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ABSTRACT 

A detailed paleomagnetic and geochemical study of the upper Cochiti (N-R) reversal recorded in marine marls on 
southern Sicily shows two consecutive and very rapid transitions (R-N and N-R) that coincide with distinct lithological 
boundaries. A 'Fe-migration model' is presented in which magnetite is formed under different diagenetic conditions. During 
sulphate reduction, originally formed ('primary') magnetite is preserved. This primary magnetite has recorded the 
pre-transitional normal polarity. After burial, migration of ferrous iron occurs and subsequent oxidation produces 
'secondary magnetite', which records the post-transitional reversed polarity and produces the two apparent transitions. In 
addition, low temperature (LT) and high temperature (HT) components record the reversal in a slightly different way: the 
HT component being acquired with a delay. It is probable that both components reside in magnetite but have a different 
origin and grain size distribution, giving different blocking temperature spectra. The actual upper Cochiti reversal occurs at 
a level with an estimated astronomically calibrated age of 4.165 Ma. 

1. Introduction 

In recen t  years ,  an increas ing  n u m b e r  of  de-  
t a i led  records  of  geomagne t i c  po la r i ty  reversals  
have b e e n  pub l i shed  and  they  have p rov ided  im- 
p o r t a n t  in fo rmat ion  on the  charac ter i s t ics  of  po-  
lar i ty  reversals .  The  major i ty  of  these  records  
have been  o b t a i n e d  f rom s e d i m e n t a r y  sequences .  
This  is because  of  the i r  a b u n d a n c e  re la t ive  to 
lava sequences  and  the  fact  tha t  the  t ime cont ro l  
is m o r e  favourab le  and  the  geomagne t i c  signal  
has r eg i s t e red  cont inuously .  T h e r e  is, however ,  
r eason  for cons ide rab le  cau t ion  in in t e rp re t ing  
reversal  r ecords  f rom re la t ively  slowly d e p o s i t e d  
sediments .  This  is not  only  because  of  ev idence  
f rom volcanic  records ,  which of ten  show qui te  
d i f fe ren t  t r ans i t iona l  f ie ld behaviour ,  bu t  also be-  
cause  many  aspec ts  of  the  m e c h a n i s m  of  r ema-  
nence  acquis i t ion  in s ed imen t s  a re  still poor ly  
known.  I ndeed ,  it has  recen t ly  been  shown tha t  a 

high t e m p e r a t u r e  magne t i t e  c o m p o n e n t  (in two 
examples  of  mar ine  s ed imen ta ry  reversal  records  
f rom Sicily) has  a de layed  r e m a n e n c e  acquis i t ion 
with respec t  to a low t e m p e r a t u r e  c o m p o n e n t  and  
p robab ly  does  not  ref lec t  the  t rue  geomagne t i c  
f ield dur ing  the  reversal  [1]. The  magne t i c  miner -  
als a re  unl ikely  to be de t r i t a l  because  the  changes  
in d i rec t ion  take  p lace  at dis t inct  l i thological  
b o u n d a r i e s  in the  sed iment .  Hence ,  the  mecha-  
nism for the  de lay  sugges ted  by Tucker  [2,3] is 
invalid in the  sed imen t s  u n d e r  study. Van  H o o f  
and Langere i s  [1] have sugges ted  tha t  the  mag-  
net ic  minera l s  carrying the  c ompone n t s  were  au- 
th igenical ly  fo rmed  u n d e r  d i f ferent  and  cyclically 
f luc tua t ing  p a l e o - r e d o x  condi t ions .  I t  is l ikely tha t  
ear ly  d iagene t i c  processes  p layed  an impor t an t  
role  in the  complex  acquis i t ion of  r e m a n e n c e  
mechan i sm.  

To con t r ibu te  to our  unde r s t a nd ing  of  this 
mechan i sm,  add i t iona l  and  de t a i l ed  rock  mag-  

0012-821X/93/$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved 



236 A . A . M  V A N  H O O F  E T  AL.  

Fig. 1. Location of the Punta di Maiata section in Southern 
Sicily (Italy). 

netic and geochemical investigations are clearly 
needed. To this end, the study of reversal records 
is particularly useful because the (rapid) change 
in the geomagnetic field to an opposite polarity 
provides an opportunity for obtaining temporal  
constraints on the delay of the remanence acqui- 
sition. Our current research concerns the rever- 
sals records (from the lower Thvera to the 
G a u s s / M a t u y a m a  boundary) which are located 
in the Rossello composite section. This section 
consists of the marine marls from the Trubi and 
the Narbone Formation [4,5]. These sediments 
show a distinct cyclicity in both CaCO 3 content 
and weathering (induration) profile, a cyclicity 
which is related to the precessional cycle of the 
Earth 's  orbit [4,6]. 

In this paper, we present the paleomagnetic, 
rock magnetic and geochemical results of the 
upper  Cochiti (UC) polarity reversal, sampled in 
the Punta di Maiata section, southern Sicily (Fig. 
1). In addition, we sampled two subsequent pre- 
cessional cycles in order to investigate the mag- 
netic and geochemical changes due to a cyclically 
changing environment outside the transition. Fi- 
nally, since the remanence is not simply of detri- 
tal origin, we introduce a model that accounts for 
the acquisition of the remanence during early 
diagenesis. In this model the changes in the di- 
rections of the remanence are thought to be 
caused by changes in paleoredox conditions in 
the sediment, as derived from the geochemical 
and rock magnetic data. 

