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ABSTRACT
Build-and-Fill Development of Lower Ismay (Middle Pennsylvanian Paradox Formation)
Phylloid-Algal Mounds of the Paradox Basin, Southeastern Utah
Lincoln H Reed
Department of Geological Sciences, BYU
Master of Science
Phylloid-algal mounds form heterogeneous hydrocarbon reservoirs in the southeastern
portion (Blanding sub-basin) of the Paradox Basin. Well-studied Lower Ismay mounds exposed
along walls of the San Juan River gorge in the vicinity of Eight Foot Rapids, the west limb of the
Raplee Anticline, and at the classic Honaker Trail locality (southwestern Paradox Basin) have
often been cited as outcrop analogs of productive subsurface mounds. Until now, however, there
has not been a complete description of the distribution, size, and spacing of outcropping algal
mounds at the classic Eight Foot Rapids locality.
The Lower Ismay sequence was analyzed in the context of a build-and-fill model of
deposition. There are three facies associations within the sequence: 1) a basal lowstand to middle
highstand pre-mound facies association, 2) a late highstand to middle falling stage phylloid algaldominated relief-building facies association, and 3) a late falling stage, post-mound relief-filling
facies association. Above the basal maximum flooding surface (Gothic Shale), the facies
succession displays a distinct shallowing upward trend through the Lower Ismay sequence.
Mound dimensions and facies stacking patterns permit evaluation of two depositional models.
The first is a traditional, moderate- to low-energy model of vertical and radial mound
accumulation of phylloid algal plates. The second is a high-energy, tidally influenced model of
accumulation wherein mounds become hydrodynamically elongate. Outcrop data indicate that
algal-dominated buildups are domal in shape with no preferred axis of elongation. These patterns
do not support a hydrodynamic accumulation of loose algal plate fragments. The absence of insitu algal thalli in all but the upper few tens of centimeters of the mounds, however, argues
against a purely biological/ecological origin of mounds. A down-stepping ramp model is
proposed wherein a muddy algal facies was deposited at the base of the mounds in the low
energy of the outer ramp, followed by a grain-rich algal core in the mid-ramp environment.
Mounds tops accumulated in an algal bafflestone facies in the inner ramp setting. Restriction of
energy due to basinward algal buildup may have also contributed to deposition of algal
bafflestone. Mounds accumulated radially at differential rates and were influenced by these
variations in energy. This differential deposition of microfacies and subsequent diagenetic
alteration have produced heterogeneities in algal reservoir rock, producing algal mound
reservoirs that have a high potential for compartmentalization.

Keywords: Paradox Basin, phylloid algae, Lower Ismay, mounds, paleoecology, Ivanovia, build,
fill, compartmentalization, Halimeda, carbonate ramp, sea level, down-stepping
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Introduction
Just over 50 years ago, Pray and Wray (1963) introduced the term "phylloid" algae to
describe "leaflike" algal remains that contribute to Pennsylvanian and Permian carbonate rocks
worldwide. Since then, a rich literature on the taxonomy, paleoecology, diagenesis, mineralogy,
and sedimentology of phylloid algae has been published, motivated to a large degree by the
occurrence of large volumes of oil and gas in "phylloid" algal reservoirs (e.g., Paradox Basin,
Utah; Reinecke field, West Texas). These algae are typically associated with mound-shaped,
shelf-edge or ramp carbonate accumulations in which phylloid algal remains predominate to the
near exclusion of other macrobiotic constituents such as corals, bryozoans, brachiopods, and
echinoderms. These carbonate accumulations have been variably called phylloid mounds,
buildups, biostromes, bioherms, reefs, and mound complexes (Choquette and Traut, 1963;
Peterson and Ohlen, 1963; Pray and Wray, 1963; Wengerd, 1963). The terminology of these
buildups as well as the role of phylloid algae in the construction/accumulation of these positive
seafloor features remain as points of discussion (e.g., Ball et al., 1977; Fagerstrom, 1987;
Samankassou and West, 2002, 2003; Forsythe, 2003; Grammer and Ritter, 2009.)
Pray and Wray’s “type” phylloid algae were culled from the Lower Ismay interval of the
Middle Pennsylvanian (Desmoinesian, Moscovian) Paradox Formation in the Paradox Basin of
Utah. Subsequent studies of the Lower Ismay interval include studies on the sequence
stratigraphy (Goldhammer et al. 1991, Weber et al., 1995), reservoir character (Best et al., 1995;
Weber et al., 1995), sedimentology and ecology (Chidsey et al., 1996, Grammer and Ritter,
2009), and diagenesis (Brinton, 1986). The purpose of this contribution is to comprehensively
characterize the morphology, composition, and distribution of these mounds and to evaluate the
competing models (Pray and Wray, 1963; Grammer and Ritter, 2009) of bioherm development in
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the context of McKirahan et al’s (2003) build-and-fill model of carbonate sedimentation. The
principal area of interest is the Eight Foot mound field (EFMF), however, comparative materials
are derived from Lower Ismay exposures on the west limb of the Raplee anticline, and Honaker
Trail (Fig. 1).
Discussion of the mound shapes as they relate to petroleum exploration is another key
aspect of this study. As the algal mounds serve as a primary reservoir for the several Paradox
Basin oil fields, knowing their morphology and lateral connectivity is important when it comes
to hydrocarbon production. The morphology of the mound shape is ultimately of little note if the
mound complexes form an entire interconnected reservoir. However, if each mound acts as its
own isolated system and there is little communication between reservoirs, knowing the geometry
of the mound is integral to maximum production of hydrocarbons. Such compartmentalization of
mounds is possible if porosity and permeability are greater at the core of the mounds as
compared to the flanks as noted by Eberli et al. (2000), and Grammer and Ritter (2009). Analysis
of these heterogeneities is also important to maximize production.

Geological Setting
The Paradox Basin is a northwest-southeast trending intracratonic basin that formed in
southwestern Colorado and southeastern Utah during the Pennsylvanian Period. During rise of
the Uncompahgre uplift of the Ancestral Rockies (Baars and Stevenson, 1981; Kluth et al, 2009),
the basin subsided rapidly and was filled with over 2000 m of Permo-Pennsylvanian sediments.
Stacked depositional sequences accumulated in three roughly parallel facies belts: northeastern
clastic wedge (Gianinny and Miskell-Gerhardt, 2009), basin center evaporite belt (Peterson and
Hite, 1969; Rasmussen and Rasmussen, 2009), and southwestern carbonate shelf (Goldhammer
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et al., 1991). The litho- and chronostratigraphic terminology applied to Pennsylvanian strata in
the basin are shown in Figure 2.
The Middle Pennsylvanian Paradox Formation is defined as an evaporite facies in the
basin center and coeval siliciclastic and carbonate strata on the southwest shelf. Mixed
carbonate-siliciclastic strata of the southwest shelf have been subdivided into six third-order
sequences that are, in ascending order, the Barker Creek, Akah, Lower Desert Creek, Upper
Desert Creek, Lower Ismay, and Upper Ismay sequences (Goldhammer et al., 1991; Gianniny
and Simo, 1996) (Fig. 2). Black "shales" near the base of these sequences correlate with the "C",
"A", Chimney Rock, Gothic, and Hovenweep shales of the basin center, respectively (Hite, 1960;
Rasmussen and Rasmussen, 2009). The Honaker Trail Formation overlies these sequences and is
composed of an upward increase in sandstone and siltstone content reflecting the progressive
filling of the Paradox Basin by debris shed from the Uncompahgre uplift.
The Lower Ismay sequence, which is the focus of this paper, has been informally termed
an interval and is the lower of the two third-order sequences within the informal Ismay Member
of the Paradox Formation. It is comprised of a single, disconformity-bounded depositional cycle
(Fig. 2) that is characterized by extensive development of phylloid algal mounds observable in
both outcrop and in the subsurface (Pray and Wray, 1963; Elias, 1963; Choquette and Traut,
1963; Brinton, 1986). The Lower Ismay is correlated to evaporite cycle 3 of Hite (1960) and
evaporite cycle PX3 of Rasmussen and Rasmussen (2009). Conodont and fusulinid data indicate
equivalence to the Desmoinesian (Moscovian) Lower Fort Scott (Excello) cycle of the classic
Midcontinent cyclostratigraphy (Ritter et al., 2002).

