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* Manuscript

1 Diagenetic alteration of natural Fe-Ti oxidesidentified by ener gy dispersive

2 spectroscopy and low-temper atur e magnetic remanence and hyster esis measur ements

3 Melanie Dillon * and Christine Franké
4 ! Department of Geosciences, University of Bremen, Ba®.330 440, 28334 Bremen,
5 Germany

6 “Laboratoire des Sciences du Climat et de I"Environne@&#;CNRS-UVSQ, Campus du

7 CNRS, Bat. 12, Avenue de la Terrasse, 91190 Gif-sur-YvetexC&rance
8 * corresponding author: e-maihdillon@uni-bremen.dedax: +49-421-218-7008
9

10 Abstract

11 Low-temperature (LT) magnetic remanence and hysteresis reessis, in the range 300 to
12 5K, were combined with energy dispersive spectroscopy (EDSder ¢to characterize the
13 magnetic inventory of strongly diagenetically altered sedimeniginating from the Niger
14 deep-sea fan. We demonstrate the possibility of distinguishingvebr different
15 compositions of members of the magnetite-ulvospinel and ilmenitetitersalid solution
16 series on a set of five representative samples, two tenupper suboxic and three from the
17 lower sulfidic anoxic zone. Highly sensitive LT magnetic nne@sients were performed on
18 magnetic extracts resulting in large differences in the meghehaviour between samples
19 from the different layers. This emphasizes that both Fexide phases occur in different

20 proportions in the two geochemical environments.

21 Most prominent are variations in the coercivity sensitivempatar coercive field (8. At
22 room-temperature (RT) hysteresis loops for all extractsan®w and yield low coercivities
23 (6 -13 mT). With decreasing temperature the loops becoane pronounced and wider. At

24 5K an approximately 5-fold increase i Br the suboxic samples contrasts a 20- to 25-fold
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increase for the samples from the anoxic zone. We demontteatthis distinct increase in
Bc at LT corresponds to the increasing proportion of the Ti-rich Heraoite phase, while
Fe-rich (titano-)magnetite dominates the magnetic sign@lTa This trend is also seen in the
room-temperature saturation isothermal remanent magnetizafio®IfM) cycles: suboxic
samples show remanence curves dominated by Fe-rich minesaispivhile anoxic samples
display curves clearly dominated by Ti-rich particles.

We show that the EDS intensity ratios of the charactef&ik, and Ti K, lines of the Fe-
Ti-oxides may be used to differentiate between members omtgnetite-ulvéspinel and
ilmenite-hematite solid solution series. Furthermore jtassible to calculate an approximate
composition for each grain if the intensity ratios of naturaiigias are linked to well known
standards. Thus, element spectra with high Fe/Ti intenattgsr were found to be rather
typical of titanomagnetite while low Fe/Ti ratios are iradice of hemoilmenite.

The EDS analyses confirm the LT magnetic results, Femiabnetic phases dominate in
the upper suboxic environment whereas Ti-rich magnetic phases ocerttpisnajority of
particles in the lower anoxic domain: The mineral assembldg¢heo upper suboxic
environments is composed of magnetite (~19 %), titanomagret2 %), hemoilmenite
(~17 %) and ~2 % other particles. In the lower anoxic sedimeatkictive diagenetic
alteration has resulted in more extensive depletion of laag@t)magnetite phase, resulting in
a relative enrichment of the hemoilmenite phase (~66 %ihdse strongly anoxic sediments
stoichiometric magnetite is barely preserved and only tBa#tomagnetite was detected. The

remaining ~28 % comprises Ti-rich particles such as pseadkibe or rutile.

Keywords. magnetic Fe-Ti oxides, energy dispersive spectroscopy (EREine sediments,

scanning electron microscopy (SEM), low-temperature magnetiarty diagenesis
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Introduction

A detailed rock magnetic study of diagenetically altered sewlisnfrom the Niger deep-sea
fan (GeoB 4901) was reported recently by Dillon & Bleil (2006). Roemperature
hysteresis, IRM, ARM, high- and low-temperature data weoenbined to provide a
comprehensive interpretation of the magnetic assemblage anddification by a variety of
diagenetic processes. The authors suggested that the vastynodjthe magnetic assemblage
reaching the core location was composed of eroded volcanic mategalating from the
Cameroon Volcanic Line. The volcanic assemblage was considerdmk of variable
composition, containing Ti-poor and Ti-rich titanomagnetites and

ilmenohematites / hemoilmenites (Herrero-Bervera e2804, Ubangoh et al., 2005).

At gravity core location GeoB 4901 (02°40.7°'N / 06°43.2’E, 2184 m waéeth, Schulz
et al., 1998; Fig. 1) the degradation of organic matter reisulisspecific redox zonation of
the sediment column, with only the upper 10 cm being oxic. Subadiaittons are
characterized by dissolved manganese in the pore water angtarksbed down to 12.50 m.
Anoxic conditions prevail below this level where anaerobic oxidatiome&thane results in
free HS in the pore water (Heuer, 2003). In this distinct redox zonatenmagnetic iron
oxide mineral inventory undergoes a two-stage diagenetic tadterdhe modern iron redox
boundary (~2.95 m) is characterized by a drastic decline in rmagméeral content, a
coarsening of the grain size spectrum, and a reduction in cibesativoom-temperature. Such
reductive diagenesis in the suboxic zone is a common and frequenlidsphenomenon in
organic rich marine sedimen(es.g. Karlin and Levi, 1985; Canfield and Berner, 1987). Below
the second diagenetic horizon, the suboxic / sulfidic anoxic trangtitia50 m), a further
but less pronounced decrease in magnetic concentration and grain sims. othe
contribution of finer magnetic particles and the proportion of higleercive magnetic

constituents substantially increase in the anoxic environméidr(nd Bleil, 2006).
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Diagenetic alteration of the primary detrital magnetic maheventory was found to be
dependent on both particle size and Ti-content, with the smallegtigmdissolving first and
the Ti-rich component being more resistant to the reducing conslitPossible candidates for
the preserved grains are titanomagnetite; {(FgO,) and hemoilmenite (RgTiyOs) with
compositions of x > 0.75 and y > 0.75, respectively. Both minglnakes with Ti-contents
> 0.75 are paramagnetic at ambient temperatures and exhibiinlaignetic stabilities at low-
temperature (Bozorth et al., 1957; Schmidbauer and Readman, 1883wk et al., 1985).
More recent work by Burton et al. (2008) states that thistisally the case for hemoilmenite
compositions of ¥ 0.8. Nevertheless, a definite distinction between the timenmnal phases
remains unresolved. Titanomagnetites with such compositions agfner runcommon as
natural compounds. Therefore it appears more conceivable that éedeis of y > 0.75
constitutes hemoilmenite. The role of members of the iltedrematite solid solution series
in a magnetic mineral assemblage is often disregarded, dithloege particles exist in a large
range of compositions and are frequent constituents of many typeskst However, the
presence of (titano-)magnetite usually masks the signatuthe magnetic members of the
ilmenite-hematite solid solution series when both are preserd sample because the
saturation moment of magnetite is at least three timesegrébean that of e.g. hemoilmenite
(y=0.63) at room temperature (Nord and Lawson, 1989). For the dakéardy in
nomenclature we will use the term ‘hemoilmenite’ for compositioing> 0.5 and the term
‘ilmenohematite’ for mineral phases with y < 0.5. Detatdednpositions are expressed using

the definitions of Nord and Lawson, (1989), e.g. Im80Hem20 for 8= 0.

At room temperature members of the ilmenite-hematite salidtisn series are either
para-, ferri-, or antiferromagnetic, depending on their individizion ordering and spin
structure (e.g. McEnroe et al., 2000; Burton et al., 2008). IImenatites with compositions
of 0 <y < 0.5 are antiferromagnetic at room temperature lagid thagnetic moments are

aligned as in hematite (Warner et al., 1972). Ferrimagoetiering in hemoilmenite occurs
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for intermediate compositions (0.5 <y < 0.8) and is relatethe ordering of Fe and Ti on
separate sub-lattices (Ishikawa, 1985; Burton et al., 2008). Coimopeswith y > 0.8 are

paramagnetic at room temperature, but magnetic ordering doesatdower temperatures,
e.g. the end-member ilmenite is antiferromagnetic belewWdel temperature of ~58 K (Kato

et al., 1982).