2, Geological  setting and sampl ing  

Punta di Maiata is a small, prominent  cape in 
a series of cliffs along the south coast of Sicily 
(Fig. 1). The Punta di Maiata section forms the 
middle part  of the Rossello composite section 
[4,5] and consists of marine marls of the Pliocene 
Trubi Formation; the bedding plane has a strike 
of 354°N and a dip of 13°E. The average sedi- 
mentation rate in this section can be determined 
accurately and proves to be remarkably constant: 
4.5-5.5 cm/ky .  The Trubi marls consist mainly of 
carbonates (60-80% CaCO 3) and a mixture of 
clay minerals, and they show a pronounced rhyth- 
mic bedding, which is characteristic for this for- 
mation on Sicily (Fig. 2). Small-scale sedimentary 
cycles are quadripartite and show a distinct 
grey-white(1)-beige-white(2 ) colour layering [4]. 
The average thickness of these cycles (in which 
the grey and beige marls represent the less in- 
durated, CaCO3-poor beds) is approximately 1 m. 
The (midpoints of) individual grey layers have 
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Fig. 2. Susceptibility and lithology of the upper Cochiti (UC) 
record. Small-scale sedimentary cycles are quadripartite and 
each comprises grey (shown as black)-white (white)-beige 
(shaded)-white (white) coloured marls. Cycle numbers are 
according to Hilgen (1987; 1991) and are shown to the left of 
the grey layer. Clear maxima of susceptibility are found in the 
beige layers, probably due to the higher clay content and the 

corresponding higher paramagnetic contribution. 



PALEOMAGNETIC AND GEOCHEMICAL RECORD OF T H E  UPPER COCHITI REVERSAL 237 

been correlated to individual minima in the pre- 
cession index [7], providing a high resolution as- 
tronomical polarity time scale [8]. Larger scale 
sedimentary cycles can be distinguished on the 
basis of the cyclic recurrence of relatively thick 
a n d / o r  indurated marly intervals in the succes- 
sion [4,6]; they can be correlated to the eccentric- 
ity cycle with periods of 100 and 400 ky [8]. 
Although the weathering profile shows quite 
sharp changes in colour and induration, the 
changes in the fresh, unweathered sediment are 
much more gradual. The bottom part of the 
white(1 ) layers often shows brown oxidation spots, 
even in the freshest possible marls. These spots 
appear to be important with respect to both pale- 
omagnetic and geochemical properties, as will be 
discussed later. 

The samples were taken on the basis of the 
magnetostratigraphy of the Punta di Maiata sec- 
tion [5]. The section contains the upper Sidufjall 
reversal boundary, the Nunivak and Cochiti sub- 
chronozones and the Gilbert-Gauss reversal 
boundary. The stratigraphic interval in which the 
original upper Cochiti reversal was found was 
sampled in detail over a stratigraphic length of 
120 cm. The two additional quadruplets were 
sampled over an interval of 220 cm. The record 
comprises the complete cycles 50, 51 and 52 (Fig. 
2) [8]. The 0 level was defined at the boundary 
between the grey layer and the first white layer of 
cycle 50 (Fig. 2). Hence, the entire stratigraphic 
interval sampled ranges from - 4 0  to 80 cm for 
the upper Cochiti reversal record, and from 80 to 
300 cm for the two additional quadruplets. Due 
to the topography of the chosen sampling locality 
it was not possible to take samples below - 4 0  
cm. Furthermore,  the lowermost part ( - 4 0 - 0  
cm) consisted of fresh and clearly unweathered 
sediment but (despite our efforts to remove the 
weathered surface) in the middle and upper part 
the sampling of slightly weathered intervals could 
not always be avoided. The sediment particularly 
kept its weathering colour in the white layers 
(with the exception of white(z ) of cycle 49); 
whereas in the beige layers the original light blue 
colour of the marls could usually be reached. 

Sampling was carried out by taking oriented 
cores, 25 mm in diameter, approximately parallel 
to the bedding plane, at very close intervals ( <  1 
cm) from a freshly cut, near-vertical plane. In the 

laboratory, cores were cut into standard speci- 
mens 22 mm in height. The stratigraphic position 
of each specimen was accurately determined by 
taking into account the drilling orientation, strike 
and dip of the bedding plane and width of the 
saw cut. 

For geochemical studies, the samples were 
cleaned by carefully scraping about 1 mm from 
the surface, followed by grinding and homogenis- 
ing the sample in an agate mortar. For determi- 
nation of major and trace element concentra- 
tions, a 250 mg portion of each sample was di- 
gested in a H C L O 4 / H F / H N O 3  mixture. After 
digestion, the final solutions were made up in 50 
ml 1 N HC1. Analyses of the total element con- 
centrations of AI, Ti, Mn, Ca, S, Zr and Fe were 
made with an ARL34000 ICP emission spectrom- 
eter. Carbonate content was calculated from the 
total Ca concentrations, with a correction of 2% 
for non-carbonate Ca: CaCO 3 = (Catota I - 2) × 
2.5. The accuracy and precision of the analysis 
was monitored by replicate analyses of interna- 
tional and laboratory standards and was found to 
be better  than 2% for the major elements A1, Fe, 
A1, Mn and Ca, and better than 3% for the 
elements S, Zr  and Ti. 

