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Table 2 Summary of Mdssbauer parameters and iron(111)/(11) ratios of fayalites

Iron(11) peaks

Iron(111) peaks

Ratio of
Centre Quadruple Peak Centre Quadruple Peak iron(1n)/(1x)
Locality shift splitting widths shift splitting widths peak areas
Rockport, Massachusetts 1.1667 2.8077 0.3442 0
0.3927
Qianan Co., China (ferrifayalite) 1.1687 2.8129 0.4161 0.4312 0.8893 0.4837 1.38
Mourne Mts, Ireland 1.1573 2.8164 0.3386 0.4071 0.8523 0.3877 0.46
Pantelleria, Italy 1.1541 2.8202 0.3872 0.3843 0.9123 0.4360 0.19
St Peter’s Dome, Colorado 1.1657 2.8349 0.3885 0.3740 0.6785 0.5543 0.85
Artificial (from slag) 1.1656 2.8240 0.4453 0
0.4828
Dalarne, Sweden 1.1507 2.7910 0.4028 0
0.4466
Varmland, Sweden 1.1694 2.7987 0.2959 0
0.3597
Palmer Peninsula, Antarctica 1.1582 2.8233 0.3231 0
0.3795

Spectra containing four peaks were constrained such that areas and widths of peak pairs were equal, since there was extensive overlap of peaks.
This was not necessary for two-peak spectra, and widths of both peaks are given for these. An iron-foil standard was used for all spectra.

Table 3 Microprobe analyses of fayalites of interest to this study

Oxides Rockport Qianan
SiO, 29.06+0.15 30.97+0.67
ALO; 0.00+0.00 0.00+0.00
FeO 67.28+0.33 59.97+0.38
MgO 0.08+0.03 1.45+0.03
MnO 2.28+0.07 0.08+0.04
TiO, 0.01+£0.00 0.00+0.00
CaO 0.00+0.00 0.00+0.00
K.;O 0.00+0.00 0.00+0.00

Total 98.71 96.06

Mourne Mts Pantelleria St Peter’s Dome
30.43+0.19 29.72+0.21 29.15+0.39
0.01+0.01 0.00+0.00 0.00+0.00
61.86+0.36 63.48+0.21 65.79+0.27
0.38+0.02 1.60+0.04 0.00£0.03
3.14+0.09 4.08+0.09 4.09+0.13
0.01+0.01 0.00+0.02 0.00+0.03
0.06+0.02 0.51+0.08 0.00+0.00
0.00+0.00 0.00+0.00 0.00+0.00
95.89 99.40 99.04

All numbers are in wt %. FeO indicates total iron analysed as FeO.

exchanges more and more of its iron(1I) for iron(I1I), it may at
some point distort into the ferrifayalite (laihunite) crystal struc-
ture. At this point we would call it ferrifayalite. But chemically,
one can still think of these two minerals as forming a solid
solution, with fayalite as one endmember and ferrifayalite as
the other, even though the crystal structure of the two end-
members is not identical. This classification of iron(ir)-rich
fayalites may be the most reasonable. It carries with it the
implications mentioned for both of the other possibilities.
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Diagenesis of magnetic minerals
in Recent haemipelagic sediments

Robert Karlin & Shaul Levi

School of Oceanography, Oregon State University, Corvallis,
Oregon 97331, USA

Rapidly deposited sediments from marine and lake environ-
ments are being used increasingly to study decadal to millennial
fluctuations in the Earth’s magnetic field. The objectives are
to gain more fundamental understanding of the geodynamo
and to establish a new dating technique for sediments. While
lacustrine sections are generally restricted to temperate latitude
glacial lakes (<20,000 yr old), rapidly deposited marine sedi-
ments along continental margins potentially offer continuous
high resolution, yet long-term records of geomagnetic secular
variation. However, to interpret the sedimentary magnetic
record accurately, geochemical processes that affect the reliabil-
ity of the magnetic signal must be understood. We now report
downcore magnetic profiles from undisturbed Kasten cores
taken in rapidly deposited laminated sediments from the Gulf
of California and in bioturbated haemipelagic muds on the
Oregon continental slope which give apparently reliable direc-
tions, but show dramatic decreases in the intensities of natural
(NRM) and artificial (ARM, IRM) remanences with depth.
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Downcore porewater and solid sulphur analyses show concave-
down decreases in porewater sulphate and systematic increases
in pyrite and metastable monosulphides. The maximum cur-
vature of the sulphide profile occurs directly below the high
magnetization zone. Combined with other compositional and
mineralogical analyses, these data suggest that due to oxidative
decomposition of organic matter, magnetites and other iron
oxides become progressively reduced and subsequently sulphid-
ized and pyritized with depth. Iron reduction seems to occur
before sulphide formation. Changes in magnetic stability para-
meters are consistent with selective dissolution of the finer-sized
grains causing downcore coarsening of the magnetic fraction,

