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ABSTRACT

High-resolution geochemical data from phosphorites and associated lithofacies of the
Permian Phosphoria Rock Complex suggest that organic matter deposition and phospho-
genesisoccurred in fundamentally different oceanogr aphic conditions than those of modern
oceanic upwdling systems. Unlike modern phosphorites, those of the Phosphoria accumu-
lated in a shallow marginal sea within a semi-restricted epicontinental embayment that
extended landwar d into proximal environmentsbor dered by evapor ativelagoons. The Phos-
phoria Rock Complex phosphoritesformed in outer ramp (<200 m water depth), organically
productive mid-ramp, and very shallow and restricted inner-ramp environments.
Chemostratigraphic data (total organic carbon, sulfur, phosphate, 613CP04£03, Ni, Cr, and
Cd) indicatethat thiswiderange of paleocenvironmentswaslar gely dysoxic or anoxic; euxinic
conditions developed sporadically. High cadmium and nickel concentrations suggest maxi-
mum paleoproductivity (preserved total organic carbon up to 15 wt%) was associated with
anoxic and euxinic conditions. Water column oxygen and trophic levels are interpreted to
have been the primary controls over macrofaunal distribution in the Phosphoria, not cold-
water temperatures as hasbeen previoudy inferred.

These findings, augmented by recent Permian paleoclimate and ocean circulation
models, suggest that an oxygen-poor, nutrient-rich intermediate water mass flowed into
the Phosphoria embayment and impinged on the mid-ramp area. Seasonal coastal
upwelling brought thiswater to the surface, whereit mixed with warm water sflowing sea-
ward from therestricted shallow lagoonsin west-central Wyoming, resulting in high paleo-
productivity and organic matter accumulation and oxygen depletion in the water column.
Warming of the waters on the broad, shallow ramp, coupled with seasonal attenuation of
the coastal upwelling system, is predicted to have led to a positive feedback between pro-
ductivity and phosphogenesisthrough a wide range of environments. This new model and
our findingsillustratethat paleoceanographic setting and paleoenvironment must betaken
into account to fully understand the geochemical variation seen in ancient phosphorites.
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INTRODUCTION

The Phosphoria Rock Complex contains one of the largest
sedimentary phosphate deposits in the geologic record (e.g.,
Cook and McElhinny, 1979). This series of phosphorite-siltstone-
chert-carbonate-evaporite successions was deposited in the
“Phosporia Sea” on the western margin of North America during
the Permian (Fig. 1). The Phosphoria Rock Complex contains
more than five times the total mass of phosphorus in today’s
oceans (McKelvey et a., 1953); an estimated 1.7 x 1012 metric
tons of P,Og were originally deposited (Cathcart et al., 1984).
Organic carbon concentrations can exceed 15 wt% (Maughan,
1994; Hiatt, 1997), and 31 x 10° metric tons of petroleum have
been generated (Claypool et al., 1978). The Phosphoria Rock
Complex istruly an example of an extreme sedimentary system.

The Phosphoria Rock Complex also spans one of the most
extraordinary globa climate transitions in earth history (Fig. 2).
The Early Permian was marked by widespread glaciation in the
southern hemisphere (Pennsylvanian to Early Permian), low CO,
levels, and probably widespread seaice a the North Pole (Barron
and Fawcett, 1995). In contrast, the Late Permian marks the onset
of hot and dry climates over most of the middle and low-latitude
continents, rapidly increasing CO, levels (two to five times mod-
ern vaues, Berner, 1994), widespread desert environments with
vast areas of evaporite deposition (Ziegler, 1990; Zarkov, 1984),
and widespread anoxic deep-water conditions in the world's
oceans (Wignall and Twitchett, 1996; Knoll et a., 1995). In con-
trast to Early Permian glaciation, the southern continents in the
Late Permian were marked by warm, high-latitude climates that
brought boreal forests, coal swamps, and reptiles within 10° of
the South Pole (Taylor et a., 1992; Dickins, 1984, 1996; Rees et
al., 1999).

The abundance of phosphate, organic matter, and chert in the
Phosphoria Rock Complex has long been cited as evidence for a
coastal upwelling system in the Phosphoria Sea (e.g., McKelvey et
al., 1959; Sheldon, 1989). Upwelling is aso predicted by phos-
phate and elemental mass balance calculations (Piper and Link,
2002), atmospheric circulation models (Parrish, 1982; Kutzbach
and Ziegler, 1994), and paleowind directionsthat suggest anet off-
shore movement of surface waters by Ekman transport (Sheldon et
al., 1967; Parrish and Peterson, 1988). There is no doubt that
upwelling-associated biologica productivity led to the deposition
of organic matter and phosphate in the Phosphoria Rock Complex.

Although the existence of an oceanic upwelling system in
the Phosphoria Sea is considered a certainty, many unanswered
guestions remain concerning the oceanographic conditions that
led to these extreme sedimentary deposits. As Boyd (1993,
p. 183) pointed out, “A completely satisfying explanation for the
origin of the phosphatic members has yet to appear” Key unan-
swered questions are: What was the nature (oxygen and nutrient
levels, primarily) of the upwelled water? Under what oceano-
graphic conditions did sedimentary phosphate form? And, what
role did the semi-restricted nature of this embayment play in the
oceanography of the Phosphoria Sea?
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Figure 1. Position of Phosphoria Sea in context of Late Permian plate
tectonic reconstruction of western North American continent and eastern
Panthal assa Ocean. Position of paleoshoreline represents sea-level high-
stand. Paleowind vectors are based on Kutzbach and Ziegler (1994);
wind strengths (inset box) are 5.0 and 1.8 m/s for summer and winter,
respectively. Approximate positions of paleohighs on the Wyoming pale-
oshelf are from Skipp and Hall (1980) and Wardlaw (1977). Map is
modified from Scotese and Langford (1995).

We believe that answers to these questions have been hin-
dered by attempts to make the Phosphoria Rock Complex “fit”
a model based on the modern Peru margin—a model that
involves upwelling of cold (0-10 °C), nutrient-rich deep water
onto a steep and narrow continental shelf (e.g., McKelvey et al.,
1953, 1959; Sheldon, 1963, 1984; Parrish, 1982; Wardlaw and
Collinson, 1984). The applicability of this interpretation to the
Phosphoria Rock Complex has been bolstered by the presence
of faunal elements that are interpreted as representing cold-
water, “Arctic” conditions in the Phosphoria Sea (Wardlaw,
1980; Wardlaw et al., 1995).

In the last 20 years, research on the modern ocean and the
Phosphoria Rock Complex has resulted in a somewhat different
view of these enigmatic rocks. It now appears that the Phosphoria
Sea was a relatively shallow (<200 m), semi-isolated epiconti-
nental basin (Ketner, 1977; Scotese and Langford, 1995). Paleo-
climate models suggest mean summer air temperatures over the
shallow, marginal Phosphoria Sea were as high as 3045 °C
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Figure 2. Permian Series and Stage
names for southwestern United
States and global eustasy curve;
eustasy curve records sea-level vari-
ations with amplitudes of ~200 m

(modified from Ross and Ross,
1994). Shaded zone on eustasy
curve represents Phosphoria Rock
Complex, and darkly shaded zones
represent intervals of phosphate-
rich Meade Peak (lower zone) and
Retort (upper zone) deposition. Rel-
ative extents of Permian glacial
events are shown in middle right
column (width of black area pro-
vides an estimate of possible ice
sheet extent; evidence for ice sheets
extending to the earliest Sakmarian
from Gonzélez-Bonorino and Eyles
(1995) and Dickins (1996); evi-
dence for ice sheets in South Africa
inArtinskian from Visser, 1996; evi-
dence for ice-rafted debris from
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(Kutzbach and Ziegler, 1994; Barron and Fawcett, 1995). Phos-
phogenesis, which is the precipitation of phosphate from seawa
ter at or just below the sediment-water interface, occurred not
only in the deeper portions of the basin, but also in shallower,
inner-shelf settings (Sheldon, 1984; Peterson, 1984; Hiatt, 1997,
Trappe, 1998; Stephens and Carroll, 1999; Hendrix and Byers,
2000). Paleotemperatures ranged from temperate (14-26 °C;
mean of 21 °C) at sites of maximum phosphogenesis to warm
(34-37 °C) acrossthe shallow paleoshelf (Hiatt and Budd, 2001).
Elevated salinities and stratification of the water column have
also been proposed (Hite, 1978; Dahl et al., 1993; Stephens and
Carroll, 1999). Piper and Link (2002), however, argued for tem-
perature rather than salinity stratification. Based on the lower,
phosphorite-rich portion of the Meade Peak member and mass
balance calculations, Piper and Link (2002) determined that the
Phosphoria Seawas * sediment-starved” and that, based on analo-
gies with modern ocean basins, biological productivity was only
moderately high. Piper (2001) used concentrations of Cd, Mo,
Zn, Cu, and perhaps Ni as further evidence of elevated biologica
productivity in the Meade Peak member, and he coupled these
with other trace elements, such as Cr, V, and U to further suggest
that the Phosphoria Sea was marked by anoxic, denitrifying, but
not sulfate-reducing bottom waters during deposition of this
lower Meade Peak interval. Piper (2001) and Piper and Link
(2002), however, did not analyze their datain a stratigraphic and
regional framework. Thisleadsto the question: How did oceano-
graphic conditions vary regionally or temporally (stratigraphi-
caly) during thelife of the upwelling system? In addition, no one
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has directly studied the relationship between paleoecology and
chemostratigraphy of the Meade Peak to test whether the paleon-
tologic data support either the salinity or temperature stratifica
tion model.