3. Rock magnetic and chemical properties 

The cyclicity in the Trubi marls is related to 
the precessional cycle which causes changes in 
climate (by variations in seasonal contrasts) and 
thus in the concentration and nature of terrige- 
nous (clay and other minerals) and biogenic 
(carbonate) material supplied to the sea bed. The 
rock magnetism of the Trubi marls in general has 
been studied extensively by van Velzen and Zij- 
derveld [9,10]. They found magnetites to be the 
most important carrier of the natural remanent 
magnetisation (NRM). Small amounts of hematite 
may be present but it is unlikely that this mineral 
contributes to the remanence. In addition, some 
goethite is found in these sediments [9-11]. In 
order to distinguish magnetic changes caused by 
geomagnetic variations from those caused by 
lithological variations and early diagenetic pro- 
cesses, a number of geochemical and rock mag- 
netic properties of the sediment were deter- 
mined. The rock magnetic properties concern the 
initial susceptibility (Xo), remanent saturation 
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Fig. 3. (a) and (b) IRM acquisition curves and (c) subsequent thermal demagnetization of the saturation IRM for various lithologies 
from the UC reversal record. Grey, white and beige layers are denoted by solid, dotted and dashed lines, respectively. Grey and 

white layers (almost) reach saturation at 200-300 mT, whereas beige layers are not even totally saturated in the highest fields. 

magnetisation (Jrs), the remanent coercive force 
(Hcr) and their interparametric ratios. 

3.1. Rock magnetic results 

X o is strongly concentration dependent, and it 
also depends on the grain size and type of mag- 

netic mineral. The Xo of the three precessional 
cycles (Fig. 2) is not significantly higher in grey 
than in white, but it shows prominent maxima in 
the beige layers. 

IRM acquisition curves of a number of sam- 
ples from different lithologies in the UC reversal 
were determined (Fig. 3a,b). Samples from the 
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Fig. 4. Rock magnetic properties for the UC reversal record, involving susceptibility, Xo, saturation remanence Jrs, their ratio, 
Xo/Jrs, the remanent coercive force, Her, and their interparametric ratio Her/(Jrs/Xo),  See text for further discussion. 
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white and grey layers are almost saturated (92- 
96%) after application of a 300 mT field, and are 
fully saturated after application of a 400-500 mT 
field. Samples from the beige layers are only 
saturated after application of the highest fields 
(1.5-2.0 T) because of the presence of some 
additional high coercivity mineral, such as 
goethite or hematite. Subsequent thermal demag- 
netisation of the Jr~ (Fig. 3c) does support the 
presence of some goethite in the beige layer: the 
decay of the saturation remanence at 100-120°C 
(the maximum unblocking temperature of goe- 
thite) is slightly larger for the beige layers than 
for the grey and white layers. More significant, 
however, is the decrease in the intensity at 135- 
155°C, which is probably caused by the reduction 
of stress in superficially maghemitised single do- 
main magnetite grains [10]. The observed maxi- 
mum blocking temperatures support the presence 
of magnetite as the dominant magnetic mineral. 

The Jr~ decreases with increasing grain size 
but (like the susceptibility) is not a good grain 
size indicator since it depends mainly on the 
concentration and type of the magnetic material. 

The Jrs/Xo ratio, however, may eliminate the 
dependence of Jrs and X o on concentration (if 
only one magnetic mineral is dominant). In the 
case of magnetite, the ratio increases with de- 
creasing grain size. The J~s/X o values in the grey 
and white layers (15-25 kA/m; Fig. 4) support 
the idea that magnetite is the dominant magnetic 
mineral but the ratio is lower in the beige layer 
(10-15 kA/m). 

The remanent coercive force H~, is largely 
independent of the concentration of magnetic 
material and can, therefore, be used to discrimi- 
nate between different magnetic minerals. Hcr 
values are generally 50-70 mT, which is some- 
what high for fine grained magnetite [12,13]. The 
ncr values are significantly lower for stratigraphic 
levels between -30  and -15  cm; that is, in 
white(2 ) and the lower part of the grey layer, and 
highest from -10  to 0 and from 40 to 60 cm. Hc~ 
values tend to increase if some weathering has 
occurred, which may explain the higher values 
between 40 and 60 cm, but this cannot explain 
the high values in the upper part of the grey 
layer, which showed very fresh sediment during 

30~- 

C a  A I  F e *  T i  * M n / C a  S 

2 0 0 -  

E 

E 
150- 

-~ . 

~ 5 0 -  

0 -  

-50 . . . .  ~ . . . .  i . . . .  i r - .  i , p i . i 

20 25 30 as 2.0 2.5 3.0 3.5 4.0 1.0 ' 1.5 ' 2.0 ' ' ' 
% % % 

51 

50 • _ _  i 

I 
215 010'01~ &0 0~s 153~r3~';0";55'0; i ~ ~ ~ 

% * 1 000  

Fig. 5. Abundances of the most relevant elements: Ca, AI, Fe (thin line), Fe* (Fe/AI, thick line), Ti (thin line), Ti* (Ti/AI, thick 
line), Mn/Ca and S. The high calcium carbonate content causes the concentrations of all major elements to show a negative 
relation with Ca concentrations (closure effect). We have assumed a more-or-less constant non-carbonate input, as is suggested by 
rather constant Zr/AI and Ti/A1 ratios (although the Ti/A1 ratio seems to be slightly higher in the beige layers). The grey layers 

show some sulphur (S) spikes (0.2-0.5%), everywhere else the concentration of sulphur is below the detection limit. 
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sampling. Further, the relatively low Her values in 
the beige layer give no clear indication of a high 
coercivity mineral, as could be deduced from the 
IRM acquisition curves (Fig. 3). Apparently, the 
contribution of magnetite (85-95%, Fig. 3) 
strongly dominates the remanent coercive force. 

