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Abstract Turbiditic events are mostly avoided in paleomagnetic studies and therefore their remanence
and magnetic properties are poorly described. Turbidites are exempt of bioturbation and potentially
provide pertinent information about depositional remanence. We studied four quaternary turbidites of
different origins in marine sediment cores. Upward fining of both magnetic and sedimentary fractions
indicates that coarser grains reached the bottom first. We observe a progressive shallowing of the magnetic
inclinations between the upper and bottom layers of the turbidites that increases with the size of the events
and obeys a simple linear scaling law. Measurements of magnetic anisotropy suggest that hydrodynamic
conditions prevailing during deposition seem to be dominant for the alignment of the magnetic grains. We
suggest that small spherical grains are randomly oriented with zero resultant magnetization in presence of
strong turbulent conditions, while the alignment of elongated grains is constrained by the competition
between gravity and magnetic forces. A possible scenario is that under turbulent conditions they tend to
rest at the bottom with their long axes parallel to the sediment surface and therefore with shallow
inclinations, whereas weakly turbulent conditions like during the smallest (26 cm thick) event do not disturb
the magnetic alignment and therefore do not generate inclination shallowing.

1. Introduction

In spite of many significant contributions brought up by paleomagnetic records from sediments, we still
have limited knowledge of the processes controlling the alignment of magnetic grains by the ambient mag-
netic field and their natural remanent magnetization [Tauxe, 1993; Valet et al., 2014]. This poor understand-
ing has direct consequences regarding the resolution, accuracy, and time constants inherent to the
paleomagnetic records.

Experimental studies of artificial sedimentation in laboratory have been attempted for many years with the
hope of evaluating the role played by distinct parameters on the timing and degree of alignment of the
magnetic grains at different depths within the sediment. One can mention experimental studies concerning
the effects of compaction, water content, magnetic concentrations, salinity, carbonate and clay content,
flocculation, and many other parameters [Quidelleur et al., 1995; Katari et al., 2000; Carter-Stiglitz et al., 2006;
Heslop et al., 2006; Tauxe et al., 2006; Shcherbakov and Sycheva, 2010; Spassov and Valet, 2012]. These experi-
ments are very useful and they would provide valuable analog of natural depositional processes if they did
not fail to duplicate the depositional conditions of natural sediments due to their very different time scales.
It is evidently impossible to conduct laboratory experiments over a very long-time period and therefore to
reproduce the calm depositional processes of marine and even lacustrine sediments with typical accumula-
tion rates that rarely exceed a few tens of centimeters per thousand years. Redeposition of natural or artifi-
cial sediments in a known laboratory field involves a relatively large density of particles which fall across
several centimeters or at most a few meters of water depth. Deposition does not last more than a few days
and the experiments fail to duplicate subsequent processes (e.g., bioturbation, progressive compaction, dia-
genesis) that occur over a long-time period in deep-sea sediments.

Redeposition experiments in laboratory can be compared to fast discharges of natural sediments. Such rap-
id accumulations of sediments are common in nature and identified as turbiditic events. Turbidites are sedi-
mentary reworking caused by either tsunami, earthquakes, slope instabilities, volcanic processes, large
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discharges of materials or other catastrophic events. The main difference between laboratory and natural
processes may be the fact that turbidites can be sheared by currents whereas most laboratory experiments
are mass-wasting deposits in the absence of currents. Only few experiments have been conducted in flumes
[Griffiths et al., 1960; Rees, 1961]. Turbidites have been subjected to studies dealing with the geometry of
the deposits [Dade and Huppert, 1994; Peakall et al., 2000; Kneller et al., 2003; Peakall and Sumner, 2015] and
with the history and the dynamics of turbidity flows [Bowen et al., 1984; Middleton, 1993; Cita et al., 1996;
Normark et al., 2002]. Depending on their origin, they are also studied as indicators of paleoseismicity [Beck
et al., 2012; St-Onge et al., 2012; Campos et al., 2013; Drab et al., 2015] as well as for their paleoenvironmental
interest [Buckley and Cranston, 1988; Stoner et al., 1996; Toucanne et al., 2012; Bourget et al., 2013; Bonneau
et al., 2014; K€ong et al., 2016].