All of these recent findings and the fundamental unanswered
questions that remain suggest it is time to reassess the nature of
the original upwelling model of the Phosphoria Sea. Here, the
geochemical and macrofauna data from the Meade Peak mem-
ber of the Phosphoria Formation are presented in a stratigraphic
and regional framework that further clarifies the relationship
between paleoproductivity, chemofacies, phosphogenesis, and
oceanographic setting.

THE PHOSPHORIA ROCK COMPLEX

Deposition of the Phosphoria Rock Complex occurred in the
“Phosphoria Sea” (Fig. 1), which formed in a shallow margina
foreland basin on the western margin of North Americaat apale-
olatitude of about 20°N (Scotese and Langford, 1995). The Phos-
phoria Sea was partially separated from the Panthalassa Ocean
by an idand arc system (e.g., Scotese and Langford, 1995). The
Phosphoria Rock Complex is composed of three unconformity-
bounded stratigraphic sequences (Fig. 3). Phosphate (asfrancolite;
Ca{LO-a-b-cNaa!M gbi(POA)G-X’(CO:i)x-y-Z(CO&F)y’(SO4)ZF2' where X
=y +a+ 2c and ¢ = the number of Cavacancies, Nathan, 1984)
occurs throughout all three sequences, but phosphorites (beds
with >10% francolite) are concentrated in the Meade Peak and
Retort members of the Phosphoria Formation in the upper two
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sequences. In subtidal to peritidal deposits, phosphate occurs pri-
marily as phosphatic peloids, with phosphatic ooids, intraclasts,
and phosphatized skeletal grains being less common. Phospho-
rites are often marked by grain-supported textures, grading, and
contain mechanically abraded grains, all of which suggest
mechanical reworking (McKelvey et a., 1959; Trappe, 1998;
Hiatt and Budd, 2001). These attributes also suggest that these
beds represent relatively shallow-water deposition.

Herein, our focus is the Meade Peak member, which is the
larger of the two high-productivity deposits in the Phosphoria.
Meade Pesk deposition was initiated in the Late Leonardian and
extended through the Roadian stage of the Guadaupian (Fig. 4).
Sedimentation and phosphogenesis occurred on anearly flat ramp
with an estimated shelf depositional angle of only 0.04-0.22°
between the Meade Peak depocenter and the paleoshoreline (Hidtt,
1997). The Meade Pesk is a seaward-thickening wedge of sedi-
ments whose depocenter was in southeastern 1daho (Maughan,
1984). Pdlinspastic reconstructions and regional facies patternsin
the entire Phosphoria Rock Complex have been interpreted to sug-
gest a shelf margin just to the east of that depocenter (e.g., McK-
elvey et d., 1959; Peterson, 1984), but no distinctive shelf-margin
faciesin the Meade Peak has ever been described, which isfurther
evidence for the ramp profile. Outer- and mid-ramp deposits
include thinly bedded, finely laminated fine- to medium-grained
sandstone, dolomitic siltstone, and carbonate mudstone that previ-
ousworkers refer to as “shaes” Petrographic studies reveal, how-
ever, that shales are rare (Hiatt, 1997; Carrall et al., 1998). To the
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Figure 3. Stratigraphic relationshipsin Phosphoria Rock Complex. Ver-
tical ruled areas denote hiatuses; arrows denote tops of unconformity-
bounded sequences (modified from Maughan, 1984).

east, the Meade Peak pinches out into green siltstones and carbon-
ates, which, inturn, gradeinto red beds and eventually interbedded
red siltstones and evaporitesin central Wyoming (Fig. 4; Maughan,
1984; Peterson, 1984).

METHODS

Proxiesfor paleoceanographic conditions during Phosphoria
Rock Complex deposition were derived from high-resolution
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Figure 4. Generalized stratigraphic section of Meade Peak member (sec-
tion D from southeastern Idaho; Fig. 5) that shows approximate position
of important biostratigraphic boundary between conodonts Mesogondo-
lellaidahoensisand M. serrata (Wardlaw and Collinson, 1984), whichis
the accepted global boundary between Leonardian (Early Permian) and
Guadalupian (Late Permian) series (Glenister et al., 1992). Series and
stage names from Ross and Ross (1994). Sequence stratigraphic systems
tracts from Hiatt (1997; LST—Ilowstand system tract, TST—transgres-
sive system tract, HST—highstand system tract).
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lithostratigraphy and chemostratigraphy. Four stratigraphic sec-
tions that form an offshore outer ramp to nearshore inner ramp
transect through the Meade Peak member (Fig. 5) were utilized;
they were chosen for their stratigraphic completeness and lack of
visible chemical or textural ateration. Thin sections from all
lithologies were examined to refine lithologic and textural classi-
fications made during hand-sample examination. Bulk mineral-
ogy was done by powder X-ray diffraction on a Scintag PAD-5
diffractometer. Tota organic carbon (TOC) and total sulfur (TS)
were determined using a L eco combustion-spectrometric device.

Phosphate grains for geochemical analyses were isolated
by first disaggregating the granular phosphorite rock, sieving
the resultant material into size fractions, and then passing the
sand fractions through a magnetic susceptibility separator to
remove glauconitic and pyritic grains. A heavy liquid separa-
tion (undiluted acetylene tetrabromide, density = 2.96 at 25 °C)
was then used to remove carbonate and silicate grains. The
remaining sample was washed multiple times with acetone and
deionized water and dried in an oven at 80 °C for 12 hours. At
this point, each size fraction was approximately 100% phos-
phate (francolite), as confirmed by X-ray diffraction analysis.
Individual phosphatic pel oids were handpicked from these con-
centrated and washed splits and used for the trace-element and
isotopic analyses. Cadmium (Cd) concentrations were deter-
mined using X-ray fluorescence analysis; Ni and Cr concentra-
tions were determined using instrumental neutron activation
analysis. Details are given in Hiatt (1997).
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Figure 5. Map of study area showing extent of Phosphoria Sea during
deposition of Meade Peak member. Isopach contours of Meade Peak
member (in meters, from Maughan, 1994) and position of four strati-
graphic sections utilized in this study (D—Dry Ridge; A—Astoria Hot
Springs, C—Crystal Creek; V—Vernal-Brush Creek). See Hiatt (1997)
for detailed locality information. Paleolatitude and base map orientation
are from Scotese and Langford (1995).

Carbon isotopic values of the carbonate in the francolite
crystal structure (ESBCF,o ~Co) Were measured in the stable iso-
tope laboratory of the U.S. Geologica Survey (USGS) in Den-
ver. Powdered samples, averaging 100 mg in size, of isolated
phosphorite peloids were reacted for 3 hours at 50 °C inindivid-
ual reaction vessels with 4 ml of 100% anhydrous phosphoric
acid. Evolved CO, was purified and isolated using two water
traps maintained at —75 °C, and itsisotopic composition was ana-
lyzed on aFinnigan MAT 252 mass spectrometer. Analytical pre-
cision on multiple runs (n = 35) of an internal calcite standard
(CU-2) was £0.04 for &80 and +£0.02 for 513C.

All of the mineralogy, total organic carbon, total sulfur, trace
element, and isotopic data generated can be found in Hiatt (1997)
and isalso availablein tabular format from the GSA Data Repos-
itoryl. Summary tables and figures are presented herein.

RESULTS
M eade Peak Lithofacies and Biofacies

Four general lithofacies dominate the Meade Peak member
in the four stratigraphic sections analyzed. These are peloidal
phosphorite packstone/grainstone, peloidal phosphorite

wackestone, siltstone/sandstone, and carbonate mudstone
(Fig. 6). From most seaward (section D) to most landward (sec-
tionV), these four sections represent outer ramp, mid ramp, inner
ramp, and nearshore paleoenvironmental settings (Fig. 7).

Sediments at the Dry Ridge (52 m thick), Astoria Hot
Springs (11.6 m thick) and Crystal Creek (8.1 m thick) locations
(sections D, A, and C, respectively) are dark gray to black, with
phosphorites comprising about 25% of each section. All the
phosphoritesin these sections are planar bedded; none show any
visible evidence of cross bedding. Medium- to coarse-grained
phosphatic peloids predominate. Intercalated with the phospho-
rites at Crystal Creek and Astoria Hot Springs are thin-bedded,
non-fossiliferous, organic carbon—ich sty dolomite mudstones
and sltstones. Intercalated facies at the Dry Ridge locality consist
of bioturbated siltstone, silty carbonate mudstone, and fine- to
medium-grained sandstone with hummocky cross-stratification.
In contrast, in the more landward Vernal-Brush Creek section
(7 m thick), all rocks are gray to tan with decimeter-thick phos-
phorite beds comprising 60% of the section. None of the latter
phosphorites show any visible evidence of cross bedding or fin-
ing-upward textures; al are planar bedded and consist of either
well-sorted fine- to medium-grained phosphatic peloids or mix-
tures of peloids and small intraclasts. Intercalated lithologies are
thin to very thin beds of dolomitic phosphatic wackestone and
silty dolomite. Further details of the sedimentology at each sec-
tion are summarized by Hiatt (1997) and Hiatt and Budd (2001).

