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TRACE ELEMENTS AND MAJOR-ELEMENT OXIDES IN THE PHOSPHORIA 
FORMATION AT ENOCH VALLEY, IDAHO: PERMIAN SOURCES AND CURRENT

REACTIVITIES

David Z. Piper

ABSTRACT

Major-element-oxides in the Phosphoria Forma­ 
tion at Enoch Valley, Idaho are partitioned into nor­ 
mative-mineral components in order to determine the 
marine and detrital fractions of the rocks. The com­ 
ponents are apatite, dolomite, calcite, organic matter, 
and biogenic silica (not determined in this 
study) the marine-derived fraction of the samples; 
and an aluminosilicate/detrital quartz compo­ 
nent the detrital fraction of the samples. Propor­ 
tionality constants of major-element oxides used in 
the calculation of each component (for example, apa­ 
tite = ?2O5 x 2.5; detrital terrigenous debris = A12O3 
x 6) represent values previously determined for five 
other sections of the Phosphoria Formation (Medrano 
and Piper, 1995). The coherence of the normative 
scheme was checked for the Enoch Valley samples 
by comparing total CC>2, measured by combustion 
and a thermal conductivity detector, to CC>2 
calculated from stoichiometries of the marine com­ 
ponents and their concentrations in each sample. The 
correlation coefficient was 0.99. As SiC>2 was not 
measured and, thus biogenic silica not calculated, a 
further check of coherence by summing components 
to 100% could not be done. However, the sums ex­ 
clusive of biogenic silica closely approach 100%, 
requiring biogenic silica to be absent, or nearly so, in 
several of the samples.

Plots of A12O3 x 6 versus K2O, TiO2, Fe^, Ba, 
and Li, show strong positive correlations, demon­ 
strating the relatively constant trace-element and 
major-element-oxide composition of the detrital frac­ 
tion. The composition closely approaches the com­ 
position of the world shale average, or WSA (Wede- 
pohl, 1969-1978). Factor analysis further confirms 
the partitioning of these oxides and elements into the 
detrital fraction. For trace elements that fail to show 
such correlations or factor loadings, the trace-element 
contribution of the detrital fraction (A1 2 O 3 x 6) is 
determined from minima of plots of trace elements 
versus the detrital fraction. These minima too sug­

gest a trace-element composition for the detrital frac­ 
tion that approximates the trace-element composition 
of WSA.

The marine fraction of trace elements in each 
sample then represents the difference between the 
bulk trace-element content of a sample and its detrital 
contribution of trace elements. For those trace ele­ 
ments whose marine contribution dominates the de­ 
trital contribution, strong positive factor loadings 
with one or more of the marine components apatite, 
calcite, dolomite, and organic matter validate the 
normative calculation of partitioning elements be­ 
tween the two source fractions detrital (terrigenous 
debris) and marine (seawater-derived matter). These 
elements include Ag, Cr, Cu, Mo, Se. Several trace 
elements Cd, Ni, V, Zn do not show a strong cor­ 
relation with any of the marine components, but are 
also strongly enriched above a detrital contribution. 
Some fraction of this group may be present as a sul- 
fide, or incorporated in a sulfide. Pyrite can be seen 
in several hand specimens, but its low concentration 
has precluded determination of its abundance, quan­ 
titatively, by the normative calculation and signifi­ 
cantly limits its contribution to the marine, trace- 
element inventory.

The interelement relations of the trace elements 
within the marine fraction alone identify the redox 
conditions of bottom water and primary productivity 
of the photic zone, or surface water. Relations be­ 
tween Cu, Zn, and Mo suggest a biogenic source, that 
define primary productivity and further preclude the 
occurrence of sulfate reduction in the bottom water at 
the time of deposition. By contrast, the relations 
between Cr, U, V, and, less so, Se require that bottom 
water was, nonetheless, oxygen depleted, to the point 
of denitrifying, throughout most of the depositional 
history of this deposit.

Of equal, if not greater, importance to this study, 
the partitioning of elements such as selenium be­ 
tween the different host components terrigenous 
aluminosilicates, apatite, organic matter, pyrite, cal­ 
cite, dolomite, and biogenic silica contributes to the



behavior of trace elements under current subaerial, 
oxidizing conditions of weathering. Very simply 
stated, interelement relations between trace elements 
identify where the trace elements came from and 
trace-element partitioning between mineral compo­ 
nents determines where they are going.

INTRODUCTION

The U. S. Geological Survey (USGS) has studied 
the Phosphoria Formation, a Permian sedimentary 
deposit in southeast Idaho (fig. 1), and related rock 
units in the Western U.S. Phosphate Field throughout 
much of the twentieth century. The purposes of the 
early work were, largely, to evaluate the economic 
resources of this deposit and to define its origin, in 
order to enhance exploration for similar deposits of 
the agricultural commodity phosphate (Mansfield, 
1916; Condit, 1924; McKelvey and others, 1959; 
Sheldon, 1963; Gulbrandsen, 1966; Murata and oth­ 
ers, 1972; Maughan, 1976; Piper and Medrano, 
1994). In response to a request by the Bureau of 
Land Management (BLM), a new series of resource 
and geoenvironmental studies was undertaken by the 
Survey in 1998. To carry out these studies, the Sur­ 
vey has formed cooperative research relationships 
with two Federal agencies, BLM and the U. S. Forest 
Service, which are responsible for land management 
and resource conservation on public lands; and with 
five private companies currently leasing or develop­ 
ing phosphate resources in southeastern Idaho. They 
are Agrium U.S. Inc. (Rasmussen Ridge mine), FMC 
Corporation (Dry Valley mine), J. R. Simplot Com­ 
pany (Smokey Canyon mine), Rhodia Inc. (Wooley 
Valley mine, now inactive), and Solutia Inc. (Enoch 
Valley mine).

Present studies consist of (1) integrated, multi- 
disciplinary research directed toward resource and 
reserve estimations of phosphate in selected 7.5-min- 
ute quadrangles; (2) elemental residence, mineralogi- 
cal, and petrochemical characteristics; (3) reaction 
pathways, transport, and fate of potentially toxic trace 
elements associated with the occurrence, develop­ 
ment, and societal use of phosphate; (4) geophysical 
signatures; and (5) improving the understanding of 
depositional origin. The results of this work will be 
released in open-file reports for prompt availability to 
other workers. The open-file reports associated with 
this series of studies also will be submitted to each of 
the Federal and industry cooperators for technical re­

view. However, the USGS is solely responsible for 
the data contained in these reports.

In this study I address issues three and five. The 
distribution of trace elements and their host phases in 
the Phosphoria Formation are calculated from 
analyses of rock samples from the Solutia Mine in 
Enoch Valley, using a normative scheme described 
by Medrano and Piper (1992, 1995) and specific to 
this formation. The deposit is strongly enriched in a 
number of trace elements. Their absolute concentra­ 
tions have been enhanced by a low sedimentation rate 
of terrigenous debris that was similar to the deposi­ 
tional rate currently in the central Pacific Ocean, re­ 
sulting in a large seawater-derived fraction that is 
hosted mainly by chert, carbonate fluorapatite, calcite 
or/and dolomite, organic matter, and possibly sulfide 
minerals.

Interpretations of the distribution of trace ele­ 
ments in this deposit have been made possible 
through research over the past several decades by 
oceanographers who have examined the behavior of 
trace elements in seawater and sediment from differ­ 
ent environments of the modern ocean (Elderfield, 
1970; Bertine and Turekian, 1973; Bruland, 1983; 
Landing and Bruland, 1987; Jacobs and others, 1987; 
Piper, 1988; Piper and others, 1988; Francois, 1988; 
Anderson and others, 1989a; Shaw and others, 1990; 
Emerson and Huested, 1991; Bruland and others, 
1991; Crusius and others, 1996). Results of their 
research have led to the identification in ancient 
sedimentary deposits of those trace elements whose 
accumulation from seawater characterized the levels 
of primary productivity in the photic zone and redox 
conditions of the bottom water at the time of 
deposition (Coveney and Glascock, 1989; Piper, 
1991; Piper and Isaacs, 1995, 1996; Dean and others, 
1995, 1998; Heltz and others, 1996). I show here that 
(1) interelement relations of trace elements in the 
marine components alone identify their sources as 
phytoplanktonic debris and/or material derived 
inorganically from a seawater depleted in O^, and (2) 
the partitioning of trace elements into their host 
mineral components contributes to trace-element 
reactivities under current conditions of subaerial 
weathering. Thus, the high concentration of trace 
elements gives a clear view of the environment of 
deposition in Permian time. On the down side, the 
high concentration of several elements that can be 
quite toxic (for example, selenium) and their associa­ 
tion with labile components of the sediment are
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Figure 1. Location map of the northwest U. S., showing the Enoch Valley mine and sections 
analyzed earlier for their chemical composition (Piper and Medrano, 1994; Medrano and 
Piper, 1995). Closed squres give location of Enoch Valley mine and other sites reported by Med­ 
rano and Piper.
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troubling, particularly as concerns their introduction 
into and possible deleterious impact on the modern 
environment, a possible impact that has prompted 
this study, of which this manuscript is a small part.

GEOLOGIC SETTING AND 
SAMPLING

Geologic and Oceanographic Setting

The Phosphoria Basin was located in what is 
now eastern Idaho, western Wyoming, northern Utah, 
northeastern Nevada and southwestern Montana. The 
sediment was deposited in an interior sag basin 
(Wardlaw and Collinson, 1986), located along the 
western margin of the North American craton. Paleo- 
magnetic data (Sheldon, 1964) indicate that the basin 
lay at much lower latitude, at 3° to 9° N, in Permian 
time (fig. 2). Deposition occurred over approxi­ 
mately 10 my., from the middle of the Leonardian to 
the middle of the Guadalupian stages (Wardlaw and 
Collinson, 1984; Murchey and Jones, 1992). The 
Meade Peak Member of the Phosphoria Formation, 
the most phosphatic enriched member of the forma­ 
tion and the unit examined in this report accumulated 
over a period of approximately 7.2 my.

Paleontologic evidence suggests that the sedi­ 
ment accumulated at an ocean depth of a few hundred 
meters, possibly as shallow as 200 meters (Yo- 
chelson, 1968). The sediment now consists of carbo­ 
naceous and phosphatic mudstone, phosphorite, car­ 
bonates of both calcite and dolomite, and dark gray 
chert (McKelvey and others, 1959). At other sites 
(fig, 1) examined for their geochemistry (Medrano 
and Piper, 1992, 1995; Piper and Medrano, 1994), 
Conant Creek, the easternmost site in central Wyo­ 
ming, is mainly a carbonate facies, possibly of shal­ 
low-water origin; Mud Spring, more than 500 km to 
the west, is predominantly a mudstone facies, pos­ 
sibly deposited in deeper water (McKelvey and oth­ 
ers, 1959). The Phosphoria Formation at the Enoch 
Valley Mine and at other sites examined are located 
between the two east-west extremes and consist of 
these components plus major phosphate and chert 
units. This lithology has suggested to many geolo­ 
gists that the deposit accumulated under conditions of 
intense primary productivity. The total duration of 
deposition, which allows calculation of rates of reac­ 
tions, albeit in a general way, however, suggests that 
primary productivity in the basin could have been 
typical of ocean-margin basins of today, perhaps no

more than moderate (Piper and Isaacs, 1996), that is, 
in the range of 0.5 gr carbon/m2 per day. The major 
difference with similar basins in the modern ocean 
was an extremely low rate of accumulation of 
terrigenous debris in the Phosphoria Basin, 
comparable to its rate of accumulation in the central 
Pacific Ocean today (Piper and Medrano, 1994). 
This resulted in an extremely limited dilution of the 
seawater-derived (i.e., marine) fraction by terrigenous
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Figure 2. Map of northwest U.S. showing extent of 
the Phosphoria Formation, location of evaporite de­ 
posits to the east, and paleolatitudes during Permian 
time. In the land areas of Montana and central 
Wyoming, deposits include red beds. Figure is 
adapted from Sheldon (1964).

debris, producing a deposit quite unlike any sedi­ 
mentary unit accumulating along the margins of the 
ocean today, in both its areal extent and composition.

Sample Selection

The Enoch Valley mine, on the South Ras- 
mussen Leases 1-7958 and 1-23658 (T6S, R43E, sec­ 
tion 16, SE1/4 of the NW1/4), at latitude 42° 53.109' 
N and 111°24.745' W (fig. 1), was described and 
sampled in 1992 with great assistance from mine 
personnel. A stratigraphic section, showing sample 
positions, was constructed from field descriptions and
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Table 1. Detection limits, accuracy and precision for elements analyzed by the different analytical techniques, determined 
by repeated analysis of rock standards, by the Branch of Geochemistry (Baedecker, 1987; Lichte and others, 1987a, 1987b; 
Arbogast and others, 1990).

Analytical 
Technique Detection Limit Accuracy Precision

ICP-AES

XRF

Limits of detection, in weight percent, in 
parentheses: A12O3 (0.09), CaO (0.07), 
Fe2O3 (0.07), K2O (0.1), MgO (0.08), 
Na2O (0.1), P2O5 (0.02), and TiC>2 (0.02). 
Limit of detection in parts per million in 
parentheses: Ag (2), As (10), Au (8), Ba (1), 
Be (1), Bi (10), Cd (2), Ce (4), Co (1), Cr
(1), Cu (1), Eu (2), Ga (4), Ho (4), La (2), Li
(2), Mn (10), Mo (2), Nb (4), Nd (4), Ni (2), 
Pb (4), Sc (2), Sn (10), Sr (2), Ta (40), Th 
(4), U (100), V (2), Y (2), Yb (1), and Zn (2)

Limits of detection and concentration range
SiO2 0.10% to 99.0%
A12O3 0.10% to 28.0%

0.04% to 28.0%
0.10% to 60.0%
0.02% to 60.0%
0.15% to 30.0%
0.02% to 30.0%
0.02% to 10.0%
0.05% to 50.0%

to 15.0%

Fe203
MgO
CaO

K2O 
TiO2 
P205 
MnO
LOI

0.01%
0.01% to 100.0%

ICP-MS Limits of detection in parts per million: La 
(0.002), Ce (0.002), Pr (0.002), Nd (0.009), 
Sm (0.006), Eu (0.003), Gd (0.011), Tb 
(0.002), Dy (0.007), Ho (0.002), Er (0.007), 
Tm (0.002), Yb (0.006), Lu (0.002).

Limits of detection in parts per million: La 
(0.02), Ce (0.5), Nd (2), Sm (0.5), Eu (0.02), 
Tb (0.1), Yb (0.2), Lu (0.01), Hf (0.1), Se 
(1), Sb(0.1),Th(0.1),U(0.5).

Combustion Limit of detection and concentration range 
(total carbon) C 0.05% to 30%

INAA

Combustion

Coulometric 
titration 
(carbonate 
carbon)

Hydride- 
generation 
atomic 
absorption

Ion-selective 
electrode

Limit of detection and concentration range 
S 0.05% to 30%

Limit of detection and concentration range 
CO2 0.01% to 50.0%

Limit of detection 
Se 0.1 ppm.

Limit of detection and concentration range 
F lOOppm to 2.7%

Standards analyzed varied 
0.5 to 10 % from the 
proposed value

Standards analyzed varied 
0.5 to 3 % from the proposed 
value

Accuracy similar to ICP- 
AES and neutron activation 
analysis (INAA)

Accuracy similar to ICP- 
AES and ICP-MS

Standard: MAG-1, X = 
2.28%, n = 12, s = 0.009%, 
proposed value: 2.15±0.40%

Standard: SDO-1, X = 
5.44%, n = 10, proposed 
value: 5.35±0.44%

Standard: GSP-1, X = 
0.10±0.003%,n=12, 
proposed value: 0.11%

Standard: GSP-1, X = 3240 
ppm, n = 23, proposed value: 
3630 ppm__________

±2 to 10 percent for 
concentrations greater than 
10 times the lower limit of 
detection

Precision is better than ±5 
percent and, depending on 
the element, as low as ±0.2 
percent

The average RSD for the 
REEis2.5%. They range 
from 1.7% to 5.1%.

The average RSD is 5%. 
They range from 3% to 
10%.

RSD is < 5% for samples 
with > 0.01% Cor an 
absolute standard 
deviation of 0.05% C, 
whichever is greater.

RSD for standard is 0.2%

RSD is < 5% for 
concentration range of 
0.01% to 36%.

RSD is 2.0% for solution 
concentration of 50 ppb.

RSD for standard is 11%.

10



measurements (fig. 3). Samples were collected from 
the lower level of the mine, from a trench made by 
mine personnel. The samples come mainly from the 
Meade Peak Phosphatic Shale Member and one 
sample from the underlying Grandeur Formation. 
Chemical analyses were completed in 1993, but 
publication was delayed by Agency reorganization 
and individual reassignment.

ANALYTICAL TECHNIQUES AND DATA 
EVALUATION

Major-Element-Oxide Analyses

The analyzed portion of these samples are ali- 
quots of ground powders (to 200 mesh) dried at 60°C. 
Major-element oxides (table 1) were measured by 
inductively-coupled plasma-atomic emission spec- 
troscopy (ICP-AES) after acid digestion (Lichte and 
others, 1987a). Selected samples from cores col­ 
lected by the Monsanto Company (now Solutia Inc.) 
were analyzed by wavelength-dispersive X-ray fluo­ 
rescence spectroscopy (XRF; Taggart and others, 
1987). Loss on ignition at 925°C was measured on 
the samples which were analyzed by XRF.

Major-element data are used to determine the 
normative components of each sample. The proce­ 
dure is discussed in detail by Medrano and Piper 
(1995), but also below. As each successive calcula­ 
tion compounds any error in the original data, evalu­ 
ating the quality of the major-element data (table 2) 
becomes crucial. In the worst case, total CaO is used 
to calculate the concentration of calcite, but only after 
adjusting, in order, for the CaO contribution by the 
detrital fraction, the CaO contribution by apatite, and 
the CaO contribution by dolomite. Thus, the 
uncertainty in the calculation of calcite in a sample is 
dependent upon the uncertainty in the measurements 
of CaO, as well as of A12O3 (used to calculate the 
concentration of the detrital fraction), P2O5 (used to 
calculate the concentration of apatite), and MgO 
(used to calculate the concentration of dolomite).