Apart a few exceptions [Kodama and Davi, 1995; Dickinson and Butler, 1998; Tan and Kodama, 1998; Enkin
et al., 2001; Kim and Kodama, 2004; Piguet et al, 2000], turbidites have been ruled out from paleomagnetic
records, as they represent geologically instantaneous deposits. In a recent investigation of upper Eocene-
lower Oligocene weakly deformed turbidites exposed in Haute-Savoie (France), the authors [Piguet et al.,
2000] mentioned that a suitable characteristic remanence was preserved and likely acquired early after
deposition in levels that contain magnetite. In this case, magnetization was acquired through early postde-
positional reorientation of the magnetic grains and therefore erased previous misorientations resulting
from the high level of turbulence governing the depositional processes of turbidites, yet to our knowledge
this last point was never properly addressed. The magnetic fabric of a few specific turbidites was also
recently investigated from two cores taken from the closed marine basins of the Sea of Marmara and Gulf
of Corinth [Campos et al., 2013]. The purpose of the study was to discern hemipelagites from ‘‘turbidite-
homogenites,’’ the hemipelagic interval indicating the time elapsed between the successive earthquakes
that generated the turbidite. The results revealed differences in magnetic foliation between the different
units which led the authors to propose that this approach can be useful for identifying the stratigraphic
intervals of hemipelagic deposits.

Certain conditions, like channeled turbidity currents, are characterized by levees of sediment that generate
resuspension of a large amount of material that is subsequently redeposited. Because of the fast character
of deposition, there is no time for significant bioturbation. This analogy with laboratory deposition experi-
ments is likely to provide additional information about processes involved in the acquisition of magnetiza-
tion. In addition sedimentary sequences offer the opportunity of comparing the magnetization of turbiditic
levels with the underlying and the overlying hemipelagic sediments.

The aim of the present study is to investigate the remanent magnetization and the magnetic signals of four
selected turbidites with different characteristics (carbonate against terrigeneous material, proximal and
coarse turbidites against distal, and fine turbidites) compositions and thickness and compare them with the
surrounding hemipelagic levels.

2. Core Locations and Samplings

Core MD12-3418 (8.52 m long) was collected by the R/V Marion-Dufresne during the MONOPOL cruise in
2012 in the Bay of Bengal (16830.27 N; 87847.92 E) at 2547 m water depth (Figure 1). The alluvial fan of the
Gulf of Bengal was formed by major accumulation of sediment from erosion of Himalayas and Tibetan pla-
teau. It is the largest submarine fan in the world with about 3000 km length, 1000 km width, and 16.5 km
maximum thickness. It is mainly supplied by the confluent Ganges and Brahmaputra Rivers. The fan area is
covered by a large number of channels shaped by turbidity currents [Curray et al., 2003; Curray, 2014]. Core
MD12-3418 was taken in one of the levees along the major channel in the North of Gulf of Bengal (Figure 1)
which is an active channel system with thick Holocene levees (about 40 m). The sediment selected for the
present study was sampled between 50 and 350 cm below the core top. The hemipelagic sediment is com-
posed of homogeneous dark olive gray mud with locally flat or ondulated darker silty lamines that are easily
visible. The levels of the spill-over turbidite are located between 150 and 206 cm.

Core MD01-2477 (388.133 N; 228.333 E; 867 m water depth; core length: 20.08 m) was taken during a R/V
Marion-Dufresne cruise (October 2001) in the central part of the 115 km long, maximum 30 km wide, and
900 m depth, semienclosed, marine basin that defines the Gulf of Corinth (Figure 1) on the Pagalos fault
(vertical fault slip rate around 1 mm/yr) [Moretti et al., 2004]. The Gulf of Corinth repeatedly alternated
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between a lacustrine and a marine basin during the Late Pleistocene due to sea level fluctuations and shal-
low depth of the Rion-Antirion strait that separates the gulf from Ionian Sea to the west [Lykousis et al.,
2007]. The A and B marine sections [Campos et al., 2013] studied here are located 620–700 cm and 1040–
1120 cm above the last lacustrine-marine transition, respectively. The marine sediments (Holocene age) are
carbonate dominated sandy/silty turbidites interbedded within homogeneous hemipelagic calcareous mud
strata organically rich [Moretti et al., 2004]. The turbidites are overlaid by an homogenous layer of fine-
grained ‘‘homogenites’’ that represents the upper component of the sequence [Beck et al., 2007; Campos
et al., 2013]. Homogenites are interpreted as long lasting clouds of fine particles that are slowly deposited
but their exact nature and limits are not well constrained [Campos et al., 2013]. These sequences are related
to episodes of higher fluvial input into the gulf that are expressed by sandy beds interpreted as distal turbi-
dites. Slope instabilities could also be responsible for debris flows [Moretti et al., 2004]. The two selected
‘‘homogenites-turbidites’’ from this core were previously investigated by Campos et al. [2013]. The first
26 cm thick event was found between 663 and 689 cm, while the second 76 cm thick one was sampled
between 1041 and 1117cm. The basal layer of both turbidites is easily visible.

Core MD98-2194 (28806’ N; 127822’ E; 989 m water depth; core length: 29.8 m) was collected during IPHIS-II
cruise (IMAGES IV) of the French R/V Marion Dufresne in 1998. The coring site is located in the Okinawa
trough, on the oriental part of Eastern China Sea (Figure 1). Sediment is a clay-rich, hemipelagic ooze, fairly
homogenous in color with several 10–170 cm thick ash layers and sandy to silty turbidites which corre-
spond to well-defined intervals of high P wave velocity. A detailed paleomagnetic study including direction-
al, mineralogical, and paleointensity measurements was conducted on the entire core [Valet et al., 2011]
with the exception of the 174 cm thick turbidite from 9.34 to 11.08 m which was likely caused by a large-
scale flank collapse event.