1GSA Data Repository item 2003097, Meade Peak member samples and inter-
preted chemofacies, is available on request from Documents Secretary, GSA, PO.
Box 9140, Boulder, CO 80301-9140, USA, editing@geosociety.org, or at
WWW.geosoci ety.org/pubg/ft2003.htm.
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Figure 6. Stratigraphic plots of the Meade Peak member showing fauna, lithofacies, and abundance of sedimentary phos-
phate (as francolite).
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Individual phosphorite units are not randomly distributed in
the Phosphoria Rock Complex. In al four sections, phosphorite
beds form the grain-rich portion of individual depositional cycles
(Fig. 8). Each phosphorite usualy overlies a sharp basd diastem
surface. About one-fifth of those surfaces are clearly erosional as
they scour into the underlying bed. Exclusive of the VVernal-Brush
Creek section, about half of the phosphorites exhibit a coarse sand
or pebble lag (lithoclasts up to 8 cm long) and a poorly defined
fining-upward texture, which suggests deposition and winnowing
in the waning phase of a high-energy storm event (cf., Follmi,
1990). The phosphorite beds grade upward into overlying finer-
grained lithofacies (siltstone, sandstone, and carbonate mudstone/
wackestone) that typically contain small, in situ phosphate
peloids. These finer-grained units are separated from the next
phosphorite by another diastem surface (Fig. 8). The beds below
the upper diastem may be bioturbated, but shelly macrofauna are
not common. These relationships are consistent with Follmi’s
(1990) model of aternating periods of phosphogeness, rework-
ing, and condensation. The basic sedimentation unit is consistent
acrossthe shelf; only the scale changes, with ageneral decreasein
diastem-to-diastem thickness from centimeters to meters at Dry
Ridge to centimeters to decimetersin the other settings.

In the outer ramp Dry Ridge section, located near the
depocenter of the Meade Peak (locality D), a few beds of
dolomitic mudstone contain phosphatic orbiculid inarticulate bra-
chiopods, and the articul ate brachiopods Lel orhynchoidea weeks
and Lissochonetes ostiolatus, rare benthic foraminifers, and
molds of disarticulated bivalves (Figs. 6 and 7). Thisinarticulate
and articul ate brachiopod assemblage characterizes dysoxic con-
ditions in Late Paleozoic sections worldwide (Allison et al.,
1995). No macrofossils were observed in the mid ramp section
(AstoriaHot Springs, section A; Figs. 6 and 7). In theinner ramp
section (Crystal Creek, section C; Figs. 6 and 7), the only macro-
fossils observed were fish teeth (order Palaeoniscoidea) and
mechanically reworked orbiculid brachiopod fragments in the
lowermost phosphorite packstone/grainstone lag. A faunal
assemblage consisting of orbiculid inarticulate brachiopods,
phosphatized nuculoid bivalves, and pleurotomarid gastropods
was found in bioturbated wackestones and abraded phosphorite
lags in the nearshore section (Vernal-Brush Creek, section V;
Figs. 6 and 7). These mollusks are typical of nearshore, shallow-
water settingsin the Late Paleozoic (Stevens, 1966).

Meade Peak Chemostratigraphy

Organic Carbon, Sulfur, and Trace Elements

The stratigraphic and regional variation of phosphate (as
francolite), total organic carbon, total sulfur, Cd, and carbon iso-
tope values from phosphate peloids (613CPO " 403) for the outer-
to innermost-ramp transect are shown in Figure 9 and summa-
rized in Table 1. Sedimentary phosphate is abundant throughout
the Meade Peak member. The outer ramp section (locality D) is
characterized by high francolite, high total organic carbon, and
some high total sulfur beds. There are aso two Cd-rich intervals

Phospharms Cytie

Figure 8. Generalized diagram of complete phosphorite depositional cycle
in Meade Peak member of Phosphoria Rock Complex. Cycle startswith a
diastem that is often erosional and bioturbated. Coarse, poorly sorted
peloidal to intraclastic phosphoriteisfound just above diastem surface and
grades into finer-grained peloidal phosphorite, followed by gradational
contact with overlying organic carbon- and sulfide-rich sandstone to mud-
stone facies. Small, in situ phosphatic peloids are found in latter facies.

in the outer-ramp section that also exhibit high total organic car-
bon and high phosphate concentrations. The concurrence of these
phosphate-, TOC-, and Cd-rich intervals suggests paleoproduc-
tivity peaks with low water-column oxygen levels. Throughout
the mid-ramp section (locality A), there is a similar pattern of
high phosphate, high total organic carbon, high total sulfur, and
high Cd concentrations. Some of the highest Cd (>300 ppm), the
highest total organic carbon concentrations (>10 wt%), the high-
est total sulfur values, and lowest TOC: TS ratios are observed in
this section. The inner ramp and nearshore sections (localities C
and V) are also pervasively enriched in phosphate with thin silt-
stone and mudstone beds separating many of the phosphorite
beds in the nearshore section (too thin to be shown in Fig. 9).
These two sections, however, exhibit low total organic carbon (<1
wit%) and low total sulfur (<0.4 wt%) values, and low Cd con-
centrations in francolite (<5 ppm).

The number of analyses of Ni and Cr is not as large as that
for Cd; thus, the distribution of these elements is not shown on
Figure 9, but it is summarized in Table 1. The regional trends for
Ni are the same as those affecting Cd, with highest values occur-
ring in the outer and mid-ramp sections (D and A), which arerich
in organic matter. Lower values of Ni occur in the landward sec-
tions (C and V), athough Ni concentrations do not decrease to
the same degree abruptly as those of Cd. In contrast, Cr values
arerelatively highin all sections.

Carbon | sotope Data

Table 1 and Flgure 9E show the stratigraphic and regional
patterns of francolite &' CPO —CO3 val ues in each of the four
Meade Peak sections. Francohte 3" CPO —Co; values average
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Figure 9. Regiona and stratigraphic plots showing trends in (A) sedi-
mentary phosphate (as francolite), (B) total organic carbon, (C) total sul-
fur, (D) Cd, and (E) 3'3Cpq, o, for Meade Peak sectionsin aseaward to
landward transect. Francolite values are in counts per second (CPS) and
are from X-ray diffraction analysis and are interpreted as semi-quantite-
tive concentrations of francolitein rock.

<—8.0%0 Peedee belemnitein all but the nearshore section (local-
ity V), where the mean is—2.7. The most negative individual val-
ues occur in the outer and mid ramp sections (localitiesD and A).
Thereisagreat deal of stratigraphic variability in these two sec-
tions as well, with more negative values (nearly —12%o) near the
base and a trend toward |ess negative values (-8 to —6%o) strati-
graphically upward (Fig. 9E).

Chemofacies

A chemofacies classification was developed based on the
total organic carbon content of the rocks and their total organic
carbon to total sulfur ratio. These parameters have been used to
estimate pal eoceanographic conditions under which fine-grained
siliciclastic rocks were deposited (Berner and Raiswell, 1983;
Raiswell and Berner, 1986; Allison et a., 1995) and are a result

to prevent discrimination of major geochemical facies in the
Meade Peak. For example, TOC:TS ratios aone are not always
able to discriminate differences in paleo-oxygen levels in
organic-rich “norma marine shales’ formed by typical surface
productivity that have undergone significant organic burial dia
genesis (Jones and Manning, 1994). However, factors such as
these are not likely to generate the large, systematic, bed-by-bed
differencesin total organic carbon (0.1-15.7 wt%) and TOC: TS
ratios (0.3-36.4) that occur in the Meade Peak (e.g., location D;
Fig. 9); these are not the subtle shifts seen in “normal marine
shales” Therefore, although other methods of discriminating
pal eoenvironmental oxygen levels are sometimes more appropri-
ate (e.g., degree of pyritization, Raiswell et a., 1988; indicator of
anoxicity, Raiswell et a., 2001), total organic carbon values and
TOC:TS ratios are sufficient to discriminate between major
pal eo-oceanographic differences in the Meade Peak.

