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Abstract

In aqueous depositional systems, phosphorus (P) is highly mobile and is
readily reworked back into the water column after initial sedimentation.
As a result, during deposition of most lacustrine sedimentary successions,
gross P sedimentation typically is not much greater than gross P release,
leading to low net P abundance. Such low abundances predominate in a
200 m-thick lacustrine succession of variably shaley, evaporitic, and
organic-rich carbonate mudstone from the upper member of the Green
River Formation in the Uinta Basin of Utah. However, the succession also
includes thin but highly enriched phosphatic horizons that represent
marked aberrations in the prevailing depositional and immediate subsur-
face diagenetic environment. This contribution details one carbonate shale
bed, containing calcite pseudomorphs, that is equated with the nahcolite-
bearing “bird’s-nest saline zone” of the upper Green River Formation.
X-ray diffraction analyses and scanning electron microscopy record the
P-enrichment as interstitial microcrystalline aggregates of calcium fluor-
apatite. The calcium fluorapatite also partly replaces precursor grains,
forms a grain coating around some silicate grains and occurs alongside
abundant displacive and pseudomorphing crystals of calcite, and rhombic
dolomite.

At high pH, which would have promoted nahcolite precipitation in the
deeper part of the lake, the presence of dissolved Mg?* would have kineti-
cally inhibited calcium fluorapatite precipitation even if P was at satura-
tion. But, during evaporitic pumping adjacent to a sabkha environment,
and possibly mediated by methanogenic bacteria, the formation of ferroan
dolomite, and smectite, Mg** was removed from porewaters allowing
calcium fluorapatite to crystallize.
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10.1 Introduction
Phosphorus (P) can be preserved in the sedimen-
tary record as a component of detrital mineral
phases, fossil bone and shell. It is also released
from dead and decaying organic matter, rarely
from soluble inorganic phases, ultimately to be
incorporated into the sediment pile of productive
lakes and oceans as diagenetic mineral phases.
However, most sedimentary successions have
low phosphate content because much of what ini-
tially accumulates in sediment is continuously
recycled back into the water column. Although
the recycling mechanisms may temporarily break
down, allowing for accumulation of sedimentary
phosphate, there are few recorded examples of
phosphatic beds in ancient lake strata.

This paper focuses on one example of elevated
P in the variably shaley, variably marly mudstone
(for brevity: ‘“carbonate shale”) of the upper
Green River Formation (upper GRF), of the Uinta
Basin in Utah (Fig. 10.1a). The example in ques-
tion is associated with the uppermost occurrences
of laminae-disruptive, coarsely crystalline calcite
pseudomorphs that mark the Bird’s Nest Saline
Zone (BNSZ) in Gate Canyon, ~152 m above the
base of the Mahogany Oil Shale Zone (MOSZ;
Fig. 10.1b, ¢). The P occurs as aggregates of
microcrystalline calcium fluorapatite (CFA) that
infill interstices and replace detrital grains. The
origin of this CFA is best interpreted to be the
result of early diagenetic successions precipitat-
ing from hypersaline fluids in the shallow sub-
strate, conditions not previously explained in
detail for producing ancient lacustrine
phosphates.

10.2 Previous Work

There are few, but varied, reports and interpreta-
tions of ancient lacustrine strata enriched in
phosphatic ~ minerals such as anapaite,
Ca,Fe(PO,),.4H,0; bradleyite, Na;PO,.MgCOs;
britholite, (Ce,Ca)sSiO,(PO,);(OH,F); fairfieldite
Ca,(Mn,Fe)(PO,),.2H,0; hydroxylapatite, or
“hydroxyapatite”, Cas;(PO,);OH; mitridatite
Cayg(H,0)4[FeoO4(PO4)o].3H,0; vivianite,
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Fe;(PO,),.8H,0O; and carbonate fluorapatite
(CFA), or “francolite”, Ca;g.op.c Na, Mg, (POy)s.x
(CO3)xy. (CO3F), (SO,), F,, where 2c=x-
y—a=vacancies in the Ca site. In the Pliocene
Glenns Ferry Fm. of Idaho, francolite is described
replacing ooid and oncoid cortices and as a
fibrous isopachous cement. These phosphatic
ooidal sandstones are considered to have formed
beneath an oxic microzone present at the sedi-
ment surface at times of lake transgression over
nearshore sediment (Swirydczuk et al. 1981). In
the Carboniferous Albert Formation of New
Brunswick, phosphate enrichment mostly occurs
in dolomitic oil shale but also in concretionary
sandstone and fish-scale-bearing grey shale
(Mossman et al. 1987). Britholite and anapaite
have been identified and related to breakdown of
algal matter with released P involved in mineral
replacement (e.g. of calcite). Mudstone of the
Miocene Cerdanya Basin of Spain contains veins,
sphaerulite beds and septarian-like nodules of
anapaite and fairfieldite. Precipitation of phos-
phate was determined to have occurred in open
lacustrine mud with Ca-poor, circumneutral pH
porewater fluctuating between oxic and anoxic
(de las Heras et al. 1989). Phosphorite nodules in
the Precambrian Diabaig Fm. of W Scotland con-
tain microcrystalline francolite replacing detrital
grains and infilling pores of silt laminae that also
contain algal filaments and other eukaryotes and
prokaryotes (Rodd and Stewart 1992; Strother
et al. 2011). The preferred interpretation was that
the francolite replaced micritic calcite below the
oxic boundary (Rodd and Stewart 1992). The
Stinik Fm. (Permian) of the Southern Gemeric
Unit, Slovakia, contains CFA intraclasts and
matrix within fining-upward sandstone-mud-
stone cycles. Turbidites are thought to have
reworked stratabound phosphate that originally
formed by the iron redox pump mechanism
(Vozarova and Rojkovi¢ 2000). In clayey diato-
mites from the Miocene of Thessaly, Greece,
various phosphates occur as leaf and fecal
replacements, veins and irregular concretions.
The interpretation is that deep-lake sediment
with anoxic circumneutral pH porewaters origi-
nally precipitated vivianite that was mostly
altered to anapaite and hydroxylapatite as pore-
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waters became more Ca-enriched; mitridatite
was the result of recent weathering (Stamatakis
and Koukouzas 2001). In all cases, anoxic decay
of organic material in the substrate was thought
to be a major contributor of dissolved P into pore-
waters. Abundant P has been identified in other
lacustrine strata, but the host mineral and, or, its
form or occurrence has not been detailed. For
example, at Lake Manyara, Tanzania, Pleistocene
bentonite clays interbed with phosphate.
Fluorapatite was identified from XRD analyses
but its diagenetic origin was not detailed
(Mutakyahwa 2002). Phosphate minerals have
also been reported in Eocene oil shale from
Messel (Dietrich 1978); mid-Holocene sapropel
from Lake Bosumtwi in West Africa (Talbot and
Kelts 1986); Miocene marl of the Hula Basin,
Jordan (Bein 1986); and Permian marl of the
Ville Graben, France (Carasco 1989).

