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ABSTRACT

Detailed magnetostratigraphic studies of Late Neogene siliciclastic sediments of the Awatere Group, South Island, New
Zealand (41°45’S, 174°05’'E) have revealed a wide range of palacomagnetic behaviour. Examination of rock magnetic
properties was undertaken using conventional palaeomagnetic techniques and thermomagnetic, X-ray diffraction and
electron microprobe analyses. These analyses indicate that the ferrimagnetic iron sulphide minerals, greigite and pyrrhotite,
are responsible for a stable and intense magnetic remanence in fine-grained sediments, whereas titanomagnetite is the only
remanence-bearing mineral identified in coarser-grained sediments, which are less strongly and less stably magnetised than
the fine-grained sediments. Detrital titanomagnetite grains are likely to have undergone dissolution during early diagenesis
as a result of iron sulphide formation, which occurs commonly in rapidly deposited, anoxic sediments that support active
sulphate reduction and H,S formation. Preservation of greigite and pyrrhotite is inferred to result from the arrest of the
pyritisation process, probably due to the low permeability of the fine-grained sediments and consumption of available H,S
before full reaction to pyrite occurred. Relative palacomagnetic instability and weak remanence intensities in coarser
grained sediments is likely to be due to low titanomagnetite concentrations resulting from titanomagnetite dissolution.

1. Introduction

Post-depositional detrital remanent magnetisa-
tion (pDRM) is now generally believed to be the
dominant process involved in the magnetisation
of sediments prior to diagenesis [1]. Post-deposi-
tional formation of authigenic magnetic minerals
and diagenetic alteration of primary remanence
carriers are also recognised as fundamental as-
pects of sedimentary palacomagnetism [2]. Never-
theless, relatively little is known about the diage-
netic processes that affect the magnetic signature
in marine sediments despite the enormous
amount of palacomagnetic research undertaken
in such sediments.

Many thick sequences of rapidly deposited
Neogene marine sediments in New Zealand have

! Present address: Department of Geology, University of Cal-
ifornia, Davis, CA 95616, USA.

been uplifted and are now exposed above sea
level. Several pioneering land-based magne-
tostratigraphic studies were made in such succes-
sions in New Zealand [3-5], as well as numerous
recent studies [6-11]. The rock magnetic proper-
ties of these sediments are, however, still not well
understood.

A rock magnetic study of a thick succession of
siliciclastic marine sediments of Late Miocene to
Early Pliocene age (Awatere Group), exposed by
Blind River and Upton Brook in the Lower Awa-
tere Valley, northeastern South Island, New
Zealand (Fig. 1) is presented here. Magne-
tostratigraphic studies of Awatere Group sedi-
ments indicate that they were deposited rapidly
at rates varying between 0.3 and 1.0 m/k.y.
[5,8,10]. In these studies, it was observed that
fine-grained sediments (mudstones) are generally
intensely and stably magnetised and that coarser
grained sediments (siltstones and sandstones) are
relatively weakly and less stably magnetised [10].
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This rock magnetic investigation was carried out
to determine the relationship between magnetic
minerals, sediment grain size and palaeomagnetic
behaviour. This paper is the first to relate the
complex palaeomagnetic behaviour observed in
the much-studied New Zealand sediments to the
magnetic minerals present, and the diagenetic
processes that have affected the sediments.

2. Geological setting

The sediments of the Awatere Group rest un-
conformably on siliciclastic Mesozoic rocks of the
Torlesse Supergroup (Fig. 1) and are clearly de-
rived from them. Awatere Group sediments con-
tain small amounts of heavy minerals such as
titaniferous iron oxides, biotite and Cr spinel [10],
which are rare in Torlesse rocks [12]. It is there-
fore likely that the Awatere Group is also derived
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from igneous sources in central Marlborough (Fig.
1) which are rich in such minerals [13].

Facies types of correlative sediment in the
Awatere Group vary laterally due to changes in
depth of deposition and proximity to sediment
source [14]. Sediments exposed at Upton Brook
were deposited at shallower water depths than
those at Blind River [14], and greater lithological
variation exists at Upton Brook. Stratigraphic
columns and sampling sites are shown in Fig. 2.
We have examined the rock magnetism of sedi-
ments at Upton Brook in greater detail because
of the lithological variation at that locality.

3. Sampling and laboratory procedures
Conventional palacomagnetic cores (25 mm in

diameter) were collected at stratigraphic intervals
of ca. 5 m for magnetostratigraphic studies at
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Fig. 1. Location map of the Upton Brook and Blind River successions, and generalised geological map showing distribution of the
Awatere Group, Torlesse Supergroup and igneous rocks in Marlborough region, South Island, New Zealand.
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Blind River and Upton Brook [8,10]. All cores
were stored in mu-metal shields from the time of
sampling until measurement. Cores were cut into
22 mm samples in the laboratory and were stored
in mu-metal shields until dry.