Based on published total organic carbon and total sulfur val-
ues for modern and ancient environments (Berner, 1981, 1984,
Berner and Raiswell, 1983; Raiswell and Berner, 1986), and
allowing for diagenesis to have lowered total organic carbon val-
ues, we used these two proxies to define three broad chemofacies
(Fig. 10): dysoxic, anoxic, and euxinic. The dysoxic chemofacies
was simply defined as stratigraphic units with less than 1.5 wt%
total organic carbon. The anoxic chemofacies occursin bedswith
greater than 1.5 wt% total organic carbon and TOC:TS ratios
greater than 2.0. The euxinic chemofacies is defined by total
organic carbon values greater than 1.5 wt% and TOC:TS ratios
lessthan 2.0. Figure 10A shows the range of total organic carbon
and total sulfur data for all lithologies in the phosphate- and
organic carbon-rich members of the Phosphoria Formation
(Meade Pesk data of this study plus datafrom the Retort member
of the Phosphoria Formation; Hiatt, 1997), as well as how these
values relate to published values from modern environments and
to interpreted palecenvironments. Figure 10B showstotal organic
carbon and total sulfur datafor just the phosphorites of the Meade
Peak member and the resultant chemofacies defined herein.

The average values and ranges of bulk rock total organic car-
bon and total sulfur values, TOC: TS ratios; Cd, Ni, and Cr con-
centrations; and the 3*3Cpy,_co, Of phosphatic peloids in each of
the three chemofaciesis summarized in Table 2. Combined, these
data show that the dysoxic facies is characterized by low total
organic carbon (by definition), low total sulfur, high TOC:TS, the
|least negative 313Cpq,_co, Values, and the minimum and lowest
average Cd, Ni, and Cr concentrations. Of the three, only Cr has
a mean concentration above 40 ppm (mean = 395 ppm) in the
phosphate peloids of the dysoxic facies.

The anoxic chemofacies (Table 2) is characterized by high
total organic carbon (by definition), moderate total sulfur, high
TOC:TS (by definition), very negative 8**Cpp,_co,, and high
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TABLE 1. SUMMARY OF MEADE PEAK GEOCHEMICAL DATA BY STRATIGRAPHIC SECTION

Section D Section A Section C Section V
(Dry Ridge) (Astoria Hot Springs) (Crystal Creek) (Vernal-Brush Creek)
Total organic carbon
Range 0.27 to 8.50 wt 0.56 to 15.7 wt% 0.27 to 1.56 wt% 0.08 to 0.30 wt%
Average 2631235 4.41+3.51 0.73+044 0.17 £0.05
n 79 45 6 49
Total sulfur
Range 0.01 to 3.88 wt% 0.21 to 6.41 wt% 0.11 to 0.34 wt% 0.02 to 0.57 wt%
Average 0.48+0.44 143 +1.39 0.21 £ 0.09 0.10+0.13
n 79 45 6 49
Total organic carbon:total sulfur
Range 1810364 091056 20t073 03t07.3
Average 70154 36+14 36+1.9 34+£19
n 79 45 6 49
Cd
Range 2 to 385 ppm 2 to 326 ppm 310 62 ppm 1to 4 ppm
Average 51+ 70 ppm 95 + 78 ppm 13 £ 22 ppm 2.6+ 0.7 ppm
n 79 45 6 49
Ni
Range 40 to 540 ppm 86 to 166 ppm 40 to 115 ppm 13 to 37 ppm
Average 141 + 169 ppm 110 + 33 ppm 81 £ 31 ppm 21 + 8 ppm
n 7 4 3 10
Cr
Range 143 to 1540 ppm 177 to 1372 ppm 147 to 426 ppm 140 to 709 ppm
Average 430 £ 467 ppm 770 + 460 ppm 282 £ 114 ppm 451 + 191 ppm
n 7 4 3 10
513CP04v003
Range -11.4 to —6.0 %o -11.7 to 7.9 %o —8.1 %o to —7.9 %o —3.3 %0 t0 —2.2 %o
Average -9.3+1.9 %0 -9.9+ 1.3 %o -8.0 £ 0.1 %o —2.7 £ 0.3 %o
N 11 7 2 6
E
B Euxinle
L

Total Sulfur (weight %)

Sulfur [weight %)

Anoxic

TOC [weight %)

Crsamie: T < 1.5

TOG {waight %)

Anosez: TOC = 1.5 TOOS = 20

Euwwnic: TRD = 1.5, TOLS = 2.0

Figure 10. A: Phosphoria Rock Complex total organic carbon (TOC) and total sulfur data from al lithofacies, including non-Meade Peak rocks
(additional datafrom Hiatt, 1997). Line 1 istrend defined by modern “normal” marine shales, and line 2 istrend for marine shales believed to have
been deposited in euxinic environments (based on Berner and Raiswell, 1983). B: Totd organic carbon and total sulfur datafor all Meade Peak phos-
phorites with dysoxic, anoxic, and euxinic facies field interpretations added.
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TABLE 2. SUMMARY OF MEADE PEAK GEOCHEMICAL DATA BY CHEMOFACIES

Dysoxic chemofacies

Anoxic chemofacies

Euxinic chemofacies

Total organic carbon

Range 0.08 to 1.46 wt% 1.56 to 15.7 wt% 1.66 to 8.75 wit%
Average 0.47 £0.40 4821291 471+ 312
n 93 81 5

Total Sulfur
Range 0.011t0 0.78 wt% 0.19 to 5.35 wt% 0.99 to 6.41 wt%
Average 0.14 £ 0.05 1.03+0.89 3.09+1.99
n 93 81 5

Total organic carbon:total sulfur
Range 0.3to0 36.4 2.1109.6 09t01.9
Average 51+54 52420 1504
n 93 81 5

Cd
Range 1to 181 ppm 3 to 385 ppm 16 to 218 ppm
Average 13 £ 27 ppm 85 + 82 ppm 104 + 84 ppm
n 93 81 5

Ni
Range 13 to 115 ppm 40 to 540 ppm 86 to 98 ppm
Rverage 39 £ 32 ppm 144 £156 ppm 92 £ 6 ppm
n 14 8 2

Cr
Range 140 to 709 ppm 143 to 1540 ppm 506 to 1372 ppm
Average 395 £+ 192 ppm 505 £+ 479 ppm 939 + 433 ppm
n 14 8 2

51BCP04vc03
Range -10.1 10 ~2.2 %o -11.4 10 6.0 %o ~11.7 %o to —7.9 %o
Average —6.6 £ 2.9 %o -9.8 + 1.7 %o -9.8 + 2.7 %o
n 12 12 2

average Cd and Ni values. The euxinic chemofacies, whichisthe DISCUSSION

least common (n = 5), is characterized by high total organic car-
bon, very high total sulfur, low TOC:TSratios (by definition), the
most negative e 3*3Cp, o, Values, and the highest average Cr
and Cd concentrations.

Figure 11 depicts the lateral arrangement of these chemofa-
cies and their relationship to lithofacies and macrofaunain the
Meade Peak member. The sections show varying degrees of
chemofacies intercalation. The one exception is the inner ramp
section (locality V), which is marked exclusively by the dysoxic
chemofacies. In general, the dysoxic facies dominates the
nearshore Meade Peak section (locality V), whereas the anoxic
chemofacies dominates both the outer ramp section and the mid
ramp sections (localities D and A). The euxinic facies is found
only in afew beds of the mid ramp section (Fig. 11).

M eade Peak Chemofacies and Paleoproductivity

Phosphorites are formed through chemical processes that
occur independently of lithofacies. Therefore, a chemofacies
approach is more indicative of the environments of phosphogen-
esisand amore informative pal eoceanographic and paleoproduc-
tivity tool. We defined the three broad chemofacies largely on
both total organic carbon values and TOC:TS ratios. The cause
of high levels of organic carbon and sulfide mineral concentra-
tion and preservation has been vigorously debated. Although high
concentrations of organic matter have been interpreted as smply
an indicator of water column anoxia (e.g., Demaison and Moore,
1980), they are likely a complex function of biologica produc-
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Figure 11. Meade Peak member chemofacies (Ieft columns), lithofacies (right columns), and macrofauna (See Fig. 6 for lithofacies symbolsand Fig. 5
for location information). Note that macrofossils only occur in dysoxic chemofacies. L ST—lowstand systems tract; TST—transgressive systems tract.

tivity in the water column aswell as sedimentation rate (e.g., Ped-
ersen and Calvert, 1990; Canfield, 1994). Preservation of organic
matter, however, is certainly enhanced under anoxic conditions
(e.g., Demaison and Moore, 1980; Canfield, 1994; Ingall and
Jahnke, 1997).

The important interrelationships between these factors are
often lost in the debate regarding whether anoxia (e.g., Demai-
son and Moore, 1980) or organic productivity (e.g., Pedersen and
Calvert, 1990) cause enhanced organic carbon preservation. Asit
fallsthrough the water column, organic matter produced near the
sea surface is broken down due to bacterial respiration (e.g.,
Froelich, et al., 1979; Schlesinger, 1997). Nutrients, such as phos-
phorus and nitrogen, are released to the water column, and oxy-
gen is consumed in the process; if productivity is sufficient, then
all water column oxygen can be consumed (e.g., Canfield, 1994).
Continued breakdown of organic matter occurs after deposition
leading to the release of additional phosphorus, nitrogen, and
bioreactive trace elements (Froelich et al., 1979). Ingall and
Jahnke (1997) pointed out that these processes are particularly
important where upwelling-induced marine productivity occurs,
because once nutrients are added (P, N, and sometimes Fe),
increased biological productivity can quickly result in consump-
tion of all oxygen in the water column below. Ingall and Jahnke
showed that a positive feedback can develop, in which break-
down of organic matter leads to anoxic conditions that, in turn,

increase phosphorus regeneration and enhance organic matter
preservation. The regenerated phosphorusisreleased to theintra
sediment porewater, where it can be fixed as sedimentary phos-
phate (francolite), and to the water column, where it contributes
to further enhancement of productivity (Ingall and Jahnke, 1997).