The Hcr/(Jrs/X o) ratio may give useful infor- 
mation on both magnetic mineralogy and grain 
size. The values for this ratio (generally 2-2.5, 
but > 3 in beige) are somewhat high for fine- 
grained magnetites. The deflection of the Hcr / 
(Jrs/Xo) and the Jrs/Xo ratios from the values 
for fine-grained magnetites is probably not due to 
a significant change in magnetic minerals, but 
rather to a change in the concentration of clay 
minerals. The paramagnetic contribution of the 
clay minerals in X o is some tens of percent and 
shows maxima in the beige layers [11]. A correc- 
tion for this paramagnetic contribution of the 
Hcr/(JrJX o) and the Jrs/Xo values will change 
these ratios into values more (but not entirely) 
compatible with fine-grained magnetites. It is 
probable that changes in magnetomineralogy oc- 
cur that are related to the different (beige) lithol- 
ogy, but these changes remain largely unnoticed 
due to the dominance of the paramagnetism. 

3.2. Geochemical results 

Relatively high concentrations of carbonate 
(65-70%) are found in the white layers, interme- 
diate values in the grey layers (60-65%) and low 
values in the beige layers (55%) (Fig. 5). The 
white~a ) beds have slightly higher carbonate val- 
ues than the white(2 ) layers. Mainly due to the 
high calcium carbonate content of the sediment, 
the concentrations of all major elements show a 
negative relation with Ca concentrations (closure 
effect) (Fig. 5). We have assumed a more-or-less 
constant non-carbonate input, as is suggested by 
rather constant Zr/A1 and T i /A l  ratios; al- 
though the Ti/A1 ratio does seem to be slightly 
higher in the beige layers (Fig. 5). Therefore, all 
concentrations were divided by the A1 content of 
the samples, in order to compensate for carbon- 
ate dilution. 

The grey layers show some sulphur spikes of 
0.2-0.5% (Fig. 5), and some sulphur is found in 
the lowermost part of the record. Everywhere 
else, the concentration of sulphur is below the 

detection limit. Although some weathering has 
occurred, these sulphur enrichments are probably 
relict iron sulphides, as is indicated by coinciding 
iron peaks: iron sulphides are authigenically 
formed during sulphate reduction shortly after 
deposition [14]. The highest sulphur content is 
found in the grey layer of cycle 50 (0.5%). This 
suggests that within this cycle the diagenetic con- 
ditions were the most reducing during the forma- 
tion of the grey layer, rather than during the 
formation of the white and beige layers. The 
same may apply to the grey layers of other cycles. 
The increased subaerial weathering in the middle 
and upper part of the record observed during 
sampling, however, very likely resulted in the 
oxidation of most sulphides in the grey layers of 
cycles 51 and 52, causing the lower sulphur con- 
centrations. 

Manganese is a good indicator for paleoredox 
conditions [15]. Manganese concentrations are 
generally low and display values of 600-800 ppm 
in the grey and beige layers (which have a low to 
moderate carbonate content), but may go up to 
1600 ppm in the carbonate-rich whiteo) layers. 
The general distribution of Mn seems closely 
related to the carbonate content and may well be 
determined by manganese adsorption and subse- 
quent overgrowth on calcite surfaces [16-18]. This 
correlation is clearly demonstrated by the rela- 
tively constant M n / C a  ratio, but the white(l ) lay- 
ers display a large enrichment of Mn over Ca. 
The higher M n / C a  ratio in the white(1 ) layers 
compared with the white(2 ) layers (Fig. 5) suggests 
that more dissolved manganese was available dur- 
ing or after the formation of the white(1 ) layers. 

The organic carbon content has not been 
measured in these samples. In a series of quadru- 
plets from the same Punta Maiata section, values 
were found to vary between 0.05% and 0.25% 
[19]. The organic carbon content is highest in the 
grey, intermediate in the white and lowest in the 
beige layers. At younger stratigraphic levels in 
the Trubi Formation, the grey layers are lami- 
nated and they are often developed into di- 
atomitic or sapropelitic layers [4], typical of a 
higher organic carbon content. 

The differences in lithology (and thus in the 
chemical composition and magnetic mineral con- 
tent of each layer) are reflected in the geochemi- 
cal and rock magnetic parameters. The initial 
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susceptibility values are higher in the beige lay- 
ers, which can be explained by the higher concen- 
trations of Fe and, possibly, higher concentra- 
tions of Ti (Figs. 4 and 5). The higher Fe content 
(even when corrected for AI) may be caused by 
an increase of (Fe-containing) clay minerals, 
rather  than by a higher concentration of (ferri)- 
magnetic minerals [20]. Similarly, the higher Ti 
concentration may reside in titanium magneti tes 
(or ti tanium maghemites),  which also causes a 
higher susceptibility, although no clear evidence 
for titanium magneti tes is provided by the rock 
magnetic properties. Any existing titanium mag- 
netites may be masked, however, and not con- 
tribute to the remanence:  coarse-grained tita- 
nium magneti te  was found in the magnetic con- 
centrates of the Calabrian (southern Italy) Trubi 
Formation and was shown not to carry any no- 
ticeable remanence [21]. In addition, other min- 
eral phases, such as rutile and ilmenite, dominate 
the Ti concentration. 

This enrichment in iron-rich minerals strongly 
influences the rock magnetic properties, which 
are directly related to the concentration of mag- 
netic minerals, like X o and Jrs" It should further 
be realised that these properties, although show- 
ing a linear relation with concentration, are also 
influenced by changes in grain size and the crys- 
tallinity of the magnetic minerals. 

4. NRM components  

4.1. Demagnetisation 

Thermal  demagnetisation of the natural rema- 
nent magnetisation (Fig. 6) generally shows the 
presence of three components,  as usually found 
in these Trubi marls [5,11]. Apar t  from a small 
laboratory-induced component  removed at 90-  
100°C (which had an orientation related to stor- 

age), there is often a first component  that has the 
present field direction and is removed at 200- 
250°C. It is clearly of secondary origin and must 
be due to weathering, since this component  does 
not occur in the lowermost and least weathered 
part  of the record (Fig. 6a). 