This study has two aims: first to identify the low-temperaremanence and hysteresis
characteristics that will help to discriminate betweennieenbers of the magnetite-ulvspinel
and ilmenite-hematite solid solution series. This will expandldiietemperature database
and therefore our understanding of natural samples. Secondly, thedappi-temperature
magnetic measurements provide an insight into the environmemiatatrons for the gravity
core retrieved from the Niger deep-sea fan, by demonstrdtengdmpositional changes of
the magnetic mineral assemblage during progressive sub- and aragénesis. The rock
magnetic results are linked to findings of quantitative SEMrgndispersive spectroscopy
(EDS) analyses. In particular, the intensity ratios of tmeracteristic Fe Kand Ti Ky lines
are used to differentiate between the mineral phases of theetita-ulvospinel and ilmenite-
hematite solid solution series. This combination of magnetic dectren microscopic
techniques is helpful in understanding the post-depositional prociessee sedimentary
setting of the Niger deep-sea fan and therefore allows us toctrasiusions on the alteration

of the primary continental input.

Materials and methods
Sampl e selection and treatment

Magnetic extraction following the method of Petersen et al. (1986) applied to obtain
magnetic concentrates for five representative samples dlendepth profile of gravity core

GeoB 4901 from (a) the upper suboxic sediments above the Fe-redox bo{in@anmy), (b)
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the upper suboxic sediments below the Fe-redox boundary (2.95 m),)daod €y from the
anoxic sulfidic sediments (13.25, 14.55 and 15.25 m; see Fig. 2).eftichment of the
magnetic fraction was necessary because the starting catiments too low for meaningful
bulk sediment measurements. Mass determination of the exisagbdt practical here, since
the typical amount for these magnetic extracts is belowptkeision of a microbalance
(o = 10° g). The sample from 1.65 m depth represents the zone wheenéii influences
are minimal and hence characterizes the primary magnéateratogy. The main interest of
sampling at 2.95 m was to detect the potential existent@ogénic magnetite, which may
form around the modern Fe-redox boundary (Hilgenfeldt, 2000). Sampigedreil3.25 m
and 15.25 m were selected to characterize the magnetic massemblage in the anoxic

sediments (Fig. 2).

Scanning electron microscopy

SEM analysis included backscatter electron (BSE) imagingydl.1@¢985) performed on the
magnetic extracts of selected unconsolidated samples frpthsdef 1.65, 14.55 and 15.25 m
depth, using aFEl XL30 SFEG scanning electron microscope at the EMU (Electron
Microscopy Utrecht, The Netherlands). The SEM was operatexuh atcceleration voltage
between 12 and 30 kV, with a ~2 nA beam current and a spot siz8.%iim. Sample
preparation for SEM analysis was carried out as described imkd-ret al. (2007a). The
elemental composition was acquired using energy X-ray disperpmetrgscopy (EDS;
Goldstein et al., 1992). The obtained element spectra werai-jguantified using the
‘Remote SEM Quant Phiroz program version 3.4. All element spectra are normalizati¢o
height of their oxygen peak. Background noise was subtracted befordatah of the
element composition. The SEM analyses are restrictéldetoesolvableim-particle fraction

of the extracts and EDS was performed for about 40 to 50 partidlesapgple. The upper
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150 suboxic environment is represented by the sample from 1.65 m deptpleSdrom 14.55 m
151 and 15.25 m depth represent the anoxic zone. In the following the 8&Msrof the two
152 samples from 14.55 m and 15.25 m depth are combined and will beedeferas anoxic

153 samples.
154
155 Low-temperature magnetic measurements

156 Low-temperature magnetic measurements were performed on a@suheriing Quantum
157 Design Magnetic Property Measurement System (MPMS), with anumental noise level of
158 ~10'' Am?. Two types of low-temperature measurements were performisistudy: (1)
159 saturation isothermal remanent magnetization imparted at raopetature (RT-SIRM) by
160 applying a maximum field of 5 T at 300 K followed by continuous coolinzerro field to 5 K
161 and subseguent continuous warming back to 300 K. (2) Hysteresis |legzsimed between
162 magnetic peak fields of + 5T at 15 distinct temperatuedsiden 5 and 295 K. From these
163 loops the temperature dependence of the standard hysteresi®teasasnch as saturation
164 magnetization (), saturation remanent magnetizationggMland coercive force (B were

165 determined.

166

167 Scanning electron microscopic results

168 Discrimination between titanomagnetite and hemoilmenite

169 Studies such as Franke et al. (2007b) and Lattard et al. (2005) hawva that the EDS
170 intensity ratios of the characteristic Fg and Ti K, lines can be used under certain
171 conditions to differentiate between mineral phases of the magétispinel and ilmenite-
172 hematite solid solution series. Element spectra with high Fet@msity ratios were found to

173 be rather typical of titanomagnetite while low Fe/Ti ratese indicative of hemoilmenite.
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With increasing Ti-content the Fe/Ti ratio decreases for bott solution series, the lowest
possible value is Fe/Ti = 2 for the magnetite-ulvéspinetisssiution series and Fe/Ti = 1 for
the ilmenite-hematite solid solution series according to thespective stoichiometric
formulas. Ratios of Fe/k 1 constitute members of the ternary system between rut@e)(T
and the pseudobrookite-ferropseudobrookite solid solution seriesli@se FeTLOs).

Therefore particles with ratios of Fe/Ti> 2 could be thaoally either members of the
magnetite-ulvospinel or the ilmenite-hematite solid solutioresewwhile particles with ratios

of 1< Fe/Ti < 2 can only be members of the ilmenite-hemattil solution series.

To test this method, EDS spectra were taken from aeateBynthetic sample (6F72x2.4)
of well-known composition, which was provided by the Mineralogical tunsti of the
University of Heidelberg. The sample was synthesized at 1300t Fe-Ti-O system and
contains titanomagnetite (TM63) and synthetic hemoilmenite (&@ferriimenite;
IIm76Hem24). This sample was subsequently used as a pre-defamethrst to which the
EDS peak intensities of the unconsolidated natural particlaki®fstudy were compared.
Another advantage of the synthetic sample is its ideal flashpdi surface, which means that

considerable scattering effects can be neglected.

The element spectra were derived on the same SEM instrdiondydth the synthetic and
natural samples. Fig. 3a shows a backscatter electron (B&E)gnaph of the synthetic
sample 6F72x2.4. The gray tones in the BSE image reflect theredif chemical
compositions of the two mineral phases, with lighter areaggonding to titanomagnetite
(Fe-richer areas) and darker areas corresponding to membirs ihenite-hematite solid
solution series (Fe-poorer areas). Completely black or white spots pores in the polished
sample, where surface charging might have an effect due tocpdmon coating. The two
mineral phases can be discriminated by their EDS elemecttaEigs. 3b and 3c), since the

intensity ratios of the characteristic Fg &#nd Ti K, lines are distinct. In Table 1 the semi-
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guantified Fe and Ti contents are listed for ten spot checkgzadabn the polished section of
the synthetic sample. The values were used to calculate thergeos and the resulting
titanomagnetite (TM) and hemoilmenite (IlImHem) mean compositi®&pectra from TM
(lighter area) show Fe/Ti ratios > 2, corresponding to qizive EDS spectra for which the
Fe-peak is equal or higher than the Ti-peak. Spectra from hmeroik (darker areas) have
ratios 1< Fe/Ti < 2, showing Ti-peaks that are much higher than the Hesp€his can be
easily explained by the position of the T4 Kat 5.896 eV) and FeK(at 6.403 eV) lines in
the spectra, e.g. a particle with the same peak height foreterinents contains therefore less
Ti than Fe. The average composition of the synthetic sa6fpl@x2.4 was calculated as
TM68 and IlIm78Hem22. These values are only slightly higher than the cbiope®$TM63
and Ilm76Hem24) derived from published electron microprobe (EMP) sswmlyand
inductively coupled plasma atomic emission spectrometry (ICPyA&rted by Lattard et
al. (2005; 2006). The error of our EDS method is therefore less thami8%udiscrepancy is
presumably due to slightly inhomogeneous chemical compositions withsample from the
rim to the center of the synthesized pellet (R. Engelmans, pemm., 2006). These results
underline that it is in principle possible to discriminate betwditanomagnetite and
hemoilmenite phases on the basis of the element intensay=&i, hence that it is possible

to calculate a close approximate composition for each indivighrétle.

Magnetic particle discrimination

The selected beam strength between 12 and 30 kV used for the ajiveniDS analysis
detects all main elements within the Fe-Ti-O system anthetmore all potential minor
element contributions which might be present in the mineral graheselements V, Cr, Al

and Ti are common substitutions in hematite, whereas Mg and Klrradiner typical
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223 constituents in ilmenite. Besides Ti, magnetite may atswain the elements Mg, Mn, Cr and

224 Al

225 In practice, the analyzed particles from both solid solutioriesemainly show
226 substitutions of Mg and Al. Other minor element contributions warely detected in our
227 samples and were found in less than 20% of all analyzed parfitiesontribution of these
228 additional minor elements to the individual EDS spectra is uslgsi$ythan 3%. Therefore the
229 effect of minor elements other than Al and Mg can be neglefatr this study. This concurs
230 with the fact that Mg and Al are the most common cation impsriin natural

231 titanomagnetites and hemoilmenites found in igneous rocks (€raér 1975).