Concentrations of Cd, Ni, and Cr in the phosphatic peloids
augment the chemofacies approach because these elements are
known to exhibit nutrient-like distributions in the modern oceans
(e.g., Broecker and Peng, 1982; Calvert and Pedersen, 1993;
Nathan et al., 1997; Schlesinger, 1997) and are concentrated in
sediments under low-oxygen conditions (e.g., Calvert and Peder-
sen, 1993). Furthermore, Cd, and possibly Ni, isfixed as sulfides
in sediments under sulfate reducing conditions, but Cr becomes
concentrated in sediments under the less-reducing conditions of
denitrification (Piper, 2001). In sediments and sedimentary rocks,
these elements can be used to track past nutrient levels and pale-
oceanographic conditions because they are incorporated into the
preserved sediments, whereas the actual nutrients (e.g., P and N)
arelargely recycled and remobilized in the depositional environ-
ment. These elements have been linked to biological processes
and are characteristic of sediments deposited in highly produc-
tive oceanic areas today (e.g., Broecker and Peng, 1982;
Schlesinger, 1997). In particular, phytoplankton concentrate Cd,
and although concentrations are high, Piper et al. (2000) showed
that Cd/Zn ratiosin the Meade Peak member are similar to those
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found in modern plankton. With subsequent bacterial breakdown
of organic matter, Cd can become highly concentrated in the
organic residue (Gauthier et al., 1986). Ni, a micro-nutrient to
many organisms, is associated with high marine productivity, and
it promotes the growth of anaerobic bacteria (Cox, 1995).

The low total organic carbon and total sulfur values and low
Cd, Ni, and Cr concentrations of the dysoxic Meade Peak chemo-
facies are all compatible with the presence of O, in the deposi-
tional environment and, thus, compatible with the recycling
rather than buria of organic-carbon and nutrients. The low con-
centrations of the nutrient proxies (Cd, Ni, and Cr) suggest either
low nutrient levels and/or aerobic conditions. We believe the lat-
ter to be the appropriate interpretation, because Cr exhibits arel-
atively high mean concentration (395 ppm). Unlike the other
trace-element proxies for nutrients, Cr has multiple oxidation
states and can be concentrated in sediments associated with high
productivity under dysoxic conditions (Murray et al., 1983;
Calvert and Pedersen, 1993). The fact that Cr concentrations in
the phosphatic peloids of the dysoxic facies are not aslow asthe
concentrations of the other trace elements suggests that nutrients
were not limited, just effectively recycled by bacteria respiration
of organic matter under denitrifying conditions (Piper, 2001). The
oxygen present in the water, however, prevented sulfate reduction
either in the water column or in the sediment that would have
formed sulfide and trapped Cd and Ni, making their concentra-
tions generally low.

In contrast, the high total organic carbon, high TOC:TS, and
high average Cd and Ni values of the Meade Peak anoxic faciesis
competible with an absence of O, in the water column and sedi-
ments. Free hydrogen sulfidein the water column must aso have
been absent; otherwise, total sulfur values would be higher and
TOC:TS vaueswould not be as great.

The very high concentrations of Cd in the anoxic chemofa-
cies are probably indicative of high nutrient levels and a greater
flux of organic matter to the seafloor. In the modern ocean, Cd
concentrations are highest where sulfide is present in the sedi-
ment because it is incorporated into iron sulfide phases (Van
Geen et d., 1994). The lack of covariance, however, between Cd
and total sulfur (Fig. 9) indicates that Cd concentrations are not
linked directly to pyrite content, but Cd isinstead high because of
extreme surface productivity and was incorporated into the fran-
colite crystal structure under low oxygen conditions (cf., Nathan
et al., 1997). The absence of O, suggested by this chemofacies
points to ineffective recycling of organic matter and nutrients,
thus the high total organic carbon values in the sediments and
high trace-element concentrationsin the francolite. However, the
fact that such conditions persisted and dominated the outer and
mid ramp settings (Fig. 11) meansthat the nutrient influx to these
settings must have been maintained; otherwise, nutrients would
have become limited, and paleoproductivity would have slowed
or ceased. This, in turn, suggests that the anoxic chemofacies
marks the sites of intense and persistent upwelling.

Finaly, the high total organic carbon, very high total sulfur,
and low TOC:TS values, and high Cd and Cr concentrations of

the euxinic Meade Peak chemofacies are al compatible with an
absence of O, and the presence of free hydrogen sulfide in the
water column and sediments. Total organic carbon levelsare sim-
ilar to those of anoxic facies (Table 1), indicating that high pro-
ductivity prevailed in the water column, coupled with effective
preservation. Extremely high pyrite concentrations suggest that
iron was readily available and was probably sourced from terrig-
enous clastic sediments supplied by wind (cf. Carroll et al., 1998)
or as shown for euxinic conditions in the Black Sea (Canfield et
al., 1996), from breakdown of particulate organic matter in the
water column. Hypereutrophic, sulfate-reducing conditions prob-
ably existed, and productivity was restricted to phytoplankton.
Indeed, biomarker studies (Dahl et al., 1993; and Stephens and
Carroll, 1999) indicate that phytoplankton and bacteria were
abundant in the water column over the mid-ramp euxinic chemo-
facies. The average trace el ement concentrations are much higher
than the dysoxic facies, and thus are compatible with high nutri-
ent levels and reducing conditions. As with the anoxic facies, the
euxinic chemofacies must al'so mark the site of intense and per-
sistent upwelling.

The intercalation of anoxic and dysoxic chemofacies in the
outer and inner ramp settings (Fig. 11) does suggest either tem-
pora and/or spatial shifts in upwelling intensity away from the
mid-ramp locus of upwelling and pal eoproductivity. Movement
in time and space of upwelling farther onto the paleoramp would
generate changes in the location of maximum surface productiv-
ity and thus cause a switch from anoxic to dysoxic in the outer
ramp and a concurrent switch from dysoxic to anoxic in theinner
ramp. The converse, movement off the paleoramp, would gener-
ate the opposite effects in both settings. Assuming depositional
rates measured in millimeters per 1000 yr or less, the thickness of
the intercalated chemofacies (centimeters to meters) indicates a
forcing factor with a frequency measured in 105 or more years.
What such factors might have been is unclear to us, although
fluctuationsin global ocean circulation patterns are certainly fea
sible. A link between extreme paleoproductivity and southern-
hemisphere glaciation has been suggested by prior workers (e.g.,
Pardee, 1917; Sheldon, 1984; Piper and Kolodny, 1987), and
glacio-eustacy has also been implied in the interpretation of
cyclicity in other Phosphoria Rock Complex units (e.g., Hendrix
and Byers, 2000; Trappe, 2000). However, a glacio-eustatic cli-
mate and/or sea-level driver must be considered unlikely, given
that recent biostratigraphic constraints establish that widespread
glaciation in Gondwanaland ended millions of years before dep-
osition of the Meade Peak phosphate and organic, carbon-rich
units (Fig. 2).

Carbon Isotopic Variation

In general, the primary 6*Cp,,_c0, Values of phosphorites
represent a largely benthic signal derived as francolite forms
and recrystallizes due to microbial-mediated reactions within
centimeters of the sediment-water interface (e.g., Jarvis, 1992;
Jarvis et al., 1994). Burial diagenesis can lower 33Cpo,_co,
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values; the Phosphoria phosphorites are widely perceived to
represent an advanced diagenetic end member (McArthur et al.,
1986; Jarvis et al., 1994). Interpretation of the Meade Peak
3*3Cpo,co, data thus requires that we first evaluate the possi-
bility of burial alteration.

The buria ateration hypothesis, as articulated by McArthur
et a. (1986) and Jarvis et al. (1994) assumes that Miocene and
younger phosphorites define the primary isotopic composition of
francolites regardless of geologic age. Implicit in this assumption
is the idea that all sedimentary francolites have formed under
similar environmental conditions, which ignores secular changes
in ocean-water chemistry and the diverse palecenvironmental set-
tings in which ancient phosphorites are known to have formed
(e.g., Cook et d., 1990; Glenn et al., 1994). In fact, it isbecoming
clear that the Meade Peak phosphorites did not form under envi-
ronmental conditions like any Neogene or Quaternary phospho-
genetic environment (Dahl et a., 1993; Hiatt, 1997; Stephensand
Carroll, 1999; Hiatt and Budd, 2001; Piper and Link, 2002).
Thus, the diagenetically unaltered young phosphorites are not
reasonabl_e analogs for the initial 33Cpg, o, Of the Meade Peak
phosphorites.