There have also been several studies from the
Paleogene Laramide Basins of the western
USA. The US Geological Survey’s geochemical
reference material, SGR-1, which is from part of
the MOSZ of the adjacent Piceance Creek Basin,
records an abundance of P at 0.328 +0.066 wt%
(USGS website 2010; values always given as
P,Os); the average in shale-rock composites is
slightly less, ranging from 0.13 wt% (NASC,
Gromet et al. 1984) to 0.16 wt% (PAAS, Taylor
and McLennan 1985). In contrast, Tuttle (2009)
encountered values of between 0.88 and 3.8 wt%
P in seven of her ~150 sampled oil shale beds
from above, below, and within the MOSZ, yet no
other studies from this basin have encountered
such anomalous values (Love 1964; Desborough
et al. 1976; Saether et al. 1981). Phosphorus val-
ues of up to 18.2 wt% have been identified in
interfingering sandstone, shale, and evaporite
beds (that in core contain bradleyite) of the
Wasatch Formation and GRF in the Greater
Green River Basin of Wyoming (Fahey 1962;
Love 1964; Mott and Drever 1983; Tuttle 2009).
Bradley (in Fahey 1962, p. 62) suggested the
“thin phosphate-rich zones in the Wilkins Peak
Member may simply represent times when cal-
cium carbonate precipitation was very rapid and
swept out the phosphorus from the lake water,
depositing it as tricalcium phosphate”. Love
(1964) proposed that the phosphates precipitated
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directly from periodically highly stratified hyper-
saline water columns.

In the Uinta Basin, most sampling has failed
to encounter significant P-enriched horizons
(Swanson 1960; Fabbi and Espos 1976; Tuttle
2009). Prior to Keighley (2013) and this paper,
anomalously high values of P, at >8 wt% and
>1 wt%, have been recorded only at stratigraphi-
cally unknown levels adjacent to Desolation
Canyon, west of the Green River, and in a tribu-
tary of Hill Creek, ~12 km due west of the Buck
Canyon study area (Love 1964); and as ~6 %
apatite from XRD analysis of an oil shale close to
Highway 191 (Bristow et al. 2012).

10.3 Geological Setting

10.3.1 Tectonic Setting of Paleogene
Laramide Basins

The early Cenozoic Laramide Orogeny produced
a series of extensive, primarily internally drained,
nonmarine depositional basins in the western
USA (Dickinson et al. 1988; Fig. 10.1a). N-S
trending domal uplift of Mesozoic strata pro-
duced the saddle-like Douglas Creek Arch that
formed a spill point between the Piceance Creek
Basin and the Uinta Basin. Major uplift of E-W
trending, thrust-fault-bounded basement rocks
formed the Uinta Mountains (Bradley 1995) that
separated these basins from the Greater Green
River Basin to the north. The major erosional
remnant of the Uinta Basin now forms a gentle
asymmetrical syncline located in eastern Utah
and westernmost Colorado; the fold axis, which
also approximates with the depositional axis, is
preserved toward the northern margin of the
basin (Fig. 10.1a, b) in what, during the orogeny,
was equivalent to a foreland-basin type setting.

10.3.2 Stratigraphy and Depositional
Setting of the Uinta Basin

A typical lacustrine, tripartite vertical succession
(Lambiase 1990) occurs in the Paleocene—Eocene
of the Uinta Basin (Fig. 10.2). At the base, a pre-
dominantly coarse-clastic succession (Colton
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Fig.10.2 Paleogene lithostratigraphic terminology for the lacustrine phases of the Uinta Basin (Adapted from Keighley

2013)

and Wasatch formations) is interpreted to be the
initial alluvial inputs into the developing basin
(Morris and Richmond 1992). Progressively
upsection, variably shaley, variably carbonate-,
evaporite-, and organic-rich mudstone, assigned
to the GRF, cyclically onlaps toward the basin
margin as the basin continued to deepen and the
lake fluctuated, but generally expanded, in size

(Keighley et al. 2003a). Oil shale is present at
various stratigraphic levels with the richest oil
shale beds concentrated within the approximately
30 m-thick MOSZ (Cashion 1967). The MOSZ is
considered to mark the base of the informal upper
member of the GRF (Morgan et al. 2002) and is
traceable across most of the Uinta Basin. It is also
correlated eastward into the Piceance Creek
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Basin of Colorado. The MOSZ is interpreted to
represent deepwater deposition during or imme-
diately following the most prolonged period of
merged lakes that periodically filled both depres-
sions (as “Lake Uinta”), during and following the
Early Eocene Climatic Optimum (Cashion 1967;
Keighley et al. 2003b; Keighley and Flint 2008;
Smith et al. 2008; Birgenheier and Vanden Berg
2011).

There are a few tuff beds present in the upper
GRF. Sourced from numerous volcanic centers
active in the western US at the time, they have
been radiometrically dated and correlated across
several kilometers of outcrop (Fig. 10.2; Smith
et al. 2008). There is also one mappable sand-
stone interval, the Horse Bench Sandstone
(HBS), which is most prominent west of the
Green River and ~150 m above the MOSZ
(Dane 1954; Dyni 1976; Remy 1992). In Willow
Creek, the HBS lies ~120 m above the MOSZ
but increasingly difficult to trace eastward.
Eastward and northeastward across the basin,
there is also a reduction in the variety and abun-
dance of clay minerals in the upper GRF, along
with less calcite, more dolomite and evaporite
minerals (Dyni 1976). Near the White River
southeast of Bonanza (Fig. 10.1), an interval
with many (in outcrop, leached or altered to cal-
cite) bedded nahcolite (NaHCO;) nodules in a
dolomitic shale matrix (Milton and Eugster
1959) was first described as the BNSZ by
Cashion (1967). Birgenheier and Vanden Berg
(2011) and Vanden Berg et al (2013) recently
have also identified fracture-filling shortite
(Na,Ca,(CO3)), and described the BNSZ in core
from north of Willow Creek. These authors note
that near the basin depocenter the BNSZ is
>110-m thick with nodules concentrated in two
~20-m thick intervals (termed the lower and
upper saline zone) that are separated by an inter-
vening succession rich in oil shale (termed the
middle R-8 zone). Keighley (2013) correlates
the interval to outcrop in Buck Canyon
(Fig. 10.1c). The authigenic minerals identified
in the BNSZ, and other saline units noted below,
point to a lake that was evolving, cyclically,
from a brackish into a hypersaline system, with
evaporative phases containing warm (20—
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35 °C), sodic-carbonate dominated, low sulfate,
high alkalinity waters (Bradley 1929; Milton
and Eugster 1959; Tuttle and Goldhaber 1993;
Dyni 1996; Smith et al. 2008; Vanden Berg et al.
2013).