The limit of detection and the precision and ac­ 
curacy of each analytical technique has been deter­ 
mined in the U. S. Geological Survey laboratory by a 
comparison of repeated analyses of standard samples 
by several different analytical techniques (table 1). 
Here it is determined in a somewhat different way, 
from a comparison of carbon measured by ignition 
with carbon calculated by summing the carbon 
concentration in the detrital fraction, apatite,

dolomite, calcite, and organic matter (fig. 4), based 
on their stoichiometries (table 3). The correlation 
between the two carbon values and extrapolation of 
the curve to zero, suggest that the accuracy of each 
element analysis given in table 1 represents an upper 
limit.

20
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Figure 4. Relation between total carbon measured 
(table 2) and total carbon calculated, which is based 
on the stoichiometry and concentration of each 
carbon-bearing component (table 3).

The quality of data for the Phosphoria Formation 
has been evaluated further by comparing analyses of 
individual elements made by more than one tech­ 
nique (Medrano and Piper, 1995). Ideally, the ana­ 
lytical results of multiple techniques should agree 
closely. In earlier work (Medrano and Piper, 1995; 
Piper and Isaacs, 1995) x-y plots of individual ele­ 
ments measured by different techniques showed 
agreement within 5 percent of the one-to-one line in 
75 percent of the cases. This procedure does not 
identify which technique is in error; rather, it estab­ 
lishes that a finite systematic error exists in one or, 
possibly, both analyses. Analytical results for P2O5, 
measured by wet chemistry and listed by Sheldon and 
others (1953, 1963), Smart and others (1954), and 
McKelvey and others (1959) for Mud Spring, Conant 
Creek, and Lakeridge sections, are in excellent 
agreement with more recent measurements made by 
XRF (Medrano and Piper, 1995). In contrast, the 
ICP-AES data for the Wheat Creek and Fontenelle 
Creek sections are higher by approximately 13 per­ 
cent and 9 percent, respectively, than the XRF data. 
These deviations suggest a possible systematic error 
in the ICP-AES data for P2O5, an error that the Enoch
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Table 3. Formulas used to calculate the normative components and total CO2, based on measured concentrations of 
major-element oxides (table 2). The amount of H2O in organic matter was selected to give a carbon concentration 
of 11.6% and is not intended to imply a concentration of hydrogen or oxygen in the organic component as shown.

Component Formula Stoichiometry

Detritus    

Biogenic silica- 

Apatite     

Dolomite   -

Calcite    - 

Organic matter-

IC02  -----

6.0 x A12O3 

SiO2 - 3.5 x A12O3 

(P2O5 - 0.01 x A12O3) H- 0.40 

(MgO - 0.07 x A12O3) H- 0.22 

(CaO - 0.15 x A12O3 - 1.37 x MgO - 
1.38xP2O5)-0.56

Organic Carbon x 1.4

0.48 x Dolomite + 0.01 x Apatite
+ 0.44 x Calcite + 2.62 x Organic Matter

Mg. 3Na44K 86Fe 7Al2.4Siio025 .6-5.7(H20)

SiO2

Ca5(P04)2.7(C03)o.4F

MgCa(C03)2

CaCO3

C4(H20)

CO2

Valley data might also have. However, the other sec­ 
tions give far better results. The carbon plot (fig. 4) 
certainly suggests that the Enoch Valley data are 
much better as well. The analyses of the other major 
oxides also are in close agreement (Medrano and 
Piper, 1995).

Trace-Element Analyses

Trace elements were determined by ICP-AES 
(table 4) and the rare earth elements (REE) by 
inductively coupled plasma-mass spectroscopy (ICP- 
MS; table 4). Selenium was measured by hydride- 
generation atomic absorption spectrometry in the 
XRAL laboratory at Don Mills, Ontario, Canada. 
The range of detection, precision, and accuracy of 
each analytical technique is given in table 1. The 
trace elements Bi, Nb, Sn, Ta were below their 
detection level in most samples and have not been 
reported for the other samples.

La analyses give an excellent measure of the 
quality of trace-element data. It was analyzed by the 
two techniques ICP-MS and ICP-AES and was 
significantly above the detection limit. The plot of 
La (fig. 5a) gives similar results to the x-y plots for 
the major elements analyzed by both ICP-AES and 
XRF, o > 0.98, and a similarly small deviation of <5 
percent from the 1:1 curve, as reported earlier.

For several of the plots of the data and for a sta­ 
tistical analysis of the data, the logio of the measured 
values has been used rather than the raw data. In the 
case of trace elements, linear plots of the raw data 
invariably show increasing scatter at high concentra­

tion levels; the data are heteroscedastic. That is, re­ 
siduals of variance are higher at high concentrations

800

£ 600
D.

P-
o

400

200

2.5

V)
S 2

U
1.5

05

Y = -0.330 + 0 944X, r = 0.985

200 400 600 

La ICP ES (ppm)

Y = 0.050 + 0.965X. r = 0.991 Jfc

0 0.5 1 1.5 2 2.5 3 
log (La ICP ES)

Figure 5. Relation between La measured by ICP- 
AES and ICP-MS. Values are plotted in (a); Iog 10 of 
the values are plotted in (b).
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than at low concentrations, rather than showing a 
normal distribution over the full range of concentra­ 
tions. Such a distribution violates the assumption of 
homoscedasticity, or normal distribution of residuals, 
an assumption made in the calculation of the test of 
significance. This is clearly seen in the plot of U 
versus apatite and the plot of the Iog 10 of measured 
values (fig. 6), but also in the La versus La plots, 
even though the correlation of the two La 
measurements is 0.98 (fig. 5a and 5b). Of course, an 
equally strong reason for plotting the data in this way 
is that the graph gives equal weight to samples with 
low elemental concentrations as it gives to samples 
with high elemental concentrations.

Miscellaneous Analyses

Total sulfur and total carbon, evolved as oxides 
during combustion, were measured by absorption of 
infrared radiation (table 1; Jackson and others, 1987). 
Carbonate carbon was measured as CC>2 by coulo- 
metric titration (Jackson and others, 1987). 

250

200

150
a
s^
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Y = 9.21 +  1.266X, r = 0.804

20 40 60 

Apatite (%)

80 100

2.5

=- 1

3

9^,0.5
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-0.5

- 1

t 4

 ^-iV*^^ +

- Y = 0.659 + 0.694X. r = 0.933
 H- 4,

- 1 -0.5 0 0.5 1 1.5 
log (apatite %)

2.5

Figure 6. Relation between U and apatite. Measured 
values are plotted in (a) and Iog 10 °f values are 
plotted in (b).

Fluorine was determined by ion-selective elec­ 
trode following LiBC>2 fusion and HNC>3 dissolution 
(Bodkin, 1977; Cremer and others, 1984). Ranges of 
detection, precision, and accuracy are given in table 1 
and the results listed in tables 2 and 4.

NORMATIVE CALCULATION OF 
ROCK COMPONENTS

The Phosphoria Formation is composed of two 
sediment fractions, a marine fraction derived from 
seawater and a detrital fraction of terrigenous origin 
(Piper and Medrano, 1994). The major rock compo­ 
nents (table 5) are terrigenous debris (the detrital 
fraction) and chert, dolomite, calcite, apatite, and 
organic matter (the marine fraction). Earlier studies 
show that they have relatively constant major-oxide 
compositions at the individual sites, and the detrital 
fraction also has a constant trace-element composi­ 
tion. The major-element oxide composition of the 
bulk sediment is used to calculate the concentration 
of these components in each sample (table 5). The 
procedure is somewhat analogous to a calculation of 
the salts that might be obtained from evaporation of 
seawater, based on measurements of the dissolved 
ions that are actually present in seawater.

Studies of modern and ancient sediments have 
shown that A12O3 is the diagnostic major-element 
oxide of detrital material, being hosted essentially 
totally in this fraction of sediment (Isaacs, 1980 and 
references therein). The concentration of P2Os is 
diagnostic of apatite, after making a correction for a 
P2C>5 contribution by the detrital fraction. MgO is 
diagnostic of dolomite, after making a similar cor­ 
rection. CaO is diagnostic of calcite, but here the 
correction for contributions by the detrital fraction, 
dolomite, and apatite are significant. SiC>2 is diag­ 
nostic of biogenic silica, now opal-CT or even quartz; 
again following a correction for the detrital contribu­ 
tion to the bulk-content measurement of silica. And 
finally, organic carbon measures singularly the con­ 
centration of organic matter in each sample. Metal 
sulfides and (or) possibly oxides may also be present, 
but their contribution to the bulk, major-element- 
oxide composition of the sediment is minor.

The concentration of A12O3 in the detrital frac­ 
tion itself and the concentration of the diagnostic 
element oxides of each of the other major mineral 
components can be determined from x-y plots. These 
plots can then give the concentration of each compo­ 
nent on a sample-by sample basis.
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The validity of the assumption of constant 
compositions can be evaluated from these plots. For 
example, if two element oxides correlate strongly and 
their relation extrapolates to the origin, the two ele­ 
ments are essentially entirely in that one component; 
their element-to-element ratio in that component is 
relatively constant and, therefore, the composition of 
60
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Figure 7. Relation between A12O3 and (a) CaO, (b) 
Fe2 O 3 , and (c) K2 O. Curves labeled WSA give 
relations for World Shale Average; those labeled 
Phosphoria Fm. are from Medrano and Piper (1995).

the component itself is constant. A graph of element 
oxides in which the data scatter below a well-defined 
maximum curve further defines the partitioning of 
element oxides between components. Extrapolation 
of the maximum curve to one of the axes can identify 
the concentration of one element oxide in one of the 
components; extrapolation to the second axis may 
define the second oxide concentration in another sin­ 
gle component. A strongly defined minimum of a 
plot of two element oxides, that extrapolates to the 
origin, also can identify the major-element-oxide 
ratio of the two element oxides in a component. That 
is, the minimum line represents a constant element- 
oxide to element-oxide ratio in the one component. 
The strengths of these minima and of the maxima 
should reflect the constancy of composition in each 
component.

In the same way, the minima of plots of trace 
elements versus A12C»3, or versus the concentration of 
the detrital fraction itself, can identify the trace- 
element concentration of this fraction. The excursion 
of data from the minima gives the concentration of 
each trace element in the marine fraction of sediment 
on a sample-by-sample basis.

The purpose of these plots and calculations is 
two-fold. (1) The present partition of trace elements 
between the different components of sediment should 
largely determine their introduction into the ground- 
water system via weathering. The more labile or 
easily leached components, such as metal sulfides 
and organic matter, will release their complement of 
trace elements to solution more easily, more quickly, 
than the relatively insoluble components, such as 
terrigenous debris and apatite. And (2) the fraction 
of trace elements in excess of that contributed by the 
detrital fraction alone represents the marine fraction 
of trace elements. This fraction defines the chemical 
environment of deposition (Piper, 1991 and 1994; 
Piper and Medrano, 1994): specifically, primary 
productivity in the photic zone and redox conditions 
of the water column.

Detrital Component

The detrital fraction is a mineral mix of detrital 
quartz, clay minerals, feldspars, micas, and minor 
amounts of accessory minerals such as zircon and 
rutile (Gulbrandsen, 1960). Even so, it can be treated 
here as a single entity. The earlier studies of the 
Phosphoria Formation (Medrano and Piper, 1992, 
1995; Piper and Medrano, 1994) established that this 
sediment fraction has a constant composition at any
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Table 6. Major-oxide and minor-element composition of terrigenous (i.e., detrital) fraction. All values are in parts per million. 
Blanks indicate that no value was listed, or that it could not be determined.

World Shale 
Average 1

. T , . . Phosphoria Fm. North American (M{£rano and
Shale Composite-^ Piper, 1995)

Value from Value used in 
minimum line calculations (this 

(this study) study)

Major-oxides

Si02
A1203
Fe2O3
MgO
CaO
Na2O
K2O
Ti02
P205 
CC-2

58.4
15.1
6.84
2.49
3.09
1.3
3.19
0.77
0.16 
2.633

64.8
16.9
6.29
2.85
3.58
1.13
3.94
0.79
0.14

58.3
16.7
6.2
1.2
2.5

4.2
0.48
0.17

58.3
16.7
4.5
1.14
3.58

4.17
0.48
0.23

58.3
16.7
6.2
1.2
2.5

4.2
0.48
0.17

Minor elements
Ag
As
Ba

Cd
Co
Cr
Cu
Ga
Li
Mn
Mo
Ni
Pb
Sc
Se
Sr
Th
V
Zn

0.05-0.90
13

546

0.8
19
83
35
18
76

600
0.7-2.0

42
21.6
13

1.0
24-359
12
98-2600

100

28.4
636

25.7
124.5

600

58

14.9

142
12.3

0.48
32

429

0.8
20
83
35

59
10
15

70
7

180
60

115
34

168
2.0

165
5

1.5
70

160
300

0.48 !
32

430

0.8 !
20

83 1

35
17

76 1

2
165

10
15

1.5
70
12

160
100 1

Rare Earth Elements

Y
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb

27
41
83
10.1
38
7.5
1.61
6.35
1.23
5.5
1.34
3.75
0.63
3.53

27
32
70

7.9
31

5.7
1.24
5.21
0.85

1.04
3.4
0.5
3.1

43
93
10.6
41

7.6
1.65
6.9
1.13 1
5.5 1

1.38
4.5
0.70
4.1

38
58-80

8.5
32

6.6
1.5
5.9
0.85-1.28
5.3-8.7
0.85-1.55
3.1-4.65
0.5-0.7
3.1-4.6

36
41
83
10
36
7.6
1.6
6.35
1.15
5.5 1
1.34 1
3.75
0.63
3.53

1 World Shale Average (major-element oxides,Turekian and Wedepohl, 1961; minor elements, Wedepohl, 1969-1978; rare- 
earth elements, Piper, 1974)

2 North American Shale Composite (major and minor elements on a volatile free basis: Gromet and others, 1984; rare-earth 
elements, Haskin and Haskin, 1966)

3 CO2, Wedepohl, 1969-1978
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one site, despite its complex mineral assemblage; that 
it seems to have remained largely non-reactive during 
its earlier passage through the ocean; and that the 
source of material remained unchanged even into the 
Triassic Period, with the deposition of the overlying 
Din woody Formation (McKelvey and others, 1959; 
Peterson, 1980). The Enoch Valley samples support 
this interpretation and the procedure, that is, the 
proportionality constant, for calculating its abun­ 
dance (table 3). No effort has been made to explain 
variations in the composition of this fraction of the 
sediment between the different sites studied, particu­ 
larly its mineralogy, but clearly such a study could 
give important information, for example, about the 
dispersal of sediment during deposition and the his­ 
tory of burial.

The maximum of the plot of A^C^ versus CaO 
(fig. 7) is strongly defined; it extrapolates to an 
A12 O3 concentration of 16.6 percent at a CaO 
concentration of zero to one percent. This gives the 
Al2C>3 concentration in the detrital fraction (table 6), 
a value that closely approximates its concentration in 
this fraction at other sites (table 6). The plots of 
Al2<D3 versus Fe2C>3 and K^O (fig. 7) further suggest 
a constant composition for the detrital fraction and 
one that approaches the composition of WSA (Wede- 
pohl, 1969-1978).

As at other sites, several trace elements also cor­ 
relate with Al2C>3 (table 7) and further suggest a con­ 
centration for the detrital fraction similar to that of 
WSA (table 6). These include Th, Ba, Li, and Sc. 
The correlations are not as strong as observed for the
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other sections, except for Th, measured only in the E 
series of samples (table 4; fig. 8) by INAA and not 
included in the other tables.

An alternative approach to ascertain those ele­ 
ments hosted by the detrital fraction is by factor anal­ 
ysis (table 8). Results of this calculation show that 
seven factors account for 97% of the variability; with

* Upper Waste 
A Middle Waste 
x Upper Ore

300 + Lower Ore 
« Basal Units

250

Figure 8. Relation between detritus and Th. Samples 
include only the E-series. Detritus equals 6 times 
Al2C>3, measured by XRF (table 2). Th is measure by 
INAA (table 4).

40 60 80 100

Detritus (%)
Figure 9. Relation between detritus and (a) Ba, (b) 
Ni, and (c) Cu. Curve in (a) is least squares best fit; 
curves in (b) and (c) give values for the detrital 
fraction (table 6), when extrapolated to 100 percent.
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Table 7. C
orrelation coefficients for the log of trace-elem

ent, m
ajor-elem

ent, and m
ajor-elem

ent-oxide concentrations (table 5a). The La* w
as m

easured by IC
P-A

ES and the other by IC
P-M

S.
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aO
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M
gO
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P20
5
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C
O
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BaCdC
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0.07
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0.55
0.75

-0.13
0.14
0.34
0.41

-0.05
0.62
0.44
0.68
0.60
0.73
0.39

-0.53
-0.01
-0.10
0.31

-0.30
0.03
0.64
0.14
0.06

Li
10.46
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0.57
0.69
0.33
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0.30
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0.46
0.61
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CaO

1-0.54
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-0.33
0.60
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0.25
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1
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0.06 
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0.37 
-0.12
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0.72 
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-0.03 
0.07

0.05 
-0.14

0.38 
-0.25

0.47 
-0.25
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-0.40
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-0.06

0.51 
-0.14
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-0.14
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-0.21

0.44 
-0.05
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-0.21

0.12 
-0.06
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0.40 
-0.08
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-0.02 
-0.44
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Sc 
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0.03 

0.42 
0.08
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factors six and seven characterized by a single 
element, Na2O in the case of factor six and Co in the 
case of factor seven. Factor two has a strong detritus 
loading of 0.96, along with the oxides that correlate 
with Al2C>3 (fig. 7, table 7). Several of the trace ele­ 
ments also show strong loadings on this factor. 
Somewhat unexpected are the strong loadings of Ni 
and Ce, suggesting that a significant portion of these 
elements are hosted by the detrital fraction.

