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Abstract

In an effort to better understand vivianite forroatprocesses, four Lake Baikal sediment cores $paiwo to
four interglacial stages in the northern, central aouthern basins and under various biogeochemical
environments are scrutinized. The vivianite-ricyels were detected by anomalous P-enrichmentslin bu
geochemistry and visually by observations on X@gthphs. The millimetric concretions of vivianitens
isolated by sieving and analysed by X-ray diffratiscanning electron microscope (SEM), microprobe,
infrared spectroscopy, inductively coupled plasteeréc emission spectrometry and mass spectromii-(
AES, ICP-MS). All the vivianites display similar mphological, mineralogical and geochemical sigratur
suggesting a common diagenetic origin. Their gemiba signature is sensitive to secondary altenatibere
vivianite concretions are gradually transformedrfrihe rim to the center into an amorphous santaiaite
phase with a decreasing Mn content. We analysesdphtal and temporal distribution of the concnesidn
order to determine the primary parameters contiglihe vivianite formation, e.g., lithology, sedimtion
rates, and porewater chemistry. We conclude thénite formation in Lake Baikal is mainly contred by
porewater chemistry and sedimentation rates, aischitt a proxy for lacustrine paleoproductivityivinite
accumulation is not restricted to areas of slowrsedtation rates (e.g., Academician and Continieigies). At
the site of relatively fast sedimentation rate, tlee Posolsky Bank near the Selenga Delta, vitegmoduction
may be more or less related to the Selenga Ripeitsn It could be also indirectly related to thetgatensive
methane escapes from the sediments. While refteatinearly diagenetic signal, the source of P and F
porewater for vivianites genesis is still unclear.
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1. Introduction

Phosphate minerals, such as vivianite or hydropggtite, have been identified in lacustrine sediment
worldwide, e.g., in North America (Nriagu and Ddl§74; Dean, 1993; Brooks and Edgington, 1994furope
(Norway: Rosenquist, 1970; Denmark: Kjensmo, 196&at Britain: Mackareth, 1966; Northern Ireland:
Anderson and Rippey, 1988; in central Greece: Stakisaand Koukouzas, 2001), in Eastern Africa (Miiind
Forstner, 1973; Staffers and Hecky, 1978) and ia AsLake Baikal (Knyazeva, 1954; Romashkin et E93;
Deike et al., 1997; Grachev et al., 1997; Zhmodiale 2001, 2002).

Vivianite is probably the most stable?Ferthophosphate in sedimentary environments (Nriagi2). Its
solubility mainly controls the geochemical migratior immobilisation of phosphorus within aquatistgms
(Einsele, 1938; Mortimer, 1941). Vivianite is a wipread mineral in lacustrine sediments, yet itiroand
conditions of formation are not well understoode®im of this work is to analyse the distributiowa
chemistry of vivianites throughout sedimentary oaohs from different locations in Lake Baikal. We fisoon
identifying the sedimentological environments (ilighology, sedimentation rate, content of seditagnorganic
carbon, etc.) that favour the vivianite genesis redervation in order to determine whether vit@oan be
used as a proxy for environmental conditions, inipalar paleoproductivity.

2. Previous studies
2.1. Thermodynamic stability fields of vivianiteddacustrine occurrences

Vivianite, Fe?*(PQ,),.8H,0, is formed under reducing redox environmentsalkaline conditions (Rosenquist,
1970). High ferrous ions and phosphate activigissyell as low sulphide activity, are requiredtabdise
vivianite in most chemical systems (Nriagu, 1972)naturally reducing environments, the most stable
phosphate mineral is a solid solution of viianand reddingite, MA"(PQ,),.3H,0, rather than a pure phase
(Nriagu and Dell, 1974). In marine systems, Feghlly correlated with sulphur, produced by bactesidphate
reduction to form ferrous sulphides (Berner, 198Ksauer et al., 2003), and marine Fe-Mn phospluaiiys
occur if Fe and Mn are in excess relative to sulphiufreshwater lake sediments, while the contémtorewater
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sulphate and sulphide is low, ferrous Fe substhngaceeds sulphur and may be combined with phatgzh
(Dean, 1993). As a result, vivianite is a majoh#ygnic iron mineral that may precipitate diredtlym
porewater (Nriagu and Dell, 1974). Vivianite istalde constituent in lacustrine-reduced sedimeiitggu,
1972), but Fe-Mn phosphate concretions are notuitioigs.