All four turbidites under study were associated with different environmental conditions. They have different
thickness of 26 cm, 56 cm (MD12-3418), and 76 cm (MD012477) and 174 cm (MD98-2194).

Sampling was performed using 8 cc transparent paleomagnetic plastic cubes that were gently pushed into
the sediment. The mean magnetization level of the cubes is lower than 1011 A/m2 and therefore did not
affect measurements of natural remanent magnetization (NRM).

3. Magnetic Mineralogy

We checked for the uniformity of magnetic mineralogy within each stratigraphic sequence by referring to
the S ratio defined as S 5 1=2 [1 2(IRM20,3T/SIRM1T)] [Bloemendal et al., 1992] which represents the ratio

Figure 1. (a) Site locations of cores MD01-2477 (Gulf of Corinth), MD12-3418 (Bay of Bengal), and MD98-2194 (China Sea).
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between low and high coercivity minerals. The S ratio was measured using a JR-6 spinner magnetometer
after remagnetizing the samples in a 1 T field (SIRM) and subsequently in a 0.3 T (IRM) reversed field using
an electromagnet. The S-ratio (Figure 2) does not exhibit significant changes across each sequence. The
mean values range from 0.93 for MD01-24177 V to 0.96 for both intermediate size turbidites up to 0.99 for
MD98-2194, and indicate that magnetization is mostly carried by low coercivity material, most likely magne-
tite. High coercivity components (probably goethite and/or maybe also hematite) when present have very
little contribution on magnetization.

Low-field thermomagnetic susceptibility (K(T)) measurements were performed at high temperature on
1 cm3 powders that were crushed from two samples located at the bottom and at the top of each turbidite,
using an Agico KLY-3 equipped with a CS-3 (high-temperature furnace apparatus). The CS-3 was used for
continuous measurements in air from room temperature up to 6008C.

The results of the thermomagnetic experiments (Figure 2) are consistent with the values of the S-ratio. All
heating curves show a major Curie point at 5708C–5808C that is typical of magnetite. Production of magne-
tite might also result from a few mineralogical changes during heating as evidenced by a slow increase of K
before 4008C which could be caused by oxidation of sulfides and large susceptibility values during cooling
in core MD01-2477. There is no indication for the presence of greigite in the absence of large transforma-
tion above 300–3508C. The sediment from MD98-2194 is characterized by a decrease of susceptibility
beyond 4508C that continues after a presumed Hopkinson peak at 5508C. A first phase with a Curie temper-
ature of about 5608C is likely associated with titanomagnetite with little amount of titanium, while a second
phase is pure magnetite. Samples from levels located outside the turbidite have a more complex pattern

Figure 2. Evolution of magnetic mineralogy within the turbidites. (a) S ratio (red stars correspond to samples used for high temperature measurements) and (b) thermomagnetic curves
of magnetic susceptibility versus temperature (heating (cooling, resp.) in red (blue, resp.).
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with a drop of K at 3008C that could either reflect loss of substituted magnetite beyond its Curie point and/
or conversion of pyrrhotite into magnetite. This difference may be indicative of different sediment sources
for the turbidite and for the hemipelagic layers.

In summary, both magnetic mineralogy and grain density are relatively constant and cannot generate first-
order changes in the downcore evolution of the rock magnetic parameters.

4. Grain Sizes Studies

4.1. Bulk Sediment
Turbidites are frequently identified in sedimentary sequences from large changes of sediment grain sizes.
Grain-size analyses were conducted on samples from core MD98-2194 with a laser diffraction microgranul-
ometer MALVERNTM Mastersizer 2000 at the GEOPS laboratory (Paris XI-Orsay University). Among different
classical statistic parameters, we selected the median D50, expressed in mm, to characterize the grain-size
evolution across the different layers. Grain-size measurements of sediment from core MD01-2477 [Campos
et al., 2013] and core MD12-3418 were both performed using a Malvern Mastersizer Granulometer.

In Figure 3a, we show the evolution of grain sizes as a function of depth in the four sections, in addition,
SEM observations are displayed in Figure 3b. The sequences were ordered with respect to the thickness of
the turbidites. In all cases, the median grain-size profiles display a significant upward fining confirmed by
bulk SEM data. The thickness and the amplitude of the signal marking coarse grain intervals are different in
each turbidite, but their overall profile is similar. Note also that the bases of the two turbidites from core
MD01-2477 are characterized by a singular large and sharp grain size increase at the bottom of the turbidite
that is not present in the other two cores. Except for these two peaks, the mean grain size is not strikingly
different between all cores (between 20 and 40 mm).