A characteristic remanence is generally re- 
moved at higher temperatures  and consists of two 
components.  A low tempera ture  (LT) component  
is removed between 250°C and 360-450°C. In 
some samples, the direction of the remanence 
starts to fluctuate at temperatures  higher than 
390°C (Fig. 6h). These fluctuations are due to 
viscous behaviour, probably caused by the pro- 
duction of superparamagnet ic  magneti te grains 
during heating, due to the oxidation of pyrite [10]. 
Although in most of the record sulphur is below 
the detection limit, trace amounts of pyrite are 
probably sufficient to produce a (magnetically) 
detectable amount  of magnetite.  A high tempera-  
ture (HT) phase is usually removed at 580°C and 
occasionally at somewhat higher temperatures  
(610°C). The HT component  is most probably 
carried by single domain magneti te  [9]. The LT 
and H T  components  have both been determined 
for every sample, where possible. Poorly deter- 
mined directions, resulting from very low intensi- 
ties a n d / o r  scatter, have not been plotted in 
Fig. 8. 

The demagnetisation diagrams further show 
the same clockwise rotation as observed in the 
other Trubi sections on Sicily [5,22]. The charac- 
teristic remanence directions are marked by con- 
sistently shallower inclinations than the geocen- 
tric axial dipole field for southern Sicily, which is 
probably due to sediment compaction [23,24]. 

Blocking tempera ture  spectra for the different 
lithologies have been determined throughout the 
section (Fig. 7). They show a similar trend for all 

TABLE 1 

The mean directions for the reversed and normal intervals 

N D e c l i n a t i o n  Inclination a95 R s u  m 

Reversed below - 27.5 cm 7 214.1 ° - 39.2 ° 9.8 6.847 
Normal - 24.1 to - 4.4 cm 31 29.7 ° 54.8 ° 3.9 30.591 
Reversed above 26.3 cm 78 213.8 ° - 41.3 ° 2.3 76.382 

N = the number of samples. 
ot95 = the cone of confidence at the 95% level. 
Rsu m = the vectorial sum of N unit vectors. 
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l i thologies ,  in tha t  the  N R M  decreases  most  
rap id ly  be tween  510 ° and  600°C. The  decay curves 
c lear ly  indica te  the  p re sence  of  magne t i t e .  Since 
the  max imum unblocking  t e m p e r a t u r e s  a re  h igher  
than  580°C [21,25,26], this  m a g n e t i t e  is p robab ly  
sl ightly ca t ion  deficient .  In  genera l ,  the  be ige  
layers  show apprec iab ly  lower N R M  intensi t ies ,  

which is in a g r e e m e n t  with the  rock magne t i c  and  
geochemica l  data .  

4.2. The reversal record 

The  d i rec t ions  of  the  LT and H T  c ompone n t s  
for  the  u p p e r  Cochi t i  r eco rd  are  shown in Fig. 8. 
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Fig. 7. The NRM decay curves (starting at 300°C) of beige 
(dashed lines), white (dotted lines) and grey (solid lines) marl 
samples. Intensities are generally lower for the beige marls 
than for the grey and white marls. Maximum blocking temper- 

atures are indicative of (cation deficient) magnetite. 

For the earlier magnetostrat igraphic study of the 
Punta di Maiata section [5], most samples were 
taken in the grey and beige layers. The reversal 

was, therefore, thought to occur between the grey 
and beige layer of cycle 50. It now appears, 
however, to be a more complex reversal showing 
reversed directions in the white(2 ) layer of cycle 
49. The mean directions for the reversed and 
normal intervals are given in Table 1. The mean 
declinations are essentially the same as the gen- 
eral 35 ° clockwise rotation of the Caltanisetta 
basin [22]. 

The first (R-N) transition is characterised by 
an instantaneous polarity change of the H T  com- 
ponent  at - 2 5  cm, at the boundary of white(2 ) to 
grey, with no (reliable) intermediate directions. 
The LT component  shows a similarly quick change 
in declination, whereas its inclination seems to 
reverse more gradually. Clearly, the LT reversal 
takes place at a somewhat higher level ( - 25-  - 15 
cm). The H T  polarities remain normal in the 
interval from - 2 5  to - 5  cm, and the average 
declination is only slightly less than the generally 
observed 35 °, but inclinations are a bit s teeper 
than usual. 

The second transition (N-R) is at the - 5  cm 
level, just below the boundary of grey to white(1 ). 
The H T  component  again changes very rapidly 
from normal to reversed polarity with no interme- 
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diate directions. After this sharp transition, the 
H T  component shows a 'normal excursion', espe- 
cially in inclination. Alternatively, one could in- 
terpret the sudden change to reversed polarity as 
a short 'reversed excursion' (between - 5  and 5 
cm), only just before a more gradual change from 
normal to reversed, say from 5 to 15 cm. Remark- 
ably, this 'reversed excursion' coincides exactly 
with the peak in Fe* and M n / C a  (Fig. 5); the 
latter ratio is a good paleoredox indicator, as 
mentioned above. 

The LT component changes polarity at dis- 
tinctly higher levels, approximately between 30 
and 35 cm, and coinciding with a relatively small 
but significant peak in M n / C a  (Fig. 5). The rela- 
tively small directional changes in the HT compo- 
nent above 26 cm are compatible with secular 
variation changes smoothed by sedimentary re- 
manence acquisition and are similar to those ob- 
served in the upper Kaena reversal record [20]. 