Lake Baikal is an oligothrophic lake and the ph@pltontent in the water column is low, rangingnfr@.004

mg P 1} in the surface waters to 0.018 mg Priear the bottom (Weiss et al., 1991). In Lake Blaslediments,

the measured porewater phosphorus concentratiertsgtrer, i.e., from 0.01 to 0.65 mg P (Callender and
Granina, 1997a; Granina and Callender, 2001).dp ame pelagic sites display porewater phosphmrotent

up to 1-3 mg Pt and considerable inclusions of vivianite are foimthese sediments (Granina and Callender,
2001). In Lake Baikal-reduced pelagic sedimentsrémges of redox potential and pH valugs 50 to -300

mV, pH: 6.9 to 7.4, respectively (Mizandrontsevy3§ combined with the absence of carbonates (Keyaz
1954) favour the formation of diagenetic vivianite.

2.2. Relationship between Fe-Mn crusts and vivéanin Lake Baikal

In Lake Baikal surface sediments, it was sugget$tatithe formation of vivianite could be related to
accumulations of Fe and Mn hydroxides within th&@ed sediments (Knyazeva, 1954; Deike et al.,7)99
Due to constant oxygen enrichment throughout them@lumn, most of the sediments are oxidizetiat t
sediment/water interface. Two types of Fe and Migenesis have been recently characterised, acgdadthe
sedimentation rates (Granina et al., 2004). In bgdimentation areas (South and Central Baikah aear the
Selenga River Delta), relatively small amounts efaRd Mn hydroxides accumulate on the sedimentrwate
interface. In low sedimentation areas (Academi&ayge and North Baikal), high contents of Fe and Mn
hydroxides are concentrated at the redox frorgs, 10 to 20 cm deep down the core. The oxidized Fe
sedimentary layers are enriched with phosphoruydKeva, 1954; Patrikeeva, 1963) reaching enrichment
factors of 1.6 to 14 (Deike et al., 1997; Miillelaét 2002). Sorption of P on preexisting amorphieusc
hydroxides could be responsible for high P conitehiake Baikal Fe/ Mn layers (Deike et al., 1991Mis has
been confirmed by laboratory experiments, whichasdtbhigh coefficients of phosphorus adsorptionhen t
natural Fe (and Mn) hydroxides from Lake Baikalisghts (Granina, 1987).

Vivianite from Quaternary sediments is associatdteewith (1) compact indurate dark-green to grebve
Fe/Mn crusts (called "green layers") composedrefjularly laminated red-brown submillimetric graanul
masses or, (2) up to 5-mm-thick zones defined bgcaamulation of those grains (Deike et al., 198Mce
these accumulations have Fe, Mn and P contenttasitoithose of crusts from recent oxidized zotiesy could
be relicts of existing Fe and Mn layers buriedesponse to global paleoclimate changes (Graniak, €i993).
For instance, on Academician Ridge, the enrichrirehbth vivianites and Fe/Mn crusts was observeellid0
pm fraction within the sediment interval 400-600 loetow the sediment surface (Grachev et al., 199&ike et
al. (1997) suggested that buried Fe/Mn crusts farthe transition between glacial and interglap&iods, after
high glacial melt-water discharge but before higiidgical productivity in the lake. In the regiofi o
Academician Ridge, Mats et al. (2000) proposeddhatent Fe/Mn crusts of continental origin might b
submerged by tectonic events. Such material migitviesas an initial source for further Fe and Mrgdizetic
redistribution under conditions of slow sedimemtatand a deficit of sedimentary organic carbondgpof an
oxidation front in a nonsteady-state diagenetitesyqGranina et al., 2003). Thus, Fe/Mn crusts fodieep
below surface sediments may not be markers ofghasatic events, as was suggested previously (Defile.,
1997), but may be a result of downwards deeperfitigecoxidation front downwards the sediments (Graret
al., 2003).