The burial ateration hypothesis also ignores the fact that
some geochemical proxies are much lesslikely to ater than oth-
ers. Shemesh et al. (1988) concluded that 8'80p, _co, (isotopic
value isolated from the structural carbonate site within the fran-
colite crystal lattice) values were atered in many phosphorites,
but that 313Cp,,_co, and 3*80p,, (isotopic valueisolated from the
structural phosphate site within the francolite crystal lattice) val-
ues were extremely resistant to diagenetic alteration. Because
modern and ancient phosphorites show ranges of similar magni-
tude in their carbon isotopic values, the 313Cpg,_co, Valuesin
francolite may be better preserved over geologic time than the
simple burial ateration hypothesis presumes (Shemesh et al.,
1988; Kolodny and Luz, 1992).

The Meade Peak 8'3Cpq, o, Values reported herein do
show some covariance with burial depth. The most negative val-
ues occur in the outer ramp section (Fig. 9E), which experienced
the greatest burial depths (5.5 km, Hiatt and Budd, 2001). The
least negative values occur in the nearshore section (Fig. 9E),
which experienced the least buria depths (3 km, Hiatt and Budd,
2001). A least-square linear regression between 3%*Cpg, oo, Val-
ues and the maximum buria depth of the four localitiesyields an
R-value of 0.69. However, this apparent covariance may just bea
coincidence, asthe deepest buried sections (D and A) areaso the
most organic-rich sections. A linear regression between
33Cpo,, co, and total organic carbon in the same rock samples
yields an R-value of 0.66, which is statistically indistinguishable
from the value derived from the regression against maximum bur-
ial depth. The 33Cpp, o, Of the Meade Peak phosphorites is
thus just as likely to be a function of the total organic carbon of
therock as it is to be one of buria alteration. Of course, total
organic carbon values have probably also been reduced by
organic diagenesis; however, the analysis of chemofacies sug-
gests that the main control on total organic carbon variation is

changes in paleoproductivity. By analogy, we thus conclude that
the primary depositional conditions across the ramp are also
recorded in the 313Cpq, o, signal, although some diagenetic
alteration cannot be completely ruled out.

As a proxy of primary depositional conditions across the
Meade Peak ramp, the interpretation of the 3'3Cpq, o, Values
must include consideration of the chemofacies. The least nega
tive 813Cpp, o, Values reflect the least influence of organic 12C.
Such values occur in the dysoxic facies (Table 2), which is com-
patible with the more complete recycling of organic matter before
burial below the sediment-water interface. As the francolite
formed below that interface, it thus did not incorporate as much
organic 12C as francolite formed in the other chemofacies. The
anoxic and euxinic facies would represent the opposite situation.
High buria rates of organic matter due to inefficient recycling in
the water column would have meant pore waters enriched in
organic 12C, and thus the more negative 3'3Cp,,_co, Values for
the francolites formed in those chemofacies (Table 2). Indeed,
McArthur et al. (1986) predicted that the carbon isotopic signa
ture of francolite precipitated in dysoxic porewater should have a
3*3Cpo,co, Value of —2%o to —6%., and those precipitated in
anoxic porewater should have 8%*Cpq, o, Values of —6%. to
—15%o (PDB). These ranges are similar to those observed in the
Meade Peak phosphorites (Tables 1 and 2). The lateral and verti-
cal variationsin 853Cpp, o, values (Fig. 9E) are thus further evi-
dence that the process of phosphogenesis in the Meade Peak
occurred across a broad spatial and temporal range of paleo-
ceanographic conditions.

Phosphogenesisin the Phosphoria Sea

In mid and outer ramp settings where total organic carbon
and total sulfur values, nutrient trace-element proxies, and phos-
phorite percentages are all high, phosphogenesis likely occurred
much as it does in the modern ocean, albeit in much shallower
waters. That is, large amounts of organic matter accumulated on
the seafloor where primary productivity was extreme. Anoxic con-
ditions within the sediments and bacterial breakdown of the
organic matter (Froelich et a., 1979) released organic-bound
phosphorous into the sediments (Filippelli and Delaney, 1996;
Ingall and Jahnke, 1997). This process lead to phosphogenesis,
while attendant anoxic conditions led to high amounts of sulfide
and organic matter, and the efficient “trapping” of the nutrient-like
cations in the sediments (Westerlund et a., 1986; Nathan et .,
1997). Continued influx of upwelled waters provided a source of
new nutrients; thus, high productivity, high burial rates of organic
carbon, and phosphogenetic processes can be long lasting.

Conditions on the inner ramp appear to have been much dif-
ferent. Abundant phosphorite yet low total organic carbon and
total sulfur values and low nutrient-like trace-element concentra-
tionsindicate that phosphogenesisin the shallow nearshore envi-
ronments must have either differed in some way from that
described above, or al nearshore phosphorites were derived by
long distance transport from mid-ramp settings. Although some
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of those nearshore phosphorites may be allochthonous, others
clearly are not. In particular, the presence of small, phosphatized
peloidsin the intercalated carbonate muds is suggestive of in situ
phosphogenesisin this setting. The phosphatization of the infau-
nal bivalves, many of which are still articulated and in their orig-
inal burrows (Hiatt and Budd, 2001), also argues for
autochthonous phosphogenesis on the inner ramp. A variation on
the standard phosphogenesis model is thus needed to account for
the phosphorites of the inner ramp setting.

The abundance of nearshore phosphorite formation indicates
that there must have been a significant influx of phosphorous,
which in turn means an influx of nutrient-rich waters to the
innermost part of the ramp. Although riverine inputs have been
documented for some nearshore phosphorites (e.g., Follmi,
1996), we do not consider that alikely source for the M eade Peak
phosphorites. The adjacent coastal landmass was characterized
by evaporite deposits (Maughan, 1984; Peterson, 1984), and there
is no published evidence for fluvial inputs to the Phosphoria Sea
during Meade Peak deposition. A major source of detrital mate-
rial to the sediments that make up the M eade Peak was derived by
eolianinflux (Carroll et a., 1998). Thus, the only viable source of
nutrients was the water that upwelled farther seaward in the area
of maximum upwelling (mid-ramp position) and eventually
flowed into the inner ramp.

Ingall and Jahnke (1997) showed that phosphorus is more
efficiently regenerated to the water column relative to organic
matter under anoxic conditions. The corollary to this scenario is
that where organic matter breaks down in dysoxic settings, such
as the inner ramp, phosphorus is more likely to be fixed as fran-
colite at the same time organic matter is consumed (Van Cap-
pellen and Ingall, 1994). Therefore, phosphorus released to
waters flowing from the anoxic environments in the mid-ramp
could have fed productivity in the inner ramp. Oxygen supplied
by air-sea exchange in these shallow-water settings, however,
seems to have prevented the seawater, seafloor, and sediments
from becoming anoxic, which in turn suppressed sulfide forma-
tion. Organic matter must have been efficiently recycled at and
just below the sediment-water interface, resulting in low pre-
served total organic carbon. Over time, anet flux of phosphorous
into phosphorites would occur, but because of the winnowing
effect of storm-generated waves and the addition of oxygen
through exchange with the atmosphere, there would be little
preservation of organic carbon. Reasonably high productivity,
coupled with high water temperatures on the inner ramp (Hiatt
and Budd, 2001), may have resulted in a stable, possibly ther-
mally (Piper and Link, 2002) or salinity (Dahl et al., 1993;
Stephens and Carroll, 1999) stratified dysoxic water column that
limited benthic dissolved oxygen levels and was supplied with
enough nutrients to maintain phosphogenesis. Phosphogenesisin
such asetting isdistinctly different than any modern environment
of phosphogenesis.

The low Cd and Ni concentrations of the inner ramp phos-
phorites also imply efficient recycling of these nutrient-like
cations, and/or their depletion in the nearshore organic matter and

the presence of oxygen in the water. Depletion is plausible if a
significant percentage of the mass of these cations that was
brought onto the Phosphoria ramp with upwelling waters was
“trapped” in the anoxic outer- and mid-ramp sediment as sulfides.
Anoxic marine basins are known to efficiently trap Cd and other
metals in their sediments (Westerlund et a., 1986). Because of
the superb textural preservation of all Meade Peak phosphorites,
and the fact that the highest cation concentrations are found in the
most deeply buried sections (localities D and A), we do not
believe the low Cd, Ni, and Cr concentrations of the inner-ramp
phosphorites are due to diagenetic mobilization.