Interbedded sandstone and mudstone of the
Uinta Formation progressively caps the upper
GRE, the contact being stratigraphically higher in
the west than the east (Cashion 1967). This is due
to pinch-outs of medium- to fine-grained sand-
stone (characteristic of the informal “A” mem-
ber), which represent fluvial-deltaic deposits that
gradually infilled both the Piceance Creek Basin
and then the Uinta Basin from the northeast
(Johnson 1981; Donnell 2009). To the west and
upsection, finer grained sandstone and variegated
mudstone (Uinta Fm., member “B”) interfingers
with a succession of mudstone, limestone, and
yet more evaporite beds known as the “Saline
Facies” and “Sandstone and Limestone Facies”.
Although included as part of the Uinta Fm. by
Dane (1954) these facies intervals, along with
thin tongues of Uinta Fm.-type sandstone, have
been included by subsequent workers as part of
the upper GRF (Fig. 10.2).

10.4 Methods

Detailed methodology is outlined in Keighley
(2013). Briefly, at Buck Canyon (Fig. 10.1c), the
exposed section has been logged at the bed (cm)
scale (Fig. 10.3) with beds ascribed to one of four
broad, end-member lithofacies, with more
detailed lithofacies components identified where
outcrop was of sufficient quality and extent
(Table 10.1). For the original purpose of a che-
mostratigraphic study, samples were collected
throughout the upper GRE, from the base of the
MOSZ, through the BNSZ (including the calcite-
pseudomorph bed, 152 m above MOSZ), and up
into the basal Uinta A sandstone at the top of Seep
Ridge (vertical thickness ~216 m). Sampling was
systematic (every 4 m where there was outcrop,
n=>52) with additional material collected at beds
of particular interest (n=37; total =89 samples).
The elemental composition of all these sam-
ples was analyzed by Activation Laboratories,



10 Phosphatic Carbonate Shale of the “Bird’s Nest Saline Zone”, Upper Green River Formation...

257

Seep Fidge | = . = o leso %
IT44 45N (o 2160 o sl
105°30.85W g Sl 212.0- __150 L 2
RN 20804 | Y .
2047 = — 2
20004200 F o, [ 5
1954 N Sneag Z g
19234 B CR 2
1824 opye (140 — 2
1833 = TT—_F 2
brers B o T E » 4
1760 @ i 3 4
z T 4b
saru?slcnchlrﬂ 1720 o
¥ 1685« T [?pys @ e — 2
108°31.02W 164941 = — 2
1605 _| 2 S
156.0+ Bl Horse'm—— " o
Xe 15204 150 bEve ] M A
Xe B0 [7P¥0 21" (Hes) | — ; 2
X 1430 14400 [PEv= 2 v b
1400— —| o 2Ev 2
Ko 137.29 136 5l >
X 133,
3944 15N X j 313204 SEDIMENTARY STRUCTURES
Laryead i ;§E1zsm lamination
Y o4 123 12123.04) == nparallel, distinct
. 120041 =- parallel, diffuse
Z e 1160+ [PEv ~~ indeterminate cross lamination
= Ko 2 | v gymmetric round crest X-lam
zX Ko 108.5 + 1080 - asymmetric X-lam
ou %2 10220/ 400 —~ irtegular bedding/lamination
<O . bedding
Fu 960 7oy —— indeterminate cross-bedding
o2 Ko 926+ 926 ~—  trough X-bed
el =~~~ hummocky X-bed / X-lam
wg fossils
upsection, | E & ~* indeterminate shelly
Jeave rondeln, |0 7574 @ ostracode
& head-NnE) | W £
waun (B . ;;-2:_ ~< plant
axh2y | =i x Eg%; POST-DEPOSITIONAL STRUCTURES
| Bats1
AN = 6110 1 deformed strata
109°31.65W & ~ «# imegular, bedding related
rock-collecting | @ wrloading )
path =l ' 2 v cracks (diastasis/syneresis)
2 bioturbation
1943, 50N i < generallindeterminate
108°32.05W | o34 mineral growths (Ev= evaporitic)
1%';,‘33-%56% It =concretions, diffuse (cemented zone)
) = concretions, distinct (py= pyrite)
5 20 oo concretions, bed specific
- "'z, | | good exposure
o 1-2247‘ DOOr exposure
é %::n =< covered interval
— ' LITHOLOGIES (SAMPLES)
10932.34W 2 5 gFS{ngéuﬂaceous (2M) :
i H '
roatsie 2335 sandstone :
£ = arly mudstone
g B gfu micritic mudstone e
i £ £% = dolomitic limestone

Fig.10.3 Summary sedimentary log for the upper mem-
ber of the Green River Formation, from the base of the
Mahogany Oil Shale Zone up into the base of the Uinta

Canada, using a Varian Vista ICP-OES, cali-
brated using 7 prepared USGS and CANMET
certified reference materials, and a Perkin Elmer
SCIEX ELAN ICP/MS, all to a standard defined
by ISO 17025. Selected samples were also ana-
lyzed by a Bruker AXS D8 solid state powder
diffraction X-Ray Diffraction (XRD) system (at
the University of New Brunswick) to determine

Formation, adjacent to Buck Canyon (Adapted from
Keighley 2013). See Table 10.1 for lithofacies codes

major mineral phases present in the rock. Phase
identification was made with a combination of
windows-based software Bruker Eva and MDI
Jade. Remaining sample chips from samples of
greatest interest were split in half. One half was
further cut and polished as a standard thin sec-
tion along a cross-sectional surface. The other
half was cut, polished and carbon coated along
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Table 10.1 Lithofacies classifications for Buck Canyon (Adapted from Keighley 2013)

Lithofacies
1. Oil shale

2. Mudstone

Description

Typically 10-150 mm thick,
purplish-black, to brown to
dark gray, whitish weathering,
micro- laminated to massive,
commonly within one bed.
Some paper shale. Interbedded
and gradational with
lithofacies 2, rarely with 4.
Component lithofacies
identified where better
exposed:

la: Light-gray weathering,
slightly domal caps
(?stromatolitic).

1b: Angular crystals, ~2 mm
diameter of (?pseudomorphing)
carbonate

1c: Internal

micro-slumping + microfaults
Variably shaley, marly or
variably calcareous/dolomitic,
micro-laminated to apparently
massive, can be variably colored
(e.g., brown, olive, greenish

gray, mid to light gray, and buff).

Commonly soft-sediment
deformed. Interbedded and
gradational with all other
lithofacies.

Component lithofacies identified
where (rarely) better exposed:
2a: mostly massive, brown,
dolomitic (micritic), whitish
weathering

2b: rusted ?pyrite

nodules +cracks (diastasis)
disrupting lamination, often in
siltier strata, orange weathering
2¢: mm- to cm-scale calcite
crystals (pseudomorphs)
disrupting lamination in olive/
greenish grey shaley marlstone
(evaporitic shale)

Interpretation

Settling of organic-rich detritus with
minor (cyclic) clastic/evaporite input

under eutrophic, no flow lacustrine
conditions.

la: relatively shallow (photic) lake

1b: evaporative, deep or (shallow) lake

lc: remobilized, slumped, deep lake.