232 Fig. 4a and 4b show the cation element content in at% for the neserts Fe and Ti
233 and the minor abundant elements Mg and Al for all the examinettlesytdivided into
234 suboxic and anoxic environments. To generally consider the effect sftatibn of Fe with
235 either Mg or Al, regardless for which member of both solid smuseries, the total of the
236 three elements Fe, Mg and Al was calculated and will leeresf to as ke(= Fe+Al+Mg) in

237 the following interpretations.

238 The magnetic mineral assemblage of the upper suboxic environnaorisated by Fe-
239 rich mineral phases with fairly low Ti-contents (Fig. 4a)cbntrast, the Ti-content increases
240 notably and even exceeds the Fe-content in the particles tdvilee anoxic samples (Fig.
241 4b). In Fig. 4c and Fig. 4d representative element spectra ofatyparticles from the
242 magnetic extracts are shown, originating from the upper suboxicoami Anoxic domain.
243 These EDS analyses clearly show that the natural magmeatits contain minor amounts of
244  other ions than Fe and Ti. The presence of the supplementargrite such as Na, Mg, Al
245 and Si support the assumption of the detrital origin of thesecleartiSmall amounts of Al

246 and Si are most likely also due to clay mineral coatorgthe grains.
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247 In Table 1 the element ratios of sFF& for each analyzed particle are divided into the
248 FelTi>2; 1< Fe/Ti<2; 0.5 Fes/Ti <1 and Fe¢/Ti < 0.5 fractions. In the upper suboxic
249 zone ~19% of the examined particles exhibit spectra without any Tertprtomparable to
250 spectrum (1) in Fig. 4c. They represent detrital magnetitmmon component in the upper
251 suboxic core section. However, the majority of the magnetitcles contain Ti, with an
252 element ratio R&Ti varying between 0.75 and 13.89; 79% of these particles Rayvéi

253 ratios> 2, only 2% have K€Ti ratios < 1 (Table 2).

254 According to the (semi-)quantitative EDS spectra, the Ti-combemparticles with ratios of

255 Fe/Ti > 2 varies between 0.4 and 4.9 at%. As already explained ingbedamt section, this
256 could either correspond to a titanomagnetite composition between TM2O0'M@d or

257 tocompositions between IIm13Hem87 and IIm60Hem40 for members of thritérhematite

258 solid solution series. For 0x > 0.75 these assumed titanomagnetite compositions are
259 conceivable. However, titanomagnetites with x> 0.75 are quiteommon in nature
260 (Petersen and Bleil, 1982). Instead it is more likely thatngravith x > 0.75 represent
261 hemoilmenite particles instead, which then would correspond to cdiopsesbetween
262 Ilm50Hem50 and IIm60Hem40. Hemoilmenites of such compositions ypieal for

263 volcanogenic rocks that underwent high-temperature deuteric @idatbcesses.

264 We have to keep in mind however, that natural mineral gitise magnetite-ulvdspinel
265 and ilmenite-hematite solid solution series occur rarely in pbetely homogenous
266 compositions. In fact paragenesis between Ti-poor (titano-)rtiteyoe iimenohematite and
267  Ti-rich hemoilmenite is a common aftereffect of oxy-exsolutf volcanic rocks. Depending
268 on the progression of such alterations, the crystal matrix rogitain exsolution lamellae in
269 nano- or even micrometer scale (e.g. McEnroe et al., 200InpiGa et al., 2007). The EDS
270 analyses has a spatial resolution of ~\0rf therefore it was possible to resolve

271 inhomogeneities up to that limit. Beyond this spatial resolutienmight have to deal to a
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272 certain degree with overlap analyses, if exsolution featugeprasent in a given grain. For
273 particles larger than 0.um, multiple spot analyses were performed to check local

274 inhomogeneities or to derive average compositions.

275 Additionally, magnetic inclusions in silicates were observdteyTmake up ~5 % of the
276 magnetic assemblage in the upper suboxic zone. The major elem#m@smeasured spectra
277 are Si and O, which are accompanied by Fe and Ti as minor comtpoBalculated element
278 compositions for the magnetic inclusions show/Feratios of> 2, resulting in either TM15

279 to TM6O or alternatively IIm09Hem91 to IIm40Hem60. Such typidgddor composites have

280 been found in various sedimentary environments as described. fyagming et al. (2005).

281 Shrinking cracks are evidence for a mild maghemitization (Duatup Ozdemir1997),

282 but only a small number was observed in the upper suboxic sarhgesufgests that (titano-
283 )maghemite is of low importance in these samples. In addititretobserved microparticles,
284  a considerable number of much smaller grains in the nm-rangeesent in the sample from
285 the upper suboxic zone. These grains are beyond the spatial resolutieruséd SEM. This

286 is indicative for the presence of small PSD/SD particles.

287 In contrast to the analysis of the suboxic sample, only minor amolnts-sized particles
288 were observed in the magnetic extracts from 14.55 and 15.25 me Fhegples mainly
289 consist of somewhat “coarser” grains in the grain-singedrom ~2 to fum. Non-magnetic
290 particles, such as silicates and feldspars are more atiunelee than in the upper suboxic

291 sample. This has to be kept in mind for the interpretatidheohysteresis data.

292 The average Ti-content of all particles examined is notalgllgenifor the anoxic samples
293 (~ 4.06 at%) compared to the suboxic samples (~1.61 at%) and ewws=dexhe meager Fe
294 content (Fig. 4b). When taking the Mg and Al concentrations into acdmentean value of

295 Fes is slightly higher than the average Ti-content.
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296 In terms of numbers of grains the Ti-rich mineral phaseslgldaminate the (magnetic)
297 mineral inventory in the lower anoxic sediments. Here the r&@p#Hli vary between 0.21
298 and 4.87, particles without any Ti-content were no longer observely. 4% of the
299 examined grains exhibit E&i ratios> 2. These particles would either refer to compositions
300 between TM51 and TM99 or to compositions of IIm34Hem66 to Im66Hem34clBarivith
301 1<Fe/Ti<2 (47%) appear to be the most abundant members of the téaematite solid
302 solution series. Their Ti-content varies between 0.95 and 7.04 ed¥tesponding to

303 1lIm68Hem32 and IIm99HemO01, respectively.

304 Additionally, a considerable number of particles yield/Feratios of <1 (26%) or even
305 <0.5(3%). The element spectra for this particle type extmbdh higher Ti- than Fe-content
306 (Fig. 3; compare spectrum (5)). This composition corresponds rattihe pseudobrookite-
307 ferropseudobrookite solid solution series. Pseudobrookite may be predemdietrital Fe-Ti

308 oxide assemblage as minor constituents within titanomagnetite-lzgmatite grains as a
309 result of high-temperature oxidation during the initial cooling akmus rocks (Reynolds and
310 Goldhaber, 1978; Frost and Lindsley, 1991). Another possibility for thesgeaksuch Ti-

311 rich mineral phases is the further alteration of membeirseofrnenite-hematite solid solution
312 series towards hematite with fine rims of anatase (HoumtdnMurphy, 1962). This would

313 enrich the elemental bulk composition of the grains in teritiseir TiQ, content.

314 The number of silicates with magnetic inclusions was found tedsonably higher (14%)
315 in the anoxic sediments compared to the suboxic sample (5%).maaity of these
316 inclusions (92%) have K£i ratios> 2 (resulting in compositions of TM09 to TM75 or

317 1llm06Hem94 to IIm50Hem50), only 8% of the inclusions show Heratios of < 1.
318

319

Page 13 of 55



14

320 Summary of SEM results

321 As mentioned above, titanomagnetites with x > 0.75 are queenmarature (Petersen and
322 Bleil, 1982). The range of the composition for hemoilmenite strongligtas to the bulk
323 chemistry of the rock, but lies typically above y = 0.5 (Peteend Bleil, 1973). Considering
324 these restrictions, the approximate abundances of the varielisdx&les in the magnetic

325 mineral assemblage of the investigated samples canibatst (Table 3).

326 The mineral assemblage of the upper suboxic environment constitutes mageetite,
327 ~62% titanomagnetite (TM20 to TM70), ~17% hemoilmenite (IIm50Hem30m60Hem40)
328 and ~2% other particles. The composition of magnetic inclusionthe siliceous matrix
329 varies between TM15 and TM60. The main magnetic mineral compameéhe magnetic
330 assemblage of the lower suboxic environment is hemoilmeniteanithbundance of ~66%
331 and compositions varying between IIm53Hem47 and 1lm99HemO1. Pure nt@gsetio
332 longer present and only ~5% titanomagnetite was found. The regai@8% are Ti-rich
333 particles, such as (ferro-)pseudobrookite or rutile. When titagoetite is preserved as
334 inclusions in a siliceous matrix it apparently withstands diagerdteration even in the

335 anoxic environment.