Core MD98-2194 displays a specific behavior with a progressively thinning-upward grain size from about
1000–1110 cm that is immediately followed by a second coarsening. This evolution may indicate two suc-
cessive events. Assuming the likely hypothesis of a seismic event, this second anomaly could have been
generated by a large aftershock.

The units located above the turbidite sequences have relatively constant median grain sizes between 8 and
5 mm for MD01-2477 V, 8 and 6 mm for MD12-3418, 15 and 5 mm for MD01-2477 VII & VIII, and between 15
and 5 mm in MD98-2194. Another small turbiditic event is likely indicated by a 26 mm grain size level in core
MD98-2194 at 1140 cm depth.

4.2. Magnetic Fraction
We have investigated whether the size of the magnetic particles follows the same evolution. We used the
anhysteretic remanence (ARM) to the low-field mass susceptibility (X) ratio to scrutinize the evolution of
magnetic grain size as a function of depth in each sequence. This ratio has the advantage of being primarily
sensitive to magnetite and thus avoids any bias linked to changes in magnetic mineralogy. Some authors
prefer the ARM/SIRM ratio that has also been used here for comparison, but SIRM covers a large range of
grain sizes and is also sensitive to changes in magnetic mineralogy.

Acquisition of Anhysteretic Remanent Magnetization (ARM) was performed in a 50 mT steady field and 80
mT AF peak field using a Sch€onstedt demagnetizer that was equipped for that purpose. The ARM measure-
ments were performed on a 2G cryogenic magnetometer. Low-field mass susceptibility was measured with
a CS3-KLY3 instrument after weighting the samples (assuming that residual water content was negligible).
The ARM/X and ARM/SIRM ratios depict the relative evolution of magnetic grain sizes with depth, but they
cannot be used to determine the range of grain sizes involved in the magnetization. More detailed analyses
were conducted on gelcap samples using the IPGP alternating gradient magnetometer (AGFM: Princeton
Measurements Corporation). We analyzed the hysteresis and the back-field curves to extract the Mrs, Ms,
Hcr, Hc parameters at room temperature. The range of magnetic grain sizes was constrained by the hystere-
sis parameters [Day et al., 1977; Dunlop, 2002]. In Figure 4b, the Hcr/Hc versus Mr/Ms ratios show that all
samples from the four turbidites fall within the pseudo-single domain (PSD) range [Dunlop, 2002] and that
all data points from the three smaller events are very well grouped.
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The evolution of the ARM/X ratio within each sequence is plotted in Figure 4a while ARM/SIRM is given in
supporting information Figure S1. Both ratios increase upward within the three largest turbiditic sequences
and thus indicate magnetic grain fining upward with ARM/X values two or three times larger in the upper
layers of the turbidites.

The results are not so clear for the small 26 cm thick turbidite from core MD01-2477 V that is described by
only a few data points. If the points at 683–685 cm are excluded, the ARM/K ratio is unambiguously flat
within both the turbidite and the homogenite. In contrast, the hysteresis parameters show a downward
coarsening trend, but the turbidite levels are poorly documented. The S ratio is stable within the sequence
and therefore the magnetic mineralogy should not change much. If we refer to the ARM/SIRM ratio (sup-
porting information Figure S1), there is some indication for downward coarsening within the turbidite. It is
also interesting that the complete turbidite-homogenite sequence has a pattern similar to that of MD01-
2477 VII-VIII from the same core. Summarizing all turbidites seem to be characterized by downward

Figure 3. Sedimentary grain sizes (a) as a function of depth (redrawn from Campos et al. [2013] for core MD01-2477) (b) SEM images of
sediment from top and bottom layers from MD01-2477 V, MD01-2477 VII and VIII, and MD98-2194. Sediment matrix is mostly composed
of silica (Si) and calcium/magnesium carbonate (Ca). Coarse titanium-rich iron oxide grains (TiFeOx) and pyrite (Py) are sometimes
observed. Iron oxides (FeOx) were only spotted using higher resolution and are shown for MD98-2194.
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coarsening of the magnetic grain sizes, similarly to what has been observed for the bulk sediment grain
sizes. The amplitude of this pattern increases with the size of the event. We also mention that the two dis-
tinct events derived from the evolution of sediment grain sizes in core MD98-2194 are also reflected by the
evolution of the magnetic grain-size. The day plot in Figure 4b also indicates that coarser magnetic grains
are present within this large turbidite (red squares in Figure 4b) that could have some influence on the
acquisition and stability of the remanence. Whether this is indicative of sediment source or linked to the
transport will be discussed below.