Measurements of magnetic remanence were
made on a two-axis ScT superconducting rock
magnetometer. Stepwise thermal demagnetisa-
tion was the only demagnetisation treatment used
because previous experience with similar mud-
stones from New Zealand has shown that thermal
demagnetisation is generally much more effective
than alternating field demagnetisation in isolating
the characteristic component of remanence [5,7-
11]. Demagnetisation temperatures of 100, 150,
200, 250, 300 and 350°C were used routinely, with
additional intermediate steps in some cases.
Thermal alteration and growth of secondary mag-
netic minerals usually occurs at temperatures of

l Lower Pliocene

Upper Miocene

Upton Brook

Fig. 2. Stratigraphic succession and location of sites sampled at Blind River and Upton Brook for this study.

around 300-350°C. Magnetic susceptibility was
measured after each heating step to monitor for
thermal alteration, and further heating was termi-
nated when the first significant changes were
noted. Magnetic susceptibility measurements were
made using a Bartington Instruments MS1 sus-
ceptibility meter. An isothermal remanent mag-
netisation (IRM) was imparted to selected sam-
ples at progressively increasing fields up to 800
mT using a Molspin pulse magnetiser. The rema-
nence acquired at each step was measured on a
Molspin spinner magnetometer. Once saturated,
samples were demagnetised by applying back
fields at 10 mT increments to determine the
remanent coercivity, B, the back field required
to reduce the IRM from saturation to zero.
Further magnetic measurements and chemical
analyses were made on magnetic separates from
twelve sites, or groups of sites, from Blind River
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and Upton Brook. Magnetic separates were made
by crushing six or seven palacomagnetic samples
into a fine powder, suspending the powder in
solution, and pumping the slurry between the
poles of an electromagnet by means of a peri-
staltic pump, following the method of Papa-
marinopoulos et al. [15]. Clay minerals were de-
flocculated from the magnetic particles by ultra-
sonic treatment. Purer separates were then ob-
tained by repeating the procedure to remove as
much of the clay component as possible. The
separates were dried in a gentle heat (60°C).
Some workers use inert solvents and atmospheres
during extraction to avoid the possibility of min-
eralogical alteration during the extraction process
[16,17]. While magnetic separation in water may
not be ideal, any mineral that is altered by water
would be incapable of carrying the stable rema-
nences observed in this study, given that these
sediments have been water saturated since depo-
sition. Similarly, any mineral that is altered by
drying to temperatures of 60°C would be inca-
pable of carrying a remanence that is stable at
temperatures exceeding 300°C.

X-ray diffraction (XRD) was carried out on a
Philips PW 2272 /20 X-ray diffractometer with a

(a)

W/UP 20°C
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150°

NRM = 6170x 10-6 A/m
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Cu, source. Electron probe microanalysis
(EPMA) was carried out with a JEOL 733 Super-
probe on polished thin sections of grains from
four magnetic separates. Iron sulphide framboids
are ubiquitous in sieved coarse (> 63 um) frac-
tions of Awatere Group sediments. Hand-picked
iron sulphide framboids and magnetically sepa-
rated iron oxide grains were analysed by EPMA
in order to precisely determine their stoichiome-
try.

Thermomagnetic analyses were carried out on
powdered magnetic separates using a Curie bal-
ance at the C.F.R. palacomagnetic laboratory,
Gif-sur-Yvette, France. Separates were heated at
a rate of 10°C/min and the saturation magnetisa-
tion, M, was measured at every 2°C increment
up to 650°C. Similarly, M, was also measured at
every 2°C drop in temperature as the separate
was cooled at a rate of 10°C/min.

4. Results
4.1. Palaeomagnetic behaviour

Three types of palacomagnetic behaviour (A,
B and C) were observed in a detailed magne-

(b)

100°

NRM = 1410x 10-6 A/m

Fig. 3. Vector component diagrams showing stepwise thermal demagnetisation behaviour of samples from Upton Brook sites (a) 56
(normal polarity) and (b) 39 (reversed polarity). Dots denote projections onto the horizontal plane and circles denote projections
onto the vertical plane.
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tostratigraphic study that involved full stepwise
thermal demagnetisation of ca. 800 samples from
ca. 130 sampling sites at Upton Brook and Blind
River [10]. Intense, stable remanences that are
directed to the origin of vector component plots
are observed from type A samples (Fig. 3). Type
B samples are relatively weakly magnetised and
are more heavily overprinted than type A sam-
ples. Characteristic remanences are usually not
isolated before thermal alteration occurs at 300-
350°C. Type C samples are generally unstably
magnetised and no useful palacomagnetic data
can be retrieved. Fine-grained mudstones usually
display type A behaviour, while relatively coarser
grained siltstones and sandstones more fre-
quently display behaviour of types B and C.