The concentrations in the detrital fraction of 
trace elements that show no correlation with the de­ 
trital fraction itself are determined from the detritus 
versus trace-element minima (fig. 9). Except for Ni, 
their concentrations in this fraction, based on these 
minima, also closely approach their concentrations in 
WSA (table 6). In the case of many such trace ele­ 
ments, which include Cd, Cr, Cu, Mo, Ni, Sb, Se, U, 
V, and Zn, the detrital contribution to the bulk con­ 
centration is small in most samples (fig. 9). This 
excess is interpreted to represent the bulk marine 
fraction of trace elements, which should be hosted by 
the marine components of the sediment.

Marine Components

Apatite

Apatite is the carbonate fluorapatite, francolite 
(McClellan and Lehr, 1969). A CO32' concentration 
of 2.3 percent (table 3) is taken from Gulbrandsen 
(1970). The fluoride content is between 3.5 and 4 
percent (fig. lOd), greater than the value of 3.43 per- 
percent reported by McClellan and Lehr (1969). A 
CaO:P2O5 ratio of 1.36 (fig. lOa) is similar to that 
reported for the other sites examined by Medrano and 
Piper (1992, 1995). Clearly, CaO is present in other 
components, but extrapolation of the extrema to the 
origin supports the interpretation that ?2O5 is present 
predominantly in the apatite component. I have as­ 
signed a ?2O5 concentration of 0.16 percent to the 
detrital fraction (table 3 and 6), based on its concen­ 
tration in WSA (Wedepohl, 1969-78).

Trace elements that are incorporated into apatite 
(tables 7 and 8) include U (fig. 6), Y, and the REE 
(fig. lOb) exclusive of Ce. However, the Ce anomaly 
exhibits a strongly negative correlation with apatite 
(fig. lOc). Because the Ce anomaly versus apatite

Figure 10. Relation between apatite and CaO (a), La 
(b), Ce anomaly (c), and F (d). Curve in (a) is a best- 
fit minimum; curves in (c) and (d) are log and linear 
best fits, respectively.
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Table 8. Varimax orthogonal transformation solution, principal component factor extraction method, using Statviewtm II 
software. Values greater than 0.50 are in bold, except in the case of the Ce anomaly, which is calculated for each sample as 
a negative value (see Figure 5 for details of the calculation).

Detritus
Apatite
Dolomite
Calcite
Org. Matter
A1203
CaO
Fe2O3
K20
MgO
Na2O
P2O5
Ti02
MnO
Sulfur
Fluorine
Ag
As
Ba
Cd
Co
Cr
Cu
Ga
Li
Mo
Ni
Pb
Sc
Se
Sr
V
Y
Zn
U
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Ce Anomaly

Factor 1
-0.079
0.84

-0.32
-0.078
0.49

-0.078
0.38
0.056

-0.093
-0.45
-0.010
0.84

-0.24
-0.34
0.64
0.82
0.29
0.035
0.41
0.30

-0.13
0.53
0.51
0.20
0.39
0.19
0.19

-0.018
0.46

-0.003
0.69
0.15
0.98
0.11
0.81
0.98
0.65
0.95
0.96
0.94
0.95
0.97
0.97
0.97
0.98
0.98
0.98
0.97

-0.69

Factor 2
0.96

-0.37
-0.41
-0.40
0.042
0.96

-0.69
0.90
0.91
0.031
0.58

-0.38
0.91
0.44
0.031

-0.35
0.22
0.53
0.80

-0.11
0.18
0.32
0.37
0.68
0.65
0.43
0.68
0.64
0.81
0.34

-0.56
-0.026
-0.035
0.26

-0.26
0.037
0.72
0.23
0.20
0.27
0.23
0.17
0.21
0.17
0.13
0.12
0.13
0.14
0.62

Factor 3
-0.016
0.20
0.26

-0.096
0.19
0.018
0.20
0.10
0.14
0.14

-0.008
0.21
0.097

-0.026
0.13
0.29
0.44
0.31
0.021
0.81

-0.23
0.14
0.29
0.013
0.17
0.38
0.39
0.18

-0.069
0.18
0.10
0.89
0.10
0.80
0.36
0.062
0.051
0.012
0.025
0.022
0.011
0.028
0.053
0.068
0.086
0.085
0.093
0.11

-0.025

Factor 4
0.053
-0.12
0.67
0.69
0.12
0.053
0.40

-0.06
0.066
0.82

-0.14
-0.013
-0.085
0.33

-0.19
-0.085
-0.019
-0.12
-0.18
0.10

-0.19
0.017
0.057
0.17
0.071

-0.029
0.025

-0.19
0.001
0.010
0.18

-0.12
-0.012
-0.084
-0.18
0.001

-0.055
-0.041
-0.047
-0.070
-0.067
-0.041
-0.066
-0.042
-0.037
-0.053
-0.054
-0.050
-0.039

Factor 5
0.012
0.15

-0.17
0.13
0.64
0.12
0.055
0.17
0.20

-0.17
0.086
0.16

-0.017
-0.27
0.56
0.11
0.61
0.47
0.084
0.005

-0.24
0.62
0.63
0.19
0.28
0.53
0.32
0.25
0.046
0.61
0.26
0.23
0.13
0.097
0.16
0.15

-0.033
0.11
0.12
0.080
0.083
0.065
0.054
0.063
0.063
0.066
0.053
0.036

-0.23

Factor 6
0.091
0.016

-0.18
0.20

-0.12
0.092
0.178
0.12
0.080

-0.086
0.67
0.029
0.058
0.29

-0.084
-0.011
0.072
0.079
0.018

-0.064
-0.082
-0.30
-0.073
-0.36
-0.39
0.24
0.093

-0.35
0.033
0.28
0.096

-0.12
-0.062
0.22

-0.11
-0.018
0.16
0.015
0.018
0.034
0.010

-0.016
-0.001
0.00

-0.013
-0.018
-0.018
-0.012
0.18

Factor 7
-0.002
-0.032
0.058
0.049

-0.19
-0.002
-0.026
0.21

-0.038
-0.091
-0.025
0.034

-0.015
0.49

-0.095
-0.037
-0.068
0.39

-0.073
-0.27
0.74

-0.092
-0.005
-0.038
-0.080
0.12
0.33
0.089
0.027

-0.24
-0.033
-0.13
-0.043
0.21

-0.13
-0.023
0.028
0.013
0.009
0.017
0.009
0.007
0.007

-0.018
-0.031
-0.044
-0.050
-0.078
0.049
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Figure 11. Atomic number versus normalized REEs 
(the REE pattern) for samples with greater than 10 
percent apatite. See Figure 3 for zone identification 
and sample location. Y-axes are the same in all 
figures.

correlation is logarithmic and the REE are hosted 
predominantly by this component, the apatite Ce 
anomaly must be invariant. Its extrapolation to zero, 
at zero percent apatite, further gives the Ce anomaly 
for the detrital fraction, a well-documented value for 
terrigenous debris (Wedepohl, 1969-78; Piper, 1974).

These same relations are seen in the REE pat­ 
terns of the samples (figs. 11 and 12). The samples 
are divided into the ore and waste zones of the de­ 
posit (fig. 3; table 5) and then according to their con­ 
centrations of apatite, less than or greater than 10 
percent apatite. The patterns of samples with greater 
than 10 percent apatite all are similar, although sam­ 
ples from the ore zones seem to have a slight enrich­ 
ment of the heavy REE, relative to samples from the 
waste zones (fig. 11). They all have a similar, 
strongly developed Ce anomaly. The patterns of the 
samples with less than 10 percent apatite show 
somewhat different patterns (fig. 12). The samples 
with the lowest bulk concentrations, normalized val­ 
ues less than 0.5, correspond to the carbonate en­ 
riched samples. They too have strong negative Ce 
anomalies, but no consistency in a heavy REE enrich­ 
ment. The Ce anomalies become weaker as the over­ 
all concentrations increase to normalized values of 
one. These samples are composed dominantly of the 
detrital fraction. The anomalies then increase slightly 
as REE concentrations increase (normalized values 
greater than 1), owing to an increase in apatite in the 
range of 1 to 10 percent, for example, samples P-238, 
P-199, andP-44.

Pelletal apatite from the Peru shelf has a much 
lower REE concentration (La normalized =1.1) and a 
less negative Ce anomaly (approximately - 0.2). The 
presence of significant pyrite and/or glauconite in this 
material, commonly in concentric zones (Piper and 
others, 1988), may account for this difference. The 
ubiquitous association of these other two marine 
components with apatite in the modern environment 
and their intimate intergrowth, versus their seemingly 
lower abundances in fossil apatite, is a rather in­ 
triguing problem. Apatite formation in both ancient 
and modern deposits occurred in the sediment 
(Kolodny, 1981). The region of sulfate reduction in 
the sediment column, underlying the region of denit- 
rification, seldom must have extended into the sur­ 
face and near-surface sediment region of apatite pre­ 
cipitation, but only in the case of the ancient deposit. 
It would seem to follow that the chemical fronts 
within the ancient sediment column may have been

28



 8
.a a

o 
Z

0.1 -

0.01
56 60 64 68 

Atomic Number

Figure 12. Atomic number versus normalized REEs 
(the REE pattern) for samples with less than 10 per­ 
cent apatite. See Figure 3 for zone identification. Y- 
axes are the same in all figures, but are different from 
those in Figure 1 1 .

much more stable than in the sediment now accumu­ 
lating on the Peru Shelf. A high-velocity, bottom 
current on the Peru Self, at the depth of 
phosphatization (Arthur and others, 1998), is surely a 
major factor in driving temporally variable depths of 
chemical boundaries even within the sediment.

Carbonate Minerals

Calcite and dolomite are calculated assuming 
they are stoichiometric (table 3). This is suggested 
by the plot of MgO and CaO versus CO2 (fig. 13). 
However, this plot is complicated by both CaO and 
MgO being present in the detrital fraction (table 3)

60

Figure 13. Relation between CO2 and (a) CaO and 
(b) MgO. Labeled curves represent stoichiometric 
components (table 3).

and CaO being present mostly in the apatite compo­ 
nent (fig. 10). Even so, the correlation between car­ 
bon measured and carbon calculated (fig. 4), where 
dolomite and calcite represent the dominant hosts of 
carbon, supports the assumption of a stoichiometric 
composition for both. Both are present in this section 
of the Phosphoria Formation, with dolomite dominant 
in almost all samples (table 5).
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Table 9. Concentrations of trace elements in deep-ocean seawater (in ppb)( Boyle and others, 1976, 1977; Bruland, 
1983; de Baar and others, 1985), marine plankton (in ppm) (Martin and Knauer, 1973; Elderfield and others, 1981; 
Brumsack, 1983; Collier, 1984, 1985; Palmer, 1985), and mass weight ratios with phosphorus.

Element

f* JCd    
Co    
Cr   
Cu   
Mo  
Ni   
Cp

U    -
y _______
Zn  -
La  -
Ce  -
Nd  -

Seawater 
Content

0.10 
0.0012 
0.22 
0.18 

10.60 
0.59 
0.13 
3.00
1.80
0.52
0.0052

8 -Seawater Organic-Matter Element:? Ratio Biogenic Carbo- 
Weight Ratio Content Organic Matter nate Content

1.3 x 

0.95
1.1 X

5.3 x 
1.5 x

1.1 x
6.1 x

10-3

xlO-3 
10-3

10-3 
lO-3

10-3

ID'3

12
<1
2.0 

11 
2 
7.5 
3.0 
K?)
3.0

110

1.2x10-3

0.26 x lO-3 

1.4x10-3 0.50 
0.26x10-3 
1.0x10-3 

0.40x10-3

0.40x10-3
14.00x10-3

0.185
0.133
0.162

Biogenic Sil­ 
ica Content

7

7
5.8
8.2
6.7

The trace element content of these two compo­ 
nents is quite low (tables 7 and 8), a probable 
reflection of the very low concentration of trace 
elements in marine calcite (table 9). Nonetheless, the 
samples with little or no apatite that have strong Ce 
anomalies (fig. 10) tend to have high concentrations 
of dolomite and calcite (fig. 14); a reflection of the 
seawater anomaly (Piper, 1974), the negative Ce

+ calcitecite

false cap

-1.2

20 40 
Dolomite

10060 80 
Calcite (%)

Figure 14. Relation between carbonates   calcite 
plus dolomite   and the Ce anomaly. See Figure 9 for 
identification of symbols. Marine calcite value is 
from Palmer (1985).

anomaly of marine calcite, but a low overall concen­ 
tration of REEs (Palmer, 1985). Except for the "false 
cap" (table 5), the carbonate versus Ce anomaly rela­ 
tion is smooth, only slightly more negative than the

Ce anomaly of modern marine calcite. The seem­ 
ingly unusually strongly negative Ce anomaly for the 
"false cap" is attributed to its relatively high 
concentration of apatite (table 5). For the other 
carbonate-enriched units, precipitation within the 
sediment pore water of dolomite and the limestone 
concretion does not seem to have altered significantly 
the REE pattern or concentrations of REEs present in 
the original accumulating carbonate phases.

This distribution of the Ce anomalies (fig. 14) 
suggests that the occurrences of apatite and dolomite 
(and/or calcite) are essentially mutually exclusive.

0 10 20 30 40 50

C02 (%)

Figure 15. Relation between COj (i.e., carbonate 
minerals) and organic matter. The relation shows 
two distinct populations, suggesting the two compo­ 
nents are virtually mutually exclusive.
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Figure 16. Relation between trace elements and organic matter. Broken lines are least-square, best-fit curves and 
include all data, except in the case of U, for which only the waste samples are included. Solid curves give the 
metal:organic-matter ratio for plankton (table 9).
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This interpretation is supported by the relation 
between CO2 and CaO (fig. 13a). The relation 
between CO2, or carbonate minerals, and organic 
matter further exhibits a mutually exclusive 
distribution (fig. 15). The samples are distributed 
between two distinct populations, rather than merely 
showing a negative correlation.

Organic Matter

The proportionality constant used to convert or­ 
ganic carbon to organic matter of 1.4 (table 3) has 
been taken from Powell and others (1975). Other 
values are published in the literature, for example, by 
Isaacs (1980), but the value from Powell and others 
(1975) was used by Medrano and Piper (1995) and 
gave excellent closure for the sum of the major 
components to 100 percent for all sites studied. 
Again, the plot of the two carbon values (fig. 4) 
supports this value of 1.4 for the Enoch Valley 
samples as well as for the other five sites examined 
by Medrano and Piper (1995).

Factor analysis (table 8) shows a strong loading 
on factor five of trace elements Ag, Cr, Cu, Mo, Se 
and, less so, Ni and As the factor with the strongest 
loading for organic matter. Organic matter has only a 
slightly less strong loading on factor one, as do Cu 
and Cr, the factor which might be called the apatite 
factor. However, the grouping of the trace elements 
and sulfur on factor five as well suggests an 
association predominantly with organic matter. Con­ 
versely, the near absence of REE, Y, and Sr loadings 
on factor five, but strongly on factor one, supports 
their association with apatite, an association reported 
by others (Wright and others, 1987).

These relations demonstrate the strength of factor 
analysis over the calculation of simple linear correla­ 
tion coefficients. The rather strong positive relation 
between the 3-f-valence REEs (all REEs except Ce) 
with organic matter, that is, organic carbon (table 7), 
suggests, at first, that the REEs might be associated 
with this component as well as with apatite. Clearly, 
this is not the case. Those correlation merely reflect 
the correlation between P2O5 and organic carbon and 
the loading of apatite and less so organic matter on 
factor one, along with those of the REEs (table 8). 
The near total absence of REE loadings on factor five 
would seem to preclude any association between them 
and organic matter.

The plot of trace elements versus organic matter 
requires a strong trace-element enrichment in the re­ 
sidual organic matter, over their concentrations in the

original organic matter, shown by Piper (1994) and 
Piper and Medrano (1994) to have been approximately 
equal to that of modern planktonic debris (table 9; fig. 
16). If, indeed, these elements had a biogenic source, 
as discussed below, then much of the organic carbon 
must have been lost, probably during early 
diagenesis. The relations emphasize the contrast 
between the original composition of the planktonic 
source material of trace elements and the composition 
of the current residual organic-matter host, 
particularly for Ag, Cd, Cu, Mo, Ni, and Zn.

A I203 (%)

Figure 17. Relation between A12O3 and the deficit of 
the sum of elements and oxides, except SiO2 but 
including H2O's (P-series, Meade Peak Member), i.e., 
the best estimate of total SiO2 itself; and relation 
between Al2Os and SiO2 measured in the E-series 
(table 2). The curve labeled Phosphoria Fm. is from 
Medrano and Piper (1995). The broken curves are 
least-square, best-fit curves to the two series of 
samples. The data show rather close agreement 
suggesting the two series of samples indeed represent 
a single population.

Biogenic Silica

Total silica was not measured in the P-series of 
samples, precluding a direct calculation of biogenic 
silica. However, biogenic silica can be estimated 
from the deficit of the analyses (table 5). The estimate 
can then be compared to the silica values measured for 
the E-series of samples, for which A12O3 and SiO2 
measurements are available (table 2b). The relation 
between Al2Os and SiO2, measured and estimated for 
these two groups of samples, is similar (fig. 17). 
Also, the minimum for the P-series of samples ap­ 
proaches the Al2O3iSiO2 ratio of the detrital fraction 
measured for other sites (Medrano and Piper, 1995).
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The trace-element content of biogenic silica is 
likely small (Martin and Knauer, 1973), similar to 
that of CaCO3 (table 9), although Elderfield and 
others (1981) measured a La value of 5.8 ppm and Ce 
anomaly of - 0.2 in a single sample of marine plank- 
tonic silica.

Miscellaneous

Thin-section analyses of several samples reveal 
the presence of pyrite. I have also identified spha­ 
lerite under the scanning electron microscope. 
Unfortunately, it has proven impossible to calculate 
normative abundances of either. In the case of pyrite, 
an estimate of excess Fe2C>3, i.e., in excess of the 
possibly maximum detrital contribution, can be ob­ 
tained from a minimum for A12O3 versus Fe2C>3 (fig. 
7b). Comparison of the "excess" iron values with 
sulfur fails to show any relation with the stoichiome- 
try of pyrite (fig. 18). Thus, no attempt has been 
made to ascertain the trace-element composition of 
pyrite, although we might assume that its trace-ele­ 
ment contribution to the total sample inventory is 
small; pyrite appears to constitute less than about 1 
percent of the total sample.