336

337 Low-temperature magnetic results
338 Roomtemperature SRM (RT-SIRM)

339 Fig. 5 shows the RT-SIRM curves normalized to their initil@at 300 K and the respective
340 derivatives for all analyzed samples. The samples fronsubexic zone (Fig. 5a-b) clearly
341 show ferrimagnetic dominated curves typical of (titano-)magnasitdescribed by Ozdemir
342 and Dunlop (2003) and Kosterov (2003). The RT-SIRM first increasesagudimg, reaching
343 a maximum around 220 K (Fig. 5a) and 230 K (Fig. 5b). According to Dsu{k878) such

344 an increase upon cooling is related to an increase in the spmmangagnetization of
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345 titanomagnetite phases whose Curie point is above the temperdtere the remanence is
346 acquired. For such cases the spontaneous magnetization hasacdoéd its maximum
347 intensity at 300 K, which results in an increase while cooliygpn further cooling the RT-
348 SIRM curves decrease with decreasing temperature. At @ 83% (Fig. 5a) and 69%
349 (Fig. 5b) of the initial RT-SIRM are demagnetized. At 100 to KXfle maximum gradient of
350 the cooling curve is reached, corresponding to the temperatareainthat is indicative for
351 the Verwey structural phase transition of magnetite. Thigpiemwith results from zero field
352 cooling (ZFC) and field cooling (FC) thermal demagnetization exyats, published by
353 Dillon and Bleil (2006), which revealed partially suppressed Vernnaysitions in the same
354 temperature interval. During warming from 5 to 300 K the RRM® retraces the cooling
355 curve between 5 and 50 K. Upon further warming only limited ren@neecovery is
356 observed when passing back through the Verwey transition. At 3iibkt 87% (Fig. 5a)

357 and 80% (Fig. 5b) of the initial RT-SIRM is recovered.

358 The RT-SIRM behavior of samples from the anoxic zone diffemngly to that of the
359 samples from the suboxic layers. However, within the anoxic zibrsaraples (Fig. 4 c-d)
360 reveal very similar low-temperature behavior with comparateanence memory. The RT-
361 SIRM cooling curves show a continuous gradual increase between 300Kanghgre the
362 RT-SIRM is 46 to 69% higher than the initial remanence. Upomwrgy the curves resemble
363 the corresponding cooling curves back to ~ 100 K. However, above 106 Kvdarming
364 curves are below the cooling curves. The remanence loss whenimg to 300 K accounts
365 for 86 to 89% of the initial RT-SIRM. No specific magneticnsiions were observed on
366 warming, though the first derivatives of samples 13.25 and 15.28playl an inflection
367 around 210 K. This may be indicative of the transition of hemoilimemith an approximate
368 composition of y =0.85 from ferrimagnetism / superparamagndistik to paramagnetism

369 (Burton et al., 2008).
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370
371 Low-temperature magnetic hysteresis

372 For all five magnetic extracts the temperature dependendbeof hysteresis loops was
373 examined between 5 and 295 K. The measured hysteresis loopsn cdi@aiagnetic

374  contributions originating from the sample holder (gelatine capsulg)nan-ferromagnetic
375 sediment constituents in the extracts such as feldsparsliaatesi which to a certain extent
376 were included in the extract. The temperature dependenite gdaramagnetic contribution
377 was calculated, using the relationship m(B,T)-#anh (B/b), where -m(B,T) equals the
378 measured magnetic moment in the applied field B at the tetuperT, and a and b are
379 constants (Dunlop and Ozdemir, 1997). This approach was necessarythginzeluced

380 magnetization of paramagnetic constituents begins to saturategin fields at low-

381 temperatures and cannot be approximated with a linear fundtlsimg this approach,

382 excellent fits to the magnetization curves were achievied 6l

383 The results of hysteresis measurements for the suboxic and aaoxpes are largely
384 different. To represent the suboxic and anoxic environments, thersgomgeevolution of the
385 hysteresis loops is shown for the samples from 1.65 m (Figanth)l5.25 m (Fig. 7b) depth.
386 For the sake of clarity only six selected temperature stepsk(29985 K, 110 K, 50 K, 20 K
387 and 5 K) are given here. The hysteresis loops systematitahge in shape with decreasing
388 temperature and increasing sediment depth. At room temperatsterdsys loops for all
389 extracts are quite narrow and yield low coercivities. Sttmramagnetization is usually
390 reached in low to moderate fields (< 500 mT), which is indicativéhe presence of a soft
391 ferrimagnetic mineral phase. With decreasing temperdter®bps become more pronounced
392 and wider, in particular, the samples from the anoxic zone exhsbibct hysteresis at lower

393 temperatures. This effect is most pronounced in the tempedgpendence of Table 4).
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The temperature dependence of the hysteresis properties igdardffer dia- and
paramagnetic correction is shown in Fig. 8. Due to the inalufitmass determination, the
parameters have been normalized to their respective valu& ab that the samples can be

compared with each other. The absolute values are summarizable 4.

The saturation magnetization sMFig. 8a) for the suboxic samples shows only subtle
temperature variations between 295 and 30 K. Upon further coolinKtarbincrease of
about 20% is observed. In contrast a quasi-continuous increase sfovitM decreasing
temperature can be seen for the anoxic samples. At 5 K thesvialr M are about a factor of
two to three higher for the anoxic and only 1.15 for the suboxic lsangpmpared to room
temperature. However, the complexity of the paramagnetiecmn may effect the accurate

determination of M and thus the results should be treated with caution.

Saturation remanence g¥l (Fig. 8b) for the suboxic samples increases slightly between
295 and 50 K and in a steeper manner below 50 & 9dems to reach saturation at very low
temperatures, however, the overall increase of two to thres is relatively small. For the
anoxic samples a continuous increase with decreasing temperatotesdrved, with an

overall seven-fold increase between 295 and 5 K.

At room temperature, values ot BFig. 8c) range between 6 and 13 mT for all samples.
Thompson and Oldfield (1986) report this as a typical value for {@oiftiain magnetite.
Upon cooling, B varies little between 295 and 50 K. Below 50 K the coerfidld starts to
increase sharply, reaching values of 50 — 67 mT at 5 Khiersuboxic samples and up to
140 — 233 mT for the anoxic samples. This equals a four- and saldemérease for the
suboxic samples and on average 25-fold higher coercivities fof tie anoxic samples. No
ordering temperature could be determined from the temperagpendence of the coercivity
(such as the magnetic ordering transition from ferrimagneatsparamagnetism at 210 K for

THB80, as seen before in the RT-SIRM cycling experimentspaomto Fig. 5). The distinct
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419 increase of B below 50 K might potentially be due to the hemoilmenite enteétsrgpin glass

420 state (Burton et al., 2008).

421 The hysteresis loops at certain low-temperatures exhibit aigegvasp-waisted shape,
422  which is more pronounced for the anoxic than for the suboxic sample®)FRoberts et al.
423 (1995) and Tauxe (1996) describe this phenomenon as indicative for a noiktetatively

424  high- and low-coercive material. Such a mixture could consistitbéredistinct magnetic

425 minerals or a bi-modal grain-size distribution of a singégnetic component.

426 Large quantities of superparamagnetic magnetite or hard iaberparticles (such as
427 hematite or goethite) are commonly assumed to be the main réasomsp-wasited
428 hysteresis loops. In this study these options appear implausibleeverak reasons: the
429 applied extraction method tends to favor the collection of ratheicémseivity components
430 (Franke et al. 2007b). Moreover, hematite and/or geothite muat luendred times more
431 abundant in the sediment to rival the magnetization of (titanofjetig. Secondly, the
432 observed hysteresis loops become more constricted with decressimperature.
433 Superparamagnetic (magnetite) particles are expected to caanstiction in the room
434 temperature loops rather than low-temperature loops becaudadbkyat lower temperatures

435 and become stable single domain grains (Dunlop, 1973).

436 An alternative explanation for the wasp-waisted hysteresis mtdpsv-temperature are the
437 observed Ti-rich hemoilmenites with compositions 0.85 <y < 1. Thmeembers of the
438 ilmenite-hematite solid solution series are paramagnetima@n-temperature but exhibit
439 superparamagnetic properties just below room temperature andNéelr temperature

440 (Ishikawa, 1962) and antiferromagnetic behavior at lower tempesafBurton et al., 2008).