5. Discussion 

The initial location of the reversal was based 
on the magnetostratigraphy of the Punta di Ma- 
iata section [5], for which samples were taken 
mainly from the grey and beige layers. Hence, the 
reversed polarities in white(2 ) of cycle 49 were 
then not found. Since the beige layer of cycle 49 
shows normal polarities [5], this implies that there 
must be yet another (N-R) transition, recorded 
somewhere near the transition of beige to white(2 ) 
in cycle 49. 

It is clear that the transitions recorded are not 
caused by a rebound or excursion related to the 
UC reversal, but are more probably caused by 
early diagenetic conditions that vary with the 
lithology. Therefore,  interpretation in terms of 
timing and duration of the two recorded transi- 
tions (while a third transition must occur below) 
is not meaningful. Early diagenetic changes cause 
one and the same reversal to be recorded several 
times, via a delayed acquisition mechanism [1]. In 
addition, the coincidence of two extremely rapid 
reversals that occur exactly at distinct lithological 
or geochemical boundaries (apparently related to 
paleoredox boundaries) makes any interpretation 
in terms of geomagnetic field behaviour improba- 
ble. The assertion that sediments have a resolu- 

tion determined by the most rapid changes 
recorded [27] is, therefore, not generally valid, 
even though the sediment may have no visible 
(lithological) boundaries. We thus emphasise the 
need for additional and detailed lithological (and 
rock magnetic and geochemical) information on 
reversal records. Due to the very rapid changes in 
the magnetic remanence, no intermediate direc- 
tions were recorded and we therefore refrain 
from presenting VGP paths. It is more useful to 
discuss the paleoredox conditions and corre- 
sponding diagenetic changes that may have caused 
the observations. 

5.1. Diagenetic changes during deposition 

The alternating sequence of beige (carbonate 
poor with iron (hydro)oxides), white (carbonate 
rich) and grey layers (richer in organic matter 
than beige and white and containing sulphides, 
Fig. 5) suggests that the diagenetic conditions 
changed from oxic via suboxic to anoxic for the 
respective layers [28,29]. The differences in diage- 
netic stages are caused by different amounts of 
reactive organic matter in each layer; that is, a 
higher amount of organic matter will lead to an 
enhanced consumption of oxidants used for the 
degradation of organic matter. After oxygen is 
depleted, nitrate, manganese oxides, iron hydrox- 
ides and finally sulphate will be used as electron 
acceptors [29,30]. 

Bacterially mediated magnetite formation has 
been reported to occur under oxic and suboxic 
conditions [31], whereas anoxic conditions inhibit 
bacterially mediated magnetite formation, due to 
competition in the substrate with sulphate-reduc- 
ing bacteria. This implies that, during the deposi- 
tion of the white and beige layers, magnetite 
formation continued, while during the deposition 
of the grey layer magnetite formation was inhib- 
ited in the anoxic part of the sediment. The 
unlaminated appearance of the grey layer sug- 
gests that conditions were not fully anoxic during 
deposition. Therefore,  sulphate reduction did not 
occur at the top of the sediment. Above the zone 
of sulphate reduction, iron hydroxides, man- 
ganese oxides, nitrate and even oxygen may have 
been used as oxidants for the decomposition of 
organic matter and thus suboxic conditions may 
have developed during the deposition of the grey 
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layer, causing the formation of magnetite (at time 
t = 1, Fig. 9). 

During burial, magnetite dissolution may occur 
in the sulphate reduction zone [32]. However, 
because of the higher reactivity towards HS- of 
dissolved iron, amorphous and poorly crystalline 
iron (such as lepidocrocite, goethite and hema- 
tite), magnetite may persist in this zone. Mag- 

netite is only attacked after all other iron oxide 
phases are "titrated" with HS- [33,34]. In addi- 
tion, magnetite is resistant to microbial iron re- 
duction [35,36]. Evidently, the IRM acquisition, 
as well as the IRM and NRM thermal decay 
curves imply the presence of magnetite and thus 
its preservation during sulphate reduction (Figs. 3 
and 7). 
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Fig. 9. The 'Fe-migration model '  with the pore water concentrations plotted against depth at the time of deposition. During 
deposition of the anoxic grey layer 'primary'  magneti te  was formed at t = 1. During post-oxic diagenesis, upon burial by the white 
and beige layers, ' secondary'  magneti te  is formed by migration of Fe z+ (at t = 2 and t = 3). Primary magneti te  causes the 
geomagnetic  field to be recorded during or very shortly after the initial formation of this magnetite,  b~; growing through its critical 
blocking diameter  and causing acquisition of a CRM. Upon  burial of the grey layer, secondary magneti te  is formed on either side of 
the grey layer (in the white layers); in the grey layers this depends on the redox circumstances. If, at that moment ,  a polarity 
reversal occurs, the secondary magneti tes  will record the new polarity. The  presence of already formed primary magneti te  (which 
had recorded the old polarity) competes with the secondary magnet i te  (dashed polarities). If secondary magneti te  predominates,  

the resulting direction will reflect the new polarity, in our case reversed. Lithology as in Fig. 2. 
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The magnetic minerals that could form during 
sulphate reduction are greigite and pyrrhotite 
[37]. However, greigite and pyrrhotite would nor- 
mally not survive oxidation, because of subaerial 
weathering, for example. The formation of greig- 
ite and pyrrhotite has been reported to occur 
mainly in a low sulphate environment and thus 
they are mainly found in fresh and brackish water 
sediments [38]. Moreover, greigite and pyrrhotite 
are not found in recent anoxic basins [39,55]. 
Conclusively, chemical and rock magnetic results 
indicate that magnetite is the main carrier of the 
magnetic signal and that it is not significantly 
dissolved during sulphate reduction in these sedi- 
ments. 