3

Methods
Samples were collected from three Lower Ismay outcrops located along the walls of the
San Juan River gorge. The locations are referenced to the San Juan River guidebook of Baars
and Huber (1973), which begins where Highway 191 (bridge) crosses the San Juan River a few
miles west of Bluff, Utah. The first, and most extensively sampled locality is the Eight Foot
mound field (EFMF) located in the vicinity of Wildhorse Canyon, approximately 27.4 km (river
mile 17) downstream from the bridge. Lower Ismay mounds crop out between river miles 15.6
and 17.8. Other river localities include the west limb of the Raplee Anticline, 3.5 km west of
EFMF (river mile 20.0) and Honaker Trail, located at river mile 44.3. Petrographic samples were
collected from the Lower Ismay interval at each locality. Porosity and permeability samples were
collected at the Eight Foot Rapids and Honaker Trail sites.
Over 200 petrographic samples were evaluated semi-quantitatively. Oriented thin
sections were injected with blue epoxy to dye pore spaces and each thin section was
systematically analyzed. The analysis included counting of all identifiable fossils to derive
abundance. Fossil fragments were counted as individuals unless they were adjacent to and
obviously derived from the same organism. Abundances were recorded and abundance charts
were created in Microsoft Excel and data was entered into a custom file created in FileMaker Pro
Photographic panoramas were created for the EFMF using Adobe Illustrator. These
panoramas extend 3.5 km along both the north and south walls of the canyon. Each mound was
numbered and labeled with a B or N as a prefix to each number. B represents mounds on the
north side of the river, land managed by the federal Bureau of Land Management. N represents
mounds the south side of the river which is managed by the Navajo Nation. Petrographic
samples were collected through a complete section of the Lower Ismay interval with additional
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samples from selected and accessible mound and fill facies. Mounds were sampled along vertical
sections representing mound crest, mound flank, and mound trough (Fig. 3) positions so as to
evaluate facies variation within mound strata. Likewise, sample suites were collected vertically
through 11 intermound basin-filling successions.
Fifty-one core plug samples were collected from relief-building and relief-filling strata
and analyzed using a Tempco UltraPore-300 porosimeter and UltraPerm-500 gas permeameter to
quantify porosity and permeability.

Description of the Eight Foot Mound Field
The Eight Foot mound field (EFMF) crops out in the core of the Raplee Anticline
between river miles 15.6 and 17.8 of the Baars and Huber (1973) river guide. The top of the
Lower Ismay complex is first exposed by downcutting at river mile 15.6. However, hummocky
or rolling strata of the Upper Ismay (a direct result of mounds in the underlying Lower Ismay)
can be traced upstream to river mile 15.1, indicating that the EFMF extends in the subsurface at
least 0.6 miles north and northwest of the first Lower Ismay outcrops. Mounds are exposed just
above river level for approximately 3.5 km (river mile 15.6 to 17.8). Thereafter the moundbearing Lower Ismay beds rise structurally above the river. The western edge of the EFMF is
marked by the termination of mound development in the vicinity of The Narrows at river mile
17.8. Hence, mounds are well exposed on both sides of the San Juan River for a distance of 3.5
kilometers. The measurable dimensions of the EFMF are 3 km east-west and 1.3 km in a northsouth direction, indicating a minimum areal extent of 3.9 sq. km. In this section we describe the
morphology, dimensions, and spacing of mounds and troughs comprising the exposed portion of
the EFMF.
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Mounds
A total of 165 mounds are exposed in the EFMF; 79 on the north (BLM) side of the river
and 86 on the south (Navajo Nation) side of the San Juan River. Mounds on Bureau of Land
Management (BLM) property are labeled B1 (upstream) though B79 (downstream). Mounds on
Navajo land are designated N1 (upstream) through N86 (downstream). The height and width of
each completely exposed mound was measured from a pair of composite, scale-adjusted
panoramas of each canyon wall (Appendix C). The height was measured from the base of the
relief-forming phylloid algal bed to the highest exposed point of each mound. Mound width was
measured as the trough-to-trough distance of the bounding paleotopographic lows. Shape
parameters could not be measured on 24 of the 165 mounds due to incompleteness of exposure.
The bases of 10 upstream mounds (B1 through B7 and N1 through N3) were submerged below
the surface of San Juan River. Slope retreat above other mounds made it difficult to accurately
measure their dimensions.
Mound dimensions discussed below are reported as apparent dimensions given the
arbitrary dissection of both mounds and troughs by the San Juan River. Only those mounds and
troughs bisected axially show true maximum height and depth. The majority of features exposed
in the Lower Ismay cliffs were likely cut tangentially thereby masking their true depositional
height and depth. That being said, data from the 142 measurable mounds reveals an average
apparent mound height of 6.96 m and apparent width of 36.82 m for the EFMF as a whole.
Apparent mound heights range from a minimum of 2.32 m (B56) to a maximum of 11.89 m
(N42). The crest of mound N42 is overlain directly by the sequence boundary at the top of the
Lower Ismay sequence and may reflect a depositionally-controlled upward limit to mound
growth. Apparent mound widths range from a minimum of 2.79 m (N31) to a maximum of 86.84
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m (B10). The average apparent peak-to-peak spacing (in the horizontal plane) is 37.66 m with a
range of 3.81 (N19-20) to 111.74 (N3-4) m. Mound dimensions are comparable on both sides of
the river and in both upstream and downstream portions of the field indicating that there is no
regional (i.e., bankward or basinward) change in apparent mound height or apparent width at the
EFMF (Table 1). Mounds at the upper end of the apparent width spectrum are thought to
represent axially dissected mounds or mounds that have coalesced into amalgamations.
Goodrich (2013) conducted a LIDAR survey of the EFMF that extends from river mile 15.8 to
mile 17.2 to evaluate dimensions of the 2-dimensional outcrops. His analyses of mound shape
concludes that mounds at the EFMF show no elongation or significant asymmetrical
morphologies. The sharp meander bend at Eight Foot Rapids (Fig. 1) provides an opportunity to
evaluate elongation potential of one mound dissected in two perpendicular views. Mound B48 is
exposed along this corner and can be viewed looking both from the south and from the west. It is
mound shape in both views with no evidence of directional elongation.

Troughs (Intermound Basins)
Troughs represent paleotopographic lows formed between phylloid-plate-dominated
buildups that were subsequently filled by onlapping marine sediments. An alpha-numeric system
was constructed to identify the position of individual troughs (e.g. B25-26, N4-5). The letter
indicates the position of the trough on the BLM or Navajo side of the river while the number
indicates the position with respect to adjacent mounds. For example, the trough labeled B25-26
refers to the trough located between mounds B25 and B26 and the BLM side of the San Juan
River, etc. Two dimensions of each trough were measured; the apparent thickness of troughfilling sediment (from base of trough-filling sediment to base of the overlying Upper Ismay
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lowstand quartz sandstone) and the apparent width (peak-to peak distance of the bounding
paleotopographic highs). The average exposed thickness of intermound basin-filling strata is
3.79 m with a range of 0.68 m (9-10) to 9.24 m (N41-42). The average exposed width of
intermound troughs is 37.66 m with a range 3.81 m (N19-20) to 111.74 M (N3-4).

Paleotopography
These data indicate that paleotopography on the Lower Ismay seafloor was complex,
comprised of mounds ranging from a few tens of centimeters to just over ten meters in height,
separated by basins or marine lakes that ranged from a few tens of centimeters to over 10 meters
in depth and from a few meters to over 100 meters in breadth. Maximum relief occurred at the
end of the mound-building phase of deposition. Upon the demise of the phylloid community,
perhaps as a result of sea-level fall, the locus of sedimentation shifted from mound crests to the
floors of intermound basins. Onlapping geometries of relief-filling beds (rather than mound and
trough draping geometries) (Fig. 4) indicate that sediment production occurred locally on the
floors of individual basins.
Relief-building strata comprise the late highstand to middle falling stage systems tracts
(see below) of the Lower Ismay sequence and were deposited under conditions of excess
accommodation. Relief-filling beds comprise the late falling stage systems tract of the Lower
Ismay sequence and reflect deposition under conditions of decreasing accommodation.
Accommodation in the troughs decreased in two complimentary ways: through sediment
accumulation on the floors of basins and through eustatic fall of sea level. Changes in
depositional and ecological conditions resulting from shrinking accommodation are reflected in

8

systematic changes in the composition of basin-fill limestones, as discussed under the heading of
relief-filling facies in the next section of this paper.