441
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442 Discussion

443 SEM analyses have shown, that the predominant magneteratsrnn the upper suboxic
444  sediments are (titano-)magnetites of variable Ti compositgnth, ilmenohematites and
445 hemoilmenites are also present, but relative to (titano-)nidgieey are less abundant and
446 thus less important in this depth interval. Dillon and Bleil (200@aay suggested that the
447 vast majority of the magnetic assemblage reaching thetygore location was composed of
448 eroded volcanic material originating from the Cameroon Volcaime.lHerrero-Bervera et
449 al. (2004) and Ubangoh et al. (2005) reported titanomagnetites, both poacraid Ti, as
450 the principal magnetic minerals in rocks from the Cameroon volcanibe drainage area of
451 the Niger River tributaries. Ubangoh et al. (2005) also obseodd with abundant ilmenite
452 lamellae in the titanomagnetites. Both investigations used Gemgperature experiments
453 above room-temperature for the discrimination of the magneticlea. Hemoilmenites with
454  high Ti-contents could not be determined by these former studidgsgyamay actually have
455  Curie temperatures below room-temperature. Combined with ouosoapy findings, which
456 show that hemoilmeniteis are a minor component of the primargnaeta mineral
457 assemblage compared to (titano-)magnetite, sub-room temmgel@trie points provide a
458 possible explanation why members of the ilmenite-hematitel saliution series have not

459 been identified previously.

460 In the lower anoxic sediments early diagenetic alteratiom déposition has resulted in a
461 more complete depletion of the (titano-)magnetite phase, pgragacrelative enrichment of
462 the hemoilmenite phase in the strongly diagenetically alteeetioa so that the relative
463 abundance of the hemoilmenite particles increases to ~66%cHdmge in abundance can be
464 interpreted in terms of selective diagenetic effects omt@gnetic mineral assemblage. Dillon
465 and Bleil (2006) reported that reductive diagenesis has extgngiffelcted the magnetic

466 mineral inventory of these organic-rich late Quaternary sedinmertke Niger deep-sea fan.
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467 Fig. 2b shows the extent of the suboxic zone and the transition to ammddions in the

468 pore water profile of the sedimentary sequence. The rock nagmetstigation showed that
469 diagenetic processes did not act uniformly across the detréghetic mineral assemblage,
470 but instead depended strongly on particle size and Ti-conterit, thet smallest particles
471 dissolving first and the Ti-rich component being the most resigiaht reducing conditions.

472  Another important determining factor is the availability aifigr in this geochemical system.

473 Due to the already considerable strong alteration of the upper susEkiments, one of
474 the main challenges in this study is the generally low magmetieral content. Therefore the
475 concentration of magnetic carriers is even lower in the anexorents and only relicts of
476 the primary magnetic mineral assemblage remain. Highlyitesenkw-temperature magnetic
477 measurements on the magnetic extracts were therefore reduoireshagnetic mineral
478 identification. These measurements revealed large contrasisen the samples from the
479 suboxic and anoxic layers. This emphasizes that the Fe-Ti oxideglbacur in different
480 proportions in the two different geochemical zonations, which is edflected in the

481 magnetic behavior of these samples.
482
483  Suboxic samples

484 In the upper suboxic sediments (titano-)magnetite particles nddenithe low-temperature
485 magnetic characteristics. The increase in the RT-SIRM rpaturves just below room
486 temperature and the broad decrease around 120 K were descrilemtidaypir and Dunlop
487 (2003) and Kosterov (2003)as characteristic behavior for a massamblages dominated by
488 (Ti-poor) titanomagnetite (Fig. 3). Additionally, the low-temperature hysteresis
489 measurements confirm the presence of a soft ferrimagneterahphase, documented in the
490 relatively small increase in hysteresis parametetis decreasing temperature. The value of

491 the coercive force, showing an overall increase by a factfmuofto seven between 300 and
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5 K, is comparable with results obtained from synthetic magsety Ozdemir et al. (2002).
Harrison and Putnis (1995) analyzed the low-temperature dependenbe aiagnetite-
ulvéspinel solid solution series and observed low coercivitiesn(LPfor the magnetite-rich
(Fe-rich) endmembers at low-temperatures (4.4 K). The synthdimicron magnetites in the
study of Ozdemir et al. (2002) yield coercivities of ~15 mToatw temperature and ~50 mT
at 15 K, which is a similar increase iz By a factor of three to four. The coercivity of the
synthetic samples increases sharply when crossing the Veramsition because their
compositions are close to stoichiometry. The lack of the \Aetnamnsition in the suboxic
samples of this study is presumably due to their Ti-content, airigarly low Ti-contents of
X > 0.04 the transition is suppressed (Kakol et al., 1994). Ttel smount of observed
shrinking cracks is indicative of a small degree of magheatitin, which may additionally
subdue the Verwey transition (Dunlop and Ozdemir, 1997). Tucker (19Baited low-
temperature magnetic hysteresis properties for two multi dotitanomagnetite crystals with
compositions of x = 0.52 and x = 0.65. The first titanomagnétite0.52) shows values of
Bc (=25 mT) and MdMs (0.29) at 77 K that are comparable with our results at © K
Bc=25 mT and a MJMs ratio of 0.25. The calculated average titanomagnetite cotigrosi
for our suboxic mineral assemblage results in a mean valudb5% Which is very close to
the composition of the respective single crystal of Tucker (1¥&ik)the TM65 crystal from
the study of Tucker (1981) the reported values are higher @BmT; MkdMs = 0.58), with
the increased coercivity explained as a result of increasingagnetic anisotropy. At even
lower temperatures of 4.2 K, Schmidbauer and Readman (1982) ethsemrcivity values of
comparable magnitude for titanomagnetites with compositions=08.% (B ~ 31 mT) and

X = 0.6 (B ~ 70 mT).

The hysteresis loops of the suboxic samples show wasp-waiste@sslad lower
temperatures. The presence of an intermediate titanoma&gpbtite in paragenesis with a

hemoilmenite phase as described by Krasa et al. (2005) wouldaaffé@sonable explanation
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for this behavior. According to Buddington and Lindsley (1964) the ilmesutdent of a
hemoilmenite phase coexisting with a titanomagnetite phabeancomposition of x > 0.5
would be y>0.85. Since hemoilmenite phases of y > 0.87 eéxkiperparamagnetic
properties at low-temperatures (Ishikawa, 1962), this could explaicotieriction that was
observed in the hysteresis loops of the suboxic samples. Thig isaaisistent with the SEM
and EDS analyses, which revealed the presence of hemoilmanit@nar constituents

(~17%) in the primary magnetic mineral assemblage of the subariples.

Nevertheless, the Ti-contents derived from the SEM arsalgse not overly high.
However, the hysteresis loop for the synthetic sample 6F72x2.4ycébaws wasp-waisted
characteristics at temperatures55 K (Fig. 10), even though the composition of the
hemoilmenite phase is below y=0.8. With y=0.76 the hemoitmecomposition of
6F72x2.4 is still higher than in our natural sample, but it genesalbyvs that wasp-waisted
shapes do occur for such Ti-contents. The distribution of the twsepha the synthetic
sample is comparable (79% TM : 21% limHem) to the derivedildigion in our natural
suboxic sample (82% Mt/TM : 17% IlimHem). Therefore the wasigted shape in our
hysteresis loops is most likely the result from the interplayvéen titanomagnetite and

hemoilmenite.

Anoxic samples

The results of the low-temperature measurements from the arfeyecs lead to the
conclusion, that titanomagnetite can not be the predominant tragmaeral phase in this
depth interval. Here, Ti-rich hemoilmenite dominates the magneheral assemblage. This
was also confirmed by the findings of Heslop and Dillon (2007), who usezh-aegative

matrix factorization (NMF) algorithm to unmix remanence data aonstituent end-members

from the same Niger deep-sea fan sediments. Based aoéhevity distribution, fine and
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543 coarse grained (titano-)magnetite was found to make the dgreataegibution to the
544 remanence signal in the upper sediments. However, a third conipaas needed to
545 successfully model the detrital magnetic mineral assembldges third component
546 comprised the hardest coercivity and was argued to be Ti-rigmothagnetite or
547 hemoilmenite. It could be shown by the present study, that below ritvecésulphidic

548 transition, this Ti-rich component had the highest resistanceeductive dissolution and
549 dominates the magnetic mineral assemblage. The coarse arftitéine-)magnetite fraction

550 almost disappears completely towards the base of the sediorent

551 During cooling, the RT-SIRM increases continuously with decredsmgerature. Franke
552 et al. (2007c) considered two possibilities for this phenomenony ditg@resence of a high-
553 coercive mineral such as goethite or a Ti-rich oxide phasetdileir assumption that high-
554  coercivity minerals are generally under-represented in miagagtracts, it appears more
555 probable for the natural samples in this study that a Ti-ricteral phase is responsible for
556 the observed increase of RT-SIRM during cooling. The assumptioththdiehavior can be
557 attributed to the presence of hemoilmenite in our Niger desgdese samples is therefore
558 reasonable, although the interpretation of low-temperature Rt8lRves from comparable

559 natural samples is still lacking in the literature (Kaste2007).

