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ABSTRACT. Postdepositional greigite (Fe;S,; ferrimagnetic thio-
spinel) is of interest to sedimentary geochemists, because it reflects
important reactions during diagenesis and to paleomagnetists because
it can obscure a detrital paleomagnetic record. The presence, distribu-
tion, and origin of greigite are best understood through combined
magnetic and geochemical studies. Such studies of greigite-bearin
Upper Cretaceous siliciclastic beds from the Simpson Peninsula, Nort
Slope, Alaska, reveal relations among sulfur species and magnetic
properties, and they illustrate the use of geochemical analysis to
constrain the age of secondary magnetization carried by greigite.
Greigite is ubiquitous in marine mudstone of the Seabee Formation,
and it dominates the magnetic properties of the Seabee (magnetic
susceptibility [MS]: 5.9 x 10-* volume SI; magnitude of natural rema-
nent magnetization [NRM]: 6.6 X 10~2 amperes/meter [A/m]; averages
of 22 specimens in which greigite is the only magnetic mineral). The
Seabee rocks fill an ancient submarine canyon cut into marine, transi-
tional, and nonmarine sandstone, siltstone, and mudstone beds of the
undifferentiated Ninuluk and Seabee Formations. In these sandstone
and siltstone beds, some of which contain biodegraded oil, greigite
occurs sporadically but is locally concentrated to yield high values of
MS (5 X 107% vol. SI) and NRM magnitude (0.5 A/m). Samples that
contain detrital iron-titanium oxides, principally titanohematite, as the
only magnetic minerals have lower values of MS and NRM magnitude.
Different geochemical signatures in the Seabee Formation and
undifferentiated Ninuluk and Seabee rocks indicate different origins of
their greigite and associated iron disulfide minerals. In the Seabee,
greigite and pyrite formed during early diagenesis via bacterial sulfate
reduction utilizing indigenous sulfate and organic carbon. Evidence
for early diagenetic iron sulfide includes (I) negative 8%S values
(typically between —22 and —30 permil) of acid-volatile sulfur (sulfur
in greigite) and disulfide sulfur; and (2) the common presence of
grellgite and framboidal p{rite in detrital plant fragments. Ratios of
total reduced mineral sulfur to organic carbon (S/C) indicate low
contents of sulfur relative to those of normal marine sediments. In the
undifferentiated Ninuluk and Seabee rocks, reactions that involved
epigenetic sulfur produced greigite, pyrite, and rare marcasite that
cement and surround early diagenetic pyrite. In many of these beds,
S/C ratios are high relative to normal marine sediments. The epigenetic
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sulfur may have been derived from (1) sulfate-bearing Paleozoic units
in deeper parts of the North Slope basin to the south, 1perhaps during
much of the Tertiary to the present; or (2) the canyon-fill Seabee during
compaction of the marine mud. Bacterial sulfate reduction (BSR) in a
sulfate-limited environment is indicated from many 3%S values (> +22
g-ermil) that exceed the expected values for sulfate minerals (formed

om seawater sulfate) in any unit in the basin. Organic substances that
supported such BSR in the undifferentiated Ninuluk and Seabee rocks
may have been derived from hydrocarbons.

INTRODUCTION

The alteration of sediments and sedimentary rocks under geochemi-
cally reducing conditions can change rock-magnetic properties (Hen-
shaw and Merrnill, 1980; Karlin and Levi, 1985; Karlin, 1990a, b; Canfield
and Berner, 1987; Leslie and others, 1990; Leslie, Lund, and Hammond,
1990; Channell and Hawthorne, 1990). In particular the magnetization
may be diminished when pyrite (FeSy) replaces preexisting magnetic
oxide minerals (Karlin and Levi, 1985; Canfield and Berner, 1987;
Channell and Hawthorne, 1990; Goldhaber and Reynolds, 1991), or the
original directions and magnitudes of magnetization may be changed by
the authigenic growth of ferrimagnetic pyrrhotite (Fe;Sg) or greigite
(FesS,) (Clark, 1983; Reynolds and others, 1990; Reynolds, Fishman, and
Hudson, 1991).

With regard to greigite, we still have much to learn about its origins,
its occurrences, its geochemical and magnetic stabilities, and even its
fundamental magnetic properties and crystal chemistry. Moreover, some
standard bulk-sediment' magnetic tests used routinely to distinguish
among common magnetic minerals, such as magnetite and hematite,
apparently cannot discriminate between magnetite and greigite having
similar grain sizes. Paleomagnetists would thus benefit from other meth-
ods for the unambiguous identification of greigite.

In this article we report the results of a magnetic and geochemical
study of some Cretaceous rocks from the North Slope basin of Alaska.
The emphasis is on the identification and distribution of greigite, as well
as on its contributions to the magnetization of the rocks and possibly to
aeromagnetic anomalies. We also examine the relations among magnetic
properties and the amounts of different sulfur species in the same
specimens. Better understanding of the magnetic properties of greigite-
bearing sediments may improve our ability to determine the distribution
of different forms of sulfur for diagenetic and geochemical studies. A final
goal is to determine the origin of the greigite using geochemical and
sulfur isotopic methods.

MAGNETIC STRUCTURE AND OCCURRENCES OF GREIGITE

Greigite is the ferrimagnetic thiospinel of iron (Skinner, Erd, and
Grimaldi, 1964; Ward, 1970; Vaughan and Craig, 1978). Sherman
(1990) interpreted Mossbauer spectra of greigite to indicate (1) the
presence of intermediate-spin Fe®*, in addition to Fe?*, to explain its
magnetic moment of 2.2 + 0.3 Bohr magnetons (up; at 4.2°K), about half
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that of magnetite (4.2 pp), and (2) a normal-spinel structure rather than
an inverse-spinel structure as in magnetite (Spender, Coey, and Morrish,
1972).

Greigite has been reported as an authigenic mineral from many
depositional settings, including lacustrine and swamp (Skinner, Erd, and
Grimaldi, 1964; Giovanoli, 1979; Snowball, 1991; Snowball and Thomp-
son, 1990a, b; Hilton 1990; Dell, 1972; Krs and others, 1990; Jedwab,
1967; Pye, 1981); marine (Morse and Cornwell, 1987; Horng and others,
1989; Freeman, Heller, and Rogenmoser, 1983; Berner, 1974; Bonev
and others, 1989; Kalcheva and others, 1990; Snowball and Thompson,
1990b; Roberts and Turner, 1993); as well as estuarine and salt marsh
environments (Suthill, Turner, and Vaughan, 1982; Cutter and Velin-
sky, 1988; Demitrack, 1985). Recently, intracellular particles of greigite
(=75-nm diam) have been found in magnetotactic bacteria from brack-
ish, sulfide-rich water and sediment (Mann and others, 1990).

The few paleomagnetic studies of greigite-bearing sediments report
both stable and unstable remanent magnetizations. Stable remanence is
recorded by greigite in Pliocene marls (Freeman, Heller, and Rogen-
moser, 1983; Horng and others, 1989) and in marine and nonmarine
sediments of Loch Lomond (Snowball and Thompson, 1990b). Viscous
remanent magnetization in hemipelagic sediments was ascribed to greigite
having superparamagnetic grain sizes (Brandsma, Lund, and Henyey,
1989; Leslie, Lund, and Hammond, 1990). Greigite is the cause of
magnetic instability of Black Sea sediments (Kalcheva and others, 1990)
and of Miocene nonmarine claystone (Krs and others, 1990). Giovanoli
(1979) found that chemical remanent overprints attributed to greigite
obscured a detrital magnetic record. In contrast, Suthill, Turner, and
Vaughan (1982) concluded that magnetic contributions from greigite in
some tidal-flat sediments were overwhelmed by stable remanence carried
by detrital magnetite and titanomagnetite.

GEOLOQGIC SETTING

The study area is in the eastern part of the Simpson Peninsula of the
Arctic Coastal Plain, in the northern part of the North Slope basin (figs. 1,
2). Two major stratigraphic sequences occur in the basin: (1) Mississip-
pian to Lower Cretaceous carbonate and clastic (Ellesmerian) rocks
derived from sources to the north; and (2) overlying Lower Cretaceous to
Quaternary clastic wedge (Brookian beds) derived from the ancestral
Brooks Range to the south (fig. 3). These sequences are separated by an
unconformity that represents rifting that opened an ocean basin to the
north and that uplifted the basement to form the Barrow Arch (fig. 3).
The regional geology of the north slope is summarized by Molenaar
(1983), Bird (1987, 1988, 1991), and in papers in Tailleur and Weimer
(1987) and Gryc (1988). Basin-scale groundwater flow from heat flow and
subsurface temperatures is addressed by Deming and others (1992).

An important geologic feature in the study area is Simpson Canyon
(figs. 2, 4), an ancient submarine canyon filled with marine mudstone of
the Late Cretaceous Seabee Formation of the Colville Group. During an
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Fig. 1. Map of northern Alaska showing the location of Simpson Peninsula.