Lower Ismay Facies
Within the Lower Ismay sequence, there are eleven primary facies (Table 2). These facies
have here been consolidated into three distinct facies associations that underscore the “build-andfill” nature (McKirahan et al., 2003) of the Lower Ismay sequence. The typical succession of
Lower Ismay facies begins with a “pre-mound” facies association comprising the lowstand,
transgressive, and early to middle highstand systems tracts, followed by a late highstand to
middle falling stage mound-building phase (Fig. 3). Bioherm-producing deposits are here
classified as components of the “relief-building facies association”. The cycle concludes with a
late falling stage “relief-filling facies association” deposited in 0.68 to 9.24 meter-deep basins or
marine lakes that existed between the phylloid buildups upon their demise.
To maintain consistency with previous work, we preserve much of the original facies
terminology as outlined by Pray and Wray (1963) and later modified by Goldhammer et al.
(1991), Grammer et al. (1996), and Grammer and Ritter (2009). We modify and subdivide some
facies based upon our analysis and place them in facies associations to underscore their
relationship to the relief-building and relief-filling phases of deposition. Trends described in this
section are based upon a semi-quantitative analysis of thin sections with an emphasis on the
diversity and abundance of skeletal components collected from nine mounds and 11 basin-fill
suites at the EFMF, one sampling suite at the West Raplee section, and one suite at Honaker
Trail (Appendix A).
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Pre-Mound Facies Association
The pre-mound facies association comprises the lower 9.5 meters of the Lower Ismay
interval and consists of the lowstand, transgressive, and early to middle highstand systems tracts
of the Lower Ismay sequence. Individual beds and systems tracts of this facies association are
laterally continuous throughout the southwest shelf with planar basal and upper contacts and
little lateral variation in thickness (Goldhammer et al. 1991). At the EFMF, pre-mound strata are
comprised of the following facies succession (Table 2): lowstand, eolian quartz sandstone (QSF,
1.1 m), transgressive non-skeletal to low-diversity skeletal packstone with abundant subrounded
intraclasts (IF, intermediate facies, 1.8 m), laminated black sapropelic dolomite facies with
phosphatic concretions (BLM, 0.8 m; Gothic Shale, third-order maximum flood facies),
dysaerobic chert-poor, spiculitic mudstone to wackestone (SF or sponge facies, 3.1 m), chert-rich
spiculitic mud facies (SF-cherty, 1.5 m), and skeletal wackestone with whole small productid
brachiopods and crinoid plates (IF, intermediate facies, 2.8 m). The nature and interpretation of
these facies have been elucidated by several authors including Pray and Wray (1963), Brinton
(1986), Goldhammer et al. (1991), Weber et al. (1995), Eberli et al. (2000), and Grammer and
Ritter (2009). We refer the interested reader to these sources. In this study, we emphasize the
relief-building and relief-filling facies that overlie these facies.

Relief-Building Facies Association
This association consists of four facies (a mound substrate designated MS and three
distinctive mound-building phylloid algal facies --AF1 through AF3) deposited during late
highstand to middle falling stage of sea level when accommodation was abundant as suggested
by 1) similarity in facies constituents and textures across seafloor topography, 2) variable
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apparent height of mound crests suggesting absence of a common growth ceiling, 3) no planation
of mound crests (again indicating unrestricted upward growth potential), and 4) lack of subaerial
exposure features in any of the four relief-building facies.
Mound substrate facies (MS). - Mound development was preceded by deposition of a thin
limestone bed upon which mounds nucleated. The bed is laterally persistent throughout the study
area including the EFMF, West Raplee, and Honaker Trail localities. It is 50 to 60 cm thick, has
a flat bottom and planar top. Petrographically, this bed is a mixed peloidal-skeletal wackestone
facies containing encrusting bryozoans, brachiopods, bivalves, gastropods, echinoderms,
ostracodes, Beedeina, encrusting foraminifera, and rare to common phylloid-algal fragments
(Fig. 5). Peloids are common and become more abundant in grain-rich portions of the bed. It is
similar in composition to the IF of the underlying pre-mound facies association, with the
distinction of being positioned directly beneath the mounds and containing a higher, although
patchy abundance of phylloid algal fragments. Phylloids are rare in the MS facies, but increase in
abundance at some locations. These areas of increased abundance appear to be arbitrary in the
sense that they do not presage the position of subsequent mound nucleation. The MS facies was
referred to as the incipient mound (IM) by Grammer et al. (1996).
The MS facies represents a low- to moderate-energy, outer ramp environment (see
Discussion). It apparently remained uncemented during deposition of overlying algal strata, as
indicated by loading-related soft sediment deformation between mounds N41 and N42 (Fig. 6).
Phylloid Algal Facies. - The MS facies is overlain by the phylloid algal (AF) facies. The AF
facies was originally named by Pray and Wray (1963), and adopted by Goldhammer et al.
(1991), Grammer et al. (1996), Roylance (1996) and Grammer et al. (2000). Heterogeneities
exist within the AF facies as noted by Grammer et al. (2000), Eberli et al. (2000), and Best et al.
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(1995). Beds comprised of this facies at the West Raplee locality are thin (1 meter) with a lower
diversity of skeletal contributors than at EFMF. Faunal diversities of mound facies at Honaker
Trail are similar to those at EFMF, but fauna are generally less abundant. There exists a minor
decrease in general faunal abundances from west to east in the EFMF (Fig. A1 in Appendix).
We subdivide the AF category into three subfacies (AF1 through AF3) based upon
textural, compositional, and taphonomic distinctions that correspond to their distribution within
and between mounds (Fig.3). Samples collected from mounds in the trough position,
representing paleotopographic lows average approximately 45% mud, 5% peloids, and 45%
skeletal grains. Mound flanks average 39% mud, 5% peloids, and 51% skeletal grains. Mounds
in the crest position average 31% mud, 3% peloids, and 56% skeletal grains.
AF1. - AF1 is an algal plate wackestone to grain-dominated packstone composed of
phylloid fragments, gastropods, bivalves, brachiopods, brachiopod spines, ostracodes, peloids,
encrusting forams, and the benthic forams Endothyra and Tetrataxis (Fig. 7). AF1 is muddy with
peloid accumulations occurring within and between skeletal grains. Microfacies are laterally
similar at each sampling position, but AF1 slightly thickens at the crest position. Mud and
peloids decrease upward into AF2.
AF2. - Rocks of facies AF2 (sparry algal facies of Pray and Wray, 1963) range from
grainstone to grain-dominated packstone and are comprised of platy fragments of the codiacean
alga Ivanovia cemented by marine and meteoric sparry calcite (Fig. 8). Ivanovia fragments
ranging in length from 3 to 10 mm and in thickness from 0.5 to 1.1 mm predominate to the near
exclusion of all other biotic constituents. Algal plates are generally oriented subhorizontally but
lack any preferred orientation of plate stacking. Other biostratinomic modifications of thalli
include splitting of plates along the central medullary zone, minor micritization, and
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encrustation. Minor amounts of perched or trapped mud and clotted peloids are restricted to
voids within the algal framework. AF2 is distinguished from AF1 by the predominance of algae
and near absence of mud. Laterally and within a single mound, composition is similar across the
crest, flank, and trough positions. AF2 is thickest at the crest position and thins at the flanks until
it becomes thin to absent at the trough position (Fig. 4).
AF3. - AF3 is a bafflestone with undulose phylloid thalli (Fig. 9). Phylloids occur in
growth position in mounds N9, N10, and B7. Algal thalli are often whole in thin section with
lengths greater than the 2.4 cm field of view. In outcrop these whole thalli are dominantly
horizontal to subhorizontal in orientation. Randomly oriented algal fragments were observed
along with mud, peloids, and forams in interstices between thalli. Botryoidal cements are
common within the AF3 where mud did not completely fill voids between thalli (Fig. 9B). No
significant differences are observed laterally across the AF3 mound tops. Crestal composition is
similar to that observed at both flanks and troughs (Fig. 4).