3

2.5

1.5

0.5

pyrite

Fe O Excess (%)
2 j

Figure 18. Relation between Fe2C>3 in excess of a 
minimum for the Fe2C>3 versus A12O3 curve (fig. 6b) 
and total S. The curve represents the relation in FeS2-

Summary

The overall calculations of the abundance of 
components were checked by the approach of their 
sum to 100 percent (table 5), despite exclusion of 
biogenic silica in the calculation. The sum exceeds 
100 percent by more than 5 percent in only 2 sam­ 
ples. In both cases the samples are dominated by 
dolomite, suggesting that the MgO measurement by
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Figure 19. Relation between detritus and selected 
REE.
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ICP-AES is slightly high. However, agreement of 
the values for carbon calculated and carbon measured, 
as discussed above, limits the uncertainty of that 
measurement. The close approach to 100 percent 
requires the absence of biogenic silica (opal-CT) in a 
few of the samples, but more importantly, it supports 
the overall calculations of the abundances of 
components throughout the stratigraphic section.

Calculation of the marine fraction of trace ele­ 
ments from minima of the trace-element versus de­ 
tritus plots can be expressed by the following simple 
formula:

(1) C = A - B x (terrigenous fraction),

where A = total trace-element content of a sample 
(table 4), B = trace-element content of terrigenous 
material (table 6), and C = marine-derived, trace-ele­ 
ment content in each sample. Correlations between 
bulk trace-element concentrations and the major com­ 
ponents provide a check on the calculations of the 
marine fraction of trace elements. For example, Th 
correlates strongly with the detrital fraction; the heavy 
metals correlate strongly with organic matter and an 
undefined component (factor 3 in table 8), and the 
REEs, except for Ce, correlate with apatite. These 
same associations have been reported in earlier studies 
(Altschuler and others, 1967; Nissenbaum and 
Swaine, 1976; Wright and others, 1987). Because of 
the small contribution of the detrital fraction to the 
bulk concentration of most trace elements, any error 
in estimating the detrital composition of trace ele­ 
ments will little effect the calculation of trace-element 
concentrations in the marine fraction and the 
conclusions based on the distribution of trace ele­ 
ments in the marine fraction alone.

The REE content of the detrital fraction was 
suggested to be similar to that of the WSA (Piper, 
1974), based on the close approach of the REE pat­ 
terns to that of shale, for those samples composed 
dominantly of a detrital fraction (fig. 12). This rela­ 
tion can also be seen in the plots of the detrital frac­ 
tion versus individual REE, for which the lowest 
measured values lie close to the relation for WSA 
(fig. 19). The interpretation that the detrital fraction 
has REE concentrations similar to those of WSA is 
further supported by the extrapolation of the apatite 
versus Ce anomaly curve to zero (fig. 10), by defini­ 
tion the anomaly of WSA, and the correlation be­ 
tween Ce and the detrital fraction, a relation that ap­ 
proximately parallels the relation of WSA (fig. 19b).

HOST PHASES OF TRACE ELE­ 
MENTS: PARTITIONING, WEATH­ 
ERING, AND STRATIGRAPHIC 
DISTRIBUTION

Partitioning of trace elements between their cur­ 
rent host components contributes to an estimate of 
the behavior of trace elements under conditions of 
weathering. The detrital fraction of trace elements has 
been shown above to be similar to that of the WSA. 
It is both source and host of several trace elements, as 
well as host of the major-element oxides. Although it 
is a minor host for most heavy metals and REE, it is 
a major host for Ba, Sc, Th, and possibly Ce, Ni 
(table 8), and Co (Medrano and Piper, 1995). These 
correlations and the approach of most to their relation 
in WSA further suggest that this sediment fraction 
has been largely non-reactive throughout its history.

The marine fractions of Ag, Cr, Cu, Mo, Se, 
and, less so, several other trace elements correlate 
with the organic-matter content (tables 7 and 8). 
Partitioning of trace elements into organic matter was 
reported by Leventhal (1989), Odermatt and Curiale 
(1991), and Piper and Isaacs (1995) for the Monterey 
Formation; by Swanson (1961) for Paleozoic organic- 
matter-enriched shales; and by Nissenbaum and 
Swaine (1976) for modern marine sediment. Lewan 
(1984), Moldowan and others (1986), and Odermatt 
and Curiale (1991) further examined the fractionation 
of metals between various phases of organic matter. 
For example, Lewan (1984) interpreted the V/(Ni+V) 
ratio in crude oils to reflect the Eh, pH, and sulfide 
activity of the depositional environment.

The REE and U are partitioned mostly into 
apatite (tables 6 and 8), similar to their partitioning 
in other phosphate deposits (Wright and others, 1987; 
Piper, 1991). Additional marine host phases might 
include glauconite and metal sulfides (Glenn and 
Arthur, 1988; Piper and others, 1988), predominantly 
iron sulfides. Pyrite is present in many sections of 
the Phosphoria Formation (Sheldon, 1963), but 
apparently only in minor amounts in Enoch Valley 
rocks (fig. 18). I have also detected trace amounts of 
sphalerite by microprobe in rocks from other sec­ 
tions.

The carbonate minerals host a minor fraction of 
trace elements (tables 8, and 9).

Partitioning of trace elements into marine host 
phases and, particularly, into organic matter occurs 
during diagenesis and, possibly, during later alteration 
of the originally deposited marine phases. Trace
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elements commonly are enriched by more than 10- 
fold in the residual organic fraction over their con­ 
centrations in modern planktonic debris. As a result, 
the slopes of the trace-element/organic-matter curves 
(fig. 16) are unrelated to the composition of modern 
marine planktonic organic matter, a relation similar 
to that observed for other deposits (Calvert and Price, 
1983; Piper, 1991; Piper and Isaacs, 1995). Yet, the 
trace-element/organic-matter relations probably did 
not change drastically during settling through the 
water column. Fisher and Wente (1993, p. 671) 
concluded from a study of paniculate organic matter 
in the modern ocean that Am, Ag, and Sn are:

"* * * retained sufficiently long, even by decom­ 
posing cells, to suggest that phytoplankton 
sinking as aggregates at rates of 100 m per day 
would effectively transport these metals 
hundreds of meters out of oceanic surface 
waters."

We might conclude from this finding that the current 
high trace-element content of sedimentary organic 
matter reflects uptake of trace elements by the residual 
organic phase. This interpretation parallels that 
advanced to explain the relation between C and S in 
organic matter of modern sediment (Mossmann and 
others, 1991). Also, apatite, which clearly 
precipitates within the upper few centimeters of the 
sediment (Kolodny, 1981; Burnett and others, 1988), 
must acquire its trace-element signal and, particularly, 
its REE signal from sediment pore water. Thus, the 
partitioning of trace elements among the different 
marine host phases of sediment (residual organic 
matter, apatite, and so on) reflects pore-water condi­ 
tions, that is, diagenetic conditions.

In the case of organic matter, depth profiles of 
organic carbon in modern sedimentary environments 
(Douglas and others, 1986; Froelich and others, 1988; 
Calvert, 1990), which have organic-matter contents 
similar to that of the Phosphoria Formation, strongly 
suggest that much organic matter is lost during early 
diagenesis as HCC>3 , rather than that trace elements 
are gained. Sediment-trap studies of pelagic envi­ 
ronments further support the loss of organic matter 
during early diagenesis (Fischer and others, 1986; 
Baldwin and others, 1998). Settling paniculate mat­ 
ter collected at greater than 3,000 m depth in the pe­ 
lagic environment can have an organic-matter content 
approximately five times that of its detrital content, 
whereas surface sediment at the same sites has ap­ 
proximately 50-fold more detritus than organic

matter. As much as 95 percent of the organic matter 
that rains out of the water column is thus, oxidized at 
and near the very surface. Ocean-margin areas have an 
even larger flux of organic matter to the sea floor 
owing to (1) a shallower sea floor (Suess, 1980; 
Sarnthein and others, 1988), (2) a higher primary 
productivity (Berger and others, 1988; Pedersen and 
Calvert, 1990), and (3) a positive relation between the 
relative rain rate of organic matter and primary 
productivity (Baines and others, 1994).

In oxic (Fischer and others, 1986) and mildly C>2- 
depleted environments (Shaw and others, 1990), a 
large fraction of associated trace elements is also lost. 
The content of trace elements in the Phosphoria For­ 
mation suggests that this may not have been the case 
for this deposit, as discussed below. However, here I 
am concerned with the trace-element composition of 
host components, not with the original source of 
trace elements and how well that source signal might 
have been retained in the rocks since their deposition.

If we can assume that the trace elements hosted 
by the different components (table 8) behave some­ 
what similar to the hosting components themselves, 
then we can estimate an order of reactivity of the trace 
elements under conditions of oxic weathering. This 
environment, which is far different from the O2- 
depleted environment of deposition (discussed below), 
should largely account for the release of trace 
elements to solution. Clay ton and King (1987), 
Clayton and Swetland (1978), and Littke and others 
(1991) have established an approximate order of 
weathering of host mineral components in shale 
formations of similar high organic-matter contents. 
The order of instability under conditions of subaerial 
weathering is roughly as follows:

pyrite > organic matter > carbonates > apatite > 
chert > terrigenous debris.

I have estimated the positions of apatite and chert. 
Chert is likely a minor host of trace elements relative 
to other host phases (table 8 and 9), but perhaps more 
important than the carbonates. In positioning apatite, 
I have taken the constancy of its REE content (fig. 
10; Piper and Medrano, 1995, fig. 7) to suggest that 
it is relatively non-reactive during weathering, 
slightly less so than chert and the detrital fraction 
(Littke and others, 1991).

Combining the order of weathering with the 
partitioning of trace elements (table 8) gives an order 
of release to ground water approximately as follows:
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Cr = Cu = Mo = Se > As » U = REE » Ba > 
Co > Th = Sc.

The behavior of any element once released to ground 
water, of course, will be influenced by its 
thermodynamic properties. Most of the trace ele­ 
ments are much more soluble under oxidizing than 
reducing conditions (table 10, p. 50) and should be 
held in solution once their host phase(s) is dissolved. 
They will remain in solution until they again have 
the opportunity to enter the food chain (Presser and 
Piper, 1998), accumulate in some (^-depleted 
environment, or both.

Cd, V, and Zn are not included in the above se­ 
quence, as their host phase has not been identified. If 
ion-microprobe analysis, or some sequential leaching 
technique, determines that they are hosted largely by a 
sulfide phase, then they could be the most reactive of 
the elements examined here. Measurements of V in 
surface outcrop and in buried (40 ft) sections gave 
similar concentrations, which suggests that that will 
not be the case, at least for V (McKelvey and others, 
1986). Also, Co is included, although it correlates 
with none of the major components at this site. At 
other sites, it correlates with the detrital fraction and 
has a concentration close to that of WSA (Medrano 
and Piper, 1995).

Several of the trace elements that have their 
strongest loadings on factors identified by one of the 
major components, nonetheless, also have significant 
loadings on Factor 3, the factor with Cd, V, and Zn. 
These include Ag, As, Cu, Mo, Ni, and U. The re­ 
sults of Desborough and others (1999) suggest that 
this second host component is pyrite. Clearly, its 
content and composition need to be ascertain.

The stratigraphic distributions of trace elements 
might also contribute to their introduction into 
ground water. Although As, Cu, and Se are enriched 
in the lower ore, they also achieve high concentra­ 
tions in the middle waste and Cr is most enriched in 
the middle waste (fig. 20). Thus, As, Cr, Cu, and Se 
present perhaps the greatest impact to the environ­ 
ment, via transport by ground water flowing through 
mine tailings and unroofed, but unmined ore. Se rep­ 
resents perhaps the most severe problem, because of 
its biological uptake (USDOI, 1998). It is strongly 
bioreactive (Presser, 1994); has a very narrow range 
between the concentration at which it is an essential 
nutrient and the concentration at which it becomes a 
toxic nuisance (Presser and Piper, 1998); and is pro­ 
gressively enriched in the higher trophic levels 
(Presser and others, 1994). Its impact within other

environments, for example, the San Joaquin Valley in 
California, where it is derived from similar rocks, 
albeit with lower Se concentrations (Piper and Isaacs, 
1995), has been well documented (Presser and Ohlen- 
dorf, 1987; Skorupa, 1998). Certainly, other proper­ 
ties of Se and the other trace elements, such as their 
load and speciation in solution and the different levels 
of toxicity for various biota, will further determine 
their behavior in and impact upon the environment. 
Although the distribution of Se in this formation, its 
probable high degree of mobility under weathering 
conditions (Presser, 1994; Desborough and others, 
1999), and its tendency to concentrate in biota ac­ 
count for the current attention on this element, we 
should not lose sight of the possibility that other 
trace elements strongly enriched in and weathered 
from the Phosphoria Formation, for example Cd, also 
may have a significant environmental impact.

SOURCE OF TRACE ELEMENTS: 
CHEMISTRY OF THE 
DEPOSITIONAL ENVIRONMENT

The sources of trace elements in this sedimentary 
deposit are the terrigenous and marine environments. 
The terrigenous-derived debris is represented by the 
detrital fraction. The seawater-derived marine fraction 
can be divided into a biogenic fraction derived from 
surface water and a hydrogenous fraction derived from 
bottom water. Two different approaches can be used 
to examine the contributions of trace elements by 
these multiple sources, despite complications intro­ 
duced by the reactivity of the marine fraction during 
diagenesis. Both schemes assume that the composi­ 
tion of the detrital fraction was similar to that of 
WSA (table 6), that the composition of deposited 
organic matter was the same as that of modern plank­ 
ton (table 9), and that the elemental content in excess 
of that contributed by these two sources can be attrib­ 
uted to a hydrogenous source.

The first approach computes the rate of accumu­ 
lation of each element in the two marine fractions 
from the rate of accumulation of bulk sediment. By 
assuming a trace-element stoichiometry for Permian 
organic matter based on the trace-element content of 
modern plankton, similar to assuming a WSA com­ 
position for the detrital fraction, the rate of accumu­ 
lation of organic matter required to supply each trace 
element to the sea floor can be calculated. These val­ 
ues are compared with the rate of accumulation of 
organic matter on the sea floor of different environ­ 
ments in the modern ocean. Those elements that give
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disproportionately higher rates of accumulation than 
can be attributed to the flux of organic matter alone 
are then interpreted to have accumulated directly from 
seawater as a hydrogenous fraction, in addition to 
having accumulated as a biogenic fraction and a detri- 
tal fraction. That is, trace elements can have three 
sources (1) a detrital, or terrigenous, source, (2) a 
marine organic, largely planktonic, source, and (3) a 
bottom-water, inorganic source.

The sediment accumulation rate in the Permian 
Formation (Piper and Medrano, 1995) is reported only 
as an average for the formation as a whole (Murchey 
and Jones, 1992) and imposes considerable limits on 
this first approach. However, the averages of 
accumulation rates of the marine-derived fraction of 
trace elements for the range of concentrations 
measured in these samples agree closely to accumu­ 
lation rates expected for the Phosphoria Basin, based 
on geochemical conditions in what are considered to 
be similar environments of the modern ocean; for 
example, the ocean margins. The accumulation rate 
of the detrital fraction, by contrast, is far different 
from what might have been expected.

The second approach compares interelement ra­ 
tios of trace elements in the marine fraction of the 
rocks with their ratios in modern plankton and sea- 
water. From x-y plots, trace-element:trace-element 
ratios identify those elements that are enriched above 
a biogenic contribution. This procedure, which can 
be used in the absence of information about sediment- 
accumulation rates, points up the desirability of a 
master variable, or a single element, that defines the 
marine organic-matter source, just as A12O3 defines 
the terrigenous source. In this discussion, we con­ 
sider both Cu and Zn as master variables for the ma­ 
rine biogenic fraction.

Terrigenous Source

Ratios of major-element oxides to detritus indi­ 
cate that the detrital fraction had a terrigenous source, 
as opposed to a marine volcaniclastic source. Plots 
of Al2C>3 versus K^O and Fe2O3 (fig. 7) and versus 
several trace elements (figs. 8, 9, and 19) fall along 
single trends that extrapolate to zero and have slopes 
approaching those for WSA, or exhibit strong 
minima. Thus, this fraction is a source phase, as 
well as a current host phase for these major-element 
oxides and trace elements. For the trace elements that 
do not correlate with detritus, their bulk content in 
most samples is large relative to the contribution by 
the detrital fraction, as determined from the detritus

content of each sample and minima of detritus versus 
trace-element curves (fig. 9).

The trace elements that do not correlate with the 
detrital fraction itself (e.g., Cd, Cu, Cr), nonetheless, 
exhibit minima in minor-element versus detrital-frac- 
tion plots that are similar to their relations in WSA, 
that is, the curves extrapolate to the WSA values at 
100 percent detrital fraction. However, it would be a 
mistake to assume that is the case for other sedimen­ 
tary formations. Variations in the sedimentary rocks 
analyzed to obtain the WSA composition, or the 
composition of other standards (Wedepohl, 1969-78; 
Gromet and others, 1984) demonstrate that such an 
assumption is merely a first step in determining the 
composition of the detrital fraction of the sediment.

We can now estimate the rate of accumulation of 
this fraction. The length of time of deposition for the 
Meade Peak Member of the Phosphoria Formation 
was approximately 7.2 my. (Murchey and Jones, 
1992). Making a best estimate for the amount of the 
detrital faction in this section of the Phosphoria For­ 
mation (table 5), I obtain an average accumulation 
rate of approximately 0.64 mg detritus/cm2 per year. 
This rate is comparable to its rate of accumulation in 
the central Pacific Ocean today. It seems quite 
unlikely that the narrow shelf environments in the 
ocean today, commonly bordered by continental land 
masses of high relief, have comparable accumulation 
rates of terrigenous material. For example, in the 
Gulf of California, the rain rate into the Guaymas 
Basin is almost an order of magnitude higher 
(Thunell, 1998).