.

hiatus in Seabee deposition, the canyon was cut into the Seabee and the
underlying Late Cretaceous Ninuluk Formation of the Nanushuk Group.
In the study area, the pre-canyon Seabee is intercalated with nonmarirnie
and marine sandstone, siltstone, and mudstone beds of the Ninuluk, and
the boundary between the units is not easily defined (fig. 4). For this
reason, the beds cut by the Simpson Canyon have been designated as
undifferentiated Ninuluk and Seabee Formations by Robinson (1964).
The Early Cretaceous marine Grandstand Formation conformably under-
lies the Ninuluk and Seabee sequence. Clay, silt, sand, and gravel of the
Pliocene and Pleistocene Gubik Formation, as much as 30 m thick, cap
the Cretaceous beds.

The study area encompasses the Simpson oil field. Oil is trapped
mainly in sandstone outside the Simpson Canyon at depths of only about
100 m, perhaps in part by permeability contrasts across the canyon-wall
unconformity. Seeps currently bring oil to the surface along fissures in°
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Fig. 2. Map of the Simpson Peninsula showing locations of cores, oil seeps, Simpson
Canyon—a filled and covered submarine canyon-—and the area of magnetic anomalies.

the permafrost and outline the eastern margin of the buried submarine ‘
canyon (fig. 2; Robinson, 1964). The oil is biodegraded and contains low
amounts of sulfur (0.08-0.44 percent; Magoon and Claypool, 1981,
1988).
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Fig. 8. Cross section of the North Slope basin showing major stratigraphic units and
structure as well as inferred modern isotherms and ground-water flow paths (heavy
arrows). The boundary between the Torok Formation an§ Kingak Shale is an unconformity
that separates the Elflesmerian sequence from the overlying Brookian sequence (from
Deming and others, 1992).

An aeromagnetic survey over the Simpson field (Donovan and
others, 1988) detected magnetic anomalies having wavelengths of about
100 to 1000 m and amplitudes of about 1 to 50 nanoTesla (nT) appar-
ently caused by magnetization in shallow sedimentary rocks (fig. 2). Steel
casing in wellbores cannot account for the magnetic anomalies (see
Boardman, 1987; Frischknecht, 1985), because development in the area
is sparse, and drill sites are easily recognized. Donovan and others (1988)
attributed the anomalies to hydrocarbon-induced formation of magnetic
minerals.

METHODS

Sampling

The samples were taken from cores drilled between 1949 to 1951 for
hydrocarbon assessment of the National Petroleum Reserve of Alaska
(Robinson, 1964) and stored at room temperature since then. Sample
numbers are denoted by core and depth in feet from the surface, as
originally designated during drilling.

Aninitial goal was to identify the mineralogical source of the aeromag-
netic anomalies. For this goal we collected samples over a range of 0.3 to 3
m of core having uniform lithology and color. Subsequent sampling,
guided partly by scanning 900 m of core from 17 drill holes with a_
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hand-held magnetic susceptibility meter, expanded lithologic and geo-
graphic coverage, and it enabled detailed examination of some chemi-
cally heterogeneous or greigite-bearing intervals.

One hundred forty-five samples were collected from 12 cores (hg. 2),
and from these more than 100 specimens were shaped into cubes for bulk
magnetic-property measurements using a mason wheel and carborun-
dum disks (table 1). Excess material from 45 of the trimmed specimens
were used for magnetic-mineral separations so that magnetic mineralogy
could be related to bulk magnetic properties of this subset of samples.
After measurement of magnetic properties, 22 of these specimens were
analyzed chemically to evaluate relations among magnetic properties,
magnetic mineralogy, and geochemistry. In addition, magnetic minerals
were identified from 70 other samples, 18 of which were also analyzed
chemically.

We concentrated the studies on cores 31 and 18. Core 31 is within an
area of the magnetic anomaly, lies close to an oil seep, and transects the
canyon wall that separates the Seabee from beds of the undifferentiated
Ninuluk and Seabee Formations. In contrast, core 18 is from the center
of Simpson Canyon, remote from both seepage and the area of magnetic
anomalies, and penetrated only the Seabee (figs. 2, 4).
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Laboratory Procedures

Mineral identification.—Identification of the magnetic sulfide and
oxide minerals required their concentration from bulk samples. This was
done by immersing a permanent magnet in a slurry of sediment, water,
and surfactant following dry disaggregation and dispersal of grains in an
ultrasonic bath. Such separates, which concentrated magnetic particles
ranging in size from less than 0.5 pm to more than 200 pm, were suitable
for study by (1) X-ray diffraction (XRD) packed-powder techniques using
Fe-Ka radiation, (2) the measurement of magnetization as a function of
temperature to generate thermomagnetic curves, and (3) reflected-light
microscopy. We further purified the magnetic separates using techniques
similar to those described by Petersen, Von Dobonek, and Vali (1986).
These separates were analyzed using scanning electron microscopy (SEM)
with an energy-dispersive analyzer (EDA), X-ray powder-camera meth-
ods (using Fe-Ka radiation) of a few grains mounted on a gelatin fiber,
and Maossbauer spectroscopy. Heavy liquids were also used to concen-
trate the magnetic and nonmagnetic heavy minerals from bulk samples.
The identifications of magnetic minerals listed in the tables were based
mainly on 95 thermomagnetic curves and examination of more than 100
polished grain mounts of magnetic separates.

Rock magnetic techniques.—Magnitudes of Natural Remanent Magne-
tization (NRM) and remanences induced in the laboratory were mea-
sured using a spinner magnetometer having a sensitivity of about 10~*
amperes/meter (A/m). Isothermal remanent magnetization (IRM) was
imparted using an electromagnet capable of inductions to 0.93 T. Anhys-
teretic remanent magnetization (ARM) was generated in an alternating-
field (AF) coil at a peak induction.of 100 mT placed vertically in the
ambient magnetic field of about 50,000 nT. AF demagnetization of
remanence, in 7 to 12 steps to peak fields of 60 to 90 mT, was performed
in a tumbling degausser. In the laboratory, magnetic susceptibility was
measured using a device having a sensitivity of about 1.3 X 107 volume
SIat 800 Hzin a field of 0.1 mT.

Geochemical techniques.—The forms and amounts of sulfur were deter-
mined by a sequential separation method described by Tuttle, Gold-
haber, and Williamson. (1986). Because the hot 6N HCI and stannous
chloride treatment can potentially dissolve disulfide sulfur (the sulfur in
pyrite), thereby elevating the recovered acid-volatile sulfur (AVS, the
main sulfur type in greigite; Chanton and Martens, 1985; Cornwell and
Morse, 1987), we used an extended sulfur speciation scheme combined
with sulfur isotopy to test for such AVS artifact. The results (Rice, Tuttle,
and Reynolds, 1993) indicate that very small amounts of disulfide sulfur
(less than 5 percent of the disulfide sulfur) were recovered as AVS in the
samples of canyon-fill Seabee. No such alterations were observed in the
samples from the undifferentiated Ninuluk and Seabee sequence, prob-
ably because the contained sulfide minerals have different morphology
and larger grain sizes than those in the canyon-fill sediment, as discussed
below. .
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Concentrations of total carbon, organic carbon, carbonate carbon
(by difference), and HCl-soluble iron were also measured. The amounts
of total carbon and organic carbon were determined using an induction
furnace coupled to a thermal-conductivity cell. Organic carbon was
measured after the carbonate carbon was removed using dilute HCI;
carbonate carbon was obtained by the difference between the total and
organic carbon. The mean deviation of replicate analyses of total and
organic carbon was < =£3 percent.

HCI acid-soluble iron (Feyc) was measured from the 6N HCI and
stannous chloride solution in the first step of the sulfur-separation
scheme using standard flame atomic absorption methods with a reproduc-
ibility of =10 percent. Such acid-soluble iron represents that in monosul-
fide, carbonate, and clay. The amounts of iron in disulfide minerals (Feg;)
and in monosulfide (Fe,,, approximating the Fe in greigite) were calcu-
lated from disulfide S and AVS, respectively, assuming respective stoichio-
metric FeS,; and Fe;S;. These values, with Feyq,, were used to calculate
the reactive Fe (Fe,) and the degree of sulfidization (DOS,):

Fer = FeHCl + Fedi (1)
DOS, = [Fey + Fe,]/Fe, (2)

The parameter Fe, is intended as a measure of iron that was available
for sulfidization by H,S. The Fe, term operationally defined above differs
from the reactive Fe defined by Berner (1970) as Fe leached by 12 N HCI
boiled for one minute. DOS, is the fraction of reactive iron that has been
sulfidized. As demonstrated by Canfield, Raiswell, and Bottrell (1992),
such terms for reactive and sulfidized iron may not closely reflect iron-
sulfur reactions during early diagenesis, because the Fe leached in the
laboratory may not have been readily available for sulfidization in the
sediment.