Relief-Filling Facies Association
Upon cessation of active mound building, perhaps as a result of sea-level fall, the seafloor
in the study area was comprised of an undulatory surface characterized by low-relief mounds
separated by shallow depressions. Facies of this association were deposited within the shallow
basins or marine “lakes” that existed in the depressions on this complex egg-carton-like surface.
Onlapping geometries in basin-fill sediments indicate that lakes were semi-autonomous
depocenters through all but the final stages of sedimentation. The trough-filling facies
association is typically comprised of 8 to 14 beds although some contain fewer, relatively thicker
beds. Individual fill beds range from 15 cm to 1.5 m in thickness. Seventy-nine post-mound
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troughs or paleotopographic lows are exposed on the north wall of the canyon; 86 on the south
side. Three upward-shallowing facies (as a function of sea-level fall and filling of
accommodation) comprise this association (Fig. 10).
At the EFMF, calcispheres are abundant throughout the fill facies and heterozoan fauna
are diverse and common to abundant (Appendix A). Foraminifera increase in diversity and
abundance up section within the fill facies, indicating shallowing as sediment-filled
accommodation created by relief of the mounds. At the EFMF, a minor increase in phylloid
algae is observed to the northwest (Appendix A). At the west Raplee site, sampled fill facies are
thinner and are comprised of only two beds. The lowstand sand of the Upper Ismay that caps
these beds is much thicker than it is at the EFMF. Beedeina is absent from both sampled beds,
but Staffella appears and becomes abundant in the second bed. At the landward Honaker Trail
site, two beds comprise the fill facies association and are capped by a thicker Upper Ismay
lowstand sand. The lower bed contains phylloid algae and Beedeina. Staffella is absent from
both. However, the alga Epimastoporella is present in the second bed.
Beedeina Fill Facies. - Basin fill commences with deposition of skeletal and phylloid algal
wackestones to packstones that accumulated on the floors of paleotopographic lows. The fusulinid
genus Beedeina is abundant within the lower portion of basin-fill strata. The lower beds, marked
by the presence of Beedeina and minor phylloid algae, are designated the Beedeina fill facies (BF).
These beds are thick with a normal marine heterozoan faunal assemblage. Echinoderms and
brachiopods are common to abundant and gastropods are rare to common. Earlandia, Tuberitina,
Endothyra, and Tetrataxis are all rare to common. Encrusting foraminifera increase upward in the
BF facies. Calcite cement is rare except where aragonitic phylloid algae and gastropod molds have
been filled by sparry calcite. Phylloid algae are rare to abundant within the BF facies and decrease
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upward. Phylloid algae are compacted in some thin sections and are oriented horizontally.
Although rarer than in the build facies association, delamination of phylloids is also observed.
Peloids are common to abundant within the matrix.
Skeletal Fill Facies. - The skeletal fill facies (SkF) is characterized by abundant to
pervasive brachiopods and echinoderms with common to abundant Beedeina shells. Phylloid
algae are rare to absent and mud increases upward through the facies. Peloids are rare to
common among the heterozoan fauna. Porosity is poor and limited to fracture porosity. The
facies is common in the middle of the basin fills. A thin, recessive and fissile bed is present
above the BF facies which marks the base of the normal skeletal fill facies. This recessive bed
can be used as a marker bed within basin fills.
Staffella Fill Facies. - The Staffella fill (StF) facies is characterized by the foram Staffella
and the algae Epimastoporella. Beedeina and Endothyra are present, but less common than in the
two preceding fill facies due to the abundance of the nominate taxa. Peloids and opthalmidid
encrusting foraminifera are common to abundant. Biseriella and phylloid algae are rare to
common. Heterozoan components are rare to common. Porosity is poor to good due to leaching
of Staffella and Epimastoporella. In outcrop, strata of this facies contain large, widely-spaced
heads of Chaetetes which appear to be in growth position (Fig. 11). These are the uppermost
beds in the relief-filling facies association and they form a laterally persistent cap on mounds and
relief-filling beds.

Reservoir Characters
Collection of large samples for porosity and permeability evaluation was difficult and
coring at the Eight Foot mound field was prohibited. Thus, few samples were of appropriate
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dimensions for the analysis of reservoir characters. The data gathered is somewhat inconclusive
because so few representative suites of samples were analyzed due to small size. However, some
of these data (Appendix B), along with thin-section analysis, suggest that the algal mound
reservoirs and non-reservoir fill exhibit variations in reservoir characters that are influenced
primarily by microfacies fabric and diagenetic processes. Core plug analysis indicates that
porosity and permeability are greatest within the phylloid algal mound facies with effective
porosities ranging from 1.52% to 14.6% and permeability ranging from 0 md to 39.8 md at 500
psi. Porosity and permeability within individual mounds are greatest at mound cores where
phylloid algae are most pervasive (Fig. 12). Nearly all primary porosity is filled or reduced by
calcite cement, while little primary intraparticle porosity is preserved within chambers of various
foraminifera. Primary shelter pores created by algal thalli are generally filled with mud, clotted
peloids, and/or marine cement. Leaching of aragonitc phylloid algae is responsible for the
creation of secondary porosity in the form of molds. Moldic pores are often reduced or filled by
meteoric cement. These cements are common to abundant in mound bases, flanks and tops, and
become most common throughout the mound core due to abundance of phylloids and lack of
other grains.
Non-reservoir BF and SkF facies are resistant to development of secondary porosity as
calcitic fauna, peloids, and micrite are resistant to leaching. The scarcity of aragonitic organisms
creates a muddy and calcitic skeletal fabric in which primary intraparticle and secondary moldic
porosity within foraminifera is filled with marine cement or mud. These facies are not typically
considered reservoirs. The SkF facies has yielded a maximum effective porosity of 2.37% and
maximum permeability of 0.4 md at 500 psi. The maximum effective porosity observed in the
StF facies is 13.44% with a permeability of 0 md. Thin section analysis reveals that relief-filling

16

facies association porosity is maximized in the upper StF fill beds where Staffella and
Epimastoporella abundance is greatest. Solution of these aragonitic organisms creates molds and
porosity and permeability become poor to good, ranging from 0.65% to 13.44%. Porosity exists
primarily in the form of vugs and fractures within the BF and SkF facies and primary
intraparticle and secondary moldic porosity is all filled by marine cement.
Reservoir characters improve to the west at the Honaker Trail locality. Although
sampling position could not be determined, our data show increased porosity and permeability
within all facies sampled at this landward study site (Appendix B). Effective porosities in mound
cores range from 4.3% to 17.7% in vertical core plugs and from 0% to 15.2% in horizontal core
plugs. Permeability ranges from 0.03 md to 94.6 md from vertical plugs and 0.04 md to 271.5
md from horizontal core plugs at 500 psi. Horizontal permeability appears to be significantly
better than vertical permeability.

Build-and-Fill Model
In the Paradox Formation, Eberli et al. (2000) note that mounds occurring in multiple
cycles appear to be controlled by antecedent topography as these mounds only develop above
previous mounds. Thus, an understanding of controls on mound development becomes
paramount. McKirahan et al. (2003) proposed a model of “build and fill” for the development of
Pennsylvanian (Missourian) phylloid algal mounds wherein interactions between sea level,
sedimentation, and paleotopography influence the heterogeneity of reservoir analogs in
northeastern Kansas. They report sedimentation as a key process in building relief-producing
phylloid algal reservoir facies that were later altered by deltaic wedge deposition and overlain by
oolite and skeletal packstones. Relief built by these facies was subsequently filled by sandy
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skeletal deposits as sea level fell and the sediments became subaerially exposed. We here report
a similar interaction between Lower Ismay phylloid algal mounds and their associated fill facies.
At Aneth Field, Weber et al. (1995) show that individual phylloid algal mounds coalesce to form
large phylloid algal buildups in the Desert Creek interval. Compartmentalization of these
buildups is minimal relative to that of individual Lower Ismay mounds on the western ramp.

Build Phase
The algal mounds and the MS facies are interpreted to have been deposited during the
late highstand to middle falling stage under conditions of abundant accommodation. Ample
accommodation is suggested by 1) the ubiquitous distribution of phylloid algae across seafloor
topography, 2) the variable apparent height of mounds and 3) lack of planation or flattening of
mound peaks, both of which indicate lack of a ceiling to growth, and 4) absence of exposure
features within the buildups. In most sections here analyzed, the MS facies is the first within the
Lower Ismay to contain phylloid algal fragments. These fragments are generally rare, but we can
infer that mixed fauna with phylloid algae developed in low energy, photic conditions. This
lower-energy facies, dominated by mud and heterozoans, contrasted with moderate to high
energy of the succeeding AF2 facies suggests that phylloid algae preferred the higher energy
environment where they were able to flourish to the near exclusion of other organisms at the
mound cores. Once concentrated nucleation sites were established, the mound facies built uneven
relief until relative sea level fell to a point at which the mound could no longer sustain its
development. This water depth is thought to be between 1 and 10 m (Wray, 1968; Toomey et al.,
1977). Mound development ceased and shallower water communities were concentrated into
paleotopographic lows between the mounds.
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We note a single, but significant case in which cut-and-fill processes contributed to relief
on the seafloor. This occurs between mounds N62 and N63 where the base of the trough was
incised below the level of the mound substrate bed. This erosional surface appears to be the
result of hydrostatic flows which occurred post mound building, and as a precursor to the basal
BF facies here reported. This intermound fill is the deepest observed and contains 14 fill beds.