The ultimate cause of early diagenesis in marine sediments
is the decomposition of organic matter by microbial oxidation.
The rates of decomposition and effects on the substrate depend
mainly on the availability and reactivity of both organic matter
and reductants and the competitive efficiency of microbial popu-
lations. Microbes tend to reduce those chemical species which
produce the most energy. Thus, in porewaters, reduction tends
to occur according to a well defined sequence determined by
the free energies of the reactions’. In the porewaters of suboxic
sediments, Froelich et al® found a systematic succession of
downcore diagenetic reactions proceeding from direct oxidation
(by O,) to manganese reduction, nitrate reduction and ammonia
formation. After consumption of labile MnO, and NOj, iron
oxides are reduced, imparting the characteristic olive grey-
green colour to many haemipelagic muds. If sufficient meta-
bolizable organic matter is still present, sulphate reduction
begins, followed eventually by fermentation and concomitant
methane production. At depths where sulphate is reduced, iron
(11) in the porewaters becomes sulphidized, first forming meta-
stable monosulphides (for example, mackinawite) and sub-
sequently pyrite*”".

In reducing environments, well crystallized iron oxides have
usually been considered to be relatively inert®, However, recent
recalculations of phase equilibria in the Fe-S-H,O system’
suggest that the common ferrimagnetic oxides (magnetite,
haematite and maghaemite) may not be thermodynamically
stable in the E,~pH conditions found in the porewaters of some
anoxic sediments.

Oceanic regimes which are amenable to high-resolution
palaecomagnetic studies are those having high terrigeneous
sedimentation rates. These areas, generally adjacent to con-
tinental margins, also contain large amounts of organic matter,
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in most cases because of increased fluvially derived terrigeneous
carbon input, upwelling-induced high oceanic carbon input, and
enhanced preservation due to rapid burial'®, As a consequence
of the high carbon input, direct oxidation (by O,), if present,
is confined to the upper few centimetres of sediment, although
this layer generally thickens going offshore?. If sufficient organic
matter is present, the remainder of the sediment column is
anoxic and also sulphidic, because sulphate is abundant in
seawater. This two-layer model for haemipelagic sediments
contrasts with the deep-sea pelagic ‘red’ clay regime, where
due to low organic input and slow sedimentation, oxidizinlg
conditions can prevail throughout the entire sediment column*’,

We have made a detailed comparative study of the magnetic,
geochemical and sedimentological properties of sediments from
two contrasting depositional environments, the Gulf of Califor-
nia and the Oregon continentdl margin. BAM-80-E17
(927°35.2'N, A111°36.6' W, depth =625 m) is a 4.5-m Kasten
core taken in the Guaymas Basin where the O, minimum
intersects the slope. The sediments are composed of undis-
turbed, finely laminated couplets of light coloured diatom-rich
ooze alternating with darker organic-terrigenous-diatomaceous
muds. Varve chronologies and three *C dates give sedimenta-
tion rates between 140 and 160 cmkyr~'. Major element
chemistry shows high correlations (r>0.9) between the ter-
rigenous elements Al, K, Fe and Ti, suggesting downcore mixing
of a single terrigenous assemblage, such as from the nearby
Rio Yaqui, with Si-rich material, presumably diatoms. This
simple model is also supported by X-ray mineralogy and Méss-
bauer studies.