5. Inclination Profiles

The Natural Remanent Magnetization (NRM) was measured using a 2G cryogenic magnetometer. All sam-
ples were stepwise demagnetized using an AGICO LDA-3 alternating field demagnetizer at 5 mT steps up to

Figure 4. (a) Magnetic grain size. ARM/X (black lines) and Hcr/Hc (blue lines) within the four turbidites as a function of depth. Higher (low-
er) values indicate smaller (coarser) magnetic grain sizes. (b) Hysteresis parameters (MD01-2477 V, MD12-3418, and MD01-2477 VII and VIII
(black dots) and MD98-2194 (red squares): Mr, saturation remanence; Ms, saturation magnetization; Hcr, remanent coercivity; Hc, and coer-
cive force).
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Figure 5. Demagnetization diagrams. Typical vector end-point diagrams for two samples from each turbidite. Solid symbols (open symbols, resp.) correspond to projections onto the
horizontal plane (vertical plane, resp.).
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30 mT and then by steps of 10 mT up to 80 mT. The characteristic component of magnetization was inter-
preted by least squares analysis. Typical examples of demagnetization diagrams are shown in Figure 5.
Given the young age of the sequences, we only considered diagrams with a well-defined direction passing
through the origin of the demagnetization plot. A few diagrams with highly scattered successive directions
that prevented to define a characteristic component passing through the origin have been rejected. Sam-
ples from the larger turbidite were fully demagnetized after the 40 mT step attesting for lower coercivity of
magnetic carriers likely due to larger grains of magnetite.

The cores were not oriented in the horizontal plane and therefore the declination could not be used to test
directly for the quality of the magnetic alignment. We took advantage of high-resolution measurements
performed in core MD98-2194 to scrutinize the successive declinations after adjusting all values outside the
turbiditic layers to 08 mean declination. Declination rotates progressively within the lower 60 cm of the tur-
bidite and then moves back to directions close to 3608. The second presumed event at 980 cm shows a sim-
ilar pattern. The downcore variations in inclination are shown in Figure 6 for the four turbidites. In each
case, we also show the inclination expected at the drilling site (dashed red lines).

In all cores, there is a thin layer at the bottom of the turbidite which does not show any deviation from the
expected value, while the overlying levels reveal a deflection that increases with the size of the event.
Almost no deviation from the Geocentric Axial Dipole (GAD) value is present in the 26 cm thick small event
from core MD01-2477 V, while there is a small offset for the 56 cm event of core MD12-3418 and large devi-
ations by 258 and 408 in the 76 and 174 cm turbidites from cores MD01-2477 and MD98-2194. The inclina-
tion approaches the GAD value in the upper part of the turbidites (except in MD12-3418) and meets the
expected value in the hemipelagic levels. In the case of the very large event recorded within core MD98-
2194, the evolution is progressive from bottom to top. Unlike grain size variations and the declination
record, the inclination does not indicate the presence of a second small event in the upper part of the
turbidite.

We performed a first set of measurements that revealed shallow and sometimes negative inclinations with-
in the thick turbidite of core MD98-2194. We investigated several possible origins that could have generat-
ed this behavior. The demagnetization diagrams (Figure 5) did not reveal any systematic bias so that there
was no reason to suspect any artifact. Another possibility was that the magnetic grains were mechanically
reoriented during coring. However there are no reasons why reorientation would have been restricted to
the lower layers of the turbidite. Density measurements and lithological parameters do not indicate any dif-
ference with respect to the other layers. Last, we investigated the role played by magnetic viscosity. A

Figure 6. Inclination as a function of depth. The red-dashed lines indicate the inclination of the geocentric axial dipole (GAD) at the site.
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second set of samples was taken from the working and archive halves of core MD98-2194. Immediately
upon returning to the laboratory the NRM was measured, then the samples were placed within a m-metal
box for 6 days before performing a second measurement. The samples were then put in position 1 in the
earth’s magnetic field (supporting information Figure S2) for 1 week. The NRM was measured at day 13,
then the samples were turned upside down in position 2 and measurements were performed again 9, 15,
and 21 days later (days 22, 28, and 34 in supporting information Figure S2). The downcore evolution of the
inclination (supporting information Figure S2) shows no difference between the first and second measure-
ments. The largest discrepancy occurred at day 13 (position 1). There were no more negative values and
after 22, 28, and 34 days (position 2) the evolution was negligible. In light of these results, we assume that
the samples between 1065 and 1085 cm carried a short-term magnetic viscosity. Since the first batch of
samples was measured after a few days spent in the laboratory, this could explain the initial presence of
negative inclinations (supporting information Figure S2). The error bars plotted in Figure 6 represent the
deviations between the successive measurements that were performed at the presumably viscous levels.

6. Magnetic Alignment

6.1. Magnetization and Grain Sizes
In the following discussion, we discard the small 26 cm event recorded in core MD01-2477 that does not
display any marked evolution of the magnetic parameters. We will later come back to this core.