5. 2. Processes after deposition 

Shortly after the deposition of a grey anaero- 
bic layer (at time t = 2, Fig. 9), the organic car- 
bon flux diminishes and sulphate reduction 
ceases. As a result, the dissolution of magnetite 
by H S -  will also stop. This situation will cause a 
surplus of oxygen over the reductive species in 
the subsequently deposited organic-poor beige 
and white layers. Reductive species in these lay- 
ers (organic matter and possibly sulphides) will be 
oxidised and the oxidation front will move down 
relative to the sediment-water  interface. This 
formation of a progressive oxidation front is simi- 
lar to that described in the "burn-down" model 
developed by Wilson et al. [40] and is best marked 
by the redox-sensitive elements Fe and Mn. Dif- 
fusion of dissolved Fe and Mn from the reduced 
zone towards the oxygen boundary can cause the 
formation of iron and manganese enrichments 
(amorphous Fe and Mn (hydr)oxides) at the top 
of the reduced layer [41-43]. The iron enrich- 
ments found above the grey layers in the bottom 
part of the white(1 ) layers (Fig. 5) are clearly the 
result of this process. 

The oxidation front can only penetrate slowly 
into the grey layer because this contains high 
levels of organic carbon and of sulphides. In 
addition, the oxidation of pyrite by the Fe(III) 
iron still available in the grey layer will increase 
the upward flux of Fe z+ . This occurs following 
the reaction [44,45]: 

FeS 2 + 14Fe3++ 8H20  

15Fe2++ 2SO42-+ 16H + (1) 

This additional supply of reduced species will 
hamper the descent of the oxidation front and 
will enhance the iron enrichment at the top of 
the grey layer and in the superimposed white(1 ) 
layer. 

5.3. Processes after burial 

After deposition of the white and the beige 
layer on top of the grey layer, a new cycle begins 
with the deposition of a new white(1 ) and a grey 
layer (at time t = 3, Fig. 9). An increased flux of 
organic matter during the formation of the new 
grey layer will merely stop the downward diffu- 
sion of oxygen. Subsequently, below the newly 
deposited grey layer, oxygen will become rapidly 
exhausted. However, the low content of organic 
matter in the beige and white layers between the 
new and the buried grey layer will not support 
sulphate reduction. The diagenetic stage between 
sulphate and Mn reduction, coinciding with a low 
reactive organic carbon content, is called post- 
oxic, following the classification of Berner [39] 
and can be compared with suboxic conditions 
[30,401. 

In the buried grey layer pyrite oxidation proba- 
bly continues, although oxygen is exhausted. The 
remaining Fe(III) iron in this buried grey layer 
(iron hydroxides) enhances the oxidation of pyrite, 
providing a continuous source of Fe 2+. 

Karlin [46] found that magnetite is formed 
under suboxic conditions between the nitrate and 
iron reduction zone. Bacterially mediated mag- 
netite formation can occur under such conditions 
[36,47]. Dissimilatory iron-reducing micro-organ- 
isms can form magnetite provided that reactive 
Fe(III) iron is present [36]. Therefore,  magnetite 
formation will be especially enhanced at the very 
reactive iron enrichment zone formed during 
burn-down just above the buried grey layer (the 
'reversed excursion'; see section 4.2), but may 
also occur to a lesser extent just below the grey 
layer. The previously formed iron hydroxides are 
an ideal substrate on which dissimilatory mi- 
cro-organisms can produce magnetite (Fig. 9, 
t = 3). 

Within the buried grey layer itself, sulphate 
reduction and subsequent pyrite formation have 
diminished the amount of reactive iron available 
(see previous section). Obviously, magnetite for- 
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mation is not supported in the buried grey layer. 
Magnetite can precipitate directly in the sur- 
rounding white and beige layers following the 
reaction: 

2Fe3++ Fe2++ 4 H 2 0  ~ Fe304 + 8H + (2) 

or via the bacterially mediated reaction: 

C H 2 0  + 24Fe(OH)3 

2CO 2 + 54H20  + 8Fe304 (3) 

Magnetite formation takes place whenever the 
organic matter  content and the dissolved oxygen 
concentration are low and Fe z+ and reactive iron 
oxides are available. 

The preservation of magnetite is also en- 
hanced by non-steady state (organic-rich versus 
organic-poor) diagenesis. As mentioned above, an 
increasing flux of organic carbon (i.e. deposition 
of a new grey layer) causes an upward shift in the 
redox front. Such a shift can occur more rapidly 
than iron and manganese oxides at the redox 
front may dissolve, thus allowing these oxides to 
survive [46]. Similarly, Finney et al. [15] found a 
correlation between the preservation of man- 
ganese oxide peaks and an increased organic car- 
bon flux. However, persisting suboxic conditions 
will eventually dissolve all manganese oxides 
[43,48-50]. Not only the co-precipitation of Mn 
with calcite but also the adsorption/recrystallisa- 
tion of Mn on calcite can induce the formation of 
Mn-enriched crusts [16,17]. As a consequence of 
this previously formed manganese hydroxides be 
preserved during suboxic diagenesis. The peaks in 
the M n / C a  observed in the white(1 ) layers above 
the grey layers are the result of this process. The 
presence of Mn enrichments in carbonate-rich 
rocks can indicate a change in the environmental 
regime and thus the formation of magnetite dur- 
ing diagenesis. Straightforward evidence for the 
preservation of magnetite is given by the pres- 
ence of the iron enrichments at the top of the 
grey layers, just below the Mn enrichments, as is 
shown by the Fe/A1 ratios (Fig. 5). The - 1 5  to 
+ 15 cm interval is a classical example of such a 
sequence of these redox-mobile elements, indicat- 
ing their mobilisation in the grey layer followed 
by upward flux to the overlying whi te /beige  layer 
[43]. The preservation of this diagenetic Fe layer 
and magnetite indicates that the redox conditions 

after the formation of this layer did not reach the 
iron reduction stage. 