Reassessment of the Paleoecology of the Phosphoria Rock
Complex Biota

It has long been noted that the faunas of the Phosphoria and
equivalent rocks exhibit low faunal diversity and abundancerela
tive to age-equivalent lower-latitude sections (Yochelson, 1968;
Wardlaw and Collinson, 1984; Boyd, 1993). Yochelson (1968),
in the most comprehensive study of Phosphoria Rock Complex
paleontology, interpreted this low diversity to be the result of low
water temperatures. Wardlaw (1980) and Wardlaw et a. (1995)
furthered the general acceptance of a cold-water “Arctic” fauna.
The only dissenting voice to date has been that of Peterson (1980,
1984), who noted that maximum faunal diversity in the Phospho-
riaRock Complex occurred in the carbonate bioherms of the Rex
Chert member (Fig. 3) near the western border of Wyoming,
where upwelling is predicted to have been most intense. As a
result, Peterson reasoned that cool water was unlikely to have
caused the low faunal diversity in the Phosphoria Rock Complex
because diversity was apparently greatest where the water would
have been the coldest.

We concur with Peterson (1980, 1984) that cool water was
not the major biolimiting agent in the Meade Peak member and
probably in the entire Phosphoria Rock Complex. Instead, the
data described herein shows that macrofossilsin the Meade Peak
member occur almost exclusively in beds of the dysoxic chemo-
facies (Fig. 11). Bioturbation, described in detail by Hendrix and
Byers (2000), is probably also limited to beds that would fall into
our dysoxic chemofacies category. The anoxic chemofacies
rarely contains macrofossils, and when present, the macrofossils
always show signs of mechanical reworking. The euxinic chemo-
facies never contains any macrofauna or bioturbation. Where the
latter two chemofacies prevailed, seafloor oxygen levels must
have been so low asto exclude even the low diversity dysaerobic
communities that characterize portions of the dysoxic facies.

Elevated salinity levels and possible salinity stratification
caused by brines flowing westward from evaporative basins to
the east of the Phosphoria Sea (Hite, 1978, Dahl et al., 1993;
Stephens and Carroll, 1999) could also be a factor in explaining
thefaunal distribution, but Piper and Link (2002) determined that
the Phosphoria Sea was probably temperature-stratified, not
sdinity-stratified. The absence of macrofaunain the highly pro-
ductive mid-ramp section (Fig. 7A), where upwelling and influx
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of normal salinity ocean water from the west would have been
greatest, further suggests that salinity was not the major biolimit-
ing agent. Our data clearly suggest that the low fauna diversity
and abundance of the Meade Peak member is related first and
foremost to low oxygen levels.

Although we believe oxygen levels to be the foremost
biolimiting factor in the Meade Peak, temperature probably did
play arole. However, that role was primarily related to warm
temperatures, not cold. Thisis evidenced by a comparison of the
macrofaunain the dysoxic outer ramp facies (section D) with the
macrofaunain the most landward sections (section V). Hiatt and
Budd (2001) showed the outer ramp section was the site of cool,
but not cold, paleotemperatures. As noted previoudly, the macro-
fauna in that section is composed of small chonetid and
leiorhynchid articulate brachiopods, a few small bivalves, and
orbiculid inarticulate brachiopods. This is the only Meade Peak
member assemblage that closely approximatesa“normal,” abeit
dysoxic Late Paleozoic marine fauna (Allison et al., 1995). In
contrast, the faunal assemblage of the inner ramp and nearshore
sections consists only of orbiculid inarticulate brachi opods, nucu-
loid bivalves, and pleurotomarid gastropods (Figs. 6 and 13),
which isindicative of restricted shallow water, dysaerobic condi-
tions of variable salinity (Stevens, 1966; Kammer et a., 1986).
Restriction, shallow water, and the broad nature of the ramp set-
ting all resulted in mean paleotemperatures in excess of 30 °C
(Hiatt and Budd, 2001), which may have raised salinities due to
evaporation and limited the biota. In this setting, oxygen levels
are the primary control on the fauna, but warm temperature is a
secondary factor due to the lower solubility of oxygen at higher
water temperatures and the greater consumption of oxygen by
bacterial respiration.

The argument for oxygen as the dominant biolimiting factor
in the paleoecology of the Meade Peak is also strengthened by a
critical reanalysis of the arguments for an “Arctic” fauna. In par-
ticular, the cold water “Arctic” fauna interpretation, which is
based on ammonites and one species each of conodont and
brachipod (Wardlaw, 1980; Wardlaw et al., 1995), is weakened
when the distribution of all Phosphoria Rock Complex faunais
considered in the context of recent plate tectonic reconstructions.

The conodont Mesogondolella phosphoriensis (= Mesogon-
dolella rosenkrantz; Wardlaw et a., 1995) is cited as one line of
evidence for an “Arctic” fauna (Wardlaw, 1980). However, other
reported occurrences of M. phosphoriensis are at paleolatitude
lessthan or equal to 40° when plotted on the modern plate recon-
struction of Scotese and Langford (1995). Specifically, the data
of Bender and Stoppel (1965), Toula (1875), Sweet (1976), and
Szaniawski and Makowski (1979) indicate that this conodont is
found at Permian paleolatitudes of 27°N (Greenland), 3°S
(Sicily), and 40°N (Spitsbergen). This suggests that M. phospho-
riensis may not be indicative of an “Arctic” fauna after all. Fur-
ther, it has been reported only in the upper meter or so of the
Meade Peak member (Wardlaw and Collinson, 1984), yet four
other conodont species are found throughout the M eade Peak that
are also widespread in low-latitude, Paleotethys and equatorial

sections of western North American (e.g., Mesogondolella ser-
rata, M. gracilis, M. idahoensis, and Neostreptognathodus sul-
coplicatus; Yugan et a., 1994; Behnken et al., 1986; 1go, 1981;
Szaniawski and Malkowski, 1979). The presence of these wide-
spread “warm”-water conodonts in the Meade Peak member is
not easily explained in the context of an “Arctic” fauna.

The case for a“cool water brachiopod fauna’ in the Phos-
phoria Rock Complex (Wardlaw, 1980) is based on the presence
of Neospirifer striato-paradoxus, which was originally described
by Toula (1875) from Spitzbergen (Permian paleolatitude of
40°N). Specimens of N. striato-paradoxus were identified in the
Phosphoria Rock Complex in rocks of Middle Wordian age
(Wardlaw, 1980), which constrains the stratigraphic unit to either
the Franson or the Rex Chert member of the Park City Formation
(Fig. 4). Thus, this“Arctic” formis not found in the stratigraphic
units associated with maximum paleoproductivity (the Meade
Peak and Retort members) as has often been assumed (Parrish,
1982; Parrish and Peterson, 1988; Whelan, 1993; Inden and Coal-
son, 1996).

There are also several Phosphoria Rock Complex bra-
chiopods that are characteristic of low-latitude North American
and Paleotethys locations. These include Kuvelousia leptosa,
which is common in the equatorial Paleotethys region and is
found in the Rex Chert and Franson members of the Phosphoria
Rock Complex in southwestern Montana (Wardlaw, 1977). There
is aso extensive overlap between the Phosphoria Rock Complex
brachiopod fauna and sections near the paleo-equator of west
Texas (Yochelson, 1968; Brittenham, 1973), Mexico (Wardlaw et
al., 1979), and south China (Xu and Grant, 1994). As with the
conodonts, the entire brachipod fauna does not present a con-
vincing argument for cold water.

Lastly, support for the “ cool-water” model was also deduced
from ammonoids. Wardlaw et a. (1995; p. 36) pointed out that
specimens of the ammonoid genus Daubichites found in the
Meade Peak member have “....been reported (Spinosa and Nas-
sichuk, 1985) as having a ‘boreal’ or cool-water, high-latitude
distribution.” However, Spinosa and Nassichuk (1985) also
pointed out that Daubichites is a geographically widespread
ammonoid and, in addition to its occurrence in the Meade Peak
member, it is also found in the equatorial Paleothethys (Siberia,
Audtralia, China) and northern Canada. More recently, an equa-
torial Permian ammonoid (Demarezites furnishi) was reported
from the Meade Peak of southeastern Idaho (Spinosa and Nas-
sichuk, 1994); the only other reported occurrences of this
ammonoid are from west Texas and central Mexico (Spinosaand
Nassichuk, 1994), areas that were situated within 10° of the Per-
mian equator.

In summary, Phosphoria Rock Complex conodont, ammonite,
and brachiopod faunas have some affinities to high-latitude Per-
mian settings but do not provide a convincing and overwhelming
argument for widespread and persistent “cool-water” conditions
in the Phosphoria Sea. There are, in fact, just asmany similarities
in the fauna assemblage to warm, tropical settings. This suggests
that other environmental factors served asthe primary biolimiting
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agent. The chemofacies distributions defined herein clearly indi-
cate that oxygen availability was morelikely the cause of asparse
Phosphoria Rock Complex fauna in general and Meade Peak
faunain particular.