Cyclic suspended and washload
deposition during low/no flow
conditions with varied evaporite

precipitation when minimal/no clastic

input. Lacustrine low energy

(offshore and low energy nearshore).

2a: clastic-starved lake

2b: anoxic shallow-water

2c: evaporative conditions, likely
shallow-water.

D. Keighley

Occurrence

Most common in
MOSZ (0-37.5 m)
but sporadic up to
137.5 m.

1a not identified in
the BNSZ

Common throughout.
Predominant below
170 m.

2c restricted to rare
beds from 120 to
152.5 m

(continued)



10 Phosphatic Carbonate Shale of the “Bird’s Nest Saline Zone”, Upper Green River Formation... 259

Table 10.1 (continued)

Lithofacies

3. Sandstone

4. Tuff

Description Interpretation
Beds generally thin, very fine Suspended/saltating load deposition
grained, buff, brown, orange or under waning aqueous flow.

yellowish gray in color and
variably calcareous. Diffuse
low-angle cross beds and
cross-laminations. Interbedded
and gradational with lithofacies
2 and 4.

Component lithofacies identified
where better exposed:

3a: Lateral and vertical stacked 3a: fluvial — sheetflood, possibly deltaic
lenticular beds occurs in

fine-medium grained sandstone

of the Uinta A. Asymmetric

ripple cross-lamination,

low-angle and planar cross

bedding, and soft-sediment

deformation structures.

3b: Laterally extensive, tabular 3b: prograding lacustrine shoreface
sandbodies of silty, highly (offshore transition to nearshore)
calcareous, very-fine grained

sandstone that quite sharply

coarsen up from marly

mudstone. Parallel lamination,

wavy and hummocky

cross-lamination.

Mostly massive, 10-450 mm Volcanic ash falls

thick, weather to a variably

yellow to rusty-orange surface

color, interbedded with

lithofacies 2 or 3, and rarely

capping or grading from

lithofacies 1.

Component lithofacies identified

where better exposed:

Coarser-grained tuffs can be a
dark gray color whereas others

have
4a: light yellowish gray, 4a: Reworking/slumping/loading
dolomitic groundmass with in shallow lacustrine conditions

occasional weathered (rusty)
phenocrysts and irregular/wavy

lamination
4b: dark grey, fine to coarsely 4b, 4c: sub-aqueous settling in low-flow
crystalline lacustrine conditions

4c: as for b, distinctly jointed
“piano-key” structure.

Occurrence

Common above
200 m (Uinta A).

3a occurs below the
MOSZ and in the
Uinta A.

3b Uncommon
(but includes HBS
at 126 m)

Sporadic throughout.

4a not found in the
BNSZ.
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the counterface cross-section and on a bedding
surface and analyzed with a Hitachi SU 70
FEG-SEM (resolution: 1.0 nm at 15 kV) with
attached Oxford Instruments INCA solid-state
EDS (also at UNB). The sample from 152 m
required additional heating to 100 °C to elimi-
nate problems in the vacuum chamber caused by
degassing. Initial mapping of contiguous/
adjoining ~300 pm by ~400 pm areas from top
to bottom of each cross-sectional sample used
the INCA mapping tool with 5 min acquisition
times (~2 million counts), complemented with a
BSE image of the same area. Selected INCA
elemental maps were color coded and, using
Corel software, overlain on the BSE image
before being cropped, and montaged to help
identify mineral phases. Areas or mineral asso-
ciations of greater interest were mapped at
greater resolution or spot analyzed. Spot size
and interaction volume are dependent on the
atomic number of the material being examined
and the energy of the incident electron beam.

10.5 Buck Canyon Measured
Section

10.5.1 General Description

A detailed description of the entire upper GRF in
Buck Canyon is provided in Keighley (2013). In
summary, and illustrated in Fig. 10.3, the MOSZ
is ~35 m thick and comprises carbonate shale
(lithofacies 2) irregularly interbedded with sev-
eral <20 cm-thick beds of the other lithofacies
(Table 10.1). Oil shale beds (lithofacies 1) are
thickest and most common near the top of the
MOSZ. The overlying 20-25 m is very poorly
exposed on very gentle slopes, but is dominated
by marly mudstone with only isolated ledges of
tuffaceous sandstone and oil shale. A series of
5-20 cm-thick oil shale beds, typically spaced
0.5-2 m apart, mark the start of the better exposed
section (starting ~60 m above base MOSZ). Thin
beds of lithofacies 1 and 4 continue to outcrop at
irregular intervals upsection, but lithofacies 2 still
predominates. Keighley (2013) identifies the
BNSZ, described in more detail below, between
~120 and ~152 m above base MOSZ. Upsection,

D. Keighley

lithofacies 2 continues to dominate, with rare
lithofacies 4, until a 3-8 m thick, convolutely
laminated, tuffaceous sandstone (lithofacies 3),
with a deformed basal contact, is encountered
~171 m above base MOSZ. Overlying this sand-
stone is another interval dominated by lithofacies
2. The section is capped at the top of Buck
Canyon by two stacked sandbodies (~207-216 m
above base MOSZ) considered to form the basal
beds of the main body of the Uinta Fm. “A
member”.

10.5.2 Description of the BNSZ

The base of the BNSZ is taken ~120 m above
base MOSZ at an ~1 m-thick succession of olive-
green weathering, laminated, carbonate shale that
is variably disrupted by mm-scale, angular, dis-
placive and pseudomorphed crystal aggregates
now comprising calcite and rare dolomite: “meal-
stone” of Dyni (1996) (=lithofacies 2c). Two
similar ~1 m-thick beds with calcite pseudo-
morphs occur at 144 and 152 m above base
MOSZ. The top of the latter bed marks the top of
the BNSZ at this locality. Most of the intervening
BNSZ comprises variably exposed, gray, lami-
nated carbonate shale (lithofacies 2). Sporadically,
the carbonate shale contains intervals where lam-
inae exhibit numerous lenticular, non-polygonal
cracks filled with similar muddy sediment.
Commonly in association with these cracks are
variably spherical nodules, <1 cm diameter, that
are highly rusted from surface weathering; rarely
the nodule’s core is pyritic (e.g., 148 m=lithofa-
cies 2b). Variably brown, micritic, and diffusely
laminated dolomitic mudstone (lithofacies 2a) is
also present and locally grades into variably thin
beds of oil shale (lithofacies 1) at several hori-
zons, representing the middle R-8 zone. The
uppermost 3 oil shale beds at 134.7, 135.7 and
137.2 m above base MOSZ are <5 cm-thick and
are associated with similarly thin, gray, tuffa-
ceous beds (lithofacies 4b). At 126 m above base
MOSZ is the HBS, represented by a ~0.7 m-thick
ledge of orange weathering, light gray, symmetri-
cally rippled, coarsening-upward silty to very-
fine-grained, and slightly tuffaceous calcareous
sandstone (Fig. 10.4).
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10.6 Sample Analyses

For the entire ICP dataset in Buck Canyon
(n=89), median P abundance is 0.08 wt%,
whereas the mean is 0.72 wt% due to numerous
anomalies. One such anomaly is the calcite-
pseudomorph bed at 152 m that contains P at
5.57 wt%. Other anomalies, to be discussed in
another paper, reach up to 9.47 wt% P, are distrib-
uted unevenly through the section, and represent
samples from some of the oil shale beds
(Fig. 10.5). For the entire dataset, the element
additionally shows a high correlation co-efficient
with uranium (r=+0.78, significant at «=0.01).
Also of note, the Ca content is relatively constant
throughout the section, but Mg values display an
overall decline upsection (Fig. 10.5).