The isotopic compositions of the sulfur products from the separation
scheme (AgsS or BaSO,) were determined by conversion of the products
to SOy, which was then analyzed using mass spectrometry techniques.
Similarly, isotopic compositions were obtained from a commercial labora-
tory following the separations of sulfur species by us (AVS, disulfide S,
sulfate S, and organosulfur) or by the laboratory (AVS, sulfate S, and
disulfide S). All sulfur isotopic results are reported relative to the Cafion
Diablo Troilite (CDT) standard. Carbon and oxygen isotopic results
(relative to the PDB standard) were determined on CO, converted from
carbonate minerals.

IDENTIFICATION, DISTRIBUTION, AND OCCURRENCES OF IRON SULFIDE,
IRON OXIDE, AND IRON CARBONATE MINERALS

Iron Sulfide Minerals

Identification.—Greigite and pyrite were identified using XRD and
Méssbauer methods (figs. 5, 6). The Méssbauer spectrum of a sample of
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Fig. 5. X-ray diffraction pattern of magnetic separate from sample 31-256 which was
mounted on a gelatin fiber and exposed for 8 hrs. Pyrite (Py) is intimately mixed with and
could not be physically separated from greigite (Gr). '

@
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nearly pure greigite (Krs and others, 1990; Hoffmann, 1992) from the
Sokolov basin, Bohemia, is shown for comparison.

Magnetic separates that contain predominant greigite, as confirmed
by XRD, have characteristic thermomagnetic curves (fig. 7). When heated
in air, samples abruptly lose most of their magnetization between 200°
and about 350°C. The thermomagnetic curves are reversible to 250°C but
irreversible at higher temperatures. The increase in magnetization above
about 350°C is caused by the oxidation of iron sulfide to magnetic iron
oxide. In the Bohemian sample, which initially lacks disulfide, mag-
hemite and hematite are produced via the oxidation of pyrite, marcasite,
and hexagonal pyrrhotite that formed from greigite above about 300°C
(Krs and others, 1992). Under heating in air, the further oxidation of the
sulfide and maghemite to hematite results in cooling paths far below the
heating paths. Such curves resemble a curve for a greigite separate from
Loch Lomond generated in air by Snowball and Thompson (1990b). In
our experience, thermomagnetic analysis in a nitrogen-gas environment
(see Snowball and Thompson, 1990b) does not elucidate the thermomag-
netic properties of greigite; we generated curves having vastly different
shapes using different flow rates of nitrogen. At high-flow rates and



498 Richard L. Reynolds and others—Magnetization and geochemistry of

temperatures above 300°C, magnetic iron oxide either continues to form,
or that formed at lower temperatures persists, and the resulting curve
shows little evidence for the original greigite. We thus recommend an air
environment for the thermomagnetic analysis of greigite, because the
products of the oxidation and breakdown of greigite in air generate a
diagnostic thermomagnetic curve (see Schwarz, 1974, for comparisons
with pyrrhotite).

Greigite was detected petrographically on the basis of characteristic
colors and reflections from magnetic separates in polished grain mounts,
although individual particles in most samples were commonly much too
small (<1 pm) to identify from optical properties alone. The identifica-
tion of greigite was confirmed in most such samples using thermomag-
netic analysis. Larger particles of greigite, as much as 5 pm in diameter,
occur in marine mudstone that fills the Simpson Canyon.

Pyrrhotite occurs sparsely in magnetic separates in samples from
both the canyon-fill Seabee Formation and the undifferentiated Ninuluk
and Seabee Formations. The predominance of greigite in these magnetic
separates precluded XRI) and thermomagnetic confirmation of ferrimag-
netic pyrrhotite. In two magnetic separates (from core 31, samples
241-252 and 309), antiferromagnetic pyrrhotite was indicated in thermo-
magnetic curves by an increase in magnetization at about 200°C during
heating (see Schwarz, 1974).

Distributions and occurrences.—Authigenic greigite is widespread in
the study area. It was found in every core, except cores 17, 23, and 25,
examined for siderite concretions only (table 1). Greigite is ubiquitous in
marine mudstone of the Seabee and common in each lithology of the
undifferentiated Ninuluk and Seabee (tables 1, 2). Greigite is also present
with detrital magnetic oxides in the Gubik and rarely in the Grandstand
Formations.

The occurrences, textures, and sizes of the iron sulfide minerals in
the canyon-fill Seabee Formation differ in some important ways from
those characteristics in the undifferentiated Ninuluk and Seabee Forma-
tions. In the canyon-fill Seabee, greigite occurs mixed with fine-grained
pyrite (typically <20 pm) and commonly within the cell lumens and on
coalified surfaces of some fossil plant fragments which thus could be
concentrated magnetically. Framboidal pyrite is also common in heavy-
mineral separates.

In undifferentiated Ninuluk and Seabee rocks, aggregates of fine-
grained greigite are commonly associated with pyrite, but some samples
that contain pyrite are devoid of greigite. Occurrences of greigite in plant
fragments are rare even though such fragments are common. Framboi-
dal and fine-grained euhedral pyrites are surrounded or cemented by
large crystals or composite grains of pyrite, of marcasite, or of pyrite-
marcasite in samples from core 31 covering depths of 64 to 77 m
(=211-252 ft) and 86 to 91 (=283-297 ft) (fig. 8). In a few samples,
greigite aggregates surround and appear partly to replace the margins of
large pyrite and rare pyrite-marcasite grains. Large pyrite grains that
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cement fine-grained euhedral and framboidal pyrite also occur in two
samples from the overlying Seabee (31 115-125 and 31 166-175).

Iron Oxide Minerals

Detrital grains of the magnetite-ulvospinel and hematite-ilmenite
solid-solution series are present but sparse in each formation (table 1).
The dominant Fe-Ti oxide minerals in the magnetic separates are angu-
lar to subrounded, optically homogeneous, ferrimagnetic titanohematite
grains, typically 5 to 50 pm in diameter. These grains have Curie
temperatures between 150° to 220°C, indicating compositions between
about 59 and 51 mol percent ilmenite, respectively (Nagata and Akimoto,
1956). Such textural and chemical characteristics suggest the derivation
of these Fe-Ti oxide grains from intermediate-composition igneous rocks
(see Reynolds, 1977; Butler and Lindsay, 1985).

Petrographic observations suggest that detrital magnetite has largely
been destroyed by the postdepositional dissolution of iron. The earlier
presence of magnetite is strongly implied by (1) relicts of former titano-
magnetite as fragile grains that consist of TiO, lamellae along {111}
crystallographic planes (fig. 8) and (2) abundant unaltered magnetite
within protective ferromagnesian minerals in an igneous-rock fragment
from the Seabee Formation. Evidence for the replacement of magnetite
by pyrite is rare. The persistence of titanohematite under conditions that
deplete magnetite has been documented in other sedimentary rocks
(Reynolds, 1982; Larson, Patterson, and Evanoff, 1990; Canfield, Raiswell,
and Bottrell, 1992).

Siderite
Concretions and lenses of siderite were collected selectively, because
they have high magnetic susceptibility and because they contain fine-
grained pyrite as a possible diagenetic record of iron-sulfide formation.
The siderite occurs in most cores, but it is extremely sparse, comprising
less than 0.1 percent of the cores.

. ROCK MAGNETIC RESULTS

NRM and Magnetic Susceptibility

Greigite dominates the bulk magnetic properties of the Late Creta-
ceous units (table 2). Specimens that contain greigite only (G-group) have
greater magnitude of NRM and generally greater MS than specimens
that contain detrital magnetic oxides as the only observed magnetic
minerals (FT-group) (fig. 9). Most specimens with mixtures of greigite
and Fe-Ti oxide grains have intermediate values of MS and NRM.
Specimens of siderite plot in a cluster of high MS and low NRM, and
those having some greigite or magnetic Fe-Ti oxide plot between this
cluster and the G-group and FT-group fields, réspectively. Magnetic-
property values lack apparent relations to lithic types.
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Fig. 9. Plot of magnitude of natural remanent magnetization (NRM) against magnetic
susceptibility (MS), keyed to magnetic minerals. When listed together (for example,
“Greigite +Fe-Ti”) the first mineral is qualitatively judged the more abundant on the basis
of petrographic examination of magnetic-mineral separates from sediment that enclosed
the magnetic specimen.