Downcore magnetic profiles with replicated sampling give
stable and apparently reliable directions. The core mean inclina-
tion of 41.1° (ags = 2°) is comparable to the expected geocentric
axial dipole (EGAD) inclination of 46.3°. However, the striking
feature of downcore NRM and laboratory-produced anhyster-
etic (ARM) remanent magnetization profiles, partially demag-
netized at 100 Oe a.f. (Fig. 1a), is the precipitous decrease in
magnetic intensity by over an order of magnitude from the
surface to 20-30 cm, whereupon intensities become relatively
constant. The stabilities of NRM and ARM, as measured by
the median demagnetizing field (MDF), also show a steplike
decrease at this depth (Fig. 15).

X-ray powder diffraction patterns of magnetic mineral separ-
ates indicate that the top 30 cm consist mainly of pure magnetite
(ao=8.39A) with minor amounts of haematite. Ferrimagnetic
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Fig.1 Downcore magnetic properties and sulphur profiles of Kasten core BAM 80-E17, Guaymas Basin, Gulf of California. a, Magnetization

intensities, partially demagnetized at 100 Oe a.f.; b, median demagnetizing fields of NRM (@) and ARM (O); ¢, sulphate-corrected solid

sulphur concentrations of total (@), acid-insoluble (A) and acid-volatile (l) fractions; d, porewater sulphate in mmol 1~*. Total sulphur was

determined by X-ray fluorescence and LECO analyser; acid-insoluble sulphur was measured by LECO. Acid-volatile is total minus
acid-insoluble sulphur, as obtained from LECO.
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Fig. 2 Downcore magnetic
properties and sulphur profiles of
Kasten core W7710-28, Oregon
continental slope. a, Magnetiz-
ation intensities, partially demag-
netized at 150 Oe a.f.; b, median

demagnetizing fields of NRM (@) §
and ARM(O); ¢, solid sulphur con- g 2°°7
centrations of total (@) and acid- g'
insoluble (A) fractions on a sul-
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X-ray fluorescence. i
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griegite (Fe;S,) was not observed. Below 30 cm, the only mag-
netic species present in the concentrates is pure magnetite.
Isothermal remanence acquisition curves'?, as well as the X-ray
results and ARM stabilities'®, suggest that the remanence
throughout the core is controlled by fine-grained magnetite.

Core W7710-28 is a 3.9-m Kasten core (¢$44°50.1'N,
A125°07.5' W water depth: 1,825 m) taken in a small deposi-
tional basin on the lower Oregon continental slope. The sedi-
ment consists of heavily bioturbated, mottled to homogeneous
olive-green haemipelagic mud. The common red-brown
surficial oxic layer was not observed, and a 30 cm boxcore at
the same site contained numerous worms, tubules and burrows.
Correlation with another '*C-dated core at the same site indi-
cates that the sedimentation rate is ~125 cm kyr™".

Downcore X-ray determinations and chemical analyses sug-
gest complex mineralogical assemblages which show no coher-
ent variations with sub-bottom depth. Mdossbauer studies of
bulk material show a remarkable downcore constancy in the
chemical properties of the dominant iron-rich species (mainly
detrital phyllosilicates).

Magnetic directions are stable and replicable within horizons.
The core mean inclination of 62° (ags = 2°) closely approximates
the EGAD inclination of 63°. However, like the Guaymas Basin
sediments, these muds also show a strong downcore decrease
in NRM and ARM intensities (‘cleaned’ at 150 Oe a.f.) and a
decrease in MDF with depth (Fig. 2a, b), with the maximum
change occurring between 70 and 100 cm. Magnetic concen-
trates contain only magnetite (a, = 8.39A) throughout the core.
The NRM and ARM stabilities (MDFs >200 Oe) suggest that
the magnetite is submicrometre in size*,

Analyses of sedimentary sulphur in the Guaymas and Oregon
sediments (Fig. 1c, 2¢) show an inverse relation between sulphur
and magnetic intensity. For the Guaymas sediments, profiles
of sulphate-free fractions of total, acid-insoluble in 0.1 M HCI
(pyrite +organic sulphur), and acid-volatile (metastable
monosulphides) sulphur show systematic increases downcore,
reaching relatively constant values at 100-150cm. The
maximum rates of increase occur directly below the zone of
high magnetization. In contrast, the porewater sulphate profile
(H. Brumsack, personal communication) shows an exponential
downcore decrease, indicating sulphate reduction to a depth of
~300 cm (Fig. 1d). Downcore sulphur profiles for the Oregon
suboxic muds show analogous trends. Acid-insoluble sulphur,
presumably in pyrite, and total sulphur increase downcore,
reaching relatively constant values at 110-130cm, directly
beneath the zone of high magnetization. An appreciable acid-
volatile fraction is not present.