It should be noted that it is unlikely the above
data will be inclusive of all phosphatic beds in the
section: some beds may have been overlooked in
the systematic sampling program (several were
caught only in the additional sampling program,
Fig. 10.5) and, since the phosphatization appears
highly localized, the P abundance may have been
diluted in some cases by inclusion in the sample
of  non-phosphatic  horizons  within a
particular bed.

Nine samples from the BNSZ were further
investigated by whole-rock XRD analysis.
Table 10.2 shows that the fine-grained deposits of
the BNSZ comprise a predominance of carbonate
phases, with the silicon-bearing minerals collec-
tively subordinate, and clay minerals (included in
the sheet-silicates column of Table 10.2) gener-
ally negligible, i.e., compositionally the strata are
mostly carbonate mudstone. The presence of
CFA as the main P mineral is confirmed for the
152 m sample (Table 10.2; note that the calcu-
lated CFA percentage reflects the abundance
exclusive of the organic phase). Zeolite occurs
only in the 152 m sample, as the mineral fauja-
site. No pyrite was evident in this sample.

In hand specimen, angular crystals extensively
and irregularly disrupt the mm-scale lamination.
From thin-section optical petrography, these
crystals are confirmed to be calcite, but their
occasional  orthorhombic-pyramidal
section indicates that at least some of the calcite

Cross-
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is a pseudomorphic phase (Fig. 10.6). Most
likely, the calcite is a replacement of shortite
since this mineral has the appropriate precursor
crystal form (orthorhombic hemimorphic, see fig
12 in Fahey 1962).

In SEM, typically sub-angular to sub-rounded
grains of ~20-60 pm size (rarely exceeding
100 pm) map as combinations of Na, K, Al, and,
or, Si (Fig. 10.7) and are considered to represent
the silicate phases identified in XRD. Oriented
elongate silicate grains and medium to coarse
silt-sized silicate grains interlayer, at the
~0.25 mm scale, with larger (~100 pm) interlock-
ing crystals to define the lamination. The latter
include subpoikilotopic, subhedral crystals that
map as Ca, O, and C (calcite), and euhedral-
subhedral rhombic crystals containing Ca, Mg,
with occasional minor Fe (high-Mg calcite or
dolomite). No sodic (bi-) carbonates, siderite,
pyrite or kerogenous stringers were identified by
EDS, but very rare grains map as pure carbon
(interpreted as coalified plant matter).

The matrix is generally an indistinguishable
mix of crystals of Ca, P, F, Si, Al, Mg, minor Na,
K, Fe, Ti, and rare traces of rare earth elements.
Admixed sub-micron oblate hexagonal crystals
may be a smectite or zeolite. The main CFA com-
ponents, Ca, P and F, concentrate as rare detrital
grains (Figs. 10.7 and 10.8a), along stringers
(Fig. 10.8b), grain rims on selected silicate (mostly
quartz) particles (Fig. 10.8c, d), and variably con-
centrated in scattered grain-shaped masses that
might indicate variably altered precursor grains,
possibly multi-mineralic (Fig. 10.8e, f).

Poikilotopic calcite encloses and post-dates
the aforementioned phosphatized multi-mineralic
grains (Fig 10.8f) and zoned, pitted rhombic dolo-
mite (Fig. 10.9). Four transects of point spectra
additionally indicate that the Fe content typically
varies in the rhombs, with the cores in Fig. 10.9a
and c being non-ferroan, their rims ferroan. High
Mg content is characteristic of the thombs, with
lower values occasionally found toward the rims.
The enclosing late-stage calcite is non-ferroan,
and similarly contains minimal Mg. Pitted
rhombs, particularly the one shown in Fig. 10.9b,
have higher levels of impurities than pure rhombs,
suggesting encapsulation of aluminum silicates
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Table 10.2 XRD Analyses of 9 samples from the BNSZ of the upper GRF at Buck Canyon
Sample Horizon | Lithofacies | Quartz | Feldspar |Mica |Calcite |Dolomite |Zeolite | Phosphate
152 m 2 15 11 - 19 38 2 15
144 m 2 11 21 6 21 41 - -
140 m 2 14 21 - 28 37 - -
1372 m 1 12 14 - 40 35 - -
133.5m 1 10 13 - 56 21 - -
131 m 1 11 16 14 33 26 - -
128.2 m 1 16 30 - 33 3 - 18
128.1m 1 1 14 - 58 27 - -
126 m 3 29 14 - 28 29 - -

The reference-intensity-ratio method was used to estimate the weight fractions of the different phases. Errors are gener-
ally £5 %, but increase with more diverse sample mineralogy, lower abundance of a mineral, overlapping peaks, and

increasing presence of clays and salts

Fig.10.6 Thin section photomicrograph of the carbonate
shale at 152 m exhibits a lamination disrupted by variably
sized nodules and microfractures. The shape of several
crystals is closer to the form of shortite, suggesting the

by the growing dolomite crystal. Where P is
recorded (e.g., thombs in Fig. 10.9b, c) it occurs
adjacent to the dolomite—calcite contact, or even
enclosing the dolomite rhombs (Fig 10.9b). EDS

calcite (Ca) now present is a pseudomorphic phase. The
original mineral is considered to have grown in situ
because of the numerous inclusions of carbonate shale
still embedded in the crystal form

data provide ambiguous evidence as to whether
the P represents the element substituting in the
carbonate lattice or that the calcite grew around
and enveloped microcrystalline CFA.
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10.7 Interpretations
10.7.1 Depositional Environments
of the BNSZ