Both sediment and magnetic grain sizes display a coherent pattern within all turbidite layers with coarser
grains in the lower levels. We rescaled each turbidite to a common thickness and we normalized the mag-
netic grain size indicators to their maximum value to compare them between all sections. The rescaled
magnetic grain sizes (Figure 7) are relatively coherent between each sequence. In all cases, magnetic grains
stop thinning at a rescaled thickness of about 0.7, but the path to reach this point is different for each event.
The pattern appears to be consistent enough to consider that at first-order magnetic size grading seems to
be independent from the thickness of the event. The depositional process always seems to generate similar

size distribution of particles whatever their
concentration.

The fact that both the sedimentary and mag-
netic granulometries have similar profiles
(Figures (3 and 4), and 7) is difficult to recon-
cile with the concept of magnetic grains
embedded within sedimentary particles that
are frequently referred as clusters. In that
case a whole range of fine to coarse magnet-
ic grains would be associated with coarse
sedimentary grains. Assuming that magnetic
and sedimentary grains are initially dispersed
and separated from each other, they fall
independently from each other in water. The
fact that both granulometries display the
same profile with depth can result from two
possibilities. The first one is that the coarser
magnetic and the coarser sedimentary grains
reached the bottom separately without
forming clusters. However, this is unlikely
given the density of particle collisions and
therefore clusters are likely to be built. There-
fore, the second most reasonable scenario is
that flocculation was initiated in the water
column, but only after segregation of the
coarse magnetic and sedimentary grains,
thus not in the early stage of discharge. This

Figure 7. Evolution of the ARM/K ratio as a function of depth. The
magnetic grain size indicators (ARM/K) have been normalized to their
maximum value and the depths have been rescaled to the same common
thickness for all events.

Geochemistry, Geophysics, Geosystems 10.1002/2016GC006378

TANTY ET AL. MAGNETIC STUDY OF TURBIDITES 3216



scenario implies first that previous clusters of particles break down by frictions within the slurry during
accelerated turbulent movement, and then the existence of gravitational sorting by particle size followed
by collisions during descent in water with possible formations of new, but sorted, clusters. The SEM obser-
vations are compatible with this scenario as clusters of coarse magnetic grains embedded within silicate
and carbonate were repeatedly spotted in the bottom part of the turbidites (as in MD98-2194, Figure 3b).
Aggregates or clusters were likely not formed after deposition because the very fast accumulation of sedi-
ment impeded any postdepositional reorientation or grain motion after they reached the bottom. In con-
trast, if we were dealing with hemipelagic sediments, low depositional processes would not hamper
subsequent rotations or coalescence of grains. In the present situation, the system was immediately locked,
making impossible any subsequent reorientation of magnetic grains once they reached the bottom. This is
in contrast with the depositional processes associated with usual accumulation rates of hemipelagic sedi-
ments that leave the magnetic grains free of being oriented by the field.

Assuming that up-core grain size variation was also accompanied by higher particle density during this early
stage of the deposits, we can investigate further whether there is a systematic relationship between the
two parameters. In supporting information Figure S3, the sedimentary grain sizes are plotted as a function
of the inclination deviation from the (GAD) value at the site. There is no well-defined relationship with incli-
nation, which again supports a decoupling of the sedimentary and magnetic fractions.

If we turn towards magnetic grain sizes, the unique evidence for some relationship is observed for the large
event of core MD98-2194. The phase between 1100 and 1050 cm is associated with small ARM/K ratios that
are indicative of coarser magnetic grains and that are accompanied by a large deviation of inclination. We
mentioned above that the hysteresis parameters (Figure 4b) revealed the presence of coarser grains within
this turbidite, which may not be without consequence on the inclination record. However, the correlation is
rather weak.

6.2. Anisotropy of Magnetic Susceptibility and Anhysteretic Remanence
Shallower inclinations than expected are frequently observed in sediments [Tauxe and Kent, 1984; Khan
et al., 1988; Collombat et al., 1993]. They can be inherent to the depositional processes and/or result from
compaction of sediment. Compaction generates flattening of ellipsoidal grains and is thus easily identified
by measurements of magnetic anisotropy. The anisotropy of anhysteretic remanence (ARM anisotropy) and
the anisotropy of magnetic susceptibility (AMS) are thus helpful to identify and correct for inclination shal-
lowing in natural sediments and/or sedimentary rocks [Jackson et al., 1991; Collombat et al., 1993; Tan,
2003]. The technique has also been applied to laboratory redeposited sediments [Levi and Banerjee, 1990;
Kodama, 1997; Tan et al., 2002].