Marine Source

The original marine source phases of trace ele­ 
ments are (1) biogenic debris (organic matter, opal-A, 
and CaCC>3) and (2) hydrogenous material (trace- 
element precipitates and adsorbed phases, mostly from 
bottom water). Although several of these com­ 
ponents may now also act as trace-element hosts, the 
initial trace-element composition of each of the two 
marine sources must be distinguished from that of the 
host phases if the seawater environment of deposition 
is to be deciphered.

Biogenic Source

The biogenic contribution of trace elements is de­ 
termined prior to determining a possible hydrogenous 
contribution; then, the residual trace-element content 
is assigned to the hydrogenous source. The trace- 
element content of plankton, that is, the trace-element
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stoichiometry of planktonic debris in the ocean today, 
varies considerably (Martin and Knauer, 1973; Eisler, 
1981; Collier and Edmond, 1984), due to such natural 
factors as variations among species, location, growth 
rates, and seawater pH (Eisler, 1981). The care with
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Figure 21. Relations between Cu and Cd, Ni, and Zn 
in plankton and seawater suspended phases (table 9). 
Broken curves are estimates of the average plankton 
value (Brumsack, 1983). The A-seawater values are 
calculated from the differences between concentrations 
of trace elements in the photic zone of the ocean and 
at an ocean depth of 500 to 2000 m.

which the samples used here to calculate a best 
estimate were collected and analyzed by Martin and 
Knauer, (1973), Collier and Edmond (1984), and 
Sherrell (1989) requires that the reported variations in 
the composition of plankton (fig. 21) are due to 
natural factors, rather than artifacts of sampling and 
analysis. The results indicate that we can not expect 
to obtain a single value for any trace-element content 
in samples of plankton. We might add that significant 
variations also are reported for the NC>3~ and PC>43~ 
contents in plankton (Sverdrup and others, 1942; 
Collier and Edmond, 1984; Copin-Montegut and 
Copin-Montegurt, 1983), although certainly not as 
great as the variation of the trace elements (fig. 21). 
These ions constitute the major nutrients (Redfield 
and others, 1963), whose functions in plankton 
growth are well established. Given these variations, 
we chose to use the estimates of Brumsack (1986) 
rather than introduce a new set of values.

The magnitude of trace-element variations in 
plankton (fig. 21) can easily discourage further con­ 
sideration of the data and their application to geo- 
chemical investigations of sedimentary rocks. How­ 
ever, two important aspects of the marine environ­ 
ment require examination of the contribution of or­ 
ganic debris to the accumulation of trace elements. 
First, rates of primary productivity throughout the 
ocean margin are relatively high (Berger and others, 
1988), resulting in a large flux of organic matter to 
the sea floor (Calvert, 1990; Pedersen and Calvert, 
1990; Baines and others, 1994). Second, a significant 
amount of the organic matter produced in the photic 
zone accumulates on the sea floor of ocean margins, 
owing to shallow water depths (Suess, 1980; Reimers 
and Suess, 1983). Thus, this fraction of sediment on 
ocean margins should represent a major sink for many 
trace elements in the oceans today (Collier and 
Edmond, 1984) and in ancient oceans as well.

The distributions of Cd, Cu, Cr, Ni, V, and Zn 
in the water column (fig. 22), relative to those of 
PO43", NO3", and Si(OH)4, reflect the importance, if 
not predominance, of plankton (that is, organic 
detritus) as a carrier of many metals from the photic 
zone to the sea floor. More importantly, the 
distributions of these elements provide a critical 
evaluation of the measured trace-element composition 
of plankton. NC>3~ and PC>43~ are the limiting 
nutrients to phytoplankton productivity in the photic 
zone of the ocean today (Sverdrup and others, 1942; 
Broecker and Peng, 1982; Codispoti, 1989),
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although Si(OH>4 as well may be a limiting nutrient 
in some ocean-margin areas (Dugdale and Goering, 
1970; Nelson and others, 1981). Iron also has been 
shown to limit primary productivity in selected areas 
of the ocean (Martin and Gordon, 1988; Coale and 
others, 1998). NO3~ and PO43- (and Fe and Si(OH)4) 
are extracted from seawater in the photic zone during 
photosynthesis and returned to the ocean at depth by 
bacterial respiration. Only a small portion of the 
initial paniculate form survives to the deep-ocean sea 
floor. As a result of their cycling through the water 
column, the NO3~ and PO43~ concentrations in surface 
water are relatively low and even approach zero; their 
concentrations increase sharply below the photic zone 
to the thermocline and then remain relatively constant 
below approximately 500-m depth.

Many trace elements show a similar depth profile 
(fig. 22) and must, therefore, have a similar history. 
The variation in Cd content with depth parallels that 
of PO43~ concentration (Boyle and others, 1976), 
more so than those of the other trace elements. Zn- 
and Ni-depth profiles resemble that of Si(OH)4 (Scla- 
ter and others, 1976; Bruland, 1983). For Zn, the Zn- 
Si(OH)4 relation in seawater (Broecker and Peng, 
1982) corresponds to a Zn content in opal of 
approximately 60 ppm. However, the measured Zn

content of opal averages only 5 to 10 ppm (Martin 
and Knauer, 1973), much less than its bulk content in 
plankton of 110 ppm (table 9). Thus, the high Zn 
content in plankton (Collier and Edmond, 1984) and 
its much lower measured content in the siliceous 
fraction of plankton (Martin and Knauer, 1973) in­ 
dicate that Zn and probably Ni as well are associated 
predominantly with the soft parts of organisms, 
similar to Cd.

The depth profiles of these trace elements in 
seawater, relative to that of PC>43~, can be used to 
evaluate their measured contents in plankton (table 9). 
The NO3':PO43" ratio, or 6-seawater [NO3-],

(2)
NO3~(deep ocean) - NO3"(photic zone) 
                ,

PO43~(deep ocean) - PO43~(photic zone)

based on the chemical profiles of these two ions in 
seawater (fig. 22), equals the average N:P atomic ratio 
of plankton of 15:1 (table 9). This agreement 
indicates that metabolic and advective processes 
dominate their distributions in the deep ocean. If this 
relation is also true for trace elements, 8-seawater 
values should equal the metal :P ratios in plankton as 
well. Although the two values for Cd closely 
approach each other, the 8-seawater values for Cr,
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Ni, Se, and V are slightly higher, and for Zn lower, 
than the mean element:? ratios in plankton. The 
8-seawater value for Cu also resembles the Cu:P 
ratio in plankton, although it is 2.5 times higher than 
the ratio in plankton when the Cu concentration in 
bottom water (fig. 22) is used in the calculation, 
rather than the Cu concentration at 2,000-m depth 
(table 9).

Boyle and others (1977) explain the distribution 
of Cu in the deep ocean by a combination of biologic 
and nonbiologic processes; the nonbiologic processes 
involve scavenging of Cu throughout the water 
column by settling particles and recycling of Cu into 
bottom water from oxic pelagic sediment. These and 
other nonmetabolic processes might also explain the 
high 8-seawater values for Cr, Ni, Se, and V, but 
their marine chemistry has not been examined as thor­ 
oughly as that of Cu. Nonetheless, the similarities 
of the seawater depth profiles of many metals to those 
of NO3-, PO43-, and Si(OH)4, and the fact that their 
A-seawater values are within a factor of 3 to 4 of the 
average compositional ratios in plankton (fig. 21; 
table 9), suggest that the elemental composition of 
plankton approximates the average composition of 
marine organic detritus settling into the deep ocean. 
Owing to the coarseness of our sampling of the Phos- 
phoria Formation, as discussed below, only the aver­ 
age trace-element values of plankton are likely ger­ 
mane to our study, and these should be the values 
best given by seawater profiles. As noted earlier, Ni 
seems to be the exception (table 9).

Nonbiologic processes, which likely influence 
the distributions of many metals in the deep ocean, 
might contribute much less to metal distributions in 
the shallower continental shelf and slope environ­ 
ments. This reduced influence is suggested by the Cu 
distribution. Its 8-seawater value, based only on the 
uppermost 2,000 m of seawater (1.1 x 10"3), is very 
close to the Cu:P ratio in plankton (1.4 x 10"3). The 
8 seawater value based on the very bottom water is 
3.5 x 10-3 .

The distributions of Mo, U, and REE in seawater 
are little influenced by the biologic cycle. Mo and U 
concentrations are constant with depth (Broecker and 
Peng, 1982; Collier, 1985; Emerson and Huested, 
1991). Mo is mildly bioreactive (table 9), but its up­ 
take by plankton in the photic zone and the reminer- 
alization of planktonic debris at depth by bacteria are 
simply insufficient to measurably affect the vertical 
distribution of Mo in the water column (fig. 22). The

content of Mo in plankton is estimated at about 2 
ppm, but the Mo concentration in seawater is 10 ppb 
(table 9). As a result, oxidation of organic matter at 
depth increases the Mo concentration above its sur­ 
face-water value by less than 2 percent, somewhat 
less than the precision of the analyses (Collier, 
1985). This result is analogous to our inability to de­ 
tect the change in Ca2+ concentration (Broecker and 
Peng, 1982), forced by phytoplankton precipitation of 
CaCC>3 in the photic zone, for example, by cocco- 
lithophorids, and dissolution at depth.

U too is apparently non-bioreactive. Similar to 
Mo, it is conservative in seawater, but it could like­ 
wise have a concentration in plankton of up to 1 ppm 
that would be undetected from seawater profiles alone. 
The REE concentrations in seawater increase with 
depth and are relatively high in handpicked diatom 
tests (Elderfield and others, 1981). However, their 
seawater profiles can be explained largely in terms of 
nonbiologic processes (de Baar and others, 1985; 
Sholkovitz and others, 1994). Although such an 
explanation suggests that the REE contents are very 
low in silica, possibly similar to their contents in 
biogenic calcite (Palmer, 1985), the elevated values of 
even single analyses suggest nonetheless that the 
REEs are bioreactive at an as yet undetermined level.

We present the trace-element contents of plank­ 
ton below as single, well-defined values that we con­ 
sider to be the best averages, as suggested by Brum- 
sack (1986). However, they certainly are not well 
defined nor likely to be single values. Nonetheless, 
the successful application of this approach to ancient 
rocks (Piper, 1991; Piper and Isaacs, 1995, 1996) 
lends support to the values recommended by Brum- 
sack (1986).

The sampling scheme alone should average out 
large short-term excursions from the assumed values. 
The samples that were ground were approximately 2 
to 3 cm cubes. At the accumulation rate of the 
Phosphoria Formation of 1.6 mg/cm2 per year, a 
sample with this thickness represents approximately 
2500 years of history.

Before considering the trace elements, we cal­ 
culate the accumulation rate of PC>43 ~ in the Phospho­ 
ria Formation, relative to the current extraction via 
photosynthesis of PC>43 ~ from the photic zone of the 
ocean. The duration of deposition for the Meade Peak 
Phosphatic Shale Member of the Phosphoria 
Formation (fig. 3), based on the conodont and 
brachiopod zones of Wardlaw and Collinson (1986)
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and the time scale of Harland and others (1990), was 
approximately 7.2 my. The amount of ?2O5 in the 
Meade Peak Member, at Enoch Valley, is estimated at 
1370 gr ?2O5 per cm2 (table 5), giving a mean 
accumulation rate for ?2O5 of 0.19 mg/cm2 per year. 
Assuming a composition for settling organic matter 
which equaled that of modern plankton, the rate of 
accumulation of organic matter necessary to deliver 
?2O5 to the Phosphoria Sea floor would have been 
approximately 8 to 11 mg/cm2 per year.

We can compare this accumulation rate with that 
for organic matter on the Peru Shelf, an environment 
often invoked as the modern analog to the Phosphoria 
Basin, owing to a sediment composition (Burnett and 
Froelich, 1988) similar to that of the Meade Peak 
Phosphatic Shale Member (McKelvey and others, 
1959). Primary productivity of organic matter on this 
shelf is approximately 200 mg/cm2 per year (Chavez 
and Barber, 1987), perhaps the highest rate of any 
region in the oceans today (Berger and others, 1988). 
Of this amount, approximately 15 to 45 percent set­ 
tles out of the photic zone (Dugdale and Goering, 
1970; Von Bockel, 1981). This amount greatly ex­ 
ceeds the required value for the Phosphoria Formation 
of 8 to 11 mg/cm2 per year, suggesting that primary 
productivity in the Phosphoria Basin may have been 
significantly lower. Within the California Current, 
primary productivity averages approximately 75 mg 
organic matter/cm2 per year (Eppley and others, 
1986). Although its survival to approximately 4000- 
m depth is only about one to two percent (Baldwin 
and others, 1998), a great deal more, in the range of 
10 to 20 percent, can be expected to survive to a few 
hundred meters depth (Sarnthein and others, 1988).

A lower level of primary productivity than along 
the coast of Peru is explained by the distribution of 
productivity in the oceans today (Berger and others, 
1988). There and elsewhere along the continental mar­ 
gins of the oceans, the intensity of upwelling of nu­ 
trient enriched water from approximately 75 to 150-m 
depth, and thus the intensity of primary productivity, 
is driven by the intensity of the great ocean currents 
that sweep the shelves. No such currents are present 
in ocean-margin basins and there is no reason to sup­ 
pose they were present in Permian time in the Phos­ 
phoria Basin. Primary productivity is in the range of 
100 mg organic matter/cm2 per year, or approxi­ 
mately one half that on the open shelf of the Peru 
margin.

In the Gulf of California, the flux of organic 
matter at 500-m depth averages approximately 20 mg 
organic matter/cm2 per year, or 6.9 mg organic 
carbon/cm2 per year (Thunell, 1998). Although a 
slightly higher value might be expected for the 
shallower Phosphoria Basin, the value for this 
modern ocean margin basin, nonetheless, is much 
closer to the above calculation than is the estimate for 
the open shelf along the coast of Peru.

The above calculation for the Phosphoria Basin 
ignores any loss of ?2O5 during early diagenesis, 
which would, of course, require a higher rain rate of 
organic matter to the sea floor, perhaps at times as 
high as that of Peru Shelf (Chavez and Barber, 1987) 
or the very coastal waters of the Venezuela Shelf 
(Verela and others, 1997). Could the rate of primary 
productivity in the photic zone have an upper limit, 
past and present, that is represented by current 
primary productivity on the Peru Shelf? The depth of 
the photic zone on the Peru Shelf today is 
approximately 30 m (L.A. Codispoti, oral commun., 
1992), limited by the high content of particulate 
organic matter in the water. Higher productivity 
would yield more organic matter within any volume 
of water in the photic zone, but limit even more the 
depth to the base of the photic zone. As this depth 
decreases relative to that of the mixed layer, 
phytoplankton growth per area of sea surface must 
decrease, owing largely to mixing below the photic 
zone. At some photic-zone depth versus mixed-layer 
depth, mixing will carry phytoplankton into the 
aphotic zone at a rate that must limit total 
productivity and the flux of organic matter to the sea 
floor. A second boundary condition is a photic zone 
equal to the mixing depth, or to the depth of the sea 
floor. Both the Phosphoria Sea and the Peru Shelf 
might have achieved a self-limiting maximum 
productivity of organic matter, approaching 200 
mg/cm2 per year. Whatever the exact level of 
primary productivity was in Permian time, it was 
surely moderate to high and it remained at that level 
for the phenomenal period of time of about 7.2 my, 
possibly increasing occasionally to this inferred 
maximum if indeed it is a maximum.

The ratio of the depth of the photic zone to that 
of the mixed layer likely influence other aspects of 
the flux of organic matter to the sea floor. For ex­ 
ample, the loss of organic matter as the fecal debris of
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grazing zooplankton, relative to the loss of phyto- 
plankton from the aphotic zone through mortality, 
might decrease with a decrease in the above ratio. We 
can only speculate how the loss of phytoplankton via 
mortality versus via grazing (Grimm and others, 
1996) might influence the overall flux and composi­ 
tion of accumulating organic matter. Our assumption 
is that the two different loss terms will not change 
significantly the trace-element composition of the 
organic matter accumulating on the sea floor.

It seems likely that the high intensity of the cur­ 
rent system along the Peru Shelf (Arthur and others, 
1998) further contributes to the complex mineralogy 
(Piper and others, 1988) and texture (Glenn and 
Arthur, 1988) of this deposit, as noted above. By 
contrast the texture and composition of the deposit 
that accumulated in the central part of the Phosphoria 
Basin suggest a quieter environment, in support of 
the interpretation of a less intense current regime, 
lower up welling, and lower primary productivity. The 
pellets contain no pyrite or glauconite, commonly 
have a uniform texture; and are not associated with 
large, massive nodules and pavements.

The trace-element contribution by organic matter 
(planktonic debris) raining onto the sea floor can be 
evaluated in the same way as for P2O5- If the average 
marine Cu content in the Phosphoria Formation is 82 
ppm (table 4) and the stoichiometry of accumulating 
organic matter was the same as that of modern 
plankton (table 9), then the accumulation rate of 
organic matter required to deliver Cu to the sea floor 
was 12 mg/cm2 per year. Calculations based on the 
marine Mo and Zn contents (fig. 16) give rates of 23 
and 15 mg/cm2 per year, respectively. Cd requires a 
slightly lower rate of 8 mg/cm2 per year. All of 
these values seem close enough to the value 
calculated for P2O5 to suggest that organic matter was 
the sole source for these trace elements.

The accumulation rate of organic matter required 
to deliver Ni to the sea floor is approximately 30 
mg/cm2 per year, or 3.5 times higher than that based 
on the contents of ?2O5 and Cd. A somewhat higher 
rate was also obtained for the Monterey Formation, a 
phosphatic formation of Miocene age (Piper and 
Isaacs, 1995). The 5 seawater[Ni] value suggests 
that the Ni content of organic matter is 5 times 
higher than our stoichiometric model allows (table 9), 
which could account for the higher accumulation rate 
observed. But it seems very unlikely that the mean Ni 
content of plankton could be even as high as 15
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ppm without such high contents having been 
commonly observed (fig. 21) in plankton (Martin and 
Knauer, 1973, Collier and Edmond, 1984).