Facies models of evaporative lakes (e.g., Renaut
and Gierlowski-Kordesch 2010) consider irregu-
lar and discontinuous, displacive and often pseu-
domorphed crystals in weakly laminated
mudstone to form marginally, such as within
saline mudflats during lake regressions, with
cumulative, bedded evaporites typically forming
near the basin/lake center. This model is appro-
priate for the BNSZ. In Buck Canyon, the lower
and upper saline intervals (lithofacies 2c) are of a
very limited thickness and identified only by
pseudomorphing calcite crystals disrupting
(brecciating) bedding (e.g., 152 m), suggesting a
marginal setting. In the upper saline zone, inter-
bedded lithofacies 2b may provide another indi-
cation of shallow water conditions. Lenticular
cracks in the GRF have previously been consid-
ered related to subaqueous physical stresses asso-
ciated with wave activity (Picard 1966; “diastasis”
of Cowan and James 1992). However, subaque-
ous salinity changes affecting muds containing
minor quantities of swelling clays (“synaeresis”
of Plummer and Gostin 1981) cannot be ruled
out. In strata below 152 m, the association of dia-
genetic pyrite (outcrop only) indicates that low
Eh porewaters containing abundant dissolved fer-
rous iron and sulfide were present in the substrate
(Hesse 1990) but not necessarily that the shallow
lake waters were anoxic. The two saline intervals
are considered to represent lateral facies transi-
tions from the nodular nahcolite beds (Keighley
2013). Bedded nahcolite nodules increase in size
and occur over greater stratal thicknesses toward
the northeast, which indicates the direction to the
evaporitic lake depocenter (Cashion 1967;
Vanden Berg et al. 2013).

In the broader picture, occurrences of lithofa-
cies 1 and its components within the BNSZ of
Buck Canyon are interpreted as lateral facies
extensions of the middle R-8 zone of the cores,
and to represent anoxic-lake highstands
(Desborough 1978). Interbeds of lithofacies 2a,
and lithofacies 2 in general, ambiguously record
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either more oxic lake conditions that allowed for
the breakdown of organic detritus or a lower pro-
ductivity lake that might have existed under the
saline conditions. The high carbonate content of
the interbedded lithofacies 1 and 2 successions
indicates a mostly clastic-starved setting, likely
an offshore location.

Lithofacies 3b in the HBS exhibits a coarsen-
ing upward profile that, together with the con-
tained wave-influenced sedimentary structures,
indicates a prograding shoreface. The HBS thick-
ens westward, where planar cross-strata addition-
ally interbed to indicate a fluvio-deltaic source
for the shoreface sandstone. Lying within the
BNSZ, the HBS has previously been interpreted
to be a lake low-stand succession (Brownfield
et al. 2010) although at a higher resolution, it lies
stratigraphically between two oil shale beds
(lithofacies 1) and so could be considered a
stand-still deposit during the transgressive phase
that followed deposition of the lower saline
interval.

In summary, although there was an overall
trend upsection from an anoxic, balanced-fill,
deep lake during deposition of the MOSZ to a
predominantly underfilled, restricted evaporative
basin during deposition of the BNSZ, lake trans-
gressions and anoxic deep lake conditions still
occurred periodically (i.e., the cyclicity noted by
Smith et al. 2008). Within this context, the BNSZ
at Buck Canyon would occupy a proximal posi-
tion to the southerly, fluctuating but mostly
closed-lake shoreline and to have formed during
prolonged regressive lake stages as quiet, shallow
water deposits close to marginal mud-flats. The
P-enriched bed at 152 m is equated with a pro-
longed saline event accompanying a lake low
stand.

10.7.2 Cause of Phosphorus
Anomalies in the BNSZ

The basic P cycle for lakes is reviewed in detail
elsewhere (e.g., Follmi 1996; Wetzel 2001, and
see Fig. 10.10) but usually the cycle leads to the
epilimnion becoming a major P sink. Reserves of
available P in the epilimnion are ultimately
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Fig.10.7 SEM images of the carbonate shale at 152.0 m.
For each sample, the first column is a montage of Back-
Scattered Electron (BSE) images, with the other three col-
umns being color-coded maps for selected elements to
give a general indication of sample mineralogy. Alb albite,

AIkF alkali feldspar, Apt apatite (detrital grain), Cal cal-
cite, Dol dolomite, GRCFA grain-replacive calcium fluor-
apatite, Otz quartz, RFF resin-filled fracture, Rut rutile,
ShS sheet silicate
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UNB 15.0
Spectrum 8] F Ma Mg Al Si P Cl K Ca Ti Fe Yh Total
Spectrum(1) 39.12 787 19.90 0.20 3825 0.26 0.00 10559
Spectrum(2) 29.41 4.11 0.68 0.58 114 4.71 15.32 0.67 30.79 0.90 0.75 89.06
Spectrum(3) 40.45 4.94 0.81 1.54 233 858 14.90 1.21 28.11 114 104.01
Spectrum(4) 2141 1.83 0.45 1.08 1.44 7.81 13.22 100 26.05 0.23 1.27 75.80
Spectrum(S5) 27.59 331 0.62 L1l 1.65 715 15.71 0.59 27.79 1.08 86.90
Spectrum(6) 10.72 1.33 0.33 0.16 0.1% 0.98 16.42 0.24 3115 0.39 0.00 61.91
Spectrum(7) 40.16 5.68 1.14 0.48 0.43 1.96 17.02 3393 100,79
Spectrum(#) 851 107 0.30 0.12 0.61 3.37 15.10 0.53 27.86 0.40 57.88
Spectrum(9) 7.98 0.91 0.20 0.10 0.15 0.83 14.11 0.22 28.57 0.47 0.00 53.53

Spectrum(10) 16.72 2.06 0.59 0.35 0.75 2.94 16.58 0.56 30.86 0.74 72.15
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depleted only when the P-bearing dead biota is
able to permanently sink down through the hypo-
limnion in stratified (meromictic) lakes (Levine
et al. 1986). The biotic detritus is then able to
settle out onto the substrate, to join detrital inor-
ganic P phases and phases precipitated from solu-
tion (gross P sedimentation). Ultimately the
detritus and P is buried and lithified in the sedi-
ment pile prior to later uplift for renewed weath-
ering. However, a major complication to the
cycle exists because, even after initial sedimenta-
tion, P may recycle back into the hypolimnion by
remobilization from particulate stores into dis-
solved interstitial P by various mechanisms under
anaerobic conditions (Bostrom et al. 1988; and
discussed below). Where there is no well-
established and permanent hypolimnion, a
significant P-concentration gradient can then be
present between the interstital and lake waters,
promoting molecular diffusion into the over-
lying water column (gross P release). From a
steady-state viewpoint, P retention (net P sedi-
mentation) = gross P sedimentation — gross P
release (Hupfer and Lewandowski 2008). For
much of the BNSZ, ICP analyses (Fig. 10.5) indi-
cate low background P concentrations and hence
gross P sedimentation > gross P release.
Exceptionally, the sample from 152 m indicates a
situation where gross P sedimentation > gross P
release. As reviewed earlier, such enrichment is
rare in the known lacustrine geologic record and
requires an explanation.