In the present cores, the inclinations are lower than expected by up to 408 (Figure 6) and in the case of
core MD98-2194 the deviations reach values that are larger than typically reported in the literature, for
example DI 5 208 in Khan et al. [1988], 258 in Tauxe and Kent [1984], 308 in Collombat et al. [1993], and 408

in Garc�es et al. [1996]. In order to investigate a possible link between the orientation of the elongated
magnetic grains and the inclination deviations, we measured the AMS of samples distributed within all
cores using a KappaBridge KLY-3 susceptibility bridge and the Paleomac software [Cogn�e, 2003]. The folia-
tion increases upward in the sequence, while the lineation is stable. The Kmin inclination does not show
any clear correlation with the percentage of anisotropy (Figure 8). It is characterized by larger amplitude
oscillations in core MD98-2194. The tendency is the same for the surrounding layers that are associated
with calm depositional processes and therefore precludes any interpretation in terms of depositional con-
ditions. The range of anisotropy does not change much between and within the sequences. The down-
core pattern of the degree of anisotropy and Kmin inclination have no specific trend within the turbidites.
From these results, we reasonably consider that the magnetic fabric does not seem to be responsible for
any bias in the inclinations.

The lack of direct link (supporting information Figure S4) between the lineations indicated by the AMS and
the NRM declinations is not surprising since the AMS is constrained by paramagnetic and ferromagnetic
grains (supporting information Figure S4) that are mostly not involved in the remanence. In order to deal
with the same grain sizes as those involved in the remanence, we relied on the anhysteretic remanence.
The anisotropy of ARM was investigated on samples distributed within the large turbidite (MD98-2194) that
has the largest NRM inclination deviation. In Figure 9 we compare the declinations of the Kmax axes with
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the corresponding declinations of the NRM. As the Kmax axes are defined within a 1808 quadrant, directions
lying within two opposite sectors are similar. Therefore, the present ARM Kmax axes are found in proximity
to the directions (Figure 9) of the remanence. These results suggest that the magnetic field was not the
unique factor that governed the alignment of the magnetic grains, but that the orientation of the particles
within the horizontal plane was constrained by the direction of their long axes, particularly in presence of
turbulent conditions that generate large deviations of the inclination. This scenario implies (i) that the elon-
gated magnetic grains tend to lie with their long axes closer to horizontal (ii) that the hydrodynamic condi-
tions governed the orientation of the long axes, and (iii) that the fast accumulation of sediment locked
almost immediately their position with no possible subsequent reorientation.

Figure 8. (a) Kmin inclination and (b) degree of anisotropy of magnetic susceptibility along the four turbidites.
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6.3. Magnetic Alignment
Turbidites are instantaneous events and
therefore the upcore variations of NRM/
SIRM cannot be linked to any variation of
the geomagnetic field, but they provide
a first-order estimate of the proportion of
low-medium coercivity magnetic grains
that have been aligned by the field. We
selected the 10 mT demagnetization
step for the NRM because the soft com-
ponents were completely removed at
this level. Since the NRM reflects the sta-
tistical alignment of the vectors, it can
also be seen as an indirect indicator for
the quality of alignment. In all events, the
mean natural remanent magnetization
represents only 0.5% (Figure 10) of the
SIRM, which indicates that a very tiny
proportion of the grains has been orient-
ed. However, these values do not differ
from those that are usually found in nat-
ural marine sediments and remain of the
same order of magnitude within the
hemipelagic layers [Heslop et al., 2014].

The mean trend of the NRM10mT/SIRM
ratio decreases with depth by a factor
3 within the two larger turbidites
(Figure 10) except in the upper part of
the large turbidite from core MD98-
2194. We discussed above that the
corresponding upper levels are likely
associated with the occurrence of a
second sediment discharge. There-
fore, the upper levels do not question
the decreasing trend of the ratio over
the 1 m thick lower levels. There is
only a small evolution of NRM10mT/
SIRM in MD12-3418 except for a peak
at 200 cm that is accompanied by sig-
nificant coarsening in grain size and
also reflected by larger anisotropy.

The same remark holds for the small event of MD01-2477V. We thus infer that the statistical alignment
would be related to the size of the events, and thus likely to the flux of particles. In contrast, and despite
some variability the two smaller events do not display any trend (unless other factors prevent us to dis-
cern an evolution of the ratio).

In order to clarify further a possible relationship with turbidite size, we have represented in Figure 11 the
mean-averaged deviation of the inclination with its standard deviation against the size of each event. The
results appear to confirm the existence of a correlation between the two parameters, although the low
number of data remains a limitation as well as the gap between the size of the large event with respect to
the other three. In order to compensate for this gap, we took advantage of the two unique published data
of turbidites that include the same parameters (events RL5 and RDL13, in St.-Onge et al., [2004]). The results
confirm the relationship and are consistent with observations by [Jezek et al., 2012; Bilardello, 2013] that
increased particle interactions increase shallowing.