The alternative approach to examining the con­ 
tribution of trace elements from organic matter is 
provided by ratios of the trace elements (fig. 23 and 
24). The major reason for this approach is the simi­ 
larity in the marine geochemistry of several of the 
trace elements. They should precipitate as sulfides 
(Jacobs and others, 1985, 1987; Landing and Lewis, 
1991) and should be similarly retained in the sediment 
during and after early diagenesis as metal sulfides, or 
incorporated into organic matter. Phosphate, in 
contrast, is retained as carbonate fluorapatite (Burnett 
and others, 1988; Froelich and others, 1988). This 
difference could result in fractionation between PC>43~ 
and the trace elements during diagenesis and 
weathering, and explain the absence of any correlation 
between apatite and the bioreactive trace elements 
(tables 7 and 8). The trace elements, however, should 
be less fractionated from each other, possibly 
allowing for a comparison between the interelement 
ratios in rocks, plankton, and seawater through sim­ 
ple x-y plots.

A second reason to consider trace-element ratios 
is that sediment-accumulation rates are seldom or 
poorly known. It might be argued that they are too 
poorly known even for the Phosphoria Formation to 
permit an evaluation of rates of primary productivity, 
as I did above. The agreement between the different 
calculations, however, suggests otherwise. The trace- 
element plots should permit a precise estimate of 
elemental contributions by the biogenic fraction and 
identify any possible hydrogenous fractions. This 
procedure is aided when the trace elements exhibit 
strong interelement correlations. Such plots will 
clearly show those elements that are enriched above a 
biogenic contribution.

This procedure points up the desirability of a 
single master element that defines the marine organic 
source, as A12O3 defines the detrital source. In this 
discussion, we consider Cu and Zn as master elements 
for the marine biogenic (planktonic) fraction. Several 
aspects of their chemistry recommend them.

1. The contents of Cu and Zn in plankton (table 
9) exceed those of most other trace elements (Mar­ 
tin and Knauer, 1973; Broecker and Peng, 1982; 
Bruland, 1983; Collier and Edmond, 1984; Brum- 
sack, 1986), and so their biogenic signals might be

strongly imprinted in rocks that initially had a high 
content of organic matter.

2. Although both accumulate in oxic sediment in 
strong association with Mn (Piper, 1988), they pre­ 
cipitate virtually completely from seawater under 
seawater sulfate-reducing conditions as a sulfide 
(Jacobs and others, 1985). However, their absolute 
concentrations in seawater should make the bio­ 
genic input greater than or, at worst, approximately 
equal to the hydrogenous input of many 
sedimentary deposits. If we assume redox and ad- 
vection conditions similar to those in the Cariaco 
Trench (Jacobs and others, 1987) and a Cu con­ 
centration in seawater advecting into the basin equal 
to that in seawater at 2,000-m depth (table 9), then 
the accumulation rate for Cu that could precipitate 
as a sulfide is approximately 0.1 jug/cm2 per year. 
Its accumulation rate in the biogenic fraction, 
estimated from the flux of organic matter to the 
seafloor of the Cariaco Basin (Thunell and others, 
1997) is slightly greater, or approximately 0.22 
fig/cm2 per year. For Zn, the difference is even 
greater.

3. Cu and Zn should be retained in organic- 
matter-enriched sediment. The current organic- 
matter content of the Phosphoria Formation (Me- 
drano and Piper, 1992) is high in terms of sedi­ 
mentary rocks, even though it represents a small 
percent of the original rain rate of approximately 8 
to 15 mg/cm2 per year, or about 95 percent of the 
bulk sediment. It is considerably less than the 
organic-matter content of surface and near-surface 
sediment accumulating currently on the Peru Shelf, 
but it likely exceeded Peru Shelf concentration 
values at the time of deposition, owing to the 
vastly different rates of accumulation of terrigenous 
debris between these two environments, as 
considered above. A high accumulation rate for 
organic-matter allows sulfate reduction in the pore 
water to extend to or near the surface, as on the 
Peru Shelf (Froelich and others, 1988). A result of 
its degredation is a strongly negative 8 13C gradient 
in the uppermost few centimeters of sediment 
(Glenn and Arthur, 1988) as measured in the CC>32~ 
of carbonate fluorapatite samples from the 
Phosphoria Formation (Piper and Kolodny, 1988). 
Cu and Zn should be retained under sulfate- 

reducing conditions, owing to the low solubility of 
Cu2S, or CuS, and ZnS and reflected by then- 
precipitation under natural seawater sulfate-reducing
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conditions (Jacobs and others, 1985). They are 
quickly recycled into the overlying water under oxic 
pore-water conditions (Boyle and others, 1977; 
Fischer and others, 1986).

4. The marine fractions of Cu and Zn correlate 
with the marine fractions of several other trace 
elements in the Phosphoria Formation (table 8; fig. 
23), allowing a rather precise comparison of trace- 
element ratios in the Phosphoria Formation with 
those in different modern marine phases through the 
use of x-y plots. The absence of such correlations 
does not preclude the use of this approach, 
inasmuch as the strength of present correlations 
should depend, perhaps, more on the composition 
of host, authigenic phases than on the composition 
of original source phases. In conclusion, plots of 
the trace elements with Zn give the same result as 
the plots with Cu (for example Cr). Thus, the 
interpretation presented here is not dependent on the 
distribution of a single element.

If the sole source of these trace elements was or­ 
ganic matter, then a projection of the interelement 
ratio of any pair of trace elements in plankton should 
extend into the field of trace-element concentrations in 
the Phosphoria Formation. Plots of Mo and Zn 
versus Cu (fig. 23) reinforce the calculations of their 
accumulation rates. The samples plot along the Cu 
versus trace-element curve of plankton. In the cases 
of Cd, Ni, and Se, the data scatter such as to preclude 
any firm conclusion, but the relation between Zn and 
Cd (fig. 24) supports the interpretation of a 
planktonic source. Thus, the conclusion from this 
exercise is that primary productivity in the photic 
zone provided the dominant marine fractions of Cd, 
Cu, Mo, and Zn to the floor of the Phosphoria Sea. 
The relation between Cu and Ni is more complex; Ni 
simply needs to be examined more closely than is 
possible with mere bulk chemical analyses, as 
presented in this study.

Accumulation within biogenic silica and CaCO3 , 
in addition to organic matter, might account for some 
of the displacement of these trace-element ratios away 
from the plankton value. The enrichment of Zn in 
biogenic silica (table 9) is supported by the similarity 
of the distribution of Zn in seawater (fig. 22) to that 
of Si(OH)4 (Sclater and others, 1976). Analyses of 
biogenic silica (Martin and Knauer, 1973), however, 
show that Cu is equally enriched in this phase to that 
of Zn; it has a Zn:Cu ratio of about 1.0 (table 9). 
Accumulation of this phase on the sea floor, then,

followed by its dissolution and the retention of Cu 
and Zn could not explain the shift in the Zn:Cu ratio 
away from the ratio in plankton (figure 23). The 
Zn:Cu ratios in the Monterey Formation of Califor­ 
nia suggested that biogenic silica could have supplied 
a major part of trace elements to the sediment (Piper 
and Isaacs, 1995). This mechanism might, however, 
contribute to the low Cd:Cu ratios. A Ni content in 
biogenic silica needed to explain the shift in the 
Ni:Cu ratio (figure 23) would seem to be much 
higher than we might expect. The behavior of Ni 
during early diagenesis seems only to add to its prob­ 
lem. It is apparently remobilized under C^-depleted 
pore-water conditions (Shaw and others, 1990). The 
strong enrichment of Ni in these rocks, thus must 
remain enigmatic until its distribution in the terrige­ 
nous fraction and biogenic phases is more fully 
evaluated.

Invoking biogenic silica to explain the accumula­ 
tion of trace elements in the Phosphoria Formation, 
unfortunately, has a major draw back. Certainly, 
biogenic silica constitutes an important part of the 
Phosphoria Formation and is the dominant fraction of 
the Rex Chert Member (table 5). However, the ori­ 
gin of the silica is spicules of siliceous sponges, i.e., 
consumers. In Tertiary rocks, such as the Monterey 
Formation, the origin of the silica is the siliceous 
tests of algae (diatoms), i.e., primary producers of 
organic matter. Even though the composition of the 
two forms of silica might be similar, which is cer­ 
tainly debatable, the accumulation rate of any con­ 
sumer, or part therefrom, must be no more than 
perhaps one tenth that of a primary producer. Thus, 
the importance of silica as a source of trace elements 
in the Phosphoria Formation is greatly diminished 
over its possible importance in sedimentary deposits 
such as the Monterey Formation.

In the case of CrrCu and V:Cu ratios and pos­ 
sibly U:Cu and Se:Cu ratios, the offset away from 
the values for plankton are too great to be attributed 
solely to biogenic phases. The strong enrichments of 
Cr and V, particularly, require them to have had a 
hydrogenous source, in addition to a biogenic source 
and, of course, a minor detrital source.

Hydrogenous Source

Three mechanisms have been invoked by geo- 
chemists to account for the accumulation of trace 
elements in marine sediment directly from seawater. 
One mechanism involves equilibrium thermody­ 
namics, first treated in depth by Krauskopf (1956) and
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Figure 25. Schematic representation of bacterial respiration versus depth in water column of modern and ancient 
marine basins. Changes in O2, NO3", and H2S concentration with depth are representative of Saanich Inlet, British 
Columbia (Emerson and others, 1979), along with half-cell reduction reactions for the three electron acceptors. 
Stabilities of trace-element compounds are also shown, calculated from thermodynamic constants (table 10). In the 
case of Cr, it precipitates or is adsorbed onto settling particles under conditions of mild denitrification, possibly as 
Cr(OH)3 , which is then stable under more reducing conditions. That is, it is stable throughout O2-depleted regions. 
Under oxic conditions, Cr is in a more oxidized and soluble CrO42" valence state (Murray and others, 1983). MnO2 
responds oppositely; it is reduced to a soluble valence state (probably Mn2+) under increasingly reducing conditions. 
Approximate range of the three major types of bacterial respiration in modern basins is shown at far right, along 
with my interpretation of the Phosphoria Formation; solid lines show permanent and broken lines transient water- 
column conditions. Depth of each basin is listed below the column that gives the range of these conditions.

Garrels and Christ (1965). The second mechanism, 
proposed by Goldberg (1954) to explain incorporation 
of seawater-undersaturated trace elements into the 
inorganic phases of pelagic sediment, promotes 
seawater scavenging throughout the water column by 
both organic and inorganic paniculate matter. The 
third mechanism proposed is diffusion of trace 
elements across the benthic boundary layer (Brumsack 
1986; Francois, 1988; Klinkhammer and Palmer, 
1991; Crusius and others, 1996).

The actual mechanism for removal of minor 
elements from the bottom water (precipitation from 
bottom water, adsorption onto settling particles, dif­ 
fusion across the benthic boundary) is likely different 
for the different minor elements. Adsorption-diffusion 
reactions within the benthic boundary layer have been

advocated as the most important mechanism for the 
accumulation of Mo, Cr, and V in modern, O2- 
depleted marine environments (Brumsack, 1986; 
Francois, 1988; Pedersen and others, 1989; Emerson 
and Huested, 1991) and the distribution of H2S in the 
water column (Broenkow, 1972; Fanning and Pilson, 
1972). Whatever the mechanisms are for the removal 
of trace elements from bottom water, however, the 
important point is that their accumulation reflects the 
chemistry of the bottom water (Piper, 1994; Piper 
and Isaacs, 1995 and 1996; Helz and others, 1995; 
Dean and others, 1999), specifically the level of O2 or 
its depletion, more so, or rather than the chemistry of 
sediment pore water.

The low REE, Cr, and V contents in organic 
matter (table 9) and their relatively high contents in
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Enoch Valley rocks (figs. 19, 23, and 24) require that 
these elements had a hydrogenous marine source, in 
addition to their detrital and biogenic sources. Before 
accounting for these high values, I examine the 
geochemical properties of seawater under which trace 
elements in the modern ocean accumulate through 
inorganic processes. Their transfer from seawater to 
sediment under varying redox conditions is driven by 
the bacterial oxidation of organic matter, for which 
the three major electron acceptors are 62, NO3~, and 
SO42". The major seawater redox reactions can be 
written as follows:

(3) O2 respiration: 10CH2O + 10O2 + 10CaCO3 = 
20HCO3- + 10Ca2+

(4) Denitrification: 10CH2O + 8NO3- + 2CaCO3 = 
4N2 + 12HCO3- + 4H2O + 
2Ca2+

[5] SO42- reduction: 10CH2O + 5SO42- + 5CaCO3 
= 5HS- + 15HCO3- + 5Ca2+.

The formula for organic matter is better represented 
by the following formula:

(CH20) 1 o6(NH3) 1 5H3P04(traceelements)o.Ojc.

The hierarchy of these three reactions is determined by 
the reaction yielding the greatest free energy (Froelich 
and others, 1979). Thus, reaction one proceeds until 
O2 decreases to a concentration such that denitrifi- 
cation yields equal free energy, and so on.

Within several ocean-margin basins, advection is 
weak enough and the flux of settling organic matter 
great enough to allow depletion of successive electron 
acceptors with depth in the water column (Richards, 
1975; Emerson and others, 1979). These basins 
include the Gulfo Dulce (Costa Rica), Baltic Sea, 
Black Sea, Cariaco Trench (Venezuela Shelf), and 
several fjords at high latitudes. Concentration pro­ 
files of O2, NO3-, and H2S (fig. 25) show that O2 is 
abundant in the surface mixed layer, owing to mixing 
with atmospheric O2 and to photosynthesis, but it 
decreases in the water column below the mixed layer, 
in response to oxygen respiration, predominantly by 
bacteria. The O2 concentration is low at intermediate 
depth (Emerson and others, 1979), the depth interval 
over which NO3" concentrations decreases in response 
to denitrification. O2 and NO3" are virtually absent in 
bottom water, that is, in the presence of H2S under 
conditions of sulfate reduction (equation 5). Sulfate 
reduction continues into the sediment until SO42" is 
depleted in the pore water, at which depth the residual

labile organic matter is broken down through 
methanogenesis and fermentation reactions (equations 
not shown). In the Santa Barbara Basin (California 
Continental Borderland) and Darwin Bay (Galapagos 
Islands), bacterial respiration in the bottom water does 
not proceed beyond denitrification (Richards and 
Broenkow, 1971; Sholkovitz and Gieskes, 1971).

By contrast, the deep ocean exhibits oxygen 
respiration throughout. Denitrification occurs at 
intermediate depth in the oxygen-minimum zone 
(OMZ), but only along the Peru and Mexico Shelves 
in the eastern Pacific Ocean (Codispoti, 1980) and at 
a few other localities of limited area! extent in the 
Atlantic Ocean (Calvert and Price, 1971) and the In­ 
dian Ocean. Although the OMZ is present at inter­ 
mediate depth throughout most of the oceans, only in 
these relatively small areas is the balance between 
advection in the OMZ and organic-matter productivity 
in the photic zone such that bacterial oxidation of 
settling organic matter drives down the O2 content 
within the OMZ of the water column to a value that 
promotes and maintains denitrification.

On a cruise to the Peru Shelf in 1976, low H2S 
concentrations were measured in the OMZ (Dugdale 
and others, 1977), indicating that sulfate-reducing 
conditions may occur in the OMZ of the open ocean, 
at least briefly. The existence of such conditions is 
easily understood. The maximum O2, NO3~, and 
SO42~ concentrations in seawater are approximately 
0.36, 0.04, and 28 mM, respectively. From equa­ 
tions 3 through 5, NO3" has only about 15 percent 
the oxidizing potential of O2 and only 0.1 percent 
that of SO42". NO3~ should be relatively quickly 
utilized once O2 is depleted, pushing bacterial respira­ 
tion into the field of sulfate reduction. It is perhaps 
surprising that H2S has not been detected in the OMZ 
of the open ocean more often.

Trace species that act as electron acceptors in­ 
clude Cu2+, CrO42', Fe(OH)3, MnO2, MoO42', 
SeO42-, SeO32~, UO2(CO3)22" (and, probably, 
UO2(CO3)34'), and VO42'. Their reduction can be 
calculated from Nernst equations and ordered according 
to Eh (table 10), where the half-cell reaction 
representing the oxidation of organic matter

(6) CH2O + H2O = CO2 + 4H+ + 4e'

has been omitted. If this half-cell is included, as was 
done in equations 3 through 5, Fe(III) reduction, as an 
example, can be written in the following form:
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Table 10. Half-cell reactions assuming standard-state conditions, as discussed in Piper and Isaacs [1995a] and 
Piper and Medrano [1994]. Selenium, as a selenide, might precipitate as a metal (MSe), although it is listed here as 
a soluble phase. The master half-cell reactions for drainage ground water are likely those three written in bold 
print.