3. Materials and methods
3.1. Sampling sites and material

We investigate four cores from South Baikal (PadeplBank: CON01-604, 52.0795°N 105.8575°E, at a&wat
depth of 133 m), Academician Ridge (VER98-1-3: 889°N 108.3172°E at a water depth of 373 m; VER98-1
14: 53.5230°N 107.9694°E at a water depth of 412mad) North Baikal ("Continent Ridge": CON01-603,
59.9633°N 108.9130°E, at a water depth of 386 rig). (F Table 1). The cores, sampled on the undemwat
uplifts, are unaffected by turbidite-like deposikhe hemipelagic sediments are composed of teidgdayey
silt and/or silty clay mud, interlayered with bigge diatom-rich mud (Fig. 2). The detailed lithoicg
descriptions are presented elsewhere (see Fagkel 2003 for Academician Ridge VER98-1-3 and VER984
cores; Charlet et al., 2005-this issue for the B&gand Continent cores). On both Academician@adtinent
Ridges, the sedimentological features contain zoheediment reworking (e.g., by slumping and/aeging)
related to the complex tectonic history of thosights (Ceramicola et al., 2001; Charlet et al.,3€s issue).
Continent Ridge is a more or less isolated hightypeonnected to the Academician Ridge. PosolsaylBis
located in the vicinity of the Selenga Delta, otoanplex boundary system between the Southern @an@ehntral
Baikal sub-basins. The core was recovered on & of the tilted fault block, in an area chardstst by
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undisturbed sedimentation relative to the margins.

Fig. 1. Location of investigated cores (stations are showiopen circles) in Lake Baikal, Siberia. In aduit
the shaded region highlights the area where theiaedations of vivianite were found at the statishewn by
numbers (Romashkin et al., 1993; Granina and Caien2001; Granin and Granina, 2002; A. Gvozdkov,
personal communication). This area located oppdbiéeSelenga Delta is noted "vivianite area" in tlxet.
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In Lake Baikal sediments, stratigraphy and coreetation are derived from diatom assemblages (Brgdét
al., 1994; Likhoshway, 1998) and a f&€ AMS dates (Colman et al., 1995). The diatom-setimentary
layers correspond to warm, interglacial intervalg] the clay-rich layers to the cold, glacial iméds. The age
model for the two Academician Ridge cores has dirdeeen detailed by Fagel et al. (2003). The pregos
correlations between Posolsky and Continent caesrted in Fig. 2 are based on sediment texturgddnce
of diatom frustules (Hauregard, unpublished data)) magnetic susceptibility (Demory et al., 2005issue).
All the sediment cores cover the last two to foueiglacial stages (>250 ky). Taking into acconmtthickness
of clay-rich intervals in the different cores, waimate that sedimentation rates are at least tagdggh in core
CONO01-604-2 (Posolsky Bank) than in the three otloees. This is partly due to the close locatiothef
Posolsky Bank to the Selenga River, which bringsuafd5% of the total suspended sediments intoake |
(Agafonov, 1990). The mean sedimentation rateestimated to be ca. 11.7 cm/ky for Posolsky Ban#, ca.
6.3 cm/ky for Continent Ridge (Demory et al., 208&-issue).
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In the text, we refer to an additional core takemfthe Vydrino Shoulder in the Southern basin¢d@®NO1-
605-3, Fig. 1). The lithology of this site contmastith the four previous cores; the sediment isnfgai
terrigenous in nature, consisting of sandy (tutbg)i or silty sediments with a few diatom frustulests upper
part (Charlet et al., 2005-this issue). The siteh@racterised by high sedimentation rates, ca.criRy
(Demory et al., 2005-this issue).

Table 1 Location of piston cores, Lake Baikal

Location Site name Core name Latitude, Longitude, Water  Core Studied
°N °E depth, m length, m interval, m
South Basin Posolsky Bank CONO 1-604-252.08 105.86 133 10.03 0-6.24

Sill between Central Academician VER98-1-14 53.52 107.97 412 9.80 0-7.73
and North basins  Ridge

Sills between Centre Academician VER98-1-3 53.75 108.52 373 10.92 0-8.35
and North basins  Ridge

North Basins Continent Ridge CONO 1-603-253.96  108.91 386 11.30 0-11.30

3.2. Methods
3.2.1. Major and trace geochemistry of bulk sedit®i@nd concretions

The sediment cores were sampled with a resolutid® @m, resulting in a total of 290 samples (Table