Fill Phase
The build phase and the fill phase were deposited non-contemporaneously. The fill phase
is interpreted to have been deposited during the late falling stage. This is evidenced by changing
foram diversity and increasing mud suggesting transition from the middle ramp to inner ramp
lagoon with a drop in sea level. The lowering relative sea level played a crucial role in halting
mound-relief production, and allowed fill sediment to fill accommodation space, and early fill
beds to onlap onto the mound facies. The fill facies association has been interpreted by Pray and
Wray (1963) to have been deposited in an environment of lower energy than the AF facies and
this interpretation is supported here. At the conclusion of the fill depositional period, a lowstand
sand was deposited over the StF beds. Multiple authors report subaerial exposure at the top of the
interval (Pray and Wray, 1963; Goldhammer et al., 1991; Eberli et al., 2000).
The increase in foram abundance within the fill facies is distinctive and is interpreted to
represent a shallowing trend. Stevens (1969, 1971) suggests that Beedeina thrives in depths
greater than 14 m. However, in the Lower Ismay, Beedeina occupies a range of environments
from the IF and MS facies and throughout the fill deposits. These data appear to be in accordance
with the work of Vachard et al. (2010). They show that fusulinid foraminifera of the late
Moscovian inhabited the fore-reef, shoal, and open subtidal environments of the Moscow Basin
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of Russia. In the Lower Ismay interval, Beedeina is found in the uppermost mound deposits and
significantly increases in abundance into the fill facies. Its presence and coexistence with
phylloid algae in the fill facies may suggest the fusulinid foram occupied depths less than 10 m.

Discussion
Mound Depositional Setting
Phylloid remains in algal buildups display a spectrum of growth/preservational forms
ranging from in-situ cones and cups to hydrodynamically accumulated fragments. This spectrum
indicates that they performed a range of ecological and sedimentary roles controlled by algal
growth form, mode of calcification, and depositional setting. In a few reported occurrences,
phylloid algal thalli (small cones or cups) are preserved in growth position and play a direct
sedimentary role as frame builders and bafflers in mound construction. For example, phylloid
mounds of the Early Permian Laborcita Formation in the Sacramento Mountains with at least 10
m of constructional relief contain a predominance of in-situ phylloids. Cross and Klosterman
(1981) attributed mound development to four complementary process, l) the growth of erect
conical thalli of Eugonophyllum (Konishi and Wray, 1961), 2) binding by stromatolites, 3)
trapping of carbonate mud (perhaps evidence of interstitial microbial activity), and 4)
penecontemporaneous submarine cementation (also see Mazzullo and Cys, 1979). Similar
encrustation of erect thalli by cement and encrusting algae was reported from the upper Capitan
Limestone (Middle Permian) in the Guadalupe Mountains, west Texas and New Mexico
(Mazzullo and Cys, 1977). In other instances, phylloid algae with undulatory growth forms such
as the red algae Archaeolithophyllum form a mass of loosely held undulatory, subhorizontal
sheets that baffle sediment and provide sheltered pore spaces (umbrellas or crypts). These pore
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spaces are occupied by microbiota and microbially precipitated peloids (e.g. Samankassou and
West, 2002, 2003) thereby forming a locus of sedimentation on the seafloor. These mounds
generally have low relief and are laterally persistent (Samankassou and West, 2003).
In most reported occurrences, however, phylloid algal mounds are detrital accumulations
of phylloid algal fragments where the paleoecological/sedimentological role of the phylloid algae
is unclear because of taphonomic and diagenetic degradation of thalli. Lower Ismay
(Pennsylvanian, Desmoinesian) mounds described in the classic paper of Pray and Wray (1963)
fall into this category. They described the dominant mound lithology ("sparry algal facies") as "a
light-colored, grain-supported porous Ivanovia limestone containing abundant sparry calcite" and
noted that the "growth habit of this alga cannot be established positively, since only fragmented
remains of the leaflike bodies have been observed". With respect to mound development, Pray
and Wray (1963) envisioned simple accumulation of algal plates below the zone of appreciable
wave turbulence in patches on the seafloor where Ivanovia grew to the near exclusion of other
biota. Recently, Grammer and Ritter (2009) offered a high-energy alternative to Pray and Wray's
(1963) parauthochthonous detrital model on the basis of Lower Ismay outcrops the EFMF. They
attributed the fragmental nature of phylloid algal grains and the sinusoidal upper surface of the
bioherm interval to the influence of wave- or tide-generated ocean currents, citing dunes and
sand waves in Halimeda-dominated sand shoals of the Quicksands, south Florida as a modern
analog.
Muddy algal bases, flanks, and tops complicate a simple accumulation model. The
accumulation model of Pray and Wray (1963) is not ideal for reconstruction of Lower Ismay
paleoenvironment due to the degree of microfacies variation within the algal mounds. Mound
bases and tops have characteristics that are absent or scarce at mound cores. Phylloids occur in a
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growth position in outcrop at the tops of mound crests and in paleolows at trough tops (Fig. 10).
These preservational forms reflect a decrease in energy and baffling of sediment. In thin sections
from the AF3 facies, increases in mud content and well preserved algal thalli support the idea of
baffling. Algal plates are mostly disarticulated and broken in the mound core where AF2
developed. These data suggest energy was highest during deposition of the AF2 facies. Although
phylloids in growth position were not observed at mound bases (AF1) in outcrop, the base of the
mounds display similar texture in thin section and may have contributed to baffling and trapping
as well.
If the algal mounds were formed within a hydrodynamic setting, bidirectional currents
would likely shape and form mounds in a dip-oriented fashion. Inarguably, phylloid algae had
the ability to nucleate and develop or accumulate vertically and horizontally under appropriate
conditions of energy, temperature, and salinity. However, no preferred orientation has been
observed in mound morphologies (Goodrich, 2013). This evidence opposes the hydrodynamic
tidal model proposed. Yet the high-energy tidal pass accumulation model of Grammer and Ritter
(2009) has merit when evaluating mound cores. They propose mounds may have initiated under
minimal energy tidal currents, wherein mound bases are muddy. Mound cores then accumulated
under maximum tidal energy conditions. We recognize variable energy conditions influencing
mound production, but propose it is not due to tidal, but to wave energy. In addition, we here
report muddy mound tops (AF3) and propose a decrease in energy that enabled accumulation of
a more diversified, baffling algal facies.
Irwin (1965), Burchette and Wright (1992) provide instructive insight to depositional
settings across a detached carbonate ramp. They discuss an outer ramp setting characterized by
mudstone to wackestone deposited in a low energy setting below storm wave base. The mid
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ramp is characterized by grainstones that are deposited under the influence of wave base.
Muddier wackestones and mudstones are formed in lagoonal settings of the inner ramp. Such a
model may be helpful in evaluating phylloid-algal mound formation of the Lower Ismay. A
muddy AF1 facies may have accumulated in an outer ramp setting followed by a grain-rich
middle ramp AF2 facies as sea level fell, putting the mound under increased-energy influence
(Fig. 13). As sea level continued to fall, energy may have decreased as the mounds were
positioned in the inner ramp lagoonal environment. Basinward algal accumulations may have
influenced energy during deposition of AF3 as well (Fig. 14). Such buildups could decrease
energy at the inner ramp.
Another key point is that of scale. The tidal pass accumulation model presents the
Quicksands of South Florida as modern analogs to the Lower Ismay buildups, yet the
Quicksands may not represent the best analog due to lack of elongation of mounds at EFMF and
mound field size. In an attempt to find a more appropriate analog of scale, the Ribbon Reefs of
northeastern Australia and the Kalukalukuang Bank of the Java Sea were also reviewed (Fig. 15).
Both localities are characterized by bioherms composed of the green algae Halimeda (Roberts et
al., 1987; Marshall and Davies, 1988; Orme and Salama, 1988).
Halimeda bioherm banks of the Great Barrier Reef off the coast of Australia occur in
lagoonal deposits behind the Ribbon Reefs (Marshall and Davies. 1988). Algal plates are
unconsolidated and form undulatory mound fields and elongate banks. Elongate bioherm
morphology is suggested to be the result of nutrient upwellings in eddies behind the ribbon reefs
from hydrodynamic flows in water depths up to 20 m. Here the largest complex of mounds
measures 6 km by 18 km with mounds averaging 15 to 20 m in thickness and reached coalesced
widths up to a kilometer. Lower Ismay mounds do not appear to be a direct result of a barrier
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type setting with eddy flows. The broad distribution of Lower Ismay buildups across the ramp
present a vast scale difference when compared to the Ribbon Reef accumulations (Fig. 15). The
ramp setting does not appear to be able to distribute nutrients from a shallow Paradox Basin
evenly across the ramp.
The Kalukalukuang Bank bioherms appear more similar to Lower Ismay buildups at both
the mound and field scales (Fig. 15). Roberts et al. (1987) suggest mound morphologies range
from steep-sided, elongate bodies to coalesced, symmetrical mounds with filled topographic
valleys to broad undulatory mound fields. Undulatory mounds accumulated both vertically and
horizontally and some coalesced with other mounds. They average 20 to 30 m in thickness with a
maximum of 52 m. The bioherms are a disarticulated Halimeda packstone with variable amounts
of mud that is rich in foraminifera. These may be a more suitable modern analog with regard to
scale and mound morphology, however, accumulations occur on an isolated platform where
currents shift annually in the Java Sea. Roberts et al. (1987) also suggest nutrient upwellings
from deeper waters help create conditions necessary for radial bioherm growth.