In view of the models of iron and sulphur diagenesis described
earlier, these diverse analyses yield a consistent picture of iron
diagenesis. In the top 20-30 cm of the anoxic muds of the
Guaymas Basin, the iron in fine-grained magnetic oxides (as
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well as other iron minerals) becomes reduced by reaction with
organic matter. Changes in NRM and ARM intensities and
stabilities are consistent with selective dissolution of the smaller
grains, leading to downcore coarsening of the magnetic fraction.

Iron reduction must occur separately from and before sul-
phide formation as intermediate metastable sulphides are not
produced in the top 20~30 cm, and the various sulphide maxima
occur at 50-100 cm, well below the iron reduction zone. This
conclusion is in accord with laboratory experiments which have
found that iron reduction is independent of sulphate reduction
and that nitrate-reducing rather than sulphate-reducing bac-
teria seem to be responsible for iron reduction'®, Thus, reduced
iron must either diffuse downwards or form an unstable iron
(11) oxyhydroxide, silicate or iron-organic chelate which is
eventually moved into the zone of sulphidization and pyritiz-
ation. The iron (1I) then reacts with hydrogen sulphide, derived
from sulphate reduction, to form mackinawite (FeS) which
inverts to pyrite on reaction with elemental sulphur. Because
the concentration profiles of the sulphide species are not mirror
images of the porewater sulphate profile, the rates of monosul-
phide formation and pyritization must be controlled by the
availability of reactive iron rather than of sulphide.

Similar processes can be recognized in the sub-oxic to anoxic
Oregon muds, except that iron reduction and pyritization begins
deeper in the sediments, probably as a result of the more
oxidizing conditions in the water column and bioturbation in
the surficial sediments.

The reduction and dissolution of iron oxides is important to
palaeomagnetists studying rapidly deposited sediments in both
lacustrine and marine environments. Because iron reduction is
not directly coupled to sulphide formation, iron oxides in lake
sediments might also undergo reduction with accompanying
decreases in remanence and other changes in magnetic proper-
ties with depth. Rather than forming sulphides, iron (11) may
accumulate to appreciable levels in the porewaters of lakes,
eventually reacting to form authigenic minerals, such as siderite
(FeCO,) or vivianite (Fe(PO,), - 8H,0) (ref. 15).

Although iron reduction seems to have little effect on the
reliability of palaecomagnetic directions (R.K. and S.L., in pre-
paration), questions arise as to the validity of relative palaeoin-
tensity determinations in diagenetically altered sediments. Such
estimates rely on the assumptions that the distribution of
remanence carriers is uniform throughout the section and that
magnetic mineral concentration and field are the only indepen-
dent variables responsible for the primary remanence'®, Unless
(1) NRM stabilities remain constant downcore, and (2) con-
centration normalizing parameters (for example, ARM)
respond to dissolution-induced grain size changes in an identical
manner to NRM, the above assumption(s) will be violated and
relative palaeointensity determinations will give erroneous esti-
mates of palaeofield behaviour.
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In both oceanic and lacustrine sediments, the extent of iron
diagenesis and consequent effects on magnetic properties will
depend on the degree to which reducing conditions are estab-
lished, as well as the initial grain size distribution and crystal-
linity of the magnetic species. As the redox potential is primarily
controlled by the organic matter accumulation rate, the effects
of iron reduction will be magnified in regions such as continental
borderlands where sedimentation rates are high and the mag-
netic fraction is fine-grained.