560 Fig. 11 compares the low-temperature measurements performeck amatiliral sample
561 from gravity core GeoB 4901 (15.25 m; Fig. 11a) and the weihe@fsynthetic sample
562 6F72x2.4 (Fig. 11b). The continuous increasing trend in the RT-SIRM cwitredecreasing

563 temperature can be seen for both samples. Since the compositlen syinthetic sample is
564 well known, goethite can be excluded as a possible reason for thierigyverature behavior.
565 Here this phenomenon can be rather attributed to the presencérétarmineral phase. The
566 RT-SIRM curve of another well-defined single phase titanontagnef synthetic origin

567 (TM60) (not shown here; R. Engelmann, unpublished data) shows a saitier RT-SIRM
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568 curve progression as the suboxic samples of this study, witlye decrease around 190 K.
569 This particular sample does not contain any hemoilmenite, tnergfe suggest that in the
570 two-phase synthetic sample 6F72x2.4 the distinct low-temperatureagecrrefers to the

571 presence of a Ti-rich hemoilmenite phase.

572 This sample possibly shows paramagnetic-like LT-behavior causetiebpresumable
573 presence of near endmember ilmenite. The magnetically haatiere of this mineral phase
574 suggests that a higher coercitivity magnetic component other(titano-)magnetite must be
575 present to create such a low-temperature increase in thdRM.-$n particular the EDS
576 results of the SEM analyses confirm an overall higher coofehirich particles in the lower
577 anoxic part of the sediment series. The main component hbemisiimenite (~66%) with

578 compositions between IIm50Hem50 up to nearly pure ilmenite (llne@8kl).

579 The unusually high coercivities of the anoxic samples at lovpéeatures also concur with
580 the presence of hemoilmenite, rather than titanomagnetite stability at low-temperatures
581 with B¢ values up to 220 mT is remarkable. For titanomagnetites dgbhchercivities at
582 low-temperatures have been rarely published in the literatureni8oauer and Readman
583 (1982) reported coercive forces of 500 mT for synthetic titanomidégmetith a composition

584 of x =0.8 at 4.2 K, which is twice as high as the natsmatples in our study.

585 Brown et al. (1993) also reported coercivity values for membéthe ilmenite-hematite
586 solid solution series. For synthetic ilmenohematites (= titamakites) with compositions of
587 y=0.2andy=0.41to 0.6 they observed values between 17hdZ68 mT at temperatures
588 of 125 K. They also found that samples quenched at high-temmsrdiave significantly
589 higher coercivities than those annealed at temperatures bedtawdér-disorder transition of
590 hemoilmenite. Nord and Lawson (1992) correlate this behavior to théodeent of twin

591 domain boundaries during quenching from high-temperature, and suggesnhiieatiray
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above the order-disorder transition temperature results in a stidisiacrease in twin-

domain boundaries and a drastic increase in the coercivitye ahaterial.

Gehring et al. (2007) studied micromagnetic properties of iiméeiteatite particles
originating from an alluvial soil. X-ray diffraction revealedni@lmenite grains with an
ilmenite mole fraction of y = 0.86. The hysteresis loops & 3elded B = 92mT, reached
Bc = 144 mT at 15 K, andB= 244 mT at 6 K. These values are clearly consistemt tivé
results of our study (compare Table 2). Here, the calculaeetage hemoilmenite
composition is Im77Hem23. In metamorphic ilmenite-hematite beadoks from Norway
stable natural remanences have been identified by McEnede(2001). Such natural phases
show high coercivities that are attributed to their smalingsizes (Merrill, 1968, McEnroe et

al., 2001).

Besides the unusually high coercivities of the natural samiplesvasp-waisted shape of
the low-temperature hysteresis loops hints at the preseficeioh hemoilmenite phases. For
the suboxic samples the wasp-waisted shape could be explained inyethetion between
titanomagnetite and hemoilmenite. In the anoxic sediments titamatitggis only present in
very minor amounts (~5%), but wasp-waisted hysteresis lo@pstiirobserved. These are
most pronounced in the temperature interval between 30 and 50 K. Appaserither
mechanism must be responsible for this phenomenon. The hysteo@sss measured by
Gehring et al. (2007) showed typical wasp-waisted shapes péetatares between 150 and
30 K, which became more pronounced with decreasing temperdiuey. explained the
wasp-waisted shape by the generation of short-range orderadiratha superparamagnetic

state within the hemoilmenite particles.

Hemoilmenites with 0.8 y<0.87 are known to exhibit superparamagnetic behavior at
temperatures below 50 K (Ishikawa et al., 1985) and thus can adoouhe wasp-waisted

shape of the hysteresis loops at low-temperatures. SuchhTpitses are rather untypical as
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617 individual homogenous grains, but are more likely to be presenteagrmwvn exsollution
618 lamellae within the Ti-poor ilmenohematite matrix. Dunlop andédair (1997) report that if
619 the cooling of a melt is slow enough, hemoilmenite of intermediamposition tends to
620 exsolve into intergrown Ti-poor (near hematite) and Ti-rich (nesanite) phases. However,
621 compositions with y > 0.8 were identified in the magnetitasts of this study. Whether they
622 consist of either homogenous grains or of intergrown exsolved phasest de verified by

623 the technique used for our unconsolidated samples but it segyikeb.

624 Nord and Lawson (1992) reported that hemoilmenites with y > 0.5magnetically
625 inhomogeneous and consist of cation-ordered ferrimagnetic microsasicwhich are
626 separated by boundary layers. Earlier, Lawson and Nord (1984) showedytthetic
627 1Im80Hem20 (y = 0.8) samples had remanence properties thabeagxplained by the
628 presence of a single SD-like magnetic carrier, even thdlgBOHem20 should be
629 paramagnetic at room temperature. The source of the measumnadence is argued to be
630 SD-like material within the grains themselves, resultiognfthe generation of transformation
631 induced domain boundaries, which are partly enriched in the hematifgooent relative to

632 the bulk composition of the grain.

633 Specific low-temperature magnetic measurements can beasifterentiate between Fe
634 and Ti dominated magnetic mineral assemblages. If Fe-ricaraliphases prevail, RT-SIRM
635 cycles in the low-temperature range show a distinct decraasmd the Néel temperature
636 and/or Verwey transition of magnetite. For Ti-rich particle® tRT-SIRM curves

637 continuously increase with decreasing temperature. However, soldlye basis of the RT-
638 SIRM experiments it is not possible to differentiate unambiguostween the magnetite-
639 ulvospinel (FexTixOs) and ilmenite-hematite solid solution series,({&,0s). The hysteresis

640 parameters reveal additional diagnostic features that cpridhdifferentiate between Fe-rich

641 and Ti-rich oxide mineral phases. The characteristic ewoludf the measured loops with
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642 decreasing temperature points towards two distinct mineral phiasethe different

643 environments. In particular the coercive force was found to bép&uhmdicative parameter,
644 with a 25-fold increase characteristic of phases from thenite-hematite solid solution
645 series. Such high values were not found for any Fe-rich minera¢.phias high coercivities

646 most likely result from exsolution or lamellar magnetisrh@moilmenite grains.
647
648 Environmental implication: correlation of Fe and Ti vs. K

649 EDS analyses have clearly shown, that Fe-rich particles dwmmiha magnetic mineral
650 assemblage in the upper suboxic environment, whereas Ti-ricblgarevail in the lower
651 anoxic section. The dominance of Ti-rich magnetic particlesaaiver anoxic environments
652 is also strongly reflected in the downcore profile of theuned magnetic susceptibility.

653 Fig. 12 (left) shows the downcore profileskoEompared to the solid phase concentrations of

654 Fe and Ti in the bulk sediments derived from ICP-EAS ama(¢abel et al., 2001).

655 The correlation betweanand Fe is in general clear throughout the whole depth profile, as
656 s the correlation betweenand Ti. Only for the depth interval from the top of the core ¢o th
657 modern Fe-redox boundary (upper three meters) is the correlation miéicaig. However,

658 for this section the correlation is higher betwaerand Fe (r=0.17, Pearson; Fig. 12d)
659 relative to the correlation betweenand Ti (r = 0.05; Fig. 12e). Below the modern Fe-redox
660 boundary the correlation betwegrand Ti is consistently higher than betweeand Fe. Not

661 including the upper three meters, Pearson’s correlation coeffiméveernx and Ti (r = 0.70)

662 is noticeably higher than betwerrand Fe (r = 0.51).