Fill Depositional Setting
We interpret the relief-filling facies association to have been deposited in a shallow, welllit, lagoonal, inner ramp environment. Sediments accumulated during a relative and eustatic sea
level fall. The increase in mud may have been caused by restriction of the lagoon due to algal
buildup in a basinward position. The SkF beds are most rich in foraminifera and an increase of
Beedeina upward is observed, indicating a shallowing upward trend (Della Porta and others,
2005). Foraminifera were able to establish themselves in the absence or scarcity of phylloid
algae coupled with a changes in energy. Changes is depositional dynamics influence microfacies
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distribution and ecology. Ramp position plays a crucial role in these dynamics. EFMF facies
were deposited in a more landward position relative to the eastern, more basinward deposits. The
thinner West Raplee sediments were deposited in a more landward position relative to the
EFMF. The early onset of Staffella at the west Raplee site and Epimastoporella at Honaker Trail,
coupled with the presence of a thicker, capping lowstand sand represent a more marginal
position on the ramp, relative to the EFMF, where siliciclastic influx was greater and fill
deposition occurred rapidly with the near omission of lower BF and exclusion of SkF facies.

Conclusions
This study analyzed the attributes of the Ivanovia mound-bearing Lower Ismay sequence
in the context of McKirahan et al’s (2003) “build-and-fill” model of carbonate sedimentation to
evaluate the interaction of ice-house eustacy, sedimentation, and subtle topography on the
heterogeneity of Paradox Basin reservoir systems. The sequence represents a single third-order
cycle comprised vertically and laterally of three stacked facies associations (pre-mound, reliefbuilding, and relief-filling associations) that correspond to the lowstand through middle
highstand, late highstand to middle falling stage, and late falling stage systems tracts,
respectively. Ivanovia-dominated mound construction commenced on a surface of low relief (MS
facies) and accumulated to thicknesses ranging from tens of centimeters to just over 11 m. These
accumulations created complex seafloor paleotopography that had a profound effect on
subsequent deposition. Variability in mound height and absence of exposure features within
mound facies suggests that accommodation did not limit (i.e. no depositional ceiling) or control
vertical growth potential. The presence of unfilled accommodation suggests that mounds began
to develop during the late highstand phase of the Lower Ismay T-R cycle. Upon cessation of
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mound growth, likely in response to sea level fall and demise of the phylloid algal community,
the focus of sedimentation shifted from mound crests to the floors of small basins that existed
between paleotopographic highs. Upward changes in faunal composition of foraminifera-rich,
onlapping, trough-filling beds indicate that accommodation was becoming restricted as a
function of sedimentation and sea-level fall. As the ocean withdrew from the ramp at the end of
Lower Ismay time, subtle topographic relief of a few tens of centimeters to a few meters still
remained unfilled. This was finally filled by lowstand quartz sandstone of the overlying Upper
Ismay sequence.
The models currently proposed for development of Ivanovia mounds lack compelling
evidence for a sufficient modern analog. Outcrop data indicate that algal-dominated buildups are
domal in shape with no preferred axis of elongation. This morphology argues against the
hypothesis that the mounds are hydrodynamic accumulations of loose algal plate fragments
sculpted by tidal currents. Distinction between the three phylloid algal facies is key to
understanding deposition of individual mounds on this carbonate ramp of the southwestern shelf
of the basin. A lower-energy setting, such as the outer ramp environment, is here suggested to
have initiated the mud-rich AF1 accumulations wherein phylloid algae began to build relief. As
sea level fell, the mounds came under the influence of storm wave base within the mid ramp
environment and the AF2 mound core facies was deposited. Wave base acted upon the phylloid
algae to break them and nearly exclude mud, peloids, and other fauna. Early marine cements
stabilized the algal deposits and as sea level continued to fall, the mounds were positioned in the
lagoonal, inner-ramp environment where energy was low. A shift in ramp position due to sealevel fall, coupled with the buildup of algal deposits in a basinward location, may have decreased
energy to allow deposition of baffling phylloids that comprise facies AF3. Within the inner ramp