4.2. X-ray diffraction

Ten powdered magnetic separates were anal-
ysed by XRD. In all cases, the diffractions from
magnetic minerals were masked by large peaks
resulting from chlorite and quartz. Likely mag-
netic carriers were identified in only a few sepa-
rates because of low concentrations of magnetic
minerals and the difficulty in obtaining suffi-
ciently pure separates. The results from each
separate are summarised in Table 1, where iron-
bearing minerals are categorised in two ways:
Diffraction peaks that can be unambiguously
matched with those from pure crystalline samples
are denoted as “definite” matches. Minerals with
less certain matches, due to low concentrations of

TABLE 1

the mineral, or to masking of some peaks by
other minerals, are denoted as “probable.”

Ilmenite (FeTiO,) and ulvospinel (Fe,TiO,)
have been identified in separates from several
sites at Blind River and Upton Brook. Pure il-
menite and ulvospinel are paramagnetic at room
temperature [18] and should not contribute to the
remanence in these rocks. Maghaemite (yFe,0;)
is likely to be the remanence carrier at site BBC1.
Pyrrhotite (Fe,Sg) and greigite (Fe,S,) are the
most likely remanence carriers identified by XRD
at sites UB 47 & 48 and UB 56 & 57, respectively.
No minerals that are likely to carry a stable
magnetic remanence have been identified by
XRD at Blind River (Table 1).

4.3. Electron probe microanalysis

Four magnetic separates and three sets of
hand-picked iron sulphide framboids from sieved
coarse sediment fractions were subjected to
EPMA. Oxide abundances were determined for
Si, Al, Ti, Fe, Mg, Mn, Ca, Cr and Ni. A large
number of paramagnetic minerals were identi-
fied, including garnet, sphene, chrome spinel,
plagioclase, pyroxene, amphibole, chlorite and il-
menite. Distributions of minerals within the Fe-Ti
oxide ternary system were calculated using the
method of Stormer [19] and are plotted in Fig. 4.
By far the greatest number of analyses are of
ilmenite, the remainder being titaniferous mag-
netites with varying Ti contents. Variations away

Minerals identified in powdered magnetic extracts by X-ray diffractometry

Site Common minerals Definite Probable
Upton Brook

BBC1 Chlorite, quartz Ilmenite Maghaemite, ulvospinel
UB 38 & 39 Chlorite, quartz No other positive identifications

UB 47 & 48 Chlorite, quartz Ilmenite, pyrrhotite

UB 56 & 57 Chlorite, quartz Greigite

UB 58 & 59 Chlorite, quartz No other positive identifications

UB 64 Chlorite Ulvospinel
Blind River

BL1,2&3 Chlorite, quartz Ilmenite Ulvospinel
BL 37,38 & 39 Chlorite, quartz Ilmenite Ulvospinel
BB 4 Chlorite Ilmenite Ulvospinel
BI 36 Chlorite, quartz Ilmenite Ulvospinel
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Fig. 4. The Fe-Ti oxide ternary system with distributions plotted for the compositions of individual grains analysed by electron
probe microanalysis. Compositions were determined using the method of Stormer [19].

from the titanomagnetite (Fe;_,TiO,) and il-
meno-haematite (Fe,_,Ti O;) solid solution lines
in Fig. 4 can be attributed to analytical error,
variable degree of oxidation or non-stoichiometry
of the mineral phases analysed. The high propor-
tion of ilmenite in these separates is consistent
with the XRD results. Analyses from sites BL 37,

38 & 39 have high Ti (ulvospinel) contents (Fig.
4e), which is also consistent with the XRD re-
sults.

The few titanomagnetite analyses reveal vari-
able Ti contents and variable degrees of oxida-
tion. The Curie temperatures expected for the
three titanomagnetite grains, with compositions
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Fig. 5. (a) Back-scattered electron micrograph of thin section through foraminifer enclosing bright framboidal pyrite (scale bar 100
wum). (b) and (c) Framboidal aggregates (within foraminifer) under progressive magnification with individual pyrite crystals clearly
visible (scale bar 10 wm).
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Fig. 6. Thermomagnetic curves from sites (a) UB 38 & 39 and (b) UB 56 & 57. Heating and cooling cycles were done in air
(see text).
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of x =0.16-0.31 from sites UB 66 & 67 and UB 1
(Fig. 4b and c), range between 450 and 560°C
[20]. The single titanomagnetite grain identified
from sites BL 37, 38 & 39 (x =0.54; Fig. 4¢)
would be expected to have a Curie temperature
of ca. 350°C [20]. The above compositions and
expected Curie temperatures suggest that titano-
magnetite grains may be responsible for the mag-
netic remanence recorded at these sites, and that
thermal alteration observed between 300 and
350°C masks any higher temperature signal.
Coarse aggregates of hand-picked iron sul-
phide crystals were also analysed. The term
“framboid” is used to describe the raspberry-like
aggregates that consist of spherical to subspheri-
cal, micrometre to sub-micrometre sized iron sul-
phide crystals (usually pyrite) that are contiguous
but not interpenetrant [21]. Framboidal sulphide
minerals are commonly associated with micro-
fauna and are ubiquitous in the coarse sediment
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fractions (> 63 wm) of sieved fine-grained sedi-
ments of the Awatere Group [10].