Stability of NRM, Coercivity, and Discrimination Among Magnetic Carriers

Most G-group specimens were stable to AF demagnetization—their
magnetization vectors showed nearly straight-line decay through peak
inductions of 60 to 80 mT (fig. 10). In contrast, most FT-group specimens
showed erratic response to lower AF inductions. Such unstable behavior
usually precluded the determination of the median destructive induc-
tance (MDI, the AF induction at which half the NRM is lost) which is a
measure of magnetic coercivity. The three specimens of the FT group for
which the MDI could be determined had values (<20 mT), much less
than those of nearly all G-group specimens (MDI typically >385 mT)
(table 2). ’

The acquisition and the backfield removal of IRM also indicate an
overall higher coercivity in the G-group than in the FT-group specimens.
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Fig. 10. Orthogonal demagnetization diagrams (see Zijderveld, 1967) of specimens
that contain greigite as the only identified magnetic mineral. Circles (squares) represent
projections of the magnetic vector on the horizontal (vertical) planes.
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Although the shapes of the IRM acquisition curves are similar and show
saturation by applied inductions of less than 0.3 T for both groups,
G-group specimens acquire about 20 percent of the SIRM at 0.05 T,
whereas FT-group specimens acquire between about 35 and 50 percent
at this induction (fig. 11). This difference is also expressed in the
backfield curves: G-group specimens have convex-upward curves, and
most have values of coercivity of remanence (B,,) greater than 0.05 T;
whereas FT-group specimens have concave-upward curves, and most
have B, values less than 0.05 T (fig. 11). The differences in B, values are
subject to complicating factors, especially the content of high-coercivity
hematite that increases the B, values in some FT-group specimens. We
attribute the high B, value (0.075 T) in one FT-group specimen from a
thin bed of volcanic ash (table 2, 31-343) to petrographically observed
hematite that formed before deposition during cooling and high-
temperature oxidation of the associated magnetite.

The G- and FT-group specimens are discriminated most clearly on
the basis of the SIRM/MS ratio (table 2; fig. 12): G-group specimens
range from about 11 kA/m to 175 kA/m, whereas FT-group specimens
have values less than 6 kA/m. A similar result is reported by Snowball and
Thompson (1990b) and by Roberts and Turner (1993). The presence of
siderite, even when coexisting with greigite in a specimen, greatly de-
presses SIRM/MS (table 2). Plots of ARM against MS (fig. 13) for the
non-siderite-bearing specimens define a rather tight trend—the greigite-
bearing specimens having ARM values above those of the FT-group
specimens. The plots, however, clearly do not reveal different slopes for
the two groups and thus do not separate the G-group from FT-group
specimens on the basis of their grain-size differences; such plots may
reflect equivalent differences in grain sizes among magnetites (Banerjee,
King, and Marvin, 1981).

GEOCHEMICAL RESULTS

Contents of Sulfur, Carbon, and Iron

Geochemical results for the analyzed forms of sulfur, carbon, and
iron are considered in terms of (1) the lithologies and depositional
environments (dominantly mudstone of the marine Seabee Formation
vis-a-vis dominantly coarser marine and nonmarine sediments of the
undifferentiated Ninuluk and Seabee Formations), and (2) the dominant
magnetic mineral in a sample (table 3). Average values of elemental
contents and their generally high standard deviations are shown for the
comparative sets in table 4. The high dispersions are related mainly to the
mixtures of lithology, formation, or magnetic mineralogy within the
averaged sets (table 4).

Total sulfur content in the undifferentiated Ninuluk and Seabee
Formations (0.44 wt percent) is not significantly different from that in the
Seabee (0.31 wt percent), according to the nonparametric Mann-Whitney
U test at the 0.05 probability level. Significantly different distributions of
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Fig. 12. Histogram of the ratio saturation isothermal remanent magnetization (SIRM)
to magnetic susceptibility (MS). Abbreviations as in table 1. The higher values are found in
greigite-bearing specimens.

AVS and disulfide sulfur in these units, however, indicate different
residences for the sulfur. The Seabee contains higher AVS (0.08 wt
percent or 26 percent of the total S) than the undifferentiated Ninuluk-
Seabee (0.05 wt percent or 11 percent of total S) but less disulfide sulfur
(0.14 wt percent or 45 percent of the total S; and 0.34 wt percent or 77
percent of the total S, respectively). G-group specimens contain 0.08 wt
percent AVS, and FI-group specimens contain 0.02 wt percent AVS,
implying that greigite might be present in some FT-group specimens but
in amounts masked petrographically and magnetically by the detrital
oxides. Contents of sulfate S, probably generated by the oxidation of
greigite and pyrite, are low and vary without consistent relation to AVS
or disulfide S contents.

The range of organic-carbon contents in the Seabee Formation is
extremely narrow, and the average content (1.1 wt percent) is greater
than in the undifferentiated Ninuluk and Seabee Formations (0.49 wt
percent). Greigite-bearing samples have a higher average organic-carbon
content than those devoid of greigite. Organic-carbon contents corre-
spond closely to sediment grain size: Average values are highest in
mudstones (1.0 wt percent), intermediate in siltstone (0.88 wt percent),
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Fig. 13. Plot of magnitude of anhysteretic remanent magnetization (ARM) against
magnetic susceptibility (MS), keyed to magnetic minerals. Abbreviations as in figure 8.

and lowest in sandstone (0.23 wt percent). Carbonate-carbon content in
sandstone (0.89 wt percent) is much higher than in siltstone and mud-
stone (each about 0.32 wt percent).

Ratios of reduced sulfur (disulfide S plus AVS) to organic carbon
(S/C ratios) may provide clues to depositional conditions and postdeposi-
tional alterations of the Cretaceous beds (Gautier, 1986; 1987; Dean and
Arthur, 1989). One basis for such clues are observed S/C ratios in
Quaternary and modern normal marine sediments (= 0.36; Raiswell and
Berner, 1986; Lin and Morse, 1991) which reflect the control of organic
carbon on the production of sulfide minerals during diagenesis, mainly
by bacterial sulfate reduction (Sweeney and Kaplan, 1973; 1980). These
samples, whether considered as one suite or as different subsets, do not
follow the relation found in normal marine mud (fig. 14). For example,

2



509

greigite-bearing Cretaceous strata, North Slope Basin, Alaska

"u0qaed >1uedIo 01 § APY[NSIP + SAY JO ONkI 7Y /S "uoqIed dueSIo Jo 1UIIU0D 3Y3 uo paseq
Iamew d1ueSIo Ul § ‘WO Ul § ‘SISeq Y20I-2[0yMm B Uo (Uswniig pue usSosay ut §) § oruedio ‘Gio § g areyms
‘S FOS ‘S IPYINSIP ‘S I(J £ S[NB[0A-PDE ‘SAY ‘sjuouodwiod G [[e Jo wns 33 “INJ[NS [£30] ‘WINS-10) ‘G ‘UOGIELDd
91eUOqIRd ‘D) qIB) ‘UoqIe) JUESIo ‘7)) dMueSi() ‘UOHN[OS WNIWOIYD Ul PIZI[IN[OS UOIL [0S 1D 9 ‘U0l
J[qnjos-pe HHJ 10] 1usd1ad 1ySiom ur sonjep g a[qe ‘A[feonsulew pozd[eue suswads saj0us(] 4