Downcore variations in magnetic properties (such as NRM,
ARM, IRM or yx, low field susceptibility) may provide rapid,
nondestructive diagnostic tools for geochemists in identifying
zones where iron reduction is occurring. In the sedimentary
record, where changing climate and oceanic parameters may
induce fluctuating redox conditions in the surficial sediments,
variations in pyrite concentrations, or conversely, drastic
changes in remanence intensity and stability may provide finger-
prints of ancient geochemical boundaries. The recognition of
these diagenetic processes may become increasingly important
as the Deep Sea Drilling Project’s Hydraulic Piston Corer
provides more long undisturbed sedimentary sections for
palaeomagnetic study.

We thank H. Brumsack for providing the porewater sulphate
profile; M. Goldhaber for some of the sulphur analyses; C. S.
Grommé for use of the USGS cryogenic magnetometer; M.
Stuiver for the *C dates; G. R. Heath, D. Rea and W. Menke
for reviews; and E. Suess and H. Schrader for helpful discussion.
This work was partly supported by NSF grant OCE 7926440
and a Texaco graduate fellowship to R. K.
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A mammal-like reptile from Australia

Richard A. Thulborn

Department of Zoology, University of Queensland, St Lucia,
Queensland 4067, Australia

New fossil evidence indicates that a mammal-like reptile
inhabited Australia in the early part of the Triassic period
(~220 Myr ago). There are no previous reports of mammal-like
reptiles from this continent, and the earliest known Australian
mammals have been dated as no older than Oligocene
(~23Myr)'2. The evidence is an isolated quadrate bone,
recently discovered in Lower Triassic rocks of the Arcadia
Formation, south-east Queensland. This bone has morphologi-
cal peculiarities matched only in dicynodonts (mammal-like
reptiles of the infraorder Dicynodontia, order Therapsida) and
was probably derived from an animal similar or identical to the
common African dicynodont Kannemeyeria.

The specimen (Fig. 1a, ) was collected from freshwater
sediments of the Arcadia Formation at a locality known as the
Crater, approximately 72 km south-west of Rolleston, south-
east Queensland (field locality L78 in Queensland Museum
records). The Arcadia Formation (formerly named the Rewan
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Formation®) has already yielded a rich vertebrate fauna* includ-
ing diverse labyrinthodont amphibians®®, a thecodontian
related to Chasmatosaurus’, an eosuchian similar to Pro-
lacerta®, a paliguanid®®, a procolophonid, a dipnoan, and the
subholostean Saurichthys'!. This fauna has affinities with that
of the South African Lystrosaurus Zone (Lower Triassic) and
its equivalents in other Gondwana continents”®. Palynological
evidence'? also supports correlation of the Arcadia Formation
with the Lystrosaurus Zone.

The newly discovered quadrate is an unusually short, thick
and very robust bone, with two strongly developed condyles
separated by a deep V-shaped fossa. Its medial condyle is
preserved almost intact and is highly distinctive in shape; it
resembles part of the rim of a thick wheel, extending through
an arc of ~150° The lateral condyle is damaged but was
considerably larger; it seems to have been broadly convex in
form (both transversely and longitudinally) and certainly exten-
ded a little more ventrally than the medial condyle. The inter-
condylar fossa is aligned longitudinally, so that the entire
articular surface of the quadrate is pulley-like rather than
helical. This particular pattern of condyle morphology appears
to be unique to dicynodonts*.

The specimen finds its closest match in the dicynodont
Kannemeyeria'®'%, being virtually identical to one example
illustrated by Watson'?® (Fig. 1c, d). In view of this extremely
close resemblance, the Arcadia quadrate is provisionally
identified as that of a dicynodont closely related (or perhaps
even identical) to Kannemeyeria. The genus Kannemeyeria is
best known from the Lower Triassic (Cynognathus Zone) of
South Africa'*!*!?, but has also been reported in the Manda

Formation of Tanzania'”!®, the N’tawere Formation of

Fig. 1 Left quadrate of dicynodont reptile from the Arcadia

Formation, Queensland (a, b, Queensland Museum F 12178),

compared to that of an African specimen of the dicynodont Kan-

nemeyeria (c, d, British Museum (Natural History) R 3763, from

Watson'®). a And ¢ are medial views; b and d are anterior views.
Scale bars, 1 cm.
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