Around 250 mg of dried sediments was mechanicallgled through 100-200-pm mesh then processed by an
alkaline digestion (Lithium meta-borate) in a Riaible at 1000 °C for 1 h. The residue was dissblweer night

in a nitric acid matrix and then major and minareénts (Al, Ba, Ca, Fe, K, Mg, Mn, Na, P, S, Sj, 9y were
analysed by Atomic Emission Spectrometry ICP-AEBefmo Optek Iris Advantage, Royal Museum for
Central Africa, Tervuren, Belgium). Y and Au intatrstandards were used to correct for instrumetnttil For
both trace and major elements analyses, extertiatations were performed using artificial standaadutions

and dissolved mineralised natural rock standagl,(BHVO-1, DWA, CCH-1 SGR-1, JGB-1).

In order to get a complete geochemical signatute?-tich concretions, chosen among the differeres;overe
acid digested (Tables 3a, 3b). In a clean laboyafo? to 36 mg of concretions were digested oggatniin a
concentrated mixture of Suprapur acid (3 ml HC1IHIKO4/1 ml HF) at 90 °C in sealed Teflon beakers. After
evaporation to dryness, the residue was dissolv@dsi ml of 2% HNQ Suprapur and diluted to 12 ml with
Milli-Q water. During the same procedure, we halg® aissolved and analysed, for comparison, a pinianite
from Anlua, Cameroon (tubular crystals, MRAC cdlien).

Major elements were analysed, like the sedimenpszsnby Atomic Emission Spectrometry ICP-AES, and
trace elements by Inductively Coupled Plasma MaestBometry ICP-MS (V&lemental Plasmaquad PQ2+).
The following trace elements were measured init@pés (Sc, Co, Cu, Zn, Ga, Ge, Rb, Sr, Y, Zr, Mb, Cs,
Ba, La, Ce, Pr, Nd, Eu Sm, Gd, Dy, Ho, Er, Yb, bfi, Ta, W, Pb, Th, U). Oxides were minimised by ckiag
that ThO is less than 2% of the total Th in an artifici@redard solution. Matrix and instrumental drift etfe
were continuously monitored and corrected by méaguhe fluctuations of four internal standardf&R(, **In,
18Re,?™Bi) added to the samples. Accuracy determined tnational mineralised rock standards was
typically within 10% of literature values for masements. Experimental blanks (acid digestion dambere
processed under the same conditions as the saamldbe blank signals were subtracted.

3.2.2. Mineralogy of the concretions

Using the bulk geochemistry data, we have systealbtiselected the samples (i.8=24) that contain
enrichments in Fe and P. Samples were sieved wvater at 63 pm in order to concentrate the coramsti
Those layers are usually well identified on theadiographies of the sediments, characterised bgdberrence
of millimeter-sized rounded grains, isolated ora@mtrated within a continuous or discontinuous tation
(Fig. 2). In addition, we have also sampled andesighe continuous concretion-bearing layers eiddron the
X-radiographs, although not sampled for bulk geauk&y. The concretions were isolated by handpigkin
under binocular lens.

The morphology of the concretions and their semitjtative chemical analyses were obtained with @UJE
Scanning Electron Microscope with Energy DisperSpectrometry (SEM-EDX, ULg, Belgium).
Identifications of the minerals were performed witPhilips PW-3710 diffractometer using 1.9373 AFe
radiation. The unit-cell parameters (Table 4) wealkeulated with the least-squares refinement pradr&€LSQ
8.4 (Burnham, 1991), from thespacings corrected with an internal standard ¢NER),. Electron-microprobe
analyses (Table 5) were completed on a selectigmaihs from 11 samples, with a CAMECA SX-50 ingtant
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(University of Louvain-la-Neuve, Belgium), under accelerating voltage of 15 kV and a probe curoér0
nA. The standards used were the Kabira graftoRige {n, P; Fransolet, 1975), corundum (Al), oliv{ihg),
wollastonite (Si), and willemite (Zn). Infrared si& were recorded on a NICOLET Nexus spectromértam
50 scans with a 2-chresolution, in the range 400-4000 triThe samples were prepared by mixing 2 mg of
mineral powder with KBr, in order to obtain a 15@homogeneous pellet. To prevent water contaminati®
measurements were made under a dry air purge.