[3 100 L00 €50 100 OLT 90 9T 0z0 810 6T NN SN 's§ 14 082z 1€

000 L0000 T80 100 vY¥ €80 ST 61°0 L0 TT NN SN 's§ 1d +E87T 1€

000 610 10 L00 TY L60 €00 61°0 $9°0 0T NI SN 's§ 14 +61Z-11T 1€

000 LOOD  9€0 TO0 1S0 8€0 610 SLO £€°0 91 YV SN SIS 1d  «VOEI-6Z1 9T

L000  L000 1070 0 SO0 100 60 0z0 100 LT AVAD 's§ 14 +801L-00L 1

000 LO00 100 100 $00 100 £l L7 £0°0 61 AVNID 's§ 14 +VOIL00L b1

L0 W0 ITO TTO T00 L0 LYO 0 [l £5°0 'l WNWSN PN O+Id €5€ 1€

L000 100  BE0 ¥TO €80 €90 110 SLO (4] PI MVW SN SIS O+Id *VOLT 1€

S0 100 010  Z¥0 %00 6¥0 LSO SO0 €60 4] LT AYWSN SIS  O+ILd 9LT 1€

0 1000 0 ¥E0 €00 9T LEO  LOO €20 1€0 97 MVWNSN  SUS  LaI+D IPLTE9T 1€

91 100 100 0T0 €00 +L0 STO TS0 1€0 70 $E  YVWSN SIS Ld+D *APLT-E9T 1€

S0 100 910 W0 »00 Tv0 €90  SI0 1 vE'0 0y AVIN S BPN LJ+D  .dE€78-778 81

L0000 200 W0 00 900 800  0S0 1 0L'0 Ty AV S WP Ld+D  WDET8-TTR 81

L0000  ST'0 860 OI'0 8¥0 €90  ¥E€0 001 0r'0 Iy YW S ISP LI+D  «VSTOH9 81

S0 100  SI'0 9%¥0 SO0 SSO  L90  9€0 £6°0 9€°0 194 VNS PN LI+D $T9-+79 81

L0000 100 100 00 01 w0 90 £0°0 S0°0 §'€ NN SN 's§ o *IEE 1€

60 W00 W0 960 LOD LEO 6¥0  TI0 [ $$°0 6T WNWSN ISP b €87 1€

£00°0 0 €00 00 €10 SO0  ¥TO 0t'0 900 LT YV SN 's§ o «HISTCET I

S0 1000 L000 00, 200 TTO LOO  LIO LTO 80°0 8T UV SN '$§ ) 86T 1€

000 €00 0 600 9F 950  ¢10 $E0 o LTE MY SN 's§ o «APST 1€

$0 100 010 %00 200 900 LIO 860 01 zro 8¢ AVINS ISP o 981-SLI 1€

60 200 110 80 LOO €20 8€0  ¥10 011 8¢'0 6¢ AVINS ISP o SLI-991 1€

S0 100 SO0 SO0 900 010 LI'O  I€0 'L 08'0 6¢ AVIN S ISP 5] €091 1€

S0 100 110 #20 010 €£0 9¥0 810 01 Yoo 6¢ VNS ISP s} V091 1€

S0 100 200 110 800 610 1T0 670 £6'0 SE'0 (12 AVINS ISP o SST-4bT 1€

1 W0 600 9T0 €10 O¥0 0S0  TEO 860 L0 Ly WVINS ISP o +OET 1€

S0 100 SO0 TI0 2TO0 €10 0T0  S¥O | 81°0 8¢ VIS ISP b STISIT 1€

4 100 100 STO 600 ¥I 9€0 910 $T0 €20 6T  ¥YW SN 's§ D *992-59C 0€

T0 100 100 700 200 TO0 900  ¥9°0 (%4 60°0 9T AVNS SIS b)) «999¢ 67

¥'0 1000 SO0 S0 $I0 €0 SE0  SPO yT1 0z'0 re AVNS SIS b «V99€ 67

S0 100 010 900 0T0 920 LEO IS0 660 60°0 6'¢ AVIN S BP D €281 17

$0 100 600 900 810 920 +E0 950 ¥6°0 600 6'€ AVIN S SPIN o V81 12

s0 100 610 980 L0O S¥O0 €90  LI'D $60 670 Tt AVIN S ISP [} 60801 81

000 110 100 SO0 910 920 L0 $60 10 %4 AVIN S ISP >) *860t-80% 81

S0 100 SO0 LOO LOO ¥I0  0TO  LIO 01 €10 0'¢ AVINS ISP D «VB0T-LOTSI

S0 100 900 600 010 610 920  ¥T0 o1 P10 e WY S ISP 9 S0T-%0T 81

0] 100 €00 900 .800 %10 8I'0  LTO 860 1o g AV S ISP D «dSOTHOT 81

S0 100 €00 SO0 SO0 110 vI0  8€0 160 60°0 yLO AV S ISP o) 102-00€ 81

000 100  T00 €00 SO0 900  ¥vO 160 L0°0 6T YYW S ISP o) +3102-00C 81

80 100 100 800 TI'D tE0  TTO 9S50 650 Tro 8T AVNS  sug D #ZET €1
wouwrs 80 SYOS §1d SAV D/S wnsam S D qr) Domedip fos  DHey maugdeg wr1  um

na UOTBWIO] e ordures % a10)

DYSDIY DINSUIUDJ UOSGUIAS ‘SHUN SN0IIDI2LT) “DIDP [0I0UaY2023 fo Livwmng

¢ A1av],



510 Richard L. Reynolds and others—Magnetization and geochemistry of

TABLE 4

Averages and standard deviations of geochemical data, Cretaceous units, Simpson

Peninsula, Alaska

Formation or No. Samples

Mag Min Group Mag Min Group Feacid Fecr OrganicC CarbC Stot-sum S/C AVS DiS S048

SEABEE 19G & 4 G+FT AVG 35 0.22 1.05 0.38 0.31 023 0.08 014 008
STDS 098 0.15 0.29 0.19 0.19 015 005 014 005

UNDIFF 6G &4 FT AVG 4.0 0.36 0.49 0.50 0.44 13 005 034 005

NINUKUK- 2 G+FT STDS 3.6 0.21 041 0.85 0.27 14 0.06 023 0.07

SEABEE 3 FT+G

GREIGITE 25 AVG 32 0.18 0.90 0.35 0.27 034 0.08 013 0.06

STDS 0.89 013 043 0.21 0.17 039 0.05 0.12 0.05

GREIGITE + 6 G+FT AVG 4.6 0.40 0.85 0.23 0.48 059 006 032 0.09
FT 3 FT+G STDS 3.7 0.14 0.37 0.20 0.21 045 0.07 0.14 0.08
FT GROUP 6 FT AVG 3.5 0.37 0.30 1.2 0.47 20 002 041 005

STDS 3.8 0.30 0.22 11 0.41 20 003 034 007

GRANDSTAND 2 FT AVG 0.24 1.1 0.01 0.05 0.005 0.01 0.007

STDS 0.05 0.1 0 0.01

AVG, average; STDS, sample standard deviation. Other abbreviations as in table 3.

A

the greigite-bearing, marine Seabee Formation is characterized by a
narrow band in organic C (about 1.0 wt percent) and by a wide range of
corresponding values of reduced sulfur, most values much lower than
predicted from diagenetic S/C relations. In contrast, most samples from
the undifferentiated Ninuluk and Seabee Formations have lower con-
tents of organic carbon and higher S/C ratios. These comparisons
suggest that (1) the canyon-fill Seabee represents a sulfur-limited system;
and (2) reduced sulfur contents in both units were controlled by pro-
cesses different from those in normal marine muds.

For all samples, the average contents of iron available for sulfidiza-
tion (Fe, = 3.8 wt percent) are much greater than the sulfidized iron
(DOS, = 0.09). Values from the undifferentiated Ninukuk and Seabee
Formations are similar to those from the canyon-fill Seabee. Moreover,
the amounts of AVS and disulfide S are not related to Fe,. These
observations suggest that the amount of iron in these beds did not limit
the production of iron sulfide minerals. This suggestion should be
tempered by recent understanding that not all the iron obtained by acid
digestion is a measure of the iron available for sulfidization, at least on
early diagenetic time scales (Canfield, Raiswell, and Bottrell, 1992).
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Fig. 14. Plot of reduced sulfur (the sum of disulfide and acid-volatile sulfur contents)
against organic carbon. Plot is coded by formation and depositional environment. The
undifferentiated Ninuluk and Seabee Formations (N-S) represent marine or indeterminate
marine-nonmarine (mnm) sedimentation, whereas the Seabee Formation is entirely ma-
rine. NMS line represents a S/C ratio of 0.36, typical for normal marine sediments.

Sulfur, Carbon, and Oxygen Isotopes

Sulfur isotopic systematics can elucidate certain genetic aspects of
sedimentary sulfide minerals, such as sources of sulfide and rates of
sulfide reaction with iron minerals (for example, Goldhaber and Kaplan,
1980; Canfield, Raiswell, and Bottrell, 1992). Bacterial sulfate reduction
(BSR) can produce sulfide having isotopic ratios enriched in light sulfur
(*2S; 8%S values typically <—20 permil) relative to the starting sulfate
sulfur. As 32S is depleted, the residual sulfate reservoir becomes enriched
in 34S.

The sulfur species in the different depositional settings have funda-
mentally disparate sulfur isotopic compositions (table 5; fig. 15). Disulfide
sulfur and AVS in the undifferentiated Ninuluk and Seabee are variable

@



TABLE 5

Summary of sulfur isotopic results, Cretaceous units,

Simpson Peninsula, Alaska

334s per mil
Formation Sample Lithology Magnetic  Sample  AVS DiS S048 S Org
Core Dep Envir Mineral Type
GUBIK
29 71 Ss. NM G+FT BULK - 9.1
83 Ss. NM G+FT BULK - -13.4
SEABEE
31 115 Mdst. MAR G MT -19.1 251 -21.1 2.7
115-125 Mdst. MAR G BULK 5.3 -19.3
144 Mdst. MAR G MT 258 -292
144-155 Mdst. MAR G BULK <215
166 Mdst. MAR G MT -24.1 -29.2 <257 -5.7
166-175A Mdst. MAR G BULK -30.2 -28.0
166-175B Mdst. MAR G BULK 5.3 -25.6
175 Mdst. MAR G MT -23.1 -27.3 -1.8
175-186 Mdst. MAR G BULK -23.0 -22.5
18 204 Mdst. MAR G MT 213 322
408 Mdst. MAR G MT 249 -324 -30.6
624 Mdst. MAR G+FT MT -21.0 -32.0 2.1
624 Mdst. MAR G+FT BULK -34.3 -29.2
822 Mdst. MAR G+FT MT -18.6 -324 -27.7
29 366A Slts. MAR G MT -23.9 -30.1
13 132 Slts. MAR G BULK 10.3 -5.8
UNDIFF NINULUK and SEABEE .
31 211 Ss. MAR FT MT =259  -383 -282
211-215H Ss. MAR FT HEAVIES 2213 -193
213-225 Ss. MAR FT BULK 3.0
225H Ss. MNM FT HEAVIES 13.7
85-228 Ss. MNM FT BULK 34.8 11.2
228B Ss. MNM FT MT 275
228C Ss. MNM ET MT 5.5
252 Ss. MAR G MT* 257 17.7 17.8 9.6
252-263 Ss. MAR G BULK 244
252-263M Ss. MAR G MAGS 22.6 25.1
252-263 Ss. MAR G BULK 25.5
254B Ss. MAR G MT 14.2 242 -0.2
263B Sits. MAR FT+G MT 20.2
263C Sltis. MAR FT+G MT 2.5 225
263-274 Slts. MAR FT+G BULK 244
276 Slts. MAR G+FT BULK 2.9 14.9
283 Mdst. MAR G MT 0.4 15.6 13
283 Mdst. MAR G BULK 11.9 4.0
290H Mdst. MNM G HEAVIES 219
297-304 Mdst. MAR G BULK -7.8
309 Slts. MAR G BULK 19.5
310 Ss. MAR G. BULK 19.3
310 Ss. MAR G MT* 26.6 8.6 17.5 6.1
316 Ss/OIL MNM  FT+G MT* 10.5 54 8.0 4.7
314-316 Ss/OIL MNM  FT+G BULK 14.1
320 Ss. MNM G+FT BULK 221
325 Ss. MNM FT+G BULK 2.1
334 Slts. MNM FT+G BULK 224
351 Mdst. NM BULK 7.0
353 Mdst. NM FT+G BULK -19 -6.9 9.0 1.0
14 285-305 Mdst. MAR FT BULK 272
305-315H Ss. MNM FT HEAVIES -152
495-49TH Ss. MNM FT+G  HEAVIES 6.0
N TT AIN PYRITE
SEABEE
13 238A Mdst. MAR BULK -4.5
23 506 Mdst. MAR BULK 26.7
'UNDIFF NINULUK and SEABEE
26 317 Ss. MNM BULK 3.1
27 232 Slts. MAR BULK -11.6
30 313 Slts. MNM MT -0.8
31 85-330 Slts. MNM BULK 52
¥
Sample ti'pe indicates treatment for analysis: bulk and heavies, whole sample and
heavy minera