Eh

1.099

0.805

0.704

0.702

0.698

0.545

0.448

0.320

0.296

0.013

0.025

-0.018

-0.040

-0.055

-0.055

-0.137

-0.162

-0.175

-0.188

-0.209

-0.210

Half-cell reactions

3Co2+(aq) + 4H2O(i) -»Co3O4(s) + 2e' + 8H+(aq)

2H20(i) -» 02(g) + 4e- + 4H+(aq)

Mn2+(aq) + 2H2O(i) -»MnO2(s) + 2*f + 4H+(aq)

I~(aq) + 3H20(i) -»IO3~(aq) + 6e' +6H+(aq)

N2(g) + 6H20(i) -> 2N03'(aq) + 10e~ + 12H+(aq)

Cr(OH)3(s) + H20(i) ->CrO42-(aq) +3e" + 5H+(aq)

SeO32-(aq) + H2O(i) -»SeC>42-(aq) + 2e~ + 2H+(aq)

Ce3+(aq) + 2H2O(i) -> CeO2(s) + le' + 4H+(aq)

Fe2+(aq) + 3H20(i) ->Fe(OH)3(s) + le' +3H+(aq)

U02(s) + 2HC03 -(aq) -> U02(C03)2 2-(aq) + 2e- + 2H%j)

HSe-(aq) + 3H2O(i) -»SeO32-(aq) + 6e' + 7H+(aq)

2Fe2+(aq) + 3H2O(i) ^Fe2O3(s) + 2e~ + 6H+(aq)

V204(S) + 4H20(i) ^ 2H2V04"(aq) + 2e~ + 4H+(aq)

HS"(aq) + 4H2O(i) ^ SO42-(aq) + 8e' + 9H+(aq)

Cu2S(s) + 4H20(j) ^S042-(aq) + 2Cu+(aq) + 8e' + 8H+(aq)

CdS(s) + 4H20(i) ^ S042-(aq) + Cd2+(aq) + 8e' + 8H+(aq)

ZnS(s) + 4H20(i) -> S042-(aq) + Zn2+(aq) + 8e' + 8H+(aq)

MoS 2(s) + 12H2O(i) ^MoO4 2'(aq) + 18e~ + 2SO42-(aq) + 

24H+(aq)

NiS(s) + 4H20(i) ^ S042-(aq) + Ni2+(aq) + 8e- + 8H+(aq)

FeS(s) + 4H20(i) -» SO42-(aq) + Fe2+(aq) + 8e~ + 8H+(aq)

U02(s) + 3HC03~(aq) ^ U02(C03)3 4-(aq) + 2e~ + 3H+

a#

6

--

6

3

4

3

4

4 

4

9

6

4.5 

4.5

3.5

4

6

5.6

3.5

4

4 

2.5

4 

6

4 

6

4.5 

4

4 

6

4 

6

4.5 

5.5

Seawater concentration in 
moles/kg, or partial pressure

Co2+ = 2.04xlO-n

O2 = 0.2 atm

Mn2+ = 2.5xlO- 10

I" = 5.0 x 10'9, 

103' = 4.5 x 10'7

N2(g) = 0.8atm, 

NOs" = 3.9 x 10'5

CrO42- = 4.04 x 10'9

ESe = 2.22 x lO'9, 
SeOs2- = 0.92 x 10'9

Ce3+ = 1.0xlO-n

Fe2+ =1.20xlQ-9

HCO3' = 2.47 x 10'3, 

U02(C03)22- = 1.26xlO-8

iSe = 2.22 x 10'9 , 
SeO32-=l.llxlQ-9

See above

H2VO4~ = 4.0 x 1Q-8

HS" = 7.75 x 10'25, 

SO42' = 2.8 x 10'2

SO42- = 2.8 x 10'2, 

Cu+ = 3.59 x 10'9

S042- = 2.8 x lO'2, 
Cd2+ = 6.94xlO- 10

SO42' = 2.8 x 10'2, 

Zn2+ = 5.97 x 10'9

MoO42- = l.lxlO-7, 
S042- = 2.8xlO-2

S042- = 2.8 x 10-2, 

Ni2+ = 8.01 x 10'9

SO42' = 2.8 x 10'2, 

Fe2+ = 1.20x 10'9

HCO3* = 2.47 x 10'3, 

UO2(C03)34' = 1.26xlO-8

Ref.*

1,2

3

3,4

1,3

3,5

2,6,7

3,8,9

3,10

3,4

3,5, 

11

8

3,4

2,12

3,5

1,3, 

13

1,3, 

5,14

1,3,5

3,15, 

16

1,3,5, 

13

1,3, 

5,13

1,3,4

# Values of a, the effective ionic diameter used in the Debye-Huckel equation, are listed in the order of their 
appearance in the chemical equation.

* References: 1-Bruland (1983); 2-Latimer (1953); 3-Wagman and others (1982); 4-Landing and Bruland (1987); 5- 
Broecker and Peng (1982); 6-Murray and others (1983); 7-Elderfield (1970); 8- Measures and others (1983); 9- 
Cutter and Bruland (1984); 10-DeBaar and others (1985); 11-Langmuir (1978); 12-Collier (1984); 13-Jacobs and 
others (1985); 14-Boyle and others (1976); 15-Collier (1985); 16-Emerson and Huested (1991).
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(7) 10CH2O + 40Fe(OH)3 + 60HCO3- + 70Ca2+ = 
70CaCO3 + 40Fe2+ 100H2O

Its reduction occurs before sulfate reduction (table 10, 
fig. 25) and toward the end of denitrification (Berner, 
1980; Bender and others, 1989); CrO42- and SeO32~ 
/SeO42~ also are reduced under conditions of 
denitrification (table 10; Measures and others, 1980; 
Murray and others, 1983), and paniculate Ce4+ is 
reduced to a soluble +3 valence state (de Baar and 
others, 1985, 1988).

The trace-element contents of inorganic particu- 
late phases in seawater reflect these redox conditions. 
Under conditions of oxygen respiration, inorganic 
precipitates consist mostly of Fe and Mn oxyhy- 
droxides (Landing and Bruland, 1987). Other trace 
elements are undersaturated in oxic seawater, except 
for Ce, but high concentrations of several trace ele­ 
ments in deep-ocean ferromanganese nodules indicate 
that a small fraction coprecipitates with the Fe and 
Mn oxide phases (Goldberg, 1963a; Piper, 1988) or is 
scavenged by these oxides (Goldberg, 1954; Balistrieri 
and others, 1981; Li, 1981; Clegg and Sanniento, 
1989). Pelagic sediment, however, remains a minor 
sink for most metals, except Mn (Lyle and others, 
1984). Their high metal contents in this environment 
merely reflect low bulk-sediment accumulation rates 
rather than high metal accumulation rates, somewhat 
analogous to the importance of a low bulk-sediment 
accumulation rate to the composition of the 
Phosphoria Formation.

Within basins that exhibit sulfate reduction in 
bottom water (fig. 24), Fe2+, Cu+, Cd2+, and Zn2+ 
precipitate as sulfides, CrC>42~ is reduced and precip­ 
itates as Cr(OH)3 (Brewer and Spencer, 1974; Emer­ 
son and others, 1979; Jacobs and others, 1985, 1987), 
and VC>42~ may be reduced to V2O3 or, possibly, 
some form of V(OH)3 (Wanty and Goldhaber, 1992). 
Mo and U also are removed from the bottom water 

(Bruland, 1983; Anderson and others, 1989; Emerson 
and Huested, 1991). Although this environment is 
limited in areal extent, it represents an important sink 
for several elements in the ocean today (Kolodny and 
Kaplan, 1970; Bertine and Turekian, 1973; Cutter, 
1982; Jacobs and others, 1987; Haraldsson and 
Westerlund, 1988; Emerson and Huested, 1991; 
Klinkhammer and Palmer, 1991).

The much higher concentration of Mo in open- 
ocean seawater relative to the other trace elements 
(table 9) and its low content in detrital phases and 
organic matter (tables 6 and 9) make it the diagnostic

trace element for identifying rocks that accumulated in 
a sulfate-reducing environment (table 10; fig. 25). Its 
distribution in modern sediment of the Cariaco Trench 
(Jacobs and others, 1987; Dean and others, 1999) and 

the Black Sea (Calvert, 1990) supports this 
conclusion. Its modest enrichment in the Phosphoria 
Formation, above a biogenic source (fig. 23), would 
seem to preclude accumulation of this deposit under 
sulfate-reducing conditions.

Of the elements that accumulate under the inter­ 
mediate redox conditions of denitrification, U, V, Cr, 
and possibly Se should have the highest concentra­ 
tions in sediment, although there are possible prob­ 
lems with V and U. The absence of a clear signal of 
U reduction and precipitation in the water column 
under denitrifying conditions (Anderson and others, 
1989a and b) makes its distribution in sedimentary 
deposits possibly less diagnostic of bottom-water 
conditions than that of other trace elements. Its pos-

2468 
Marine V/Marine Cr

10

Figure 26. Relation between marine V:Cr ratio and 
(a) V and between the marine V:Cr ratio and (b) Mo. 
V:Cr ratios for seawater and plankton are also shown. 
Units below the "false cap" contribute all but two of 
the V:Cr ratios greater than the ratio of plankton. 
Sample P-195 is not plotted.
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possible occurrence as UO2(CO3)34" (Goldberg, 
1963b; Anderson and others, 1989a), instead of, or as 
well as, UO2(CO3)22~ (Langmuir, 1978), may 
account for this; UC^CC^4" should be reduced well 
into the zone of sulfate reduction (Eh = -0.21 v), rather 
than in the zone of denitrification.

The accumulation of V should occur near the 
NO3~/SO42~-reduction boundary, which is defined by 
the precipitation of the least soluble trace-element 
sulfide (Cu2S) under consideration. A slight error in 
either the V or Cu half-cell reactions could push the 
precipitation of V into the zone of sulfate reduction, 
although the close association of V with Cr in several 
phosphate deposits (Piper, 1991; Piper and Isaacs, 
1995 , 1996) indicates initial precipitation in the less 
reducing environment. In this deposit, the V:Cr ratio 
increases with the increase in V concentration (fig. 
26), just as one might expect given the order of their 
precipitation under increasingly negative Eh condi­ 
tions. The ratio does not approach the seawater val­ 
ued as it does in black shale deposits, which also have 
a strong hydrogenous Mo fraction (Piper, 1994). 
Indeed, the absence of a clear relation between V:Cr 
ratios and Mo concentrations (fig. 26) further sug­ 
gests the absence of sulfate reduction in the water 
column.

The REEs have a still different distribution in 
(^-depleted seawater environments that further defines 
bottom-water redox conditions. They maintain their 
3+ valence state throughout the marine environment, 
except for Ce, which is oxidized to the 4+ valence 
state under denitrifying conditions (table 10, fig. 25). 
Within the zone of denitrification in the Cariaco 
Trench and the Black Sea, immediately above the 
zone of sulfate reduction (Hashimoto and others, 
1983; Codispoti and others, 1991), the 3+ valence- 
state REE (La, Pr, Nd, and Sm) show concentration 
minima (de Baar and others, 1988; German and oth­ 
ers, 1991; Schijf and others, 1991). In both basins, 
their concentrations increase sharply at greater depth, 
toward the NO3~/SO42~-reduction interface and into 
the sulfate-reducing water. Within the zone of deni­ 
trification in the OMZ in the eastern Pacific Ocean, 
the concentrations of the 3+ valence-state REEs also 
show minima. They are apparently scavenged by 
particulate phases, most likely oxyhydroxides of Mn 
(German and others, 1993) or Fe (Sholkovitz, 1993), 
under mildly denitrifying conditions and released to 
solution under sulfate-reducing conditions. The car­ 
rier phase in the zone of denitrification in the OMZ of

the eastern Pacific Ocean is unlikely a Mn phase. 
The concentration of dissolved Mn shows a maxi­ 
mum, whereas those of the REEs show minima 
(Klinkhammer and Bender, 1980; de Baar and others, 
1985; German and others, 1991). Thus, the mecha­ 
nism whereby the 3+ valence-state REEs are trans­ 
ferred to the sea floor within the hydrogenous fraction 
remains problematic, but the oxic-to-denitrifying 
redox conditions under which their removal to the 
sediment occurs are well established. The important 
point here is that sulfate-reducing conditions would 
have prevented their accumulation on the sea floor 
altogether.

Ce is somewhat more complex than the other 
REEs. Its occurrence as insoluble Ce(OH)4 under 
oxic-to-denitrifying conditions (table 10) accounts for 
the negative Ce anomaly of seawater and positive 
anomaly of open-ocean hydrogenous particulate 
phases (Sholkovitz and others, 1994). Its reduction 
to the 3+ valence state under more reducing 
conditions has been proposed to account for the 
increase in Ce concentration and the more positive Ce 
anomaly in the OMZ of the eastern Pacific Ocean and 
the Cariaco Trench (de Baar and others, 1988).

In the Black Sea, however, the trend of the Ce 
anomaly is different (German and others, 1991; Schijf 
and others, 1991); the dissolved Ce concentration in 
the zone of denitrification decreases to a minimum, as 
does the anomaly. This trend parallels those of the 
3+ valence-state REEs, which mirror the maximum 
concentration of particulate Mn. All the REEs are 
scavenged in the upper part of the zone of 
denitrification, Ce more so than the other REEs. The 
difference in the distribution of the Ce anomaly be­ 
tween the Black Sea and the Cariaco Trench places an 
unfortunate constraint on the uniqueness of the Ce 
anomaly in unraveling the geochemistry of ancient 
sediment (Wright and others, 1987). However, the 
apparent invariance of the Ce anomaly in the apatite 
component in this deposit (figs. 10 and 11), the 
dominant host phase for the REE, further suggests 
that the Ce anomaly may not be a sensitive indicator 
of redox conditions (German and others, 1991), 
beyond a negative value precluding accumulation 
under sulfate reduction within the water column.

Certainly, the other trace elements in the ocean 
also fail to behave in an easily predictable way, re­ 
quiring caution in the acceptance of my interpretation 
of their distributions in ancient rocks. Reference was 
made above to U, for example, indicating that it may
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be present in seawater as UO2(CO3)22 and 
UO2(CO3)34- (Langmuir, 1978). Its distribution in 
the Black Sea (Anderson and others, 1989a) supports 
its reduction only under conditions of sulfate reduc­ 
tion, indicating that the complex UO2(CO3)34" is the 
stable seawater species, and its reduction apparently 
occurs within the sediment pore water, not within the 
water column. Similarly, V should be reduced under 
strongly denitrifying conditions (figure 25), but its 
distribution in several basins that exhibit O2-deple- 
tion in bottom water (Emerson and Huested, 1991) 
suggests it is reduced under sulfate reducing condi­ 
tions. Several explanations might be advanced to 
account for the apparent non-ideal behavior of these 
and other trace elements. For example, the calcula­ 
tions of stable species (table 10) are limited to those 
for which equilibrium constants are available; these 
may not necessarily be the species that actually con­ 
trol trace-element solubilities. Second, the effects of 
complexation (Kremling, 1983; Jacobs and others, 
1985; Landing and Lewis, 1991) have not been 
evaluated. And third, diffusion across the benthic 
boundary layer has not been evaluated and included. 
To better define trace-element behaviors, particularly 
under denitrifying conditions, this environment in the 
modern environment, in the absence of sulfate 
reduction in the water column, should be examined 
for the full suite of trace elements in both the bottom 
water, paniculate phases, and surface sediment.

Trace-element scavenging by seawater paniculate 
phases (Balistrieri and others, 1981; Li, 1981; Whit- 
field and Turner, 1987), although offering an alterna­ 
tive mechanism for removal of trace elements from 
seawater, likely is complicated by the geochemically 
complex water columns as those in basins which ex­ 
hibit O2 depletion in bottom water. Nonetheless, the 
results of research into metallic-ion adsorption under 
oxic conditions clearly identify the importance of 
scavenging for many trace elements. Of the trace 
elements I have examined here, Zn and Cu should 
have been strongly scavenged and Ni and Cd less so 
(Clegg and Sarmiento, 1989; Balistrieri and Murray, 
1984). Thus, hydrolytic scavenging should enrich Zn 
over Ni and Cd, owing to the greater tendency for Zn 
to be adsorbed onto paniculate matter. Unfortunately, 
the opposite seems to be the case for the Phosphoria 
Formation. Also, the distributions of Zn, Ni, and Cd 
in the marine fraction of sediment of the Gulf of Cali­ 
fornia (Brumsack, 1986) seem to reflect a strong, 
possibly solely, biogenic input, suggesting that scav­

enging is a minor process under continental-shelf 
conditions of moderate to high primary productivity 
and O2 depletion in the water column. Thus, my in­ 
terpretation of the accumulation of the full suite of 
trace elements within organic matter and biogenic 
silica, both of which must have been in large part 
lost from the sediment during diagenesis, in contrast 
to the trace elements which were retained, still seems 
to best explain interelement relation between Cd, Cu, 
Mo, Ni, and Zn in the Phosphoria Formation.

Despite the complex behavior of trace elements 
in the marine environment, I have attempted to gener­ 
alize their relative accumulation rates for a 
continental-shelf area of moderate-to-high primary 
productivity (figure 27), under the different seawater- 
redox conditions. Obviously, the figure should be 
considered with some caution, because the elemental 
contribution by any single source changes with 
primary productivity, water depth, bulk-sediment- 
accumulation rate, and residence time of the bottom 
water, to name but four factors. Also, scavenging 
and diffusion are not included as major mechanisms of 
trace-element enrichment, except for REEs. The flux 
of a hydrogenous fraction of trace elements to the sea 
floor (fig. 27), then is low under oxic conditions, 
except for Mn and Fe, with REE exhibiting a widely 
varying, but commonly positive, Ce anomaly; the 
hydrogenous flux is virtually zero for Mn and high 
for REEs (negative Ce anomaly), Cr, and V under 
denitrifying conditions; and it is zero for Mn and 
REEs and high for Cr, V, Mo, Se, Fe, Cu, Cd, and 
Zn under sulfate-reducing conditions. Although Fe 
precipitates as a sulfide under sulfate-reducing 
conditions, detection of a hydrogenous fraction is 
hampered by large detrital and organic supplies, even 
under conditions of the low bulk-sediment- 
accumulation rates of the Phosphoria Formation.

