrande Basin
(Soreghan & Giles, 1999)

Pennsylvanian
and Permian

Phylloid Algal/Peloidal/
Foraminiferan Boundstones
(mud-rich to cement-rich matrix)

Captain Creek Limestone
Member, eastern Kansas
(Samankassou & West, 2003)

Pennsylvanian

Phylloid Algal Boundstones
(peloidal/mud-rich matrix and
cement matrix)

Paradox Basin,
southeast Utah and
southwest Colorado
(Choquette, 1983)

Pennsylvanian
and Permian

Platy-Algal Bafflestone
(mud-rich matrix)

Virgilian and Wolfcampian
reef Limestones, Texas
(Forsythe, 2003)

Pennsylvanian
and Permian

Phylloid Algal Bafflestone
(mud-rich matrix) to Grainstone

encrusting bryozoans,
foraminiferans, gastropods, crinoids,
peleypod and ostracods
calcisponges, peloids, echinoderms,
bryozoans, brachiopods,
foraminiferans, molluscs and
lithoclasts
calcareous sponges, crinoids,
bryozoans, brachiopods,
foraminiferans and solitary corals
encrusting organisms (bryozoans),
sponge spicules and foraminiferans

crinoids, calcisponges, bryozoans,
foraminiferans, Tubiphytes and
Archaeolithophyllum

2.6-6 metres

10-25 metres

Individual mounds:
2-5 metres
Stacked mounds:
3-24 metres
Mound Complex:
15 metres thick
(with regular to
undulatory tops)

Not measured

Mound Complex:
Algal mound facies
extends for 3000
metres