Initially, fresh, untarnished framboidal sul-
phides were extracted from three coarse sedi-
ment fractions from Upton Brook (UB sites 1, 61
and 65). Micrographs of a polished section
through a foraminifer enclosing framboids are
shown in Fig. 5. A pyrite (FeS,) stoichiometry
was determined for all samples analysed. Pure
pyrite is paramagnetic and does not contribute to
magnetic remanence at room temperature.

We also attempted to analyse framboids that
are tarnished by a black coating and are more
strongly attracted to a hand-held magnet than the
brassy yellow pyrite framboids. These framboids
are not as hard as the pyrite framboids and
attempts to obtain polished petrological thin sec-
tions failed. Such framboids may be ferrimagnetic
and may coexist in sedimentary environments with
the more common paramagnetic pyrite fram-
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1251 m
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0 = ———0—0
Titanomagnetite

o T T T T T T
0 S0 '00 150 200 250 300 350 40O
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- 823m

30— i
20+
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Fig. 7. Bulk susceptibility changes on thermal demagnetisation for six Upton Brook sites for which magnetic minerals have been
identified. Measurements shown are volume susceptibility (X 106 ST).
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boids. However, this could not be demonstrated
in this study.

4.4. Thermomagnetic measurements

Only three sites yielded magnetic separates
with sufficient ferrimagnetic material to enable
the measurement of Curie points. Two of the
separates, from fine-grained mudstone sites UB
38 & 39 and UB 56 & 57, displayed similar results
(Fig. 6). Both separates were heated and cooled
in air and display thermal instability between 300
and 400°C, characterised by a rapid drop in mag-
netisation during heating. Rather than a contin-
ued decrease in M, magnetisation increases
above 440°C until it peaks at temperatures over
500°C; it then decreases again to zero at 580°C
for UB 56 & 57 and at over 600°C for UB 38 &

39. The thermomagnetic curves for sites UB 56 &
57 and UB 38 & 39 in Fig. 6 are very similar to
those obtained for greigite by other workers [22—
25]. XRD results support the conclusion that
greigite is the major magnetic mineral at sites UB
56 & 57 (Table 1).

The observed increase in magnetisation above
400°C is attributed to a thermally induced chemi-
cal transformation of iron-bearing clay minerals,
such as chlorite, to magnetite. Chlorite is ubiqui-
tous in sediments of the Awatere Group (Table
1) and can decompose to a spinel structure on
heating [26]. In the separate from sites UB 56 &
57, the magnetisation of the resultant magnetite
decays to a Curie point at 580°C and, on cooling,
shows a reversibility of the magnetite portion of
the thermomagnetic decay curve. A second heat-
ing of this separate (Fig. 6b) shows the straight-
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Fig. 8. Thermomagnetic curves from sites BL 37, 38 and 39. Heating and cooling cycles were done in a nitrogen atmosphere
(see text).
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forward decay of magnetite to its Curie point at
580°C. Non-reversibility of this curve indicates
that magnetite has oxidised to haematite. The
separate from sites UB 38 & 39 (Fig. 6a) displays
slightly different behaviour in that the mineral
produced by thermal transformation persists past
the Curie point of magnetite, indicating that mag-
netite has oxidised to haematite, as is evident in
the non-reversibility of the cooling curve.
Samples from greigite-bearing sites (UB 38 &
39 and UB 56 & 57) also display distinctly differ-
ent trends of susceptibility during stepwise ther-
mal demagnetisation (Fig. 7). Systematic de-
creases in susceptibility are commonly observed
above temperatures of 200°C. Some samples then
show an increase in susceptibility at temperatures
between 300 and 350°C as is observed at most
other sites. Greigite is commonly attributed with
thermal instability at elevated temperatures
[22,24,27-30]. Attempts to determine its thermal
stability field with precision have failed because
of kinetic problems associated with rate of reac-
tion [31]. Skinner et al. [27] have shown that
greigite is stable up to 238°C and that it breaks
down to pyrrhotite plus sulphur vapour between
238 and 282°C, and then to pyrrhotite and pyrite
at temperatures above 320°C. The observed de-
crease in susceptibility with heating in greigite-

TABLE 2
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bearing samples (Fig. 7) indicates that a less
magnetic phase begins to form at temperatures
between 200 and 300°C.