Fig. 2. Simplified lithological columns of investigatediseent cores (plotted from South to North). Modifie
from Hauregard, unpublished data. The tentativaelation between the cores is based on lithology an
magnetic susceptibility (Hauregard, unpublishedag@emory et al., 2003). The depths of concretiich-r
layers are reported with regard to the lithologicalumns. Plain line: direct observation of X-ragiraphs;
dotted line: observations after >63 pm sieving.
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Table 2 Composition of major oxide in bulk sediments frakelBaikal: ICP-AES data from P-rich samples

Location Core Depth Lithology Al,03, SIO,, F&0sy TiO, MgO, MnO, CaO, NaO, K,O, P,Os, PF, S Total, SIO, s,
cm % % % % % % % % % % % % % %
American Ridge VER98-1-3 87.9 Diatom+Clay, Silt 14.3 55.3 12.0 0.63 2.04 0.79 168 1.80 2.35 3.13 6.61 0.06 100.6 14.4
208.5 Diatom+Silt 11.3 68.1 6.00 051 161 021 141 165 1.96 0.91 6.64 0.07 100.3 45.1
316.7 Diatom 11.0 68.2 6.33 055 1.67 0.23 164 1.62 1.87 0.90 6.02 0.11 100.2 46.4
416.2 Clay+(Silt, Diatom) 16.2 57.2 9.45 0.81 243 0.21 199 2.05 298 0.60 5.80 0.42 100.2 5.8
549.9 Clay, Silt 17.1 55.3 10.2 0.80 2.72 0.33 1.83 2.00 3.16 1.43 5.29 0.11 100.3 0.0
638.3 Diatom+Clay, Silt 10.7 65.0 5.05 050 158 0.17 141 157 174 0.66 nd. 0.04 885 453
705.0 Clay, Silt+(Diatom) 15.9 59.8 7.95 0.74 262 026 192 216 2.79 0.92 547 0.11 100.7 11.8
American Ridge VER98-1-14 280.7 Diatom+Clay, Silt 13.7 63.9 7.73 0.57 194 024 150 1.62 2.27 0.85 5.65 0.14 100.1 28.4
599.2 Diatom+Clay, Silt 11.4 70.3 5.98 046 158 0.14 142 161 1.88 0.39 532 0.13 100.7 45.7
630.2 Diatom+Clay, Silt 14.7 61.7 7.69 0.60 2.09 0.42 144 167 248 1.21 6.25 0.16 100.4 20.5
640.8 Diatom+Clay, Silt 14.0 64.0 7.07 0.59 215 030 160 1.78 2.42 0.74 6.13 0.09 100.9 26.8
Continent Ridge CON01-603 190.0 Clay, Silt+(Diatom) 17.0 57.8 9.09 0.86 2.75 0.48 1.88 2.09 3.13 1.37 591 - 102.3 2.1
380.0 Diatom+Silt 13.8 62.7 8.23 0.63 2.00 0.28 162 1.86 2.36 1.68 6.24 - 101.4 26.8
500.0 Diatom+Clay, Silt 14.1 64.2 7.87 0.66 2.16 0.36 1.68 1.83 2.43 1.23 5.83 - 102.4 27.0
Posolsky Bank CONO01-604 90.0 Clay+Silt 18.2 53.2 8.73 0.97 289 0.23 189 2.13 3.18 0.56 5.01 - 97.0 0.0
170.0 Clay 17.4 56.4 8.06 096 269 0.19 179 198 292 041 655 - 99.3 0.0
180.0 Clay+(Silt) 17.4 58.4 7.68 095 260 0.18 188 2.14 293 050 6.02 - 100.6 1.0
220.0 Clay+Silt 16.2 54.2 7.91 0.89 244 025 2.04 235 2.83 0.65 573 - 955 04
240.0 Diatom+Clay, Silt 16.6 56.2 7.81 090 250 0.20 193 2.20 2.86 0.48 6.26 - 98.0 1.9
320.0 Diatom+Clay, Silt 17.2 57.5 8.21 0.89 251 0.18 1.77 2.04 290 052 6.38 - 100.1 0.6
420.0 Clay, Silt +(Diatom) 17.1 58.9 8.67 090 255 041 184 214 295 1.06 6.41 - 102.9 3.3
450.0 Clay+(Silt) 16.7 53.5 8.20 091 262 022 182 2.04 286 0.60 6.65 - 96.0 0.0
510.0 Clay+(Silt) 16.5 56.8 8.06 093 257 028 198 217 285 0.75 6.11 - 99.0 3.3
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Table 3a Major composition (wt.%) of concretions, ICP-AESasi@ements