663 Between 3.0 and 12.5 m core depth the correlation ahd Ti is considerably higher
664 (r=0.79) than fox and Fe (r = 0.29; Fig. 12d-e). This suggests that below therméee

665 redox boundary the relative contribution of Ti-rich mineral phasesh# rhagnetic
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susceptibility signal increases notably. The transition froimosic to anoxic sedimentary
conditions is located at 12.5 m core depth. Below this transitierhighest correlation of

r = 0.86 exists betweexi and Ti. For the same depth interval the correlation alseases
slightly again fork and Fe (r = 0.59; Fig. 12d). Here, iron is mainly bound to non-miagnet
phases such as pyrite, which was identified in previous high-tatope thermomagnetic
measurements (Dillon and Bleil, 2006). This agrees well withfdlcé that the magnetic
susceptibility of hemoilmenite (& 100 - 100000.0° m*kg; Bleil und Petersen, 1982) is at
least one magnitude higher compared to the magnetic suscepubilfyrite (x = 30108

m>/kg; Thompson and Oldfield, 1982).

In the uppermost core section above the modern Fe-redox boundargptheagrelation
betweerk and Fe implies that reactive Fe is bound in Fe-rich magmétieral phases. These
phases dominate the magnetic mineral assemblage, both in eahoarand concerning their

magnetic properties.

In the subsequent lower suboxic and anoxic intervals the clear cametetiweerk and
Ti and the less pronounced correlation betweamd Fe demonstrates that most of the Fe is
bound to phases that are nhon-magnetic at room-temperature oreistpress reduced state.
Here reactive Fe was subsequently depleted, relocated aridri&tion of secondary Fe
minerals took place. As a consequence the influence of thehTphases on the magnetic
signal increases significantly. This is also reflectedhie magnetic susceptibility record.
Therefore we conclude that the degree of correlation betweand Fe, and Fe and Ti,
represents whether the magnetic assemblage is dominatedbwthe-rich magnetic mineral
phases, components of intermediate Ti-content, depleted iniveedee, or by Ti-rich

magnetic phases, including mainly non-reactive Fe.
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689 Conclusions

690 In this study the different magnetic components in sediments tineniNiger deep-sea fan
691 were determined in detail by a combination of low-temperati@@asarements with scanning

692 electron microscopy analyses applied to magnetic exfiractsvarious geochemical zones.

693 The magnetic analyses indicate a fairly complex mineralogyhefprimary magnetic
694 mineral assemblage, which is dominated by (titano-)magnefiteariable composition
695 derived from the Cameroon volcanics in the drainage area oNither River tributaries
696 (Herrero-Bervera et al., 2004; Ubangoh et al., 2005). Above th@em redox boundary
697 hemoilmenite originating from the same source area is alsenirédagnetically this phase
698 does not play such an important role here because the concenisatmm low and the

699 magnetic moment is too weak.

700 Nevertheless, below 3.0 m core depth, processes of redda@iyenesis start to influence
701 the composition of the magnetic mineral assemblage. The patidre-oxides decreases
702 almost to zero and Ti-bearing mineral phases become more impiortdig depth interval.

703 Although hemoilmenites are abundant, titanomagnetites arehstithgjor contributor to the

704 magnetic signal.

705 Below the sulfidic transition, located in a depth of 12.5 mingraf the ilmenite-hematite
706 solid solution series are found to be the prevailing contributor to #gnatization of the
707 anoxic sediments. In the course of reductive diagenesis, miterats resulted here in a more
708 complete depletion of titanomagnetite. (Titano-)magnetitemisst likely replaced by
709 paramagnetic iron sulphide minerals. Hemoilmenite is tbezefmuch more resistant to

710 reductive diagenesis due to its low content of reactive iron.

711 The study has also shown that even when remanence transitions aeqtisilisg peaks
712 are not obviously apparent in low-temperature data - which is the foa many marine

713 sediment samples - careful investigations of the data reawpalrtant relevant information.
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714 This can be used to characterize magnetic mineral phasesddiment sample and results

715 therefore in a detailed paleoenvironmental understanding.
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877 Figure captions

878 Fig. 1 Location of sediment coring site GeoB 4901 in 2184 m wat@thden the
879 southeastern flank of Niger deep-sea fan (02°40.7'N / 06°43.246paths are shown at

880 1000 m intervals according to GEBCO Digital Atlas (1994).

881 Fig. 2 (a) Depth profile of the volume specific bulk susceptybKidelineating variations in
882 the concentration of magnetic minerals. (b) Pore water chkignaisSite GeoB 4901 (Heuer,
883 2003). All parameters are plotted against a linear depth scalea non-linear age scale
884 (Adegbie, 2001) including marine oxygen isotope stages (MIS) andntramns (T). Grey
885 shading indicates cold periods. Horizontal hatched bars mark themromleredox boundary
886 (~2.85m) and the suboxic / sulfidic anoxic transition (~12.5 mjows at thek profile

887 denote the horizons, where detailed magnetic analyses havpdréamed.

888 Fig. 3 (a) Backscattered electron micrograph of synthetnplea6F72x2.4, light grey areas
889 correspond to TM63 (Fe-richer) and darker grey areas correspofith@6Hem24 (Fe-
890 poorer). (b) EDS spectrum of the TM63 phase from the spot markedl (c) EDS spectrum

891 of the Im76Hem24 phase from the spot marked in (a).

892 Fig. 4 Univariate box-and-whisker plots of the cation elementent for the main elements
893 Fe and Ti and minor contributions of Mg and Al of magnetic etarfom (a) the suboxic
894 and (b) the anoxic sediments.sFequals the sum of the three elements Fe, Mg and Al. The
895 boxes represent the median values and the interquartile rangéisikers mark the total data
896 range. Symbols (+) display outlier samples from the respedétee group. (c) and (d) show
897 typical element spectra for particles representing therdiffeFe-Ti oxide phases detected in

898 the two geochemical environments.

899 Fig. 5 Temperature variation of RT-SIRM during zero field oapfrom 300 to 5 K (black
900 solid line) and zero field warming back to 300 K (grey sol)i First derivative curves of

901 the RT-SIRM curves are shown as dashed lines with the salmecode.
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Fig. 6 Uncorrected (black solid line), linear slope correctecey(gsolid line) and

paramagnetic slope corrected (grey dashed line) hystereaisttawn for samples from (a)
1.65 m and (b) 15.25 m core depth measured at 5 K. Filled legngdicate the high field
slopes determined by least squares fit of data measurneddrett and 5 T; filled diamonds

depict the paramagnetic slopes derived from the equation B fanh (B/b).

Fig. 7 Low-temperature evolution of hysteresis loops for magreatracts from samples of
the upper suboxic (a, b) and lower anoxic (c, d) core sections. Fasaktee of clarity,

hysteresis loops at six selected temperatures are showsgtedlby small numbers in the left
side panel. Data shown on the left are uncorrected, data oghhene corrected for dia- and

paramagnetic contributions.

Fig. 8 Results of normalized hysteresis parameters:tdowperature dependence of (a)
saturation magnetization d/(b) saturation remanent magnetizatiogrsMand (c) coercive

field Be.

Fig. 9 Uncorrected hysteresis loops measured at 50 K; suboxjgesaga) and (b) show
slightly wasp-waisted characteristics, whereas anoxigpkss (c) to (e) show a distinct wasp

waisted shape.

Fig. 10 Low-temperature hysteresis loops for synthetic sam@@x@ measured at 55 K
(black solid line) and 5 K (grey solid line), showing slighty6 (K) and pronounced (5 K)

wasp-waisted shapes (R. Engelmann et al., unpublished data).

Fig. 11 Low-temperature variation of RT-SIRM for (a) thegmetic extract from 15.25 m

depth and (b) the synthetic sample 6F72x2.4 (R. Engelmann @talblished data).