Heating curves (in a nitrogen atmosphere) for
a separate from sites BL 37, 38 & 39 (Fig. 8)
indicate Curie points at 580°C; these curves are
quasi-reversible on cooling. The first heating
curve has a change in slope between 350 and
400°C, which probably defines a Curie point due
to titanomagnetite. A Curie point at 580°C indi-
cates that the final product of the heating cycle is
magnetite. The second heating curve is character-
istic of magnetite and is essentially reversible.
The above interpretation is consistent with EPMA
results that indicate the presence of titanomag-
netite with inferred Curie temperatures close to
350°C.

4.5. Isothermal remanent magnetisation

IRM'’s were induced in samples from each site
studied. Typical IRM acquisition curves are shown
in Fig. 9. Other rock magnetic parameters are
tabulated with the SIRM data in Table 2. All but
one of the samples display similar behaviour (Fig.
9), with remanence saturated at fields of 200-300
mT and most values of B, near 50 mT (Table 2).
Site BBC1 is the only site where saturation was

Rock magnetic parameters obtained from rock magnetic experiments

Site Stratigraphic Lithology Palacomagnetic = NRM SIRM B, Xsp b SIRM/ x,
height behaviour 2 (107 (104 (mT) (08 (103Am“5’)
(m) Am? kg™  Am?Zkg™hH m’ kg™

Upton Brook

BBC1 1628 Muddy silt 6A 5.6 351°¢ 59 10.5 33°¢

UB67 1251 Muddy sand  8B+4C 0.5 0.96 45 5.9 1.6

UB26 1016 Muddy silt 6B 0.5 0.99 62 9.0 1.1

UB39 895 Mud 10A 2.8 9.02 77 11.9 7.6

UB48 823 Muddy silt 10A 1.3 1.37 66 10.0 1.4

UBS6 732 Mud 12A 7.4 9.80 75 11.1 8.8

UB58 720 Muddy silt 1A+9B+2C 0.6 0.82 66 8.7 0.9

UB64 280 Muddy silt 1A+3B+2C 1.3 0.43 52 8.2 0.5

Blind River

BL2 1190 Muddy silt 11A 5.7 2.28 55 9.6 2.4

BL37 1105 Muddy silt 6A 53 3.21 57 9.8 3.3

BB4 850 Muddy silt 3A 2.4 2.21 55 9.8 2.3

BI36 172 Muddy sand 4B 4.2 1.83 49 7.2 2.5

2 A, B and C as described in text; numerals indicate number of demagnetized samples of type A, B and C.

P Xsp is mass specific susceptibility.
¢ Not saturated at 800 mT (value given is that at 800 mT).
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Fig. 9. Isothermal remanent magnetisation (IRM) acquisition
curves for representative samples from the sites studied. Re-
manence becomes saturated at 300 mT for all sites except
BBCI1, which is still not saturated at 800 mT.

not reached by 800 mT. XRD of a magnetic
separate from this site indicates the presence of
maghaemite (Table 1). Lack of saturation at this
site indicates the presence of an antiferromag-
netic mineral, such as haematite or goethite, that
was not apparent from XRD results.

Large variations exist in the rock magnetic
parameters (Table 2), although patterns of mag-
netic behaviour are consistent. For example, B
is a sensitive indicator of grain size if mineralogy
is uniform, with multidomain (md) grains having
lower remanence coercivities than pseudo-single
domain ( psd) or stable single domain (ssd) grains
[18]. B, shows distinct trends with variation in

TABLE 3

sediment grain size. At Upton Brook, samples
from mud horizons have the highest values of B,
of 77 and 75 mT. Samples from silt horizons have
intermediate values of 59, 62, 66, 66 and 52 mT,
while the only sample from a sandy site has the
lowest value of 45 mT. Similar patterns are ob-
served at Blind River where silt samples have B,
values of 55, 57 and 55 mT and the only sandy
sample has a value of 49 mT. These trends are
probably indicative of variation in magnetic do-
main state as a response to variation in sediment
grain size.

The ratio SIRM/x, (Table 2; x,, = mass spe-
cific susceptibility) would also be expected to be
sensitive to grain size [18], and some grain-size
related clustering is evident on a plot of SIRM vs
Xsp (Fig. 10). However, there is also some variabil-
ity in magnetic mineralogy. In particular, high
values of SIRM/, are recorded from two fine-
grained sites (UB39 and UBS56; Fig. 10), where
the remanence-bearing mineral is most likely to
be greigite. Snowball and Thompson [21] also
observed that greigite has higher values of y,
SIRM and SIRM/y than many natural mag-
netite assemblages.