MT, samples prepared an

separate, ref})ectively, prepared and ana'}yzed by a commercial laboratory;
*, samples separated into sulfur
species at the USGS and analyzed at the commercial laboratory.

analyzed at the USGS; M
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Fig. 15. Plot of 3**S values from disulfide sulfur and acid-volatile sulfur (AVS) against
depth in core 31. Value for pyrite in a siderite concretion is marked by a square.

(3%1S4;, —38.3 to +34.8; 831S,,,, —25.9 to +26.6 permil), and most values
are positive. In contrast, all but three samples in the canyon-fill Seabee
have negative values (3%Sy, —34.8 to —23.0 permil; 3%8,,,, —25.8 to
—18.6 permil) similar to those in normal marine sediments and rocks
(Goldhaber and Kaplan, 1974). The exceptions are a siltstone from core
13 (sample 13-132; 3*S,, = 10.3 permil) and two mudstone samples
from core 31 (31-115-125 and 31-166-175B; Sy = 5.3 permil). In
heavy-mineral separates from the latter two samples (a separate of the
sample from core 13 was not made), much of the diagenetic pyrite is
cemented by pyrite and surrounded by euhedral pyritic overgrowths.
Such occurrences are unlike the pyrite elsewhere in canyon-fill Seabee
but similar to that in beds of the undifferentiated Ninuluk and Seabee.
Importantly, AVS in all samples of the Seabee is enriched in 348
relative to coexisting disulfide sulfur by 3 to 16 permil. In the undifferen-
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tiated Ninuluk and Seabee Formations, half the samples analyzed for
both forms of sulfur share this relation.

Curiously, the most negative 3**S value (—38.3 permil) in the study
was determined for disulfide S from probable marine sandstone 7.6 m
(25 ft) below the canyon-wall unconformity in core 31 (sample 31-211).
Disulfide S in sandstone beneath this sample is progressively enriched in
the heavy isotope with increasing depth (table 5) to a 84S value of +34.8
permil in sample 31-228 (fig. 15). Two different values (+27.5 and +5.5
permil) of disulfide S from samples within about 30 cm of sample 31-228
reflect the isotopic heterogeneity of sulfur in these sediments.

Values of 3%*S of the sulfate S are intermediate between the values of
coexisting AVS and disulfide S. The sulfate is depleted in 3¢S relative to
Late Cretaceous marine sulfate (about +18 permil; Claypool and others,
1980), indicating that it was produced from the oxidation of the sulfide
minerals.

Organosulfur (kerogen plus bitumen sulfur) in the Seabee (table 5)
varies little in isotopic composition (8%S,,, from —1.8 to —5.7 permil).
These values suggest that sulfur from H,S depleted in 3¢S was added
during diagenesis to the original assimilatory sulfur of the living organ-
isms. Such assimilatory inherited sulfur would have had 8%S values of
Late Cretaceous marine sulfate (about +18 permil). The 84S, in the
undifferentiated Ninuluk and Seabee Formations range from +1.0 to
+9.6 permil. In these beds the isotopic compositions of the HyS and
organosulfur were closer than were the sulfur types in the Seabee. The
organosulfur in the bitumen fraction separated from an oil-stained
sample (31-316) has a similar isotopic composition (8%4S of ~4.9 permil)
to that of organosulfur in other oils from the Simpson area (-4 to ~9
permil; Magoon and Claypool, 1981).

Pyrite in some siderite concretions may have formed during early
diagenesis and thus may have 3*S values characteristic of the early
diagenetic sulfide in the sediments. The siderite samples, except sample
23-506, have 3!*C values.(table 6) typical of normal marine limestone or
shallow cement that thus imply an early diagenetic origin. The pyrite in
the siderite from marine beds has intermediate 84S values (—11.6 and
—4.5 permil; table 5). Sample 23-506, in contrast, contains isotopically
heavy carbon (3'2C = +12.7 permil versus PDB), pointing to diagenetic
methane as a source of the carbon and isotopically light disulfide S
(8%1S = —26.7 permil) indicative of BSR. Three 84S values from possibly
nonmarine beds range from —0.8 to 5.2 permil.

Carbon and oxygen isotopic compositions of the other carbonate
phases in most samples are within the range of marine and freshwater
limestones as well as shallow cements (table 6). However, several samples
within a siltstone and sandstone interval in the undifferentiated Ninuluk
and Seabee Formations contain carbonate minerals that are depleted in
BC (=22 to —17 permil versus PDB) relative to other samples. These
values imply that this carbonate formed from carbon produced by the
microbial oxidation of organic matter. The presence of such carbonate,
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TABLE 6
Carbon and oxygen isotopic results
Core  Sample No. Lith Depth (m) 813c  §180
per mil
Calcite concretions and cements
31 175-186 Mdst. 53.3-56.7 0.7 -5.3
190 Sits. 57.9 0.1 -4.8
202 Ss. 61.6 25.8 -13.6
228 Ss. 69.5 3.6 -7.9
235 Slts. 71.6 -5.1  -17.0
246 Slts. 75.0 -22.2 -5.3
253 Ss. 77.1 -16.9 -5.0
254 Ss. 77.4 -5.2 -5.9
255-256 Ss. 77.7-80 -6.5 -6.5
257A Ss. 78.4 -0.1  -14.2
257B Ss. 78.5 -20.3 -6.1
257D Ss. 78.6 -19.9 -5.0
290 Mdst. 88.4 -1.9  -13.5
301 Mdst. 91.7 3.4 1.0
312 Slts. 95.1 1.1 -7.3
323 Ss. 98.5 1.3 -10.1
324 Ss. 98.8 03 -144
330 Ss. 100.6 0.3  -10.5
Siderite concretions
Seabee
13 238A Slts. 72.5 4.0 -7.6
23 506 Mdst. 154.2 12,7 -11.
Undifferentiated Ninuluk and Seabee Formations
26 317 Ss. 154.2 3.1 -8.2
27 232 Slts. 70.7 0.0 -9.5
31 330 Slts. 100.6 0.0 -10.5

with authigenic sulfide minerals may record the related microbial oxida-
tion of organic matter and reduction of sulfate. Although the types and
origins of the organic-matter substrate are not clear, as discussed below,
we note that the most negative 3'3C values of the carbonate cement are
between those values typical of the remainder of the unit (near 0 permil)
and values from Simpson oils (3!3C = —29 permil versus PDB; Magoon
and Claypool, 1981). A mixture of sources of carbon for the carbonate
depleted in 13C seems likely.

DISCUSSION

Magnetizations Carried by Greigite and Detrital Oxides
Greigite is widespread and locally abundant in Upper Cretaceous
marine and nonmarine clastic rocks on the Simpson Peninsula. It also
occurs in overlying Pliogene and Pleistocene beds and sporadically in
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underlying Lower Cretaceous clastic rocks. The relative magnetic contri-
bution from the greigite has been enhanced by the postdepositional
destruction of detrital magnetite.