Thus, the oceanographic and (or) thermodynamic 
properties of trace elements require bottom-water 
conditions of denitrification to explain the much 
greater enrichments of Cr , V, and the REE, and pos­ 
sibly Se and U, in the Phosphoria Formation than 
that of other trace elements, particularly Mo, but also 
Cd, Cu, and Zn. The enrichments of Cr and V occur 
by precipitation as oxyhydroxides and (or) adsorption 
onto particulate phases within seawater, and perhaps 
less so by diffusion across the benthic boundary layer. 
Diffusion might explain the slight enrichments of 
Mo and U above a biogenic contribution, but we 
cannot dismiss the possibility of brief periods of
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Figure 27. Generalized summary of elemental accu­ 
mulations in marine sediment on a continental shelf, 
or basin (water depth 200 to 500 m), under conditions 
of moderate to high primary productivity in the 
photic zone, for which seawater sources (hydrogenous 
and biogenic) are not masked by detrital sources (ter­ 
rigenous). Chart should be read across, rather than 
down; for example, the dominant sediment source of 
Cd under conditions of such primary productivity is 
organic matter. Under conditions of sulfate reduction 
in bottom water, as well as under conditions of mod­ 
erate to high primary productivity in the photic zone, 
Cd also accumulates as an inorganic precipitate, pos­ 
sibly CdS; its accumulation inorganically under bot­ 
tom-water conditions of denitrification or oxic respi­ 
ration is minor, as is its accumulation with the detri­ 
tal fraction of sediment under all condition. Sizes of 
circles in any one column are unrelated; open circles 
are used in those cases for which theoretical predic­ 
tions do not seem to be supported by observations of 
modern environments. Ce*, the Ce anomaly, is 
defined in Figure 10. Dashes represent no available 
information.

sulfate reduction in the bottom water, as occurs on 
the Peru Shelf (Dugdale and others, 1977) to account 
for these enrichments. A simple calculation, similar 
to that made for Mo in early Quaternary sediment 
from the Sea of Japan (Piper and Isaacs, 1996), how­ 
ever, limits sulfate-reducing conditions in the bottom 
water considered here to have been less than 1 percent 
of the time.

Again, I should point out that each sample repre­ 
sents several thousand years of deposition. As a re­ 
sult, a sample may contain an association of trace 
elements that thermodynamics and geochemical sig­ 
nals of the modern marine environment do not allow, 
for example, the co-occurrence of Mo and the REEs, 
both in excess of biological and detrital inputs.

Establishment of denitrification in the bottom 
water constrains bottom-water advection. If we as­ 
sume that the denitrifying part of the water column 
was 250 m thick and that approximately 25 percent of 
surface productivity was oxidized in the bottom water, 
conditions somewhat similar to those on the Peru 
Shelf today, a residence time for the bottom water of 
approximately 5 years would be required to establish 
denitrification. Although this value will change by 
adjusting the various parameters, the instability of the 
water column of the present-day Santa Barbara Basin 
(Sholkovitz and Gieskes, 1971) clearly suggests a 
residence time in this modern, open-ocean, 
denitrifying basin on the order of years. This 
calculation applies to "bottom" waters, whether a 
basin environment or an open shelf environment is 
being considered.

The Cr content of the Phosphoria Formation also 
limits the residence time of the bottom water at the 
time of deposition. Assuming that (1) the thickness 
of denitrifying water was 250 m, as above; (2) the 
initial Cr concentration in the water advecting into 
the basin was 0.21 ppb (table 10), 25 percent of 
which was removed to the sea floor, the approximate 
maximum amount of Cr (III) in the OMZ of the east­ 
ern Pacific Ocean (Murray and others, 1983); (3) the 
average Cr content in the marine fraction of the 
Phosphoria Formation is 1000 ppm, over 90 percent 
of which accumulated as a hydrogenous fraction (table 
6); and (4) the sediment-accumulation rate was 1.6 
mg cm~2 per year; then the maximum residence time 
for bottom water in the basin is calculated at 2 to 3 
years. This residence time is the residence time only 
for the time that water is within the OMZ itself, that 
is, within the denitrifying part of the water column,
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not the full length of time since the water left the 
surface photic zone.

The low concentrations of trace elements in sea- 
water severely limit their contributions to the actual 
oxidation of organic matter but contribute signifi­ 
cantly to the sensitivity with which their contents in 
the marine fraction of sediment might record geo- 
chemical conditions in the water column. Let us 
consider Mo. Its concentration in seawater is ap­ 
proximately 10-7 M, or 1/400 that of NO3-. Clearly, 
it will contribute insignificantly to the oxidation of 
organic matter and, yet, it is the most abundant trace 
element in seawater. In order to demonstrate the rela­ 
tion between its accumulation and seawater redox, let 
us assume that the bottom-water of the Phosphoria 
Sea was sulfate reducing, neglecting for the moment 
the conditions necessary to bring about the depletion 
of C>2 and NC>3~ and the unlikelihood that those condi­ 
tions were met. The Phosphoria Formation had an 
average bulk-sediment-accumulation rate of about 1.6 
mg/cm2 per year, 39 percent of which was a terrige­ 
nous fraction (Table 5). The detrital Mo accumula­ 
tion rate was approximately 0.0016 jag/cm2 per year. 
If primary productivity was about one half that on 

the Peru Shelf, as shown above, the Mo-accumula­ 
tion rate within organic matter (that is, as planktonic 
debris) was 0.02 |ag/cm2 per year. Its approximate 
total rate was .03 to .05 |ag/cm2 per year.

Assuming that the residence time of bottom 
water was 5 years and only 5 percent of the Mo was 
removed from the bottom 100 m of the water column 
in the Phosphoria Basin, the hydrogenous Mo- 
accumulation rate would have been 1 jag/cm2 per 
year. Such an accumulation rate requires the Mo 
content of the Phosphoria Formation to be, on aver­ 
age 600 ppm. Although a few samples exceed 100 
ppm, the average is 24 ppm (table 4). We could 
change several factors to possibly reduce the 
accumulation rate. The residence time of the bottom 
water could be increased, but this would likely 
increase the percentage of Mo removed from bottom 
water (Piper and Isaacs, 1996) and the thickness of the 
sulfate-reducing water. Indeed, there seem to be 
feedback mechanisms that tend to counter most 
possible changes, other than increasing the mixing 
rate to preclude sulfate reduction altogether. Even 
though this calculation is simplistic, it again 
suggests that the bottom water of the Phosphoria Sea 
could not have been sulfate reducing for any 
significant period of time. The samples with highest

Mo contents (fig. 26) suggest that bottom-water Eh 
might have slipped into the field of sulfate reduction, 
but only very briefly. Otherwise, a few samples 
would have shown an enrichment that pushed them 
close to the Cu-Mo relation of seawater, rather than 
all scattering about the value for plankton (fig. 23h), 
and the V:Cr ratios (fig. 26) would have shown a 
maximum at maximum Mo concentration (Piper, 
1994), rather than scattering over the full range of Mo 
concentrations (fig. 26). Also, the REEs in samples 
most enriched in Mo would have been hosted in total 
by the detrital fraction. In actual fact, La and Mo 
exhibit a weak positive correlation (table 7).

These calculations of the accumulation of marine 
components on the sea floor demonstrate the domi­ 
nance of primary productivity in the photic zone of 
the ocean and advection of the bottom water to trace- 
element accumulation on the sea floor. Examination 
of other sections of the formation, such as the Vana- 
diferous Zone (a discrete section within the Meade 
Peak Phosphatic Shale Member with an unusually 
high V content (Love, 1961; McKelvey and others, 
1986), might show higher Mo contents and, thus evi­ 
dence of sulfate reduction. In such sediment, the 
V:Cr ratio should increase toward its seawater value 
of 8.6 (table 9), as it does in some black shale de­ 
posits (Piper, 1994). There is no reason to expect the 
seawater properties that controlled the composition of 
sediment to have been constant throughout the basin 
and to have remained constant throughout the time of 
deposition.

Summary

The stoichiometric approach, clearly, is a simpli­ 
fied representation of a complex system. Froelich and 
others (1979, 1988), Bender and others (1989), Jahnke 
(1990), and Ingall and van Cappellen (1990) have 
examined the complex geochemistry of major nutri­ 
ents during diagenesis, from oxygen respiration, 
through manganese reduction, denitrification, Fe(IQ) 
reduction, sulfate reduction, to methanogenesis. The 
behavior of trace elements during early diagenesis is 
equally complex (Shaw and others, 1990). As future 
research better defines the geochemistry of trace ele­ 
ments in the modern marine environment, this inter­ 
pretation of trace-element distributions in sedimentary 
rocks strongly enriched in organic matter will surely 
require adjustment.

Even so, elemental concentrations at any one ho­ 
rizon should reflect the level of primary productivity, 
bottom-water residence time, and, of course, ac-
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cumulation rate of the detrital fraction. Detailed 
information about the bulk sediment accumulation 
might permit the different parameters of the environ­ 
ment to be ascertained for separate intervals of the 
deposit. For example, V and Mo are high in the 
lower ore zone (fig. 20), suggesting that bottom wa­ 
ter might have been more reducing during this period 
of time. Did an increase in bottom-water residence 
time allow for an increase in the intensity of reducing 
conditions; was primary productivity at a maximum, 
thus resulting in a maximum flux of organic matter 
into the bottom water and a maximum in the rate of 
bacterial respiration; or was dilution by the detrital 
fraction merely at a minimum? Distributions of the 
other trace elements fail to limit the explanation to a 
single scenario. In the future, improved dating and 
more detailed sampling of this formation might better 
allow one to isolate the influence of each factor.

Still, the interpretation of a dynamic environ­ 
ment of varying geochemistry is required by the dis­ 
tributions of the carbonate minerals calcite and 
dolomite with apatite (fig. 13a). The same exclu­ 
sion of components was seen between the carbonate 
minerals and organic matter (fig. 15). These relations 
and the strong partitioning of trace elements into 
either apatite or organic matter (table 8) restrict the 
enrichment of most of the trace elements to sedimen­ 
tary units with low carbonate contents. Virtually all 
of the trace elements have their lowest concentrations 
in the carbonate units (tables 2 and 4). There are 
several possible explanations but the most plausible 
seems to be a reduction in primary productivity 
during deposition of the carbonate-enriched units, 
possibly accompanied by an increase in bulk sediment 
accumulation rate. The former might allow for 
oxygen respiration throughout the water column and 
the latter for dilution within the sediment of other 
marine phases. Again detailed dating of the rocks 
could help to resolve the conditions of deposition for 
the different sediment fades.

CONCLUSIONS

The precision of the elemental-oxide and trace- 
element analyses of this study allows identification of 
(1) the current major host components of trace ele­ 
ments (detrital material, organic matter, apatite, bio- 
genie silica, dolomite, calcite, and possibly trace- 
metal sulfides) and (2) the source phases of trace ele­ 
ments (detrital debris, marine biogenic matter, and 
marine hydrogenous phases) at the time of deposition.

The interelement relations between the major oxides 
and several trace elements (for example, A12O3 versus 
Th) approach those of the standard, WSA. These 
relations indicate that the detrital fraction is the sole 
host for several elements and that the fraction had a 
terrigenous source. The strength of these relations 
allows us to determine the detrital contribution of 
other trace elements (Cd, Cr, Cu, Mo, Ni, Se, U, Zn, 
and REEs) from the content of the detrital fraction in 
each sample alone, even though this latter group does 
not correlate with the detrital fraction.

The difference between the bulk content of trace 
elements and the detrital contribution to each sample 
represents the marine fraction of trace elements, that 
is, the contribution of seawater. The interelement 
relations between Cd, Cu, Mo, and Zn in this marine 
fraction of the rocks approximate those in modern 
plankton, suggesting that these trace elements and, 
possibly, Ni, had a predominantly biogenic source. 
During Phosphoria time, the rate of accumulation of 
organic matter on the sea floor at Enoch Valley nec­ 
essary to provide these elements to the sediment was 
significantly less than the rate of accumulation of 
organic matter on the present-day Peru Continental 
Shelf, which has exceptionally intense coastal up- 
welling and high primary productivity in the photic 
zone, perhaps the highest in the ocean today. Perhaps 
a better modern analog for the level of primary pro­ 
ductivity is the Gulf of California, in which the flux 
of organic matter at 500-m depth is only slightly 
greater than that necessary to supply metals to the sea 
floor as measured in the Phosphoria Formation. 
Thus, primary productivity in the Phosphoria Sea 
was probably only moderate to high, although it 
surely varied over a large range within the Phosphoria 
Basin and throughout the time of deposition. Such 
variation is strongly evidenced by essentially an ex­ 
clusion of carbonate components with apatite- and 
organic-matter-enriched components.

The enrichments of Cr, V, REEs, and possibly 
Se and U, required accumulation directly from sea- 
water, a hydrogenous input. On the basis of their 
chemical properties and distributions in (^-depleted 
environments of the ocean today, the accumulation of 
this group of elements from seawater would have 
been enhanced by conditions of denitrification in the 
bottom water. The mean rate of accumulation of Cr 
and La in this fraction gives a residence time for bot­ 
tom water in the basin of approximately 1 to 3 years. 
The relation between these two elements and V fur-

56



thermore suggests that the bottom water was more 
strongly denitrifying during deposition of the ore 
zones. By contrast, during much of the time of depo­ 
sition of the carbonate-enriched units, the water col­ 
umn was very possibly oxic from the surface to the 
bottom.

Sulfate reduction was not established in the bot­ 
tom water for any significant period of time. This 
interpretation is based on the preservation of a sea- 
water-derived REE enrichment throughout the Phos- 
phoria Formation and the absence of an enrichment of 
Cu, Cd, Zn, and, particularly, Mo above a biogenic 
input. Otherwise, this group would have accumulated 
from bottom water, in addition to accumulating in an 
organic fraction derived from the photic zone of the 
water column. A slight enrichment of Mo, particu­ 
larly in the lower part of the section, suggests that 
sulfate reduction was possibly more important during 
deposition of this section of the formation, but again 
only for brief periods of time. Otherwise, the REEs 
would not have accumulated from seawater at all but 
would have had solely a terrigenous source. Sulfate 
reduction was probably restricted to the sediment pore 
water; it likely closely approached the benthic 
boundary layer, but did not extend into the water col­ 
umn.

The near absence of glauconite and pyrite in 
association with this pelletal deposit at Enoch Valley, 
and only a very weakly developed oolitic texture, 
contrasts with the texture of phosphatic pellets in the 
modern deposit on the Peru Shelf (Piper and others, 
1988). Also, the pelletal deposit on the Peru Shelf is 
associated with phosphatic nodular crusts, nodules 
exceeding 10 cm in diameter, and pavements (Glenn 
and Arthur, 1988). One possible explanation for the 
contrasting textures between the modern and ancient 
deposit is the intensity of bottom currents, strong on 
the Peru Shelf (Arthur and others, 1998) and weak in 
the Phosphoria Basin (my interpretation). The result 
is a highly variable bottom-water and pore-water 
chemistry on the Peru Shelf, both temporally 
(Codispoti, 1980) and arealy (Froelich and others, 
1988), and a proposed highly stable bottom-water and 
pore-water chemistry for the Phosphoria Basin.

No single environment in the ocean today repre­ 
sents a perfect analog of the Phosphoria Formation. 
Biologic processes were somewhat similar to those in 
the Gulf of California, as regards upwelling and 
primary productivity in the photic zone. They were 
significantly less than on the Peru Shelf, but

denitrification, as established on the Peru Shelf, was 
the dominant form of bacterial respiration in the 
bottom water. Other differences between the 
Phosphoria Sea and the Peru Shelf environment 
include sea floor bathymetry, tectonism, and 
proximity to major ocean currents. The overall 
bathymetry and isolation from major ocean currents 
might be represented by the East China Sea, although 
the differences here too are noteworthy. The 
Phosphoria Shelf was situated on an eastern ocean 
boundary, not a western boundary. It was at much 
lower latitude (Sheldon, 1964), within the belt of the 
easterly trade winds. Low rainfall limited the influx 
of terrigenous debris. The low elevation of the 
landmass to the east and the vastness of the shelf 
further reduced the flux of otherwise diluting 
terrigenous debris, allowing accumulation of a 
marine-dominated deposit throughout the basin  
evaporites along the coast and biogenic sediment 
within the basin. The Antler Uplift or a more 
westerly island arc, analogous to the Ryukyu Islands 
in the East China Sea, shielded the shelf from strong 
coastal currents, such as the Kuroshio Current, thus 
providing a relatively undisturbed depositional regime 
for the dominantly marine debris that settled out of 
the water column. The basin floor, itself, was 
probably rather featureless and, as Yochelson (1968) 
concluded from faunal evidence, likely had a maxi­ 
mum depth of only a few hundred meters. A trough 
oceanward of the shelf, analogous to the Okinawa 
Trough in the East China Sea, limited the flux of de­ 
tritus from the west into the shallower phosphogenic 
area of the basin. Weak tectonic activity and strong 
easterlies further limited the input of volcanic debris. 
Because few formations compositionally equivalent to 
the Phosphoria Formation are present in the geologic 
record, these conditions of sea-floor morphology, 
seawater chemistry and biology, climate, provenance, 
and tectonism likely have seldom coexisted in the 
past and certainly do not today.

Under oxic conditions of surface and ground 
water, the current hosts of trace elements, rather than 
sources, will contribute to the behavior of the trace 
elements during subaerial weathering. Th is hosted 
by the detrital fraction. Ba, Ni, and As are hosted in 
large part by the detrital fraction, but significant por­ 
tions of As and Ni are also present in the organic 
phases. The rare-earth elements and U are hosted 
mostly by the apatite phase. Ag, Cu, Cr, Mo, and 
Se are largely hosted by organic matter. Cd, V, and
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Zn occur in an as yet undefined phase, which may 
also contain significant fractions of Ag, As, Cu, Mo, 
Ni, and U. It is tempting to attribute this phase to a 
sulfide, but we have no evidence of the presence of a 
sulfide, other than the presence of minor pyrite, and 
no evidence of partitioning of these elements in that 
phase.

The order of decomposition for the dominant host 
phases is probably

metal sulfides > organic matter > carbonates 
> apatite > chert > detrital debris.

Thus, we can expect elements hosted predominantly 
by metal sulfides and organic matter to be more 
readily released to ground water than those hosted by 
apatite. Those hosted by detritus, for example, Th, 
should be the least labile, or slowest released to 
ground water.

Profiles of the trace elements through the strati- 
graphic section show that many trace elements have 
highest concentrations in samples from the lower ore 
zone (As, Cd, Cu, Mo, Se, U, V, and Zn). Se and 
As also have high concentrations in the main waste 
zone as well; Cr has its highest concentrations in the 
waste zone. Trace elements that show little or no 
stratigraphic control include Ni and Pb. These 
distributions and the order of weathering will contrib­ 
ute to the availability of trace elements into ground 
and surface water. In the case of Se, both its 
distribution and partitioning enhance its introduction 
into ground and surface waters, and into the food web 
(Presser, 1994), owing to its strongly bioaccum- 
ulative properties.
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