4.6. Summary of analytical and rock magnetic
measurements

A summary of the most likely remanence carri-
ers and the method by which they were identified

Summary of remanence-carrying minerals and the methods by which they were identified

Site Lithology Palacomagnetism Remanence carrier Means of identification
Upton Brook

BBC1 Muddy silt 6A Maghaemite XRD

UB 66 & 67 Muddy sand 8B+4C Titanomagnetite EPMA

UB1 Muddy silt SB+1C Titanomagnetite EPMA

UB 26 Muddy silt 6B ? -

UB 38 & 39 Mud 10A Greigite Curie balance

UB 47 & 48 Muddy silt 10A Pyrrhotite XRD

UB 56 & 57 Mud 12A Greigite Curie balance, XRD
UB 58 & 59 Muddy silt 1A+9B+2C ? -

UB 64 Muddy silt 1A+3B+2C ? -

Blind River

BL1,2&3 Muddy silt 11A ? -

BL 37, 38 & 39 Muddy silt 6A Titanomagnetite EPMA, Curie balance
BB 4 Muddy silt 3A ? -

BI 36 Muddy sand 4B

?
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is given for each site studied (Table 3). Ferrimag-
netic iron sulphide minerals play an important
role in the magnetisation of sediments at Upton
Brook, with the most stable remanences being
carried by greigite and pyrrhotite. Stable palaco-
magnetic behaviour is also recorded at site BBC1,
where maghaemite is the probable remanence
carriecr. The only mineral capable of carrying
magnetic remanences observed at sites that are
weakly and unstably magnetised is titanomag-
netite, which appears to occur only in small quan-
tities. Titanomagnetite is the only remanence-
bearing mineral identified at Blind River.

5. Origin of magnetic minerals in sediments of
the Awatere Group

S.1. Iron oxide minerals

Results from this study indicate that sediments
of the Awatere Group contain low concentrations
of titaniferous magnetite, but that ilmenite is
generally common and in some cases abundant.
The proportion of ilmenite in such samples is
probably too high to have been derived solely
from a Torlesse source, and it is likely that some
opaque oxides and other heavy minerals, such as
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biotite and Cr-spinel, have been derived from the
numerous sources of igneous rocks in central
Marlborough (Fig. 1).

Titaniferous magnetite, ilmenite and other Ti-
rich minerals are common throughout the ig-
neous rocks of central Marlborough, with titano-
magnetite and ilmenite occurring in approxi-
mately equal proportions and comprising up to
5% of some of these rocks [13]. However, in the
Awatere Group, ilmenite occurs in much greater
abundances than titanomagnetite. The few ti-
tanomagnetite grains observed in this study are
generally much smaller than ilmenite grains.
Dominance of ilmenite over magnetite in Tor-
lesse rocks has also been observed by Smale [12],
who showed that heavy mineral fractions with
high pyrite contents (i.e. 15-30%) tend to have
low ilmenite and magnetite contents. Smale [12]
concluded that diagenesis may have caused solu-
tion and pyritisation of iron oxides. Dominance of
ilmenite over magnetite in Awatere Group sedi-
ments is unlikely to be due to preferential me-
chanical breakdown of magnetite with respect to
ilmenite during transportation from source, be-
cause magnetite is harder than ilmenite [26]. It is
more likely that ilmenite is chemically less reac-
tive and that titanomagnetite has been lost from
the system either by oxidation during transporta-
tion or by chemical alteration due to authigenic
and /or diagenetic processes, once deposited. The
most likely explanation is that titanomagnetite is
dissolved during early diagenesis, resulting in the
formation of iron sulphide minerals, as discussed
below.

5.2. Iron sulphide minerals

The relative proportion, texture and mode of
occurrence of the iron sulphide minerals ob-
served in the Awatere Group are indicative of
growth in a sedimentary environment rather than
a detrital origin. All iron sulphides observed oc-
cur in framboidal form and are generally associ-
ated with degraded organic structures such as
microfossils. A detrital origin is also improbable
because pyrite is chemically and physically unsta-
ble during the typical conditions of transport and
deposition [29].

Formation of iron sulphides in sediments is a
common and relatively well understood sedimen-
tary process [29,30,32,33]. Most marine sediments
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and sedimentary rocks contain at least traces of
pyrite because a major proportion of the world’s
mud is, and was, buried under anoxic, sulphate
reducing conditions [33]. Pyrite is the most stable
iron mineral under reducing conditions {29] and
there is a well-defined chemical pathway by which
it is formed [29,30,32—34]. This pathway involves
the formation of intermediate ferrimagnetic iron
sulphides, such as pyrrhotite and greigite, before
formation of the paramagnetic final product,
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pyrite. Because this pathway is of relevance to the
present discussion, the principal steps in the pro-
cess of sedimentary pyrite formation are detailed
below.