The G-group and FT-group specimens differ in some magnetic
properties, such as SIRM/MS, MDI, and B, values. These differences
potentially enable the recognition of a chemical remanent magnetization,
carried by greigite, or detrital remanent magnetization, carried by detri-
tal oxides, of samples for which magnetic minerals have not been indepen-
dently identified. Such discrimination, however, cannot be made for
specimens that contain nearly equal mixtures of the magnetic minerals.
Moreover, these different magnetic characteristics may strongly reflect
grain-size differences, not intrinsic magnetic properties of the different
minerals. Thus, such comparisons for other sediments may not aid the
distinction between greigite and Fe-Ti oxides having similar grain sizes.

Comparison of Rock Magnetic and Geochemical Results

To examine the effects of postdepositional alteration on magnetiza-
tion, we compared contents of AVS and disulfide S to different magnetic-
property values. The magnetic-property values, such as magnitudes of
MS and NRM, of greigite-bearing specimens increase with increasing
AVS contents, confirming that the AVS, or much of it, resides in greigite
(fig. 16A). In contrast, contents of disulfide S have no consistent influence
on magnetic properties (fig. 16B).

Origins of Greigite and Iron Disulfide Minerals

The presence of greigite, previously unreported from Cretaceous
rocks, in each unit examined can be attributed to one of two possibilities:
(1) greigite formed at different times in the different units, or (2) greigite
formed during a single alteration event. The textural observations and
sulfur isotopic data indicate that more than one generation of greigite is
present. In the following sections we consider the possible origins of the
iron sulfide minerals with emphasis on the sources of sulfur.

Iron sulfide minerals having sulfur depleted in 'S in the canyon-fill Seabee
Formation.—The negative 8§ values of disulfide S in the canyon-fill
Seabee are within the range of early diagenetic pyrite that forms via
bacterial sulfate reduction (BSR) (Goldhaber and Kaplan, 1974). The
negative 3%'S values result from isotopic fractionation of the source
sulfate sulfur when it is reduced bacterially without appreciably depleting
the sulfate reservoir (unlimited-sulfate reservoir). AVS in the same Sea-
bee samples also had negative 3**S values, strongly implying that the
associated greigite is also an early diagenetic mineral. If so, it is older than
any greigite yet reported.

The greigite, though, is enriched in S with respect to the coexisting
pyrite. We do not know whether this difference reflects (1) a preferential
uptake of the heavy isotope relative to pyrite; (2) isotopic exchange
between pore-water HyS and AVS; but not disulfide sulfur, after burial
(Tuttle, ms); or (3) the formation of greigite after pyrite as the net 8§,
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value of the sulfate reservoir increased during progressive reduction, so
that HyS produced from it became relatively enriched in %4S. In fact, a
limited sulfate reservoir may partly account for the formation of the
greigite: Sulfur may have been unavailable to convert the greigite to
pyrite (Berner, 1981). Similar observations from modern anoxic marine
sediment, in which the 324S values of AVS are greater than those of pyrite,
were interpreted to indicate the formation of the AVS mineral after
pyrite (Chanton, ms).

Iron sulfide minerals having sulfur enriched in >*S in the undifferentiated
Ninuluk and Seabee Formations.—The possible sources of the 3*S-enriched
sulfur include (1) epigenetic aqueous sulfate solubilized from sulfate
minerals in the deep, warm parts of the basin and transported in basinal
fluids to the Simpson area where it was extensively reduced to sulfide by
BSR; (2) epigenetic sulfide formed via thermochemical sulfate reduction
(TSR) in the deep basin and similarly transported to the Simpson area;
(3) epigenetic, residual sulfate derived from nearby canyon-fill Seabee
and perhaps intercalated marine mud that was reduced to sulfide via
BSR; and (4) early diagenetic sulfide produced by BSR from a limited
sulfate reservoir. The evidence summarized below favors the first possibil-
ity. Minor contributions of sulfur described under the other possibilities
may help explain the variations in the amounts and isotopic compositions
of the reduced sulfur.

1. Epigenetic sulfate from basinal fluids: The North Slope basin appar-
ently has the chemical ingredients and physical characteristics to produce
and deliver aqueous sulfate to the Cretaceous rocks in the Simpson
Peninsula. The basin has fluids that presumably contact sulfate minerals
and that discharge in the vicinity of the Simpson area. The groundwater
flow in the basin, inferred by Deming and others (1992), is topographi-
cally driven. Groundwater likely traverses fractures through the thick
Brookian sequence beneath the foothills and penetrates the carbonate
and clastic aquifers of the Ellesmerian sequence, some of which, such as
the carbonate Lisburne Group, contain nodular anhydrite (Bird and
Jordan, 1977; fig. 3). Much of the groundwater discharges above the
Barrow Arch.

Another relevant aspect of the regional geology is the inference by
Deming and others (1992) that variations in the thermal state of the basin
have persisted for tens of millions of years, on the basis of organic
maturity data. Hence, the groundwater flow system responsible for the
thermal variations has probably existed over the same period (Deming
and others, 1992).

The groundwater can solubilize mineral sulfate to produce aqueous
sulfate which retains the sulfur isotopic composition of the original
mineral. Thus aqueous sulfate derived from Carboniferous strata would
have isotopic compositions about +13 to +16 permil (Claypool and
others, 1980). This range is similar to that (+10 to +18 permil) in
Permian to Turonian strata. If such extrinsic sulfate were the source of
the *'S-enriched pyrite and greigite, it was probably reduced in situ by
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BSR, primarily in an environment that was limited in sulfate over time, to
account for the even more positive 3%*S values (many exceed +20 permil)
of the iron sulfide minerals. An unlimited supply of sulfate available for
BSR would have produced sulfide minerals having very light isotopic
values. BSR of extrinsic sulfate, if it occurred during migration before
introduction into the beds, would also enrich the available sulfate reser-
voir in 34S. A likely food source for sulfate-reducing bacteria under these
conditions would be hydrocarbons and related compounds (see Oehler
and Sternberg, 1984; Machel, 1987) in fluids that are perhaps associated
with those carrying the aqueous sulfate. Along these lines, Howell and
others (1992) note that North Slope oil and basinal groundwater appar-
ently migrate along the same general pathways. Moreover, oil from
reservoirs in sulfate-mineral-bearing formations far south of the Simpson
Peninsula has been geochemically linked to the oil at Simpson field
(Magoon and Claypool, 1988). The lack of greigite associated with the
detrital plant matter in these beds suggests that such organic matter was
not an easily available source of nutrients when the 3*S-enriched sulfide
was produced via BSR.

2. Sulfide from thermochemical sulfate reduction: Aqueous sulfide as HyS
or HS™ may be produced at high temperature (above about 100°C) by the
reaction of hydrocarbons or other reducing agents with sulfate minerals.
As with solubilized sulfate, sulfide formed via TSR would inherit the
isotopic composition of the host sulfate minerals (Orr, 1977; Goldhaber,
Reynolds, and Rye, 1978; 1983; Goldhaber and Reynolds, 1991).

Although aqueous sulfide produced via TSR is a possible source of
epigenetic sulfur at Simpson, it is an unlikely major source for two
reasons. First, such sulfide likely would have reacted with iron over the
long distances of transport, as much as 100 km. Second, the isotopic data
do not favor a contribution; BSR under sulfate-limited conditions is
required in this setting to generate sulfur isotopic compositions that are
more positive than the sulfate values of any unit in the basin (see Claypool
and others, 1980).

The one geochemical analysis of formation water in the Simpson
area that bears on the sources of extrinsic sulfur does not support TSR.
The sample, from Simpson Test Well 2 at 2181 to 2195 m in the Late
Devonian to Early Permian (?) Endicott Group, has oxygen and deute-
rium isotopic compositions indicative of a meteoric origin, contains
sulfate (34 mg/L SOy), and lacks HyS (Kharaka and Carothers, 1988).

3. Sulfate from canyon-fill Seabee Formation: Another possible source for
extrinsic sulfate is from the canyon-fill Seabee. Shortly after deposition,
pore-water sulfate in the Seabee may have been expelled by compaction
into adjacent permeable beds of the undifferentiated Ninuluk and Sea-
bee where the sulfate was reduced by BSR. If so, the requisite bacterial
food sources are conjectural and include: (1) hydrocarbons; (2) detrital
organic debris within the undifferentiated Ninuluk and Seabee rocks; or
(3) organic matter, perhaps as soluble organic compounds, flushed with
the sulfate from the Seabee into the adjacent beds. We have no indepen-
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dent clues to elucidate the types and origins of the bacterial food source
under this possibility.

A source of sulfate from the Seabee Formation may help explain the
apparent trend of very negative 3%S values at the top of the undifferenti-
ated Ninuluk and Seabee sequence in core 31 which change systemati-
cally to positive values over a depth from 65.5 to 69.5 m (215-228 ft). This
interpretation is weakened, however, by the presence of isotopically
positive sulfur (834Sy; = +5 permil) and coarse-grained iron disulfide
minerals around fine-grained pyrite, as commonly seen in the undifferen-
tiated Ninuluk and Seabee, in a few samples from the canyon-fill Seabee
in core 31 (table 5). These results suggest that some sulfur was added
locally to the Seabee by extrinsic fluids, as it was added to the undifferen-
tiated Ninuluk and Seabee Formations, perhaps along fractures that
tapped the Ninuluk and Seabee.