5.4. Implications and conclusions 

From our discussion above it follows that mag- 
netite can be formed in different stages of diage- 
nesis: during deposition primary magnetite is 
formed (Fig. 9, t = 1) and during suboxic diagene- 
sis secondary magnetite (Fig. 9; t = 3). Primary 
magnetite causes the geomagnetic field to be 
recorded during or very shortly after the initial 
formation of this magnetite, by growing through 
its critical blocking diameter and causing acquisi- 
tion of a chemical remanent magnetisation 
(CRM). This process is very similar to that de- 
scribed earlier by Channell et al. [51] in Italian 
sections, where secondary hematite acquired a 
delayed remanence due to an authigenic CRM at 
some depth below the interface. The depth at 
which this occurs (presumably in the iron reduc- 
tion zone) may vary with lithology, but is probably 
comparable with post-depositional remanent  
magnetisation (PDRM) lock-in depths (15-20 
cm). In fact, magnetite grains acquiring a CRM 
will probably be subject to typical PDRM lock-in 
depth intervals where grains carrying CRM are 
mechanically fixed, mainly through compactional 
loading [52]. This would imply a minimum lock-in 
depth of approximately 15 cm. A maximum lock-in 
depth, however, depends on the depth of CRM 
acquisition, which may be well below maximum 
PDRM lock-in depths. Indeed, our recent work 
shows possible depths of as much as 80-120 cm 
[1,20]. 

Upon burial of the grey layer, secondary mag- 
netite is formed on either side of the grey layer 
(in the white layers), depending on the amount of 
reactive iron. If at that moment a polarity rever- 
sal occurs, it will record the new polarity. The 
presence of already formed primary magnetite 
(bearing a record of the old polarity) competes 
with the secondary magnetite. If secondary mag- 
netite predominates, the resulting direction will 
reflect the new polarity; in our case reversed. At 
the same time, intensities are much lower in the 
white layers (Fig. 8) as a consequence of the 
vectorial sum of both recorded opposite direc- 
tions/polarities. Thus, besides a lower geomag- 
netic field intensity during a transition, the mech- 
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anism of opposite directions may also cause low- 
ered N R M  intensities. 

There is an additional complication repre- 
sented by the presence of both a LT and H T  
component.  As observed earlier [1], there is a 
difference in acquisition between the two compo- 
nents: the H T  component  shows a delay with 
respect to the LT component.  In other words, the 
LT component  has already locked the old polar- 
ity (normal, e.g., between 0 and 25-30 cm), while 
the minerals carrying the H T  component  are still 
being formed and have not yet grown through 
their critical blocking diameter. However, the LT 
component  itself also shows a delayed CRM ac- 
quisition, as evidenced by the reversed polarities 
in the lowermost part  of the record (Fig. 8). Thus, 
the LT component  may record the ambient polar- 
ity before the HT component,  but it is also sub- 
ject to a 'secondary'  formation. Obviously, this 
yields some information on the magnetic minerals 
carrying the LT component.  

Contrary to our earlier suggestions [1] we find 
it unlikely that the LT component  is carried by 
pyrrhotite or some other magnetic iron sulphide. 
Firstly, the temperature  trajectory that deter- 
mines the LT component  has much higher block- 
ing temperatures  than the Curie temperature  of 
pyrrhotite (_+320°C) [53]; sometimes it is only 
totally removed at temperatures  of 510-540°C 
(Fig. 6). Secondly, detailed rock magnetic studies 
of the Trubi marls from Sicily have shown no 
evidence for pyrrhotite [9,10]. Also our present 
geochemical data and discussion above virtually 
exclude the existence of pyrrhotite. Therefore,  we 
assume that the LT component  also resides in 
magnetite. The different (and varying) blocking 
temperature  spectra of the LT and H T  compo- 
nents probably reflect different grain-size spectra 
that, in turn, reflect their (authigenic) origin and 
timing of formation. The earlier lock-in of the LT 
component  argues for a larger grain size than 
that of the HT component;  that is, the LT mag- 
netite has grown through its critical blocking di- 
ameter  before the HT magnetite. An alternative 
explanation for the lower blocking temperatures  
of the LT component  (grain sizes near the thresh- 
old of single domain and superparamagnetic 
grains) is unlikely, since it would imply partial 
dissolution of the earlier locked-in LT magnetite 
and the simultaneous growth/ format ion  of sec- 

ondary (HT) magnetite. Some unexplained details 
in the record, such as the occurrence of reversed 
LT directions in the bot tom part of the grey 
layer, leads us to suspect that the actual pro- 
cesses are even more complicated. Clearly, addi- 
tional rock magnetic studies attacking this partic- 
ular problem are needed. 

The sequence of events suggested by our cur- 
rent 'Fe-migrat ion model '  (primary magneti te 
preserved in the grey layer and the formation of 
secondary magneti te especially in the white(1 ) 
layer) supplies us with a quite accurate location 
for the actual reversal. The grey layer of cycle 51 
consistently shows reversed polarities, suggesting 
that, at least here, the geomagnetic transition has 
been completed. We retain, as our best and most 
consistent estimate, the level where both LT and 
H T  directions consistently show a reversed polar- 
ity; that is, approximately at the 35 cm level. 

In principle, this level gives a more accurate 
age than the one previously established, 4.18 Ma 
[8], on the basis of the initial magnetostratigraphy 
[5]. The 35 cm level gives an age of 4.165 Ma, 
taking into account a lag of 3 - 4  ky between 
precessional forcing and climate response [54]. 
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