Temporary increased net P sedimentation may
result from increased gross P sedimentation and,
or, reduced gross P release. For the 152 m sam-

<<
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ple, increases in gross P sedimentation do not
appear to be directly responsible for several rea-
sons. Even though the drainage basin would have
included apatite-bearing outcrops of the
Phosphoria Formation (e.g., Hendrix and Byers
2000) and fresh volcanic ash falls (e.g., Smith
et al. 2008), refractory P-bearing grains are rare
(Fig. 10.7). Although outcrop is poor, carbonate
shale overlies the phosphatic bed, so there is no
evidence for increased dissolved-P influx via
deposition of overlying tuffaceous or coarse clas-
tic layers (Fig. 10.3). Also absent are skeletal
hard parts and evidence of hardground rework-
ing: the bed can be considered a “pristine phos-
phate” (Follmi 1996). Gross P sedimentation
may well have been enhanced by way of influxes
of adsorbed inorganic-P on calcite or clays such
as smectite (e.g., Ruttenberg and Berner 1993;
Song et al. 2006; Holmkvist et al. 2010). Detrital
Fe-oxides are absent from the strata and are
unlikely to have been a common source of
adsorbed P because the BNSZ was deposited
when Lake Uinta likely had predominantly high
pH, and sorption capacities for Fe-oxides
decrease as pH levels increase above 6.5 (Stumm
and Morgan 1996) and in the presence of dis-
solved sulfate (Katsev et al. 2006). Most impor-
tantly, the element is not present in its original
organic or adsorbed inorganic phosphate phase,
but as crystalline (precipitated) CFA.

Love (1964) and Swirydczuk et al. (1981)
have proposed that phosphates in ancient lakes in
Utah could have precipitated directly from peri-
odically highly stratified hypersaline water col-
umns (e.g., caused by a sudden drying of the

Fig.10.8 Detailed BSE images with selected EDS analy-
ses of CFA phases from 152 m. (a) Possibly an angular
detrital grain of relatively pure CFA (Cl can substitute for
F in the CFA lattice). (b) Ca and P are mapped as variably
abundant in the matrix, and can concentrate (brighter
gray — reflecting elements with higher atomic number)
along irregular stringers, possibly related to precursor
organic-rich laminae. (¢, d) Variably thick coatings of
sub-micron-scale crystals (EDS indicates an admixture of
clays and/or carbonates, and CFA: the complexity of the
matrix makes definitive EDS analysis of the CFA compo-

sition problematic due to limitations in the focus and pen-
etration of the electron beam), each surrounding a silicate
grain. (e) Variably dense, somewhat fibrous microcrystal-
line CFA and admixed clay/silicate/carbonate that may
itself be diagenetic replacement or residual material of a
precursor grain. The CFA bottom center may be replacing
the groundmass of a multi-minerallic grain. (f) Another
potentially phosphatized multi-mineralic grain is mostly
enclosed by late-stage pseudomorphic calcite exhibiting
the highly pitted morphology typical of this phase. (g)
Tabulation of EDS spot analyses located in 8a, ¢, and e
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Electron Image 1

4 ’
Electron Image 1

—_—
40pm

Fig. 10.9 BSE images and tabulated EDS analyses
from 152 m detailing the zoning and diagenetic rela-
tionships in carbonates. (a) The EDS analyses are from
a transect that runs from a core of NF dolomite through
zoned Fe dolomite and out into late stage calcite. (b) A
zoned Fe dolomite is post-dated by bright CFA micro-
crystalline aggregates (lower left) and large blocky cal-
cite (right). Note that P is recorded only in the outermost

SAMPLE 152A

Spectrum Ca Fe (2] Al Si MNa K Mn P Total
Lime Spectrumi1) na Pkl Bl44
Line Spectrumi2) 2155 nm 6124
Linc Spectrumi3) 241 039 132 60.94
Line Spectrum(4) 198 08T 1753 01e 6251
Lime Spectrum($) 048 212 1169 0Ig 000
Line Spectrum(s) 208 210 N8 004 031 5357
Line Spectram(T) 359 183 1740 w407
Line Spectrumi#) 460 289 1504 6233
Line Spectrum(9) 9T 118 1426 s17
Line Spectrum(10)| 486 3568 187 3071 T2
Linc Spectrum(11)| 021 3266 042 1422 4752
Line Spectrum(12)| 017 4022 026 2332 63.9%
Max. 196 4022 537 3071 004 031 o.19
Min. 047 048 . 16w - -
SAMPLE 1528
Spectrum Mg Ca Fe 0 Al Si Na K Mn P Total
Line Spectrum( 1) 909 2008 4212 1842 k]
Line Spectrum(2) | 530 1961 365 1300 ol 4170
Lime Spectrum(3) 985 2192 429 1907 il 5525
Line Spectrum(4) | 456 2083 267 &84 000 050 349
Line Spectrum(S) | £35 2147 176 1957 019 023 5201
Line Spectrum(6) I 2T 14 1831 4834
Live Spectrum(7) | 1212 2382 214 3107 .15
Line Spectrum(8) | 608 2089 285 1147 ol 4150
Line Spectrum(9) 727 MMM 262 1921 033 148 025 08 067 5601
Live Spectrum(10)| 326 3271 169 3444 155 436 028 073 7903
Line Spectrum(11)| 0.15 3417 034 1337 06 012 4830
Line Spectrum(12)| 0.1 3199 048 1276 (3] 018 4563
Linc Spectrumi 13) 74 031 E02 04 020 3550
M, 1202 3417 429 3444 155 436 041 028 023 073
Min. ~ 196l 03 802 - - - - - -
SAMPLE 152C
Spectrum Mg Ca Fe © Al Si N K Mn P Total
Line Spectrum(1) | 460 1767 028 1316 35,70
Line Spectrumi2) 844 2024 206 0.4
Line Spectrum(3) | 372 1704 107 598 0.12 0.46 W48
Line Spectrumi4) | 699 1953 195 1352 0.23 a2
Line Spectrumi5) 507 1R83 175 L2 mn
Line Spectrami&) 500 2146 341 1485 079 4551
Line Spectrum{7) | 0.16  37.07 B4 047
Line Spectrumi8) 3375 026 1851 52.53
Max. Kdd 3707 34l B2 042 046 079

p i, - ITM4 - 598

five spectra, further indicating that the core had precipi-
tated prior to P coming out of solution. (¢) The EDS
analyses again indicate a zoned dolomite, non-ferroan
at its core with P recorded close to the rim (spectrum 6)
and the contact with the low-Mg calcite (spectra 7 and
8). All results in weight percent. Processing option: all
elements analyzed (values for carbon omitted: sample
was carbon coated)
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climate) with the development of a chemocline
that could act as a phosphate trap, inhibiting recy-
cling into surface waters. However, in this sample
the CFA is considered diagenetic because (i) set-
tling of precipitated platy crystals in a low-energy
environment would be expected to impart a pre-
ferred orientation, (ii) localized concentration of
CFA as grain coatings, and (iii) P is recorded in
SEM at the contact between authigenic dolomite
and later calcite. The chemocline simply may
have limited upward diffusion gradients, allow-
ing P to accumulate and reach saturation in sub-
Sstrate pore waters.