Fig. 12 (left) Downcore profiles of (a) volume magnetic susbiiy kK and solid phase
concentrations of (b) Fe and (c) Ti (Zabel et al., 2001). Allpatars are plotted on a linear
depth scale and a non-linear age scale (Adegbie, 2001) includingenwtygen isotope
stages (MIS) and terminations (TI, TIl). Grey shading iné&atold periods. For further
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details see also Figure 2. (right) Correlation of{d)s. Fe-content, and (&)vs. Ti-content.
Symbols indicate data points for the upper three metresdleis), the depth interval from
3.0 m to 12.5 m (open diamonds) and below 12.5 m (filled diamondskdrés correlation

coefficientsr are given for the respective depth intervals.
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931 Table 1 Cation element content in at% for the elements Feliantithe synthetic sample
932 6F72x2.4.
Sample - 0 . ™ lImHem
Name Spot Ti [at%] Fe [at%] Fe/Ti calculated| calculated
6F72x2.4 | lighterarea TM 4.70 17.51 3.73 63
6F72x2.4 | darker areallmHem 8.53 12.67 1.49 80/20
6F72x2.4 | lighterarea T™M 4.75 16.51 3.48 67
6F72x2.4 | darker areallmHem 8.06 12.53 1.55 78/22
6F72x2.4 | darker areallmHem 7.96 12.62 1.59 77/23
6F72x2.4 | lighterarea T™M 4.83 16.25 3.36 69
6F72x2.4 | lighterarea TM 5.20 17.53 3.37 69
6F72x2.4 | lighterarea T™M 5.23 18.57 3.55 66
6F72x2.4 | darker areallmHem 7.96 12.73 1.60 77/23
6F72x2.4 | lighterarea TM 4.81 17.28 3.59 65
933
934
935 Table 2 Distribution of the K€Ti ratio for N particles examined.
N Fes/Ti Fe/Ti Fes/Ti Fes/Ti Ti/Fes
<05 <1 <? >2 =
Suboxic
particles 53 - 2% - 79 % 19 %
Slicates 3 - - - 100 % -
Anoxic
particles 74 3% 26 % 47 % 24 % -
Slicates 12 - 8 % - 92 % -
936
937
938 Table 3 Relative abundances of mineral components in the uplpexis and lower anoxic
939 magnetic extracts.
Component Suboxic Anoxic
Magnetite 18.9% 0%
Titanomagnetite 62.3% 5.4%
Hemoilmenite 16.9% 66.2%
Others 1.9% 28.4%
940
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43

Table 4 Temperature-dependent values for hysteresis pararsatigration magnetizationdvsaturation remanencegiland coercive force B

1.65m 2.95m 13.25m 14.55m 15.25m
T Ms Mrs B. Ms Mrs B. Ms Mrs B. Ms Mrs B. Ms Mrs B.

[K] | [10°Am?7 [10° Am?| [mT] [10° Am?]  [10° Am?] [mT] [10° Am?] [10° Am? [mT] [10° Am?  [10° Am?] [mT] [10° Am?]  [10° Am?] [mT]
295 3.98 0.67 12.56 1.59 0.25 10.31 0.78 0.13 9.47 0.36 0.05 6.80 0.46 0.06 9.17
245 3.98 0.74 15.05 1.71 0.30 12.96 0.93 0.19 13.56 0.42 0.07 10.15 0.52 0.09 12.87
195 4,02 0.81 17.54 1.72 0.35 16.28 1.06 0.26 19.65 0.48 0.10 14.82 0.58 0.12 18.97
145 4,00 0.87 19.98 1.74 0.39 20.67 1.19 0.34 29.77 0.51 0.12 21.79 0.65 0.17 28.32
110 4,02 0.91 22.19 1.76 0.43 24.89 1.28 0.40 40.72 0.53 0.15 29.44 0.69 0.20 38.54

75 4,04 0.98 25.54 1.75 0.47 30.74 1.35 0.48 56.32 0.56 0.18 39.62 0.73 0.24 52.20
60 4,03 1.01 27.05 1.75 0.49 33.58 1.37 0.52 65.08 0.57 0.20 45.40 0.74 0.26 60.00
50 4,02 1.03 28.30 1.75 0.50 35.96 1.39 0.55 73.26 0.57 0.21 50.55 0.75 0.28 68.20
40 4,03 1.08 30.56 1.75 0.53 39.82 1.41 0.58 84.67 0.58 0.22 57.60 0.76 0.29 77.89
35 4,04 1.12 31.93 1.75 0.55 41.95 1.43 0.61 93.12 0.59 0.23 62.39 0.76 0.30 84.98
30 4,05 1.18 34.41 1.76 0.57 46.09 1.45 0.63 104.25 0.59 0.24 69.05 0.77 0.32 93.69
25 410 1.23 36.93 1.78 0.60 49.68 1.47 0.67 118.51 0.60 0.25 78.13 0.78 0.33 104.76
20 412 1.27 39.73 1.80 0.61 54.41 1.49 0.70 135.97 0.60 0.27 87.98 0.79 0.35 118.60
15 4.19 1.29 43.60 1.84 0.62 57.71 1.51 0.74 163.73 0.62 0.28 102.12 0.81 0.37 140.50
10 4.36 1.28 46.65 1.89 0.63 62.33 1.58 0.80 195.91 0.64 0.30 119.85 0.83 0.39 171.30

5 4.60 1.30 49.81 1.98 0.65 66.60 1.68 0.86 233.50 0.67 0.31 140.45 0.89 0.42 205.10
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Fig. 1 Location of sediment coring site GeoB 4901 in 2184 m wat@thden the

44

southeastern flank of Niger deep-sea fan (02°40.7’N / 06°43.246paths are shown at

1000 m intervals according to Intergovernmental Oceanographic &siom(1994).
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Fig. 2 (a) Depth profile of the volume specific bulk susceptybKidelineating variations in

the concentration of magnetic minerals. (b) Pore water clrgnaisSite GeoB 4901 (Heuer,

2003). All parameters are plotted against a linear depth sodleaanon-linear age scale
(Adegbie, 2001) including marine oxygen isotope stages (MIS) andntramns (T). Grey

shading indicates cold periods. Horizontal hatched bars mark themricateredox boundary
(~2.85 m) and the suboxic / sulfidic anoxic transition (~12.5 mjows at thek profile

denote the horizons, where detailed magnetic analyses havpdrémmed.
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957 Fig. 3 (a) Backscattered electron micrograph of synthetnpka6F72x2.4, light grey areas
958 correspond to TM63 (Fe-richer) and darker grey areas correspotich@éHem24 (Fe-
959 poorer). (b) EDS spectrum of the TM63 phase from the spot marKedl (c) EDS spectrum

960 of the Im76Hem24 phase from the spot marked in (a).
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Fig. 4 Univariate box-and-whisker plots of the cation elementent for the main elements

Fe and Ti and minor contributions of Mg and Al of magnetic etdrbom (a) the suboxic

Hemoilmenite
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and (b) the anoxic sediments.sFeguals the sum of the three elements Fe, Mg and Al. The

boxes represent the median values and the interquartile rangéishhers mark the total data

range. Symbols (+) display outlier samples from the respedétee group. (c) and (d) show

typical element spectra for particles representing therdiffed=e-Ti oxide phases detected in

the two geochemical environments (for further explanationseste t
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Fig. 5 Temperature variation of RT-SIRM

during zero field cooling from 300 to 5 K

(black solid line) and zero field warming
back to 300K (grey solid line). First

derivative curves of the RT-SIRM curves

are shown as dashed with the same color

code.
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GeoB 4901-8, 15.25m, 5K
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***** #------ linear correction
fffffffffffff loop after linear correction
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loop after tanhyp correction

Magnetic moment [10°6 AmZ2]
o
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!
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] (b)
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0 1 2 3 4 5
Magnetic field [T]
linear slope correctecey(gsolid line) and

paramagnetic slope corrected (grey dashed line) hystereaisttawn for samples from (a)

1.65 m and (b) 15.25 m core depth measured at 5 K. Filled legangdicate the high field

slopes determined by least squares fit of data measureddrett and 5 T; filled diamonds

depict the paramagnetic slopes derived from the equation i€Ba-Eanh (B/b).
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Fig. 7 Low-temperature evolution of hysteresis loops for magretracts from samples of
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hysteresis loops at six selected temperatures are showsgtedlby small numbers in the left

side panel. Data shown on the left are uncorrected, data oghheane corrected for dia- and

paramagnetic contributions.
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Fig. 8 Results of normalized hysteresis parameters:tdomperature dependence of (a)

saturation magnetization ¢ (b) saturation remanent magnetizatiopsMand (c) coercive

field Bc.
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waisted shape.
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Fig. 12 (left) Downcore profiles of (a) volume magnetic spsibility k and solid phase

concentrations of (b) Fe and (c) Ti (Zabel et al., 2001). Allpatars are plotted on a linear

depth scale and a non-linear age scale (Adegbie, 2001) includingenwmtygen isotope

stages (MIS) and terminations (Tl, TIlI). Grey shading indisatold periods. For further

details see also Figure 2.

(right) Correlation of (dk vs. Fe-content, and (&) vs. Ti-content. Symbols indicate data

points for the upper three metres (black triangles), the deptivahfeom 3.0 m to 12.5m

(open grey diamonds) and below 12.5 m (filled black diamonds). Pesrsorrelation

coefficientsr are given for the respective depth intervals.

Page 55 of 55