4. Early diagenetic iron sulfide: Finally, the possibility that early diage-
netic BSR produced the %S-enriched sulfur under sulfate-limited condi-
tions fails in view of the locally high contents of reduced sulfur (table 3) as
well as petrographic evidence for a later generation of sulfide minerals.
Together these observations suggest the addition of sulfur into the
undifferentiated Ninuluk and Seabee rocks. Nevertheless, small amounts
of early diagenetic sulfide enriched in 3*S may contribute to the isotopic
signature of some nonmarine samples.

Iron sulfide minerals having negative and intermediate 8*S values in the
undifferentiated Ninuluk and Seabee Formations.—The few very negative
318 values (less than —20 permil) for AVS or disulfide S in the beds
outside the canyon are interpreted to have formed during early diagen-
esis via BSR. The intermediate 8%S values (between —20 and +20
permil) may reflect a component of early diagenetic sulfide masked to
varying degrees by epigenetic sulfide further enriched in 3*S. This
interpretation is supported by petrographic observations of framboidal
pyrite and other fine-grained forms along with paragenetically later
pyrite in the same samples.

The sulfur isotopic compositions of fine-grained pyrite in siderite are
consistent with, but do not refine, the above interpretations. If the
intermediate 3%4S values (—11.6 to 5.2 permil) from the undifferentiated
Ninuluk and Seabee Formations represent early diagenetic sulfide, then
the more positive values for pyrite and greigite through the bulk of the
sediment represent a different, and presumably later, generation of
sulfide.

Preservation of Greigite
The preservation of early diagenetic greigite in the Seabee Forma-
tion is a conundrum, because greigite is considered to be metastable with
respect to pyrite. Greigite converts to pyrite in the presence of HS™ at
concentrations above pyrite saturation and an oxidizing agent (Berner,
1970, 1981, 1984; Morse and others, 1987). In géneral, the factors that
determine the production of pyrite and monosulfide in sediments are: (1)
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the availability of organic matter that can be metabolized by sulfate-
reducing bacteria; (2) the concentration of sulfate in the sediment; (3) the
concentration and reactivity of iron minerals; and (4) the production of
elemental sulfur via bacterial oxidation of H.S (Berner, 1970, 1974,
1978, 1984; Canfield and Raiswell, 1991). Greigite preservation would be
favored in sediments having low concentrations of dissolved sulfate and
(or) in those deposited rapidly. Rapid deposition may limit the availabil-
ity of sulfate by increasing the length of the path for sulfate diffusion. For
example, factors such as dilution by high freshwater runoff and extraor-
dinarily high sedimentation rates related to possible slumping in the
Simpson Canyon would have favored the preservation of greigite. We
have no independent evidence for low sulfate contents in the initial
Seabee pore waters or for a high sedimentation rate in the submarine
canyon.

Amounts of sulfur alone as the factor controlling greigite preserva-
tion in the undifferentiated Ninuluk and Seabee Formations, however,
cannot explain the observation that greigite is abundant in many samples
regardless of sulfur conténts. In this setting, the epigenetic production of
greigite may be tied to the rate of sulfate flux in groundwater and the
redox conditions of alteration.

Comparison of the results from the Seabee to those from other Late
Cretaceous marine shales of the Western Interior Seaway (WIS) of North
America (Gautier, 1986, 1987; Dean and Arthur, 1989) may elucidate the
conditions that favor the presence of early diagenetic greigite. The
Seabee rocks may differ jn some chemical respects from many WIS shale
units, because the Seabee muds were deposited—perhaps rapidly—near
the coast far to the north of the other units, at the edge of the Seaway
(Kauffman, 1984). As an example, changes in the chemical and physical
conditions of seawater, such as salinity, oxygen contents, and tempera-
ture, may have led to different amounts and types of organic matter and
different fluxes of sulfate in the different depositional settings along and
across the seaway.

Although detailed comparisons among formations are not made
here, differences in S/C ratios and amounts of organic carbon may reflect
some fundamentally different paleoenvironmental factors. The Seabee
samples have a low S/C ratio (0.23) with a relatively low content of
organic carbon (about 1 wt percent). In contrast, samples from the Upper
Cretaceous shales of the WIS have an average S/C ratio of about 0.67,
and most samples contain more than 1 percent organic carbon (Gautier,
1986). The average global value for normal marine Upper Cretaceous
shales is =0.5, and the data show considerable dispersion (Raiswell and
Berner, 1986; Dean and Arthur, 1989). The relatively high S/C and
organic carbon values in the shales of the Seaway have been attributed to
related factors of low levels of oxygen, restricted circulation, limited
bioturbation, and low sedimentation rates (Gautier, 1986).
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The above comparisons, however, should be considered cautiously.
In the studies cited above, analytical methods were different from the
ones used in our study and were not designed to test for the presence of
greigite. Thus, we cannot be certain that the differences in S/C ratios
among the different sample suites are related to the presence or absence
of greigite or are caused by different paleoenvironmental factors.

Nevertheless, the chemical relations identified herein for beds that
contain early diagenetic greigite may help target other Cretaceous sedi-
ments that might also contain such greigite. Further work would evaluate
early diagenetic greigite, if found elsewhere, as an indicator of environ-
mental conditions, such as sedimentation rate, temperature, salinity, and
oxygen content in bottom waters.

The preservation of greigite in stored cores for more than 40 yrs is
also noteworthy. Some of the changes in magnetic properties of some soft
sediment cores measured only days or weeks after collection result from
oxidation of greigite (Hilton, 1990). Although some of the greigite
originally in the Simpson cores may have been altered to minerals of
lesser magnetization during initial drying or during later handling, we
found no evidence for such loss of greigite, other than perhaps the
sporadic presence of sulfate.

SOURCES OF MAGNETIC ANOMALIES

Greigite is most likely the main source for aeromagnetic anomalies at
Simpson, on the basis of its widespread occurrence and high magnetiza-
tions. Another possible source for the magnetic contrast is detrital magne-
tite that may be concentrated in channel sands of the Gubik Formation.
Sufficient samples to evaluate such a source have not been obtained.
Nevertheless, the thicknesses of sand of the Gubik (Robinson, 1964) do
not correspond to magnetic anomalies and thus do not support this
possibility. Siderite is not a viable magnetic source, because it is extremely
rare.

A difficulty in evaluating the magnetic sources at Simpson field is the
lack of oriented samples with which to determine the directions of NRM
whose magnitudes overwhelm those of induced magnetizations. High
Koenigsberger ratios (table 2, Q, 1-5) in greigite-bearing samples under-
score the potential importance of remanent magnetization in this setting.

Greigite, if formed during diagenetic alteration within a few hun-
dreds to even a few millions of years after deposition, probably carries
normal directions. This is because the age span of the Ninuluk and
Seabee Formations (about 97-88 Ma) falls within the 124- to 83-Ma
interval of constant normal polarity during Cretaceous time (Harland
and others, 1990). On the other hand, if the epigenetic greigite formed at
nearly constant rates over much of Cenozoic time and not mainly over
the past 780,000 yrs of normal polarity, it would carry nearly equal
proportions of normal and reversed chemical magnetizations, thereby
canceling the effect of remanence. Perhaps the anomaly is related to
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magnetic contrasts caused by the juxtaposition of greigite-bearing beds
having total magnetizations dominated by Cretaceous normal remanent
magnetizations against greigite-bearing beds having total magnetizations
that are subdued by the presence of normal and reversed polarities.

SUMMARY

The geochemical, isotopic, and petrographic results imply that two
different generations of iron disulfide minerals and greigite have formed
in the Cretaceous beds under much different conditions: (1) in the
Seabee Formation, early diagenetic iron sulfide formed via BSR involv-
ing pore-water sulfate; and (2) in the undifferentiated Ninuluk and
Seabee Formations, iron sulfide formed via BSR involving epigenetic
sulfate, perhaps from basinal fluids, and epigenetic organic matter,
perhaps hydrocarbons. BSR under sulfate-limited conditions is the most
plausible explanation for the *S-enriched sulfide in the iron disulfide
and greigite in the undifferentiated Ninuluk and Seabee. Possibly, the
sulfate was added slowly over a long period of time, so that the system at
any moment may have.been effectively sulfate-limited with respect to
metabolizable organic matter.

The conditions responsible for the %S-enriched sulfide in the undif-
ferentiated Ninuluk and Seabee locally affected canyon-fill Seabee. Basi-
nal fluids that carry sulfate and possibly hydrocarbons through the
permeable beds of the Ninuluk and Seabee may have penetrated the
Seabee along fractures. The presence of greigite in the Pliocene and
Pleistocene Gubik Formation that caps the Cretaceous beds may provide
another clue to the origin of the greigite in the undifferentiated Ninuluk
and Seabee Formations. Greigite may be forming today as fluids continue
to move through permeable beds and along fractures in the permafrost.
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