Increased net P sedimentation is therefore
considered the result of lowered gross P release
due to initial substrate remobilization, by meth-
ods outlined in Bostrom et al. (1988), followed
by its precipitation as diagenetic CFA. Jahnke
(1984) and Van Cappellen and Berner (1988,
1991) identify CFA as the thermodynamically
stable apatite phase that precipitates early and
rapidly from high-carbonate, high pH solutions
in the very shallow substrate. It remains uncertain
whether CFA precipitates directly, or via precur-
sor phosphate-mineral phases (e.g., Emerson
1976; House 1999; Song et al. 2002), or as a
phosphatic gel (e.g., Slansky 1986).

As noted by Van Cappellen and Berner (1991)
for oceans, and for example Kleeberg and Dudel
(1997) and Anshumali (2007) for geochemically
more variable lakes, the kinetics of apatite pre-
cipitation are influenced by numerous interlinked
controlling parameters including dissolved-ion
abundance (NO5~, CO;> SO,>, O*) and dis-
solved organic molecules, as well as temperature,
salinity, alkalinity, pH, and Eh. Furthermore,
redox reactions, adsorption, mineral phase solu-
bility, and mineralization of organic matter are all
mechanisms that have been invoked for bringing
the primary CFA ions (F, Ca, and PO) to concen-
trations probably well above equilibrium
(Knudsen and Gunter 2002). None of these
mechanisms is universally dominant (e.g., Van
Cappellen and Berner 1991; Kaiserli et al. 2002;
Katsev et al. 2006) and, in particular, the long-
held paradigm that redox, particularly involving
Fe-oxides, is the major mechanism has now been
shown to be valid only under special circum-
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stances for lakes (Hupfer and Lewandowski
2008).

If all major components of CFA were at satu-
ration, the main limiting control would have been
the presence of Mg?* in solution. At neutral pH,
CFA growth is limited if the Ca:Mg ratio drops
below 1.2:1, but at a pH of 7.5-8, CFA is limited
if the ratio drops below 5.2:1 (Knudsen and
Gunter 2002). The Mg?* ion either may be incor-
porated into the apatite crystal, resulting in lattice
distortion that limits crystal growth (Gulbrandsen
etal. 1984), or the Mg?* may block crystal growth
sites simply by its adsorption onto the crystal
(Van Cappellen and Berner 1991). High Ca:Mg
ratios can be attained by removal of Mg*, by
enrichment of Ca?*, such as by dissolution of cal-
cite or gypsum (Nathan and Lucas 1972), or by
authigenesis. The diagenetic succession of phos-
phate post-dating the abundant rhombic dolomite
crystals (Fig. 10.9) suggests that only once the
Mg?>* was incorporated into the dolomite cement
in the substrate — this reaction also liberates F~
ions from MgF complexes, aiding fluoride satu-
ration — could phosphogenesis commence.

The dolomite in question can be considered a
primary, penecontemporaneous dolomite, and
its thombic form directs interpretation toward
the evaporative pumping sabkha model of dolo-
mite formation (Morrow 1990). Even so, dolo-
mite precipitation is itself problematic, with
poorly understood kinetic effects where there
are temperatures below 50 °C and low dissolved
sulfate (e.g., Machel 2004; Armenteros 2010).
The formation of nahcolite, rather than the trona
common in the Wyoming lakes, suggested to
Milton and Eugster (1959) that moderate lake
temperatures of 35 °C or less persisted in the
possibly deeper water Uinta Basin (lower with
higher atmospheric CO,: Lowenstein and
Demicco 2006). However, despite low sulfate
concentrations in Lake Uinta, if any organic
matter was breaking down in the substrate, the
presence of methanogenic bacteria may have
promoted progressively Fe-enriched dolomites
with biogenic sulfate reduction being sup-
pressed (Mazzullo 2000). The lack of pyrite at
152 m is further support. Whereas Fe* was
forming from the breakdown of limited
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Fe-silicates, oxides, and highly reactive organic
iron compounds by Fe-reducing bacteria, any
H,S that was generated slightly deeper in the
substrate and that diffused upward would be
kinetically inhibited from reacting with the Fe*
due to high porewater pH (Tuttle and Goldhaber
1993). Iron was thus increasingly available for
incorporation into a dolomite lattice provided
methanogenesis maintained high pH and car-
bonate alkalinity (Mazzullo 2000).

The localized concentration of CFA as grain
coatings and partial grain replacements
(Fig. 10.8) suggests they were the preferred
CFA nucleation sites. Both Mg-bearing smec-
tite and zeolite are considered effective adsorp-
tion sites for P (e.g., Ruttenberg and Berner
1993; Sakadevan and Bavor 1998; Stamatakis
and Koukouzas 2001), and their precipitation
as clay rims or partial alterations of volcanic
grains could also have contributed to lower
Mg? levels. Authigenic zeolite and smectite
can form by evaporative pumping around vol-
canic-influenced saline lake margins (e.g.,
Renaut 1993; Hay and Kyser 2001). Smectite
has not been verified either in XRD or SEM for
this sample, but was noted in the upper GRF
further east by Dyni (1976) and Bristow et al.
(2012) who found that dolomite abundance
was related to the inverse of Mg-smectite
abundance.

10.8 Conclusions

Low background concentrations of P are recorded
from ICP analyses of 89 samples from the upper
GREF of the Uinta Basin, Utah, and indicate that a
minor amount of phosphate was continuously
accumulating during the deposition of over
200 m of Eocene lacustrine strata. However, in
the BNSZ one carbonate shale containing calcite
pseudomorphs (as well as an oil shale bed not
detailed herein), phosphorus peaks at values of
over 5 wt% of the oxide. XRD analysis of 9 sam-
ples from the BNSZ confirms CFA as the major
P-bearing mineral. Thin section and SEM obser-
vations identify the CFA as microcrystalline
aggregates, with EDS recording the presence of
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sodium and sulfate that would have substituted
into the CFA crystal lattice. Diagenetic calcite is
considered to pseudomorph large shortite crys-
tals as well as to enclose thombic zoned ferroan
dolomite in precipitate-dominated laminae.

The establishment of a chemocline in a high
pH, high alkalinity, saline lake of low organic
productivity may have caused dissolved P to
reach saturation in lake and pore waters. However,
CFA would not normally precipitate because at
high pH, Mg?* in solution effectively inhibits
CFA precipitation. Evaporative pumping to the
adjacent sabkha, potentially also with the activity
of methanogenic bacteria, led to the precipitation
of rhombic, zoned ferroan dolomite, reducing
dissolved Mg?* content, and permitting CFA to
then precipitate, possibly also in association with
smectite diagenesis.
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