26

environment, and as sea level continued to fall, relief was partially filled by the BF, SkF, and StF
facies. Accommodation was completely filled by the overlying quartz sand of the Upper Ismay
sequence.
Porosity is good within the phylloid algal bioherms, particularly at their cores (8.6% to
14.6%). Thus, the best reservoirs within the algal fields are those wherein individual mounds are
thickest, as are those at Eight Foot mound field relative to other study sites, or those that have
coalesced into larger amalgamations of algal facies as seen in the Aneth Field. Thick bioherms or
accumulations result in thicker cores where porosity is maximized from high phylloid algal
abundance. Interconnectivity of individual mound reservoirs is likely variable throughout the
field and many mounds are likely unconnected to adjacent bioherms. Compartmentalization of
hydrocarbons within individual mounds is due to mound microfacies variations. The upper
Staffella facies also has good porosity due to leaching of Staffella and Epimastoporella, which
facies, coupled with an overlying lowstand eolian sand, produce a potential reservoir. Migration
of hydrocarbons into the Staffella facies and overlying sand is possible where mound heights
exceed thickness of fill facies, which onlap onto large algal bioherms.
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Figure 1. Index map showing location or study areas along trace of the San Juan River in southeastern Utah. Lower
map shows outcrop locations of build-and-fill beds (parallel green bars) in the vicinity of Eight Foot Rapids. Mile
markers based upon Baars and Huber (1973). Dashed line represents known distribution of mound field based on
outcrop expression of relief.
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Figure 2. Left) Litho- and chronostratigraphic framework for the Paradox Basin, after Goldhammer et al. (1991).
Right) Idealized stratigraphic column, facies, and sequence stratigraphic framework for the Lower Isamy interval
and facies.
.
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Figure 3. Diagram showing positions of vertical sampling suites of a typical mound.
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Figure 4. Distribution of build-and-fill facies in the vicinity of mounds N44 and N45. Note onlapping relationship
of fill facies. Red ovals indicate a sample origin.
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Figure 5. Photomicrographs of the mound substrate facies. Phylloid fragments are present (A, B, C) along with
mud, encrusting forams, and encrusting bryozoans.
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Figure 6. Soft sediment deformation of the mound substrate facies between mounds N41 and N42 indicating
loading from phylloid algal mounds and the unconsolidated nature of the MS facies at the time of mound
development, extending into fill deposition.
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Figure 7. Photomicrographs of basal mound facies AF1. The facies is mud rich (A, D) and contains broken phylloid
fragments (C).
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Figure 8. Outcrop images and photomicrographs of AF2 (sparry algal facies). A. Ivanovia grainstone showing
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partial silicification (brown rinds) of algal fragments, mound N60. The algal fragments are subhorizontally to
vertically stacked. B. Photomicrograph of algal-plate grainstone. Honaker Trail section. C. Photomicrograph of
algal-plate grainstone with marine and meteoric cement from core of mound N44. D. Photomicrograph of Ivanoviachip grainstone, Honaker Trail section. Upper and lower cortical regions are preserved on algal plates in the upper
half of the image, but plates in the lower half possess only one cortical region, indicating biostratinomic
delamination or splitting of algal chips through the medullary region. E. Photomicrograph of algal-plate grainstone
with marine and meteoric cement from core of mound N44. Note micritized rims.
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Figure 9. Outcrop images and photomicrographs of AF3. A. Ivanovia bafflestone with well-preserved undulose
thalli (late stage build facies in trough N9-10). B. Late-stage build-faces exposed in mound B18 showing muddy
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(gray) and botryoidal cement (black) infilling of algal bafflestone matrix. C. Photomicrograph of AF3 from trough
N9-10. D. Photomicrograph of late-stage build facies from mound N69. E. Late-stage build facies, mound N69.
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Figure 10. Relief-filling facies association microfacies stacking patterns from east to west in fill basins B9c, N5152, and N69. Phylloid fragments and the fusulinid foram Beedeina are present in the lower BF facies. Beedeina
continues upward into SkF. Microfacies become more heterozoan rich until Staffella begins to dominate at the top.
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Figure 11. Chaetetes head in Staffella fill facies from mound fill B27.
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Figure 12. Diagram showing facies with best porosity (hatched) within the relief-building and relief-filling facies
associations. AF2 porosities range from 8.6% to 14.6% and permeabilities range from 1.2 to 28.5 md. Maximum StF
porosity measured was 13.4% but had a measured permeability of 0 md.
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Figure 13. Down-stepping ramp model displays the Eight Foot mound field developing as sea level fell, bringing
varied energy environments to the locality. The muddy AF1 facies developed in the low energy outer ramp
environment (top). As sea level fell, the grain-rich AF2 facies was deposited with dominant phylloids due to high
energy influence of wave base (center). The lower-energy bafflestone facies (AF3) developed in the inner ramp
lagoonal environment (base).
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Figure 14. The AF1 facies (top) was deposited during late highstand. As basinward algal accumulations grew, sea
level fell, increasing energy. This resulted in depostion a grainy AF2 facies (center). The lower-energy AF3
bafflestone accumulated as energy was restricted from the buildup of basinward algal accumulations (base).
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Figure 15. Lower Ismay mound buildups and various modern Halimeda buildups to scale. A. Lower Ismay buildup
distributions displayed along with oil fields producing from algal buildups, and sampling localities. Paradox ramp
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currents came from the northeast and buildups are oriented perpendicular to dip, covering a wide geographic area of
approximately 40 km along ramp dip and 83 km along strike. B. Ribbon Reefs of Australia show northestern
currents passing the ribbon reefs and forming eddies behind them, bringing nutrients to form Halimeda mounds in a
barrier type setting. The bioherm-building swath is significantly smaller than that in the Paradox Basin. C. Elongate
banks of Halimeda accumulaate in the Quicksands of Florida as a result of tidal influence. Mounds at the EFMF do
not appear to be elongated from hydrodynamic influence. D. Buildups of the K-Bank in the Java Sea occur with an
aerial extent of 50 km by 40 km, more similar in scale to the EFMF, and accumulate in a variety of morphologies
including mounds. The K-Bank is an isolated platform and Halimeda buildups are thought to be the result of nutrient
upwelling.
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Table 1. Average, maximum, and minimum algal mound measurements at the EFMF. BLM represents the north
side of the river managed by the Bureau of Land Management and Nav represents the south side of the river
managed by the Navajo Nation.
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Facies
Association

Relief-Filling

Facies

Bedding

Texture

Key
Microfacies

Interpreted
Depositional Setting

Interpreted
Systems
Tract

Staffella fill
(StF)

thick bedded

wackestone to
packstone

Staffella,
Epimastoporella

shallow to shoaling,
inner ramp, low energy

FSST

Skeletal Fill
(SkF)

thick bedded

wackestone to
packstone

Heterozoans,
Beedeina &
minor phylloid
algae

shallow, inner ramp,
low energy

FSST

Beedeina fill
(BF)

thick bedded

wackestone to
packstone

Beedeina and
phylloid algae

shallow, inner ramp,
low energy

FSST

phylloid algal 3
(AF3)

massive to
thick bedded

bafflestone

in-situ phylloid
algae 25-30%,
mud

shallow, inner ramp,
low to moderate
energy

FSST

phylloid algal 2
(AF2)

massive to
thick bedded

phylloid algae
55-75%

mid ramp, wave base
influenced, high energy

FSST

phylloid algal 1
(AF1)

massive to
thick bedded

phylloid algae
25-35%, mud

outer ramp, low to
moderate energy

HST

mound
substrate (MS)

thick bedded

mudstone to
wackestone

heterozoans &
mud rich

outer ramp, well
oxygenated, low to
moderate energy

HST

intermediate
(IF)

massive to
thick bedded

mudstone to
wackestone

heterozoans

open platform, well
circulated, low to
moderate energy

HST

sponge (SF)

laminated,
cherty

mudstone to
silty mudstone

sponge spicules

restricted lagoonal,
poorly oxygenated, low
energy

HST

black laminated
mudstone
(BLM)

laminated

silty mud

max flooding, anoxic,
low energy

MFS

quartz
sandstone
(QSF)

laterally
discontinuous
sand sheets,
trough and
ripple cross
bedding

black
sapropelic
dolomitic
mudstone,
silty
calcareous
siltstone and
fine grained
sandstone, no
clay

silt, fine grained
sand

marine reworked
lowstand eolian
sandstone

LST

Relief-Building

Pre-Mound

grainstone to
graindominated
packstone
wackestone to
graindominated
packstone

Table 2. Summary of Lower Ismay facies. Facies designations (bold) of the pre-mound association refer to the
facies designations of Pray and Wray (1963) and Goldhammer et al. (1991); QSF=quartz sandstone facies,
BLM=black laminated mudstone, SF=sponge facies, and IF=intermediate facies.
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Appendix A – Abundance Charts

Legend

Sample Facies

Abundance Data Bar Ranges

Staffella Fill Facies

fauna: 0-75 individuals

Skeletal Fill Facies

irreg forams: 0-150 individuals

Beedeina Fill Facies

calcispheres: 0-100 individuals

Algal Facies 3

intraclasts: 0-10 individuals

Algal Facies 2

mud: 0-100% of entire TS

Algal Facies 1

peloids & quartz: 0-50% of entire TS

Mound Substrate
Intermediate Facies
Sponge Facies
Black Laminated Mudstone
Quartz Sandstone Facies

Quantifiers
Absent: 0 individuals
Rare: 1-15 individuals
Common: 25-50 individuals
Abundant: 50+ individuals

oil present (y/n)

Chaetetes
Komia
ooids
intraclasts
mud %
peloids %
quartz %

sponge spicules
rugose corals
trilobites
inarticulate brachiopods
articulate brachiopods
echinoids
crinoids
bryzoans
ostracodes
bivalves
Endothyra
Tubertina/Diplosphaerina
Paleotextularia
irregular encrusting forams
Beedeina
Biseriella/Globivalvulina
Tetrataxis
Earlandia
Staffella
Bradyina
Tubiphytes
gastropods
phylloid algae
calcispheres
Asphaltina
Epimastoporella
Donazella/Dvinalla
Cuneiphycus
Anthracoporella
Ungardella
Nostocites

E Lower Flank

Figure A1. B7 Abundance Chart
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y
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oil present (y/n)
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Komia
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intraclasts
mud %
peloids %
quartz %

sponge spicules
rugose corals
trilobites
inarticulate brachiopods
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echinoids
crinoids
bryzoans
ostracodes
bivalves
Endothyra
Tubertina/Diplosphaerina
Paleotextularia
irregular encrusting forams
Beedeina
Biseriella/Globivalvulina
Tetrataxis
Earlandia
Staffella
Bradyina
Tubiphytes
gastropods
phylloid algae
calcispheres
Asphaltina
Epimastoporella
Donazella/Dvinalla
Cuneiphycus
Anthracoporella
Ungardella
Nostocites