NEW PALEOCEANOGRAPHIC MODEL FOR THE
PHOSPHORIA UPWELLING SYSTEM

Information from Recent Climate M odels

Findings from climate modelsfor the Permian are relevant to
any reinterpretation of phosphogenesis and pal eoceanography in
the Phosphoria Rock Complex. Kutzbach and Ziegler (1994) pro-
duced a high-resolution model that included inland sess, large
lakes, and marine embayments like the Phosphoria Sea. Their
model indicates that the atmosphere over the Phosphoria Sea
would have had a mean annual surface air temperature of
30-35 °C with summer surface air temperaturesrising ashigh as
45 °C. These temperatures are in agreement with paleotempera-
tures of phosphogenesis in the inner ramp setting determined by
Hiatt and Budd (2001). East-to-west eolian transport is aso pre-
dicted from modeled wind directions, which is compatible with
an eolian source for the Meade Peak siltstones and sandstones
(Carroll et al., 1998). The modeled temperature and rainfall
results also agree with geological evidence that indicates an
extremely hot desert surrounding the Phosphoria Sea (Sheldon et
al., 1967; Ziegler, 1990). Kutzbach and Ziegler's (1994) model
thus seems to be geologically reasonable.

Kutzbach and Ziegler's (1994) climate moddl also shows a
drastic wintertime weakening of the atmospheric circulation sys-
tem and thus attendant reduction in coastal upwelling in the
Phosphoria Sea (Fig. 1). The possibility that upwelling was sea
sonal is particularly important. Surface waters during summer
upwelling and phosphogenesis would have been subject to hot
(3545 °C) air temperatures and would have become very warm
in the shallow inner ramp. In the winter, the cessation of coastal
upwelling would have meant that the waters in the Phosphoria
Sea became restricted, possibly stratified, and extreme warming
could have occurred in nearshore settings.

The New Paleoceanogr aphic M odel

New research and our improved understanding of the modern
ocean indicate that the modern Peru-margin analog traditionally
used to explain the Phosphoria upwelling system needs to be
reassessed. That model cannot account for the variety of paleoen-
vironments that led to phosphogenesis or the relationship between
pal eoproductivity and macrofaunadistribution. A new pal eoceano-
graphic model for the Phosphoria upwelling system is necessary.

The new pal eoceanographic model that we propose (Fig. 12)
takes into account the shallow and broad ramp setting, warm
paleotemperatures (Hiatt and Budd, 2001), seasonal upwelling
predicted by climate models (Kutzbach and Ziegler, 1994),
severe oxygen depletion, high nutrient levels, and the new

geochemical data presented herein. In this interpretation, oxy-
gen-depleted, nutrient-rich water impinged on the Wyoming
paleoramp at the mid-ramp position, where anoxia and euxinic
conditions prevailed (present-day western Wyoming). Given the
semi-restricted, shallow, marginal nature of the Phosphoria Sea,
it is unlikely that an open-ocean deep-water mass could have
been accessed by the wind-driven upwelling system. The more
probable source of this nutrient-rich, oxygen-depl eted water was
a northward-flowing intermediate water mass (Jewell, 1995).
Indeed, nutrient-rich, oxygen-poor water is near the surface over
large areas between 20° N and 20° Stoday (Levitus, 1982), and
a much more extreme oxygen-depleted, warm, nutrient-rich
intermediate water massiis predicted for the west coast of equa
torial Pangea during the Permian (Jewell, 1995; Hotinski et al.,
2001). Thisintermediate layer probably extended into the Phos-
phoria Sea and was brought to the surface during the summer-
time, when wind patterns produced coastal upwelling by Ekman
transport (Fig. 12). Upwelling may have ceased in winter, which
allowed the waters, especialy in theinner-ramp setting, to warm
and approximate the overlying air temperatures.
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Figure 12. Conceptual model showing distribution of chemofacies,
upwelling, and seasonal variation within Phosphoria Sea during Meade
Peak deposition. A: Summertime case in which an oxygen-depleted,
nutrient-rich water mass enters Phosphoria Sea and is driven to surface
and seaward by coastal upwelling. High biologica productivity in mid-
ramp caused high organic particulate flux to seafloor, where bacteria
respiration consumed all dissolved oxygen. Regeneration of phosphorus
provided a supply of nutrients to inner ramp setting, where phosphogen-
esis occurred under dysoxic conditions. B: Wintertime case in which
wind strength decreased and direction changed (Kutzbach and Ziegler,
1994) such that it was not able to maintain significant upwelling. Possi-
ble thermal stagnation may have occurred, water temperature of inner to
mid-ramp settings would have risen, and continued bacterial respiration
of organic matter in water column and below sediment-water interface
would have consumed oxygen and resulted in expansion of anoxic and
euxinic conditions.
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The water flowing into the Phosphoria embayment probably
had little or no dissolved oxygen to begin with, but asit warmed,
its oxygen-carrying capacity remained extremely low, which pre-
vented significant oxygen uptake from the atmosphere. This,
combined with bacterial respiration of organic matter in the water
column, favored development of widespread anoxia and even
euxinic conditions. Even in nearshore environments, oxygen
uptake would have been limited, and the water never became
more than dysaerobic. As a result, macrofauna were suppressed
dueto low oxygen stress while phosphogenesis occurred in envi-
ronments that ranged from dysoxic shallow inner-ramp settings
to predominately anoxic mid- and outer-ramp settings. Salinity
variation between the inner ramp and outer ramp probably influ-
enced which organisms lived in which of those two settings, but
the complete absence of macrofossils in the mid ramp suggests
that elevated salinity did not play amajor role in controlling the
presence/absence of macro organisms in any setting. Paleopro-
ductivity indicators suggest that maximum upwelling occurred in
the mid-ramp position, and thus there was an ample influx of
ocean water that would have prevented the elevation of salinity at
thislocation.

This new model and our findings have great significance for
the interpretation of other ancient phosphorites and suggest that
pal eoceanographic setting and paleoenvironment must be taken
into account to fully understand the geochemical variation seenin
ancient phosphorites.

CONCLUSIONS

The late Early to Late Permian is an important transitional
time in earth history; the Phosphoria Rock Complex spans this
changein global oceanographic, climatic, and biotic regimes. The
widespread continental glaciation that marked the southern con-
tinents during the Early Permian had ended long before the phos-
phorites of the Phosphoria Rock Complex began forming.
Extreme oceanographic conditions marked the Phosphoria Sea,
and sedimentary phosphate and organic carbon were deposited
across a broad range of paleoceanographic and paleocenviron-
mental settings, arange of phosphogenetic environments not seen
today. Specificaly:

1. Phosphogenesis in the Phosphoria Rock Complex
occurred in depositional environments ranging from “basinal”
outer ramp settings in <200 m water depth to very shallow,
restricted inner ramp environments.

2. The organic carbon, sulfur, trace element, and ESBCPO 1-CO3
signatures vary systematically with position on the shelf, reflect-
ing diverse paleoceanographic conditions across the paleoshelf
and phosphogenesis in dysoxic to euxinic conditions.

3. Phosphogenesis in anoxic settings is strongly related to
paleoproductivity indicators and occurred much as it does in the
modern ocean, abeit in much shallower waters. Large amounts
of organic matter accumulated on the seafloor due to the anoxic
conditions and breakdown of the organic-matter-released,
organic-bound phosphorous that in turn led to phosphogenesis.

4. Abundant phosphorite, yet low total organic carbon and
total sulfur values and low, nutrient-like, trace-element concen-
trations indicate that phosphogenesis in nearshore, shallow-
water, dysoxic settings was dramatically different. Oxygen
supplied by air-sea exchange in these shallow-water settings
maintained low oxygen levels and promoted the recycling of
organic matter from the sediments. Yet, some of the liberated
phosphorous produced phosphorites. Reasonably high produc-
tivity coupled with high water temperatures resulted in a stable
dysoxic water column that was supplied with just enough nutri-
ents to maintain phosphogenesis.

5. Cations that serve as paleoproductivity indicators are in
low concentrations in the nearshore dysoxic settings dueto either
their efficient recycling or their “trapping” in the anoxic outer-
and mid-ramp sediment.

6. Based on integration of lithofacies, biofacies, and chemo-
facies it is clear that the traditional cold- and deep-water
upwelling model for the Meade Peak is not tenable. A more real-
istic paleoceanographic modd is onein which anorthward-flow-
ing, oxygen-depleted, nutrient-rich intermediate water mass
impinged on the seafloor at the mid-ramp position where anoxic
and euxinic conditions prevailed. This shallow intermediate layer
extended into the Phosphoria Sea and was brought to the surface
during the summertime, when wind patterns produced coastal
upwelling by Ekman transport. Thewater probably had very little
dissolved oxygen to begin with, and as it warmed in the shallow
waters of the Phosphoria Sea, its oxygen-carrying capacity
remained extremely low. As a result, the upwelled water mass
never became more than dysaerobic in nearshore environments,
yet it was dtill capable of driving phosphogenesis in shallow-
water settings.

7. Macrofaunain the M eade Peak member are only found in
dysoxic facies, and their absence elsawhere (anoxic and euxinic
chemofacies) is related first and foremost to low oxygen levels.
Macrofauna also exhibit lateral variations that can be related to
warm temperatures on the paleo ramp, but these variations are
secondary to the control exerted by oxygen levels. All prior work-
ers who use the occurrence, distribution, and nature of the Phos-
phoria Rock Complex fauna to argue for a simple cold-water
upwelling model failed to recognize this point.
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