Detrital iron minerals are by far the chief
source of iron for pyrite formation in most sedi-
ments because natural surface waters contain al-
most no dissolved iron. Iron minerals can be
decomposed to form soluble ferrous ions by bac-
terial or inorganic processes in anaerobic envi-

Organic matter

]

Bacteria

H,S l Fe minerals

FeS

See (b) for intermediate steps

FeS,

Pyrite
Greigite Pyrite
F938 4 F882
(cubic) (cubic)

—__’\Sphe'es>
Spheres

Framboids

—» FeS,

FegS4+ 289 —— - 3FeS,

Fig. 11. Sedimentary pyrite formation: (a) Diagrammatic representation of the pyrite formation process, after Berner [33]. (b)
Schematic presentation of results of textures developed during sulphurisation reactions, after Sweeney and Kaplan [30]. (c)
Chemical equations of sulphurisation reactions, after Berner [29].
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ronments. Pyrite forms during shallow burial as a
result of the reaction of ferrous ions with H,S.
The most important source of H,S is the reduc-
tion of interstitial dissolved sulphate by bacteria
that use sedimentary organic matter as a reducing
agent and energy source (Fig. 11a).

Three principal factors limit the amount of
iron sulphide that can form in a sediment: the
availability of dissolved sulphate, the concentra-
tion of organic compounds that can be utilised by
sulphate-reducing bacteria to produce H,S, and
the concentration and reactivity of iron com-
pounds [33]. The first step in the process is the
bacterial reduction of sulphate, which can occur
only under anoxic conditions. In normal marine
conditions, bottom waters contain dissolved oxy-
gen, but anoxic conditions arise in most sub-
aqueous sediments because all dissolved oxygen
near the sediment-water interface is rapidly con-
sumed by oxic bacteria that use oxygen to convert
organic matter to CO,. Anoxic conditions neces-
sary for bacterial sulphate reduction therefore
normally occur below a depth of a few centime-
tres. The major factor that controls the rate of
bacterial sulphate reduction in normal marine
sediments is the amount and reactivity of organic
matter deposited in the sediment. Westrich and
Berner [35] showed that sulphate reduction rates
diminish to zero at depths greater than 1 m in
modern sediments from Long Island Sound, Con-
necticut, due almost entirely to the progressive
consumption of reactive organic compounds dur-
ing burial. Sulphide formation is also limited by
the amount and reactivity of detrital iron miner-
als in the sediment. Iron minerals are usually
sufficiently abundant and reactive in terrigenous
sediments deposited under normal marine condi-
tions that this factor does not pose a serious
problem. The higher the H,S concentration in
pore waters, and the longer it is maintained, the
greater will be the amount of detrital iron com-
pounds transformed to pyrite.

Pyrite is not formed as a direct product of this
reaction, but as the end product after a series of
other metastable iron sulphides have crystallised
(Fig. 11b). Berner [36] observed that the first iron
sulphide formed from aqueous solution is the
most sulphur deficient of the series, with a com-
position similar to that of mackinawite (FeS,,).
Sweeney and Kaplan [30] observed that, in the
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presence of limited oxygen, the first product may
react to form hexagonal pyrrhotite. Further reac-
tion of either of these phases with elemental
sulphur will produce greigite and finally pyrite
(Fig. 11b). Mackinawite and greigite are thermo-
dynamically metastable relative to pyrite and it
would thus be expected that mackinawite and
greigite should disappear during diagenesis by
reacting to form pyrite [29]. Greigite is, however,
being frequently identified in recent studies of
ancient sediments that have undergone diagene-
sis [25,27,37-40, this study). It is therefore possi-
ble that greigite-bearing sediments represent an
arrested stage of diagenesis brought about by a
paucity of H,S [29].

In this study pyrite is observed to have formed
in sediments with appreciable silt and sand con-
tents. It is inferred that the diagenetic conditions
in these sediments were such that the iron sul-
phide formation pathway progressed all the way
to pyrite and that only traces of intermediate
sulphide phases remain. Widespread preservation
of intermediate sulphide phases, such as greigite
and pyrrhotite, seems to have occurred only in
fine-grained sediments comprising purely mud. It
is inferred that, in this situation, diagenetic pyrite
formation was arrested because of the low per-
meability of the massive mud, resulting in the
consumption of available H,S before full reac-
tion to pyrite could occur. Greater permeability
in coarser grained sediments would enable pene-
tration of sulphate-rich pore fluids to complete
the pyritisation process. Sediment grain size and
permeability may therefore be important limiting
factors in the formation of iron sulphides in the
Awatere Group. Restriction of pyritisation is
clearly conducive to the formation of stable and
intense magnetisations in these mudstones.