Figure 9. Rose diagrams showing the distributions of the NRM and AARM Kmax
axes for MD98-2194.
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From these considerations, we tentatively draw a scenario which emphasizes the role played by turbulence
on the acquisition of magnetic remanence and therefore primarily concerns events that involve a large
amount of material. In such conditions, the magnetic torque is too weak to counterbalance the effect of the
turbulence on the aligment of the particles. The accumulation rate is so fast that this poor alignment
remains unchanged once they have settled down.

During the very early stage of the process, a large amount of particles and magnetic grains reach the
sediment-water interface. We observed almost perfect alignment within the thin bottom layer of the turbi-
dites. We suspect that partial remobilization of previous deposits followed the first turbiditic arrival. This

Figure 10. Evolution of the NRM10mT/IRM ratio as a function of depth within the turbidites. This ratio can be seen as an indicator of align-
ment of the magnetic grains. The 10 mT step of the NRM was selected to avoid any influence of low coercivity secondary component.

Figure 11. Plot of the linear relationship between the deviation of mean inclination from the GAD value at each site and the turbidite
thickness. The compilation incorporates the four turbidites from this study and two additional events (RDL5 and RDL13) from St.-Onge
et al. [2004].
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perturbation generated favorable conditions for partial or complete reorientation of magnetic grains within
a very thin layer which was likely the unique layer associated with postdepositional process. This would also
explain why this thin bottom layer was not revealed by changes in the sedimentary grain sizes. Immediately
above it, large turbulent conditions associated with important discharges generated collisions which con-
tributed to poor orientation of the large magnetic grains. Lower turbulent conditions prevailing during
small events might improve the statistical alignment of the grains by the field. We thus assume that defi-
ciency in the alignment of large magnetic grains within big events is primarily caused by enhanced turbu-
lent conditions associated with the early stages of deposition.

These conditions evolved toward quieter depositional regime in the upper layers up to the levels that are
associated with calm hemipelagic sedimentation. We have shown that the grain sizes obey a scale law,
which suggests that the mechanisms are valid for all events. Therefore, grain distribution always display a
similar pattern, the amplitude of turbulence being the main factor driving the deficiency of alignment by
the field at the bottom. The scenario is also consistent with the fact that the small turbidite (only 26 cm
thick) did not reveal any significant misalignment and that its magnetic characteristics were actually similar
to those of the overlying hemipelagic sediment.

7. Conclusions

This study of four turbidites with different sizes and origins reveal several common features which might
bear some consequences for processes involved in the magnetization of sediments. In this case, the
absence of bioturbation and the very fast accumulation prevents from any reorientation of magnetic grains
and thus documents the influence of hydrodynamic conditions prevailing during deposition, especially the
role of the turbulence on the acquisition of depositional remanence. This first exhaustive magnetic study of
four turbidites has shown that:

1. In all events coarse sediment particles and coarse magnetic grains reach the bottom first, which implies
that flocculation was initiated in the water column after segregation of the coarse magnetic and sedi-
mentary grains.

2. The distribution of magnetic grain size with depth satisfies a common scale law for the three larger
events.

3. Misalignment of magnetic grains shows no link with anisotropy of magnetic susceptibility, but there is
some indication that hydrodynamic forces affect the magnetic orientation of the small grains in presence
of strong turbulence.

4. The degree of alignment decreases as a function of the event size. This gives credit to the influence of
turbulent conditions and to the amount of particles mobilized at the same time.

5. The small turbidite do not show any large deviation of the directions and therefore reveal similar charac-
teristics as those of the surrounding hemipelagic layers. We infer that these events could be interesting
analogues to deposition experiments in laboratory.

An interesting characteristic is that similar processes seem to be operating in all studied cases despite their
different origins. We have drawn a simple scenario that emphasizes the importance of turbulence on mag-
netic alignment.
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K€ong, E., S. Zaragosi, J. Schneider, T. Garlan, P. Bachèlery, L. San, C. Seibert, and C. Racine (2016), Untangling the complex origin of turbidite

activity on the Calabrian Arc (Ionian Sea) over the last 60 ka, Mar. Geol., 373, 11–25, doi:10.1016/j.margeo.2015.12.010.
Levi, S., and S. Banerjee (1990), On the origin of inclination shallowing in redeposited sediments, J. Geophys. Res., 95(B4), 4383–4389,

doi:10.1029/JB095iB04p04383.
Lykousis, V., D. Sakellariou, I. Moretti, and H. Kaberi (2007), Late Quaternary basin evolution of the Gulf of Corinth: Sequence stratigraphy,

sedimentation, fault-slip and subsidence rates, Tectonophysics, 440(1–4), 29–51, doi:10.1016/j.tecto.2006.11.007.
Middleton, G. V. (1993), Sediment deposition from turbidity currents., Annu. Rev. Earth Planet. Sci., 21, 89–114.
Moretti, I., V. Lykousis, D. Sakellariou, J. Y. Reynaud, B. Benziane, and A. Prinzhoffer (2004), S�edimentation et vitesse de subsidence dans le
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