W Lower Flank

oil present (y/n)
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Komia
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mud %
peloids %
quartz %

sponge spicules
rugose corals
trilobites
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bryzoans
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bivalves
Endothyra
Tubertina/Diplosphaerina
Paleotextularia
irregular encrusting forams
Beedeina
Biseriella/Globivalvulina
Tetrataxis
Earlandia
Staffella
Bradyina
Tubiphytes
gastropods
phylloid algae
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Epimastoporella
Donazella/Dvinalla
Cuneiphycus
Anthracoporella
Ungardella
Nostocites

Crest

oil present (y/n)
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peloids %
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sponge spicules
rugose corals
trilobites
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bryzoans
ostracodes
bivalves
Endothyra
Tubertina/Diplosphaerina
Paleotextularia
irregular encrusting forams
Beedeina
Biseriella/Globivalvulina
Tetrataxis
Earlandia
Staffella
Bradyina
Tubiphytes
gastropods
phylloid algae
calcispheres
Asphaltina
Epimastoporella
Donazella/Dvinalla
Cuneiphycus
Anthracoporella
Ungardella
Nostocites

East Lower Flank

Figure A2. B9e Abundance Chart
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Figure A3. B9c Abundance Chart
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Figure A4. B9w Abundance Chart
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oil present (y/n)

Chaetetes
Komia
ooids
intraclasts
mud %
peloids %
quartz %

sponge spicules
rugose corals
trilobites
inarticulate brachiopods
articulate brachiopods
echinoids
crinoids
bryzoans
ostracodes
bivalves
Endothyra
Tubertina/Diplosphaerina
Paleotextularia
irregular encrusting forams
Beedeina
Biseriella/Globivalvulina
Tetrataxis
Earlandia
Staffella
Bradyina
Tubiphytes
gastropods
phylloid algae
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Asphaltina
Epimastoporella
Donazella/Dvinalla
Cuneiphycus
Anthracoporella
Ungardella
Nostocites

Trough
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Paleotextularia
irregular encrusting forams
Beedeina
Biseriella/Globivalvulina
Tetrataxis
Earlandia
Staffella
Bradyina
Tubiphytes
gastropods
phylloid algae
calcispheres
Asphaltina
Epimastoporella
Donazella/Dvinalla
Cuneiphycus
Anthracoporella
Ungardella
Nostocites

W Lower Flank-Trough

Figure A5. B9-10 Abundance Chart
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oil present (y/n)
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Komia
ooids
intraclasts
mud %
peloids %
quartz %

sponge spicules
rugose corals
trilobites
inarticulate brachiopods
articulate brachiopods
echinoids
crinoids
bryzoans
ostracodes
bivalves
Endothyra
Tubertina/Diplosphaerina
Paleotextularia
irregular encrusting forams
Beedeina
Biseriella/Globivalvulina
Tetrataxis
Earlandia
Staffella
Bradyina
Tubiphytes
gastropods
phylloid algae
calcispheres
Asphaltina
Epimastoporella
Donazella/Dvinalla
Cuneiphycus
Anthracoporella
Ungardella
Nostocites

W Flank-Crest
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Figure A7. N25-26 Abundance Chart

N25-26.10
y

N25-26.9
y

N25-26.8
y

N25-26.7
y

N25-26.6
y

N25-26.5
y

N25-26.4
y

N25-26.3
y

N25-26.2
y

N25-26.1
y

Figure A8. B27 Abundance Chart

B27.18
y

B27.17
y

B27.16
y

B27.15
y

B27.14
y

B27.13
y

B27.12
y

B27.11
y

B27.10
y

B27.9
y

B27.8
y

B27.7
y

B27.6
y

B27.5
y

B27.4

y

B27.3

y

B27.2

y

B27.1

y

57
oil present (y/n)

Chaetetes
Komia
ooids
intraclasts
mud %
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echinoids
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bryzoans
ostracodes
bivalves
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Tubertina/Diplosphaerina
Paleotextularia
irregular encrusting forams
Beedeina
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Earlandia
Staffella
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gastropods
phylloid algae
calcispheres
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Epimastoporella
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Figure A9. N44-45 Abundance Chart
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Figure A10. N51-52 Abundance Chart
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Figure A11. N56 Abundance Chart
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Figure A12. N56b Abundance Chart
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Figure A13. N69 Abundance Chart
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Figure A14. West Raplee Abundance Chart
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Figure A15. Honaker Trail Abundance Chart
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Appendix B – Porosity and Permeability

Table B1. Porosity and permeability of pre-mound facies association.
Flank
Sample

Facies

B35.00

IF

Trough
K (md)
500 psi

Phi
1.126

K (md)
2000 psi
0

K (md)
2000 psi

Facies

0

N51-52.3

IF

1.012

0

0

N51-52.2
N51-52.1

IF
IF

1.912
1.317

0
0

0
0

N69.1

IF

8.378

0

0

N69.0

SF

0

0.658

0.389

Phi

K (md)
500 psi

Sample

Data bar range: 0-5

Table B2. Porosity and permeability of relief-building facies association. Maximum phi/K occurs in the AF2 facies.
Flank
Phi

Trough
K (md)
K (md)
500 psi
2000 psi
1.965
1.155
0.6755
0.5105
0.504
0.365

Sample

Facies

B35.4
B35.3
B35.1

AF
AF
MS

8.637
4.399
1.897

N56.4
N56.3
N56.2

AF2
AF1
MS

10.098
9.781
10.957

0
0.7635
0

0
0.609
0

N69.11
N69.10
N69.7
N69.6
N69.5
N69.4

AF3
AF2
AF1
AF1
AF1
MS

2.382
13.3
1.52
2.864
3.591
1.139

0.045
0.742
0
0.1255
0
0

0
0.5715
0
0.067
0
0

Sample

Facies

N51-52.7

AF2

K (md)
K (md)
500 psi
2000 psi
14.611
39.8
28.45
Data bar range: 0-5
Phi

Table B3. Porosity and permeability of relief-filling facies association. Maximum phi/K occurs in the StF facies.
Flank
Phi

Trough
K (md)
500 psi

K (md)
2000 psi

Sample

Facies

N44-45.8
N44-45.6
N44-45.5

StF
StF
SkF

13.439
3.53
1.39

0
0
1.565

0
0
1.58

N45-45.5
N45-45.4

Fill
Fill

2.369
0

0
0

0
0

N56.13

SkF

2.53

0

0

Sample

Facies

N51-52.17
N51-52.16
N51-52.14
N51-52.10

StF
StF
StF
BF

Phi

K (md)
500 psi

0.647
1.368
0.18
1.833
Data bar range: 0-5
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0
0.3995
0
0

K (md)
2000 psi
0
0.2745
0
0

Table B4. Porosity and permeability at Honaker Trail. The prefix “h” represents horizontal core plug data and “v”
represents vertical plug data. Phi/K data improve at the core of the algal facies, although the facies does not form
mounds at the Honaker Trail locality.
Sample

Facies

h21

AF

Phi
1.662

K (md) 500 psi K (md) 2000 psi
5.725
10.15

h20

AF

4.856

0.057

h16

AF

5.446

7.205

6.92

h15

AF

5.761

1.375

1.315

h14

AF

3.355

0.0415

h13

AF

0

2.31

2.125

h12

AF

6.026

0.2495

0.1855

h11

AF

8.795

12.5

h10'

AF

12.369

216.5

213.5

h10

AF

8.902

43.0333

41.95

h9

AF

15.187

271.5

237

h8

AF

0

13.9

13.35

h7

AF

9.898

0.525

0.286

h6

AF

9.997

12.05

11.75

h5

AF

8.148

1.115

1.08

h3

MS

12.987

24.4

2.575

v16

AF

7.214

1.73

1.605

v15

AF

4.349

0.0355

v14

AF

4.893

72.4

14.35

v13

AF

7.46

1.065

1.385

v11

AF

8.754

0.581

0.513

v10

AF

17.711

33.25

32.15

v9

AF

14.534

94.55

89.8

v8

AF

15.145

10.55

8.015

v7

AF

11.956

7.625

7.355

v6

AF

8.391

0.1485

0.0695

v3

MS

13.842

0.106

0.076

v2

MS

4.693

0.11

0.073

Data bar range: 0-50
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Appendix C – Mound Dimensions
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