Pyritisation also has an important effect on the
magnetisation recorded in coarser grained rocks
because detrital iron oxides are likely to have
been dissolved during pyrite formation. Ample
evidence is accumulating that suggests that the
alteration of primary magnetite and subsequent
formation of iron sulphides during early diagene-
sis is a common cause of magnetic instability in
marine sediments [41-48]. Karlin and Levi [44]
showed that dramatic downcore decreases in in-
tensity of NRM, ARM, IRM and magnetic stabil-
ity, accompanied by systematic increases in pyrite
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content, occur in marine sediments from the east-
ern Pacific Ocean. These changes are claimed to
be due to reduction and dissolution of ferrimag-
netic iron oxides with depth during early diagene-
sis. Karlin and Levi [44] and Karlin [48] believe
that the palaeomagnetic directional signal can
survive diagenetic dissolution if detrital magnetic
particles are stable and occur in sufficient con-
centrations.

Canfield and Berner [45] state that magnetite
dissolution should be ubiquitous in sediments
supporting active sulphate reduction and H,S
formation. Dissolution will vary in degree accord-
ing to the surface area of the magnetite grain,
concentration of dissolved sulphate and the time
that magnetite is in contact with sulphate-rich
pore fluids, which in turn depend on sedimenta-
tion rate, sulphate reduction rate, depth and in-
tensity of bioturbation and reactivity of iron min-
erals contained in the sediment [45]. Magnetite
preservation is thus favoured by rapid sedimenta-
tion, combined with high concentrations of reac-
tive iromn.

Sulphate reduction and H,S formation must
have occurred in the Awatere Group because
iron sulphides are ubiquitous. Dissolution of ti-
tanomagnetite is therefore highly likely according
to the evidence compiled by Canfield and Berner
[45]. This contention is supported by the observa-
tion that in Awatere Group sediments containing
significant pyrite, titanomagnetite grains are gen-
erally small and relatively sparse compared to
ilmenite grains. If these Fe-Ti oxides are derived
from a central Marlborough igneous source, il-
menite and titanomagnetite should occur in ap-
proximately equal proportions [13]. That they do
not suggests that titanomagnetite is more reactive
than ilmenite under such conditions. Low intensi-
ties of magnetisation can be explained by the low
proportion of titanomagnetite due to the diage-
netic dissolution of a large proportion of detrital
titanomagnetite grains. Preservation of some ti-
tanomagnetite is likely to be the result of high
sedimentation rates of the order of 0.5 m/k.y.
[5,8,10] and high concentrations of reactive iron.
Stable characteristic palacomagnetic directions
are often discernible despite dissolution of the
remanence carriers. Relative palacomagnetic in-
stability and weak remanence intensities in sedi-
ments containing grains that are silt sized and

larger may therefore be due to low titanomag-
netite concentrations resulting from pyritisation
and titanomagnetite dissolution.

If the stable characteristic magnetisations car-
ried by sulphide minerals (Fig. 3) are acquired
during early diagenesis, it is important to estab-
lish an estimate of the time lag between sediment
deposition and acquisition of magnetisation be-
fore palacomagnetic data can be interpreted with
confidence. The results of Westrich and Berner
[35] and Canfield and Berner [45] indicate that
sulphide formation is severely restricted below
the surface metre of marine sediments. If so, iron
sulphides will form during early diagenesis, within
2000 years of deposition for sediments deposited
at rates > (0.5 m/k.y. Such a lag between deposi-
tion and acquisition of remanence is insignificant
compared to the resolution of the geomagnetic
polarity timescale and is therefore acceptable for
magnetostratigraphic purposes. Studies of shorter
period geomagnetic fluctuations, such as
palacosecular variation or geomagnetic polarity
transitions, are more seriously affected by such a
time lag, particularly if the rate of remanence
acquisition is substantially different from the sed-
imentation rate, or if there are several carriers
which have their remanence locked in at different
times [e.g. 49,50).

Some cases exist where dissolved sulphate oc-
curs at depth, giving rise to iron sulphides during
late diagenesis. In these cases, sulphate is derived
from hydrocarbon seepage [40] and deeper evap-
orite deposits [46]. Such conditions certainly do
not exist in the Awatere Group; thus the most
likely time for sulphide formation is during burial
at depths of <1 m, while dissolved sulphate is
available to react with soluble iron compounds.

6. Conclusions

Results of rock magnetic experiments and
mineralogical studies of magnetic separates indi-
cate that the ferrimagnetic iron sulphides, greig-
ite and pyrrhotite, are the major contributors to
the stable remanences recorded in fine-grained
sediments of the Awatere Group where early
diagenetic pyritisation has been arrested. Detrital
ferrimagnetic iron oxides are apparently the ma-
jor contributors where pyritisation has progressed
to completion. Pyritisation has almost certainly
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caused dissolution of detrital titanomagnetite
grains during early diagenesis. Clearly, under-
standing of diagenetic processes in such sedi-
ments is vital to the understanding of the mag-
netisation process and the interpretation of
palacomagnetic data.
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