Location Core name Depth, Type Al, Si, Ti, Ca, Mg, Na, K,% Fe, Mn, P, s, % Fe/Mn, P/Mn,Fe Mn P
cm % % % % % % % % % wt/wt  wi/wt
normalised wt.%
Academician Ridge
VER98/1/3 208 1 14 0.00 0.050.48 0.190.16 0.35 22 1.7 11 0.10 13 6.5 64 4.8 31
VER98/1/3 316 1 1.0 0.00 0.050.24 0.200.090.25 21 25 10 0.29 8.4 40 63 7.4 30
VER98/1/3 416 2 1.2 0.000.07 0.41 0.330.150.39 24 14 15 0.37 17 11 59 34 37
VER98/1/3 638 2 0.79 0.00 0.04 0.32 0.200.06 0.17 24 34 12 0.02 7.1 34 62 87 29
VER98/1/3 705 1 1.1 0.00 0.07 0.41 0.300.30 0.40 20 54 14 0.10 3.7 27 50 14 36
VER98/1/3 723 1 0.82 0.00 0.05 0.33 0.240.12 0.27 21 6.7 12 0.36 3.2 1,8 53 17 31
VER98/1/3 728 1 0.80 0.330.04 0.35 0.240.150.24 25 55 11 0.17 45 20 60 13 27
VER98/1/14 600 1 0.33 0.00 0.02 0.29 0.140.030.11 26 3.2 14 0.05 7.9 44 59 75 33
VER98/1/14 630 1 0.63 0.00 0.04 0.28 0.20 0.00 0.24 23 76 12 0.14 3.0 16 54 18 28
VER98/1/14 640 1 0.83 0.14 0.04 0.31 0.240.11 023 22 7.1 11 0.17 3.1 15 55 18 27
North Basin
CONO01-603-2 381 3 0.75 0.26 0.03 0.31 0.220.08 0.17 28 3.1 11 0.00 9.0 38 66 7.2 27
CONO01-603-2 500 2 1.1 0.47 0.050.34 0.300.29 0.30 23 50 11 0.18 4.7 22 60 13 28
South Basin
CONO 1-604-2 180 3 1.3 0.000.070.39 0.330.15041 18 36 7 025 50 20 62 12 25
CONO 1-604-2 510 3 2.0 0.000.130.58 0.460.06 0.34 24 65 11 0.08 3.7 16 58 16 26
Min baikal 0.33 0.00 0.02 0.24 0.140.00 0.112 18 14 7.3 0.00 3.0 15 50 34 25
Max baikal 20 047 0.130.58 046030041 28 76 15 0.37 17 11 66 18 37
Cameroon pure 0.18 0.16 0.03 0.02 0.14 0.00 0.01 35 0.07 14 0.00 494.19 206.7 70.4 0.142 29.5
EF baikal/ 11 29 40 26 33 31 0.8 108 1.1 190

Cameroon
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Table 3b Trace element composition of concretions, ICP M&smements

Location  Core name Depth Type Co, Cu, Zn, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Pr, Nd, Eu, Sm, Gd, Dy, Ho, Er, Yb, Lu, Hf, Ta, Pb, Th, U,
cm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Academician Ridge
VER98/1/3 208 1 11 167 56 17 257 120 94 23 643 119 220 23 78 341 16 19 18 35 10 83 13 040 0.18 13 28 55
VER98/1/3 316 1 29 84 44 13 94 45 65 19 179 48 118 12 37 180 87 88 84 15 46 44 065 029 0.17 40 21 260
VER98/1/3 416 2 14 54 34 20 118 37 13 24 210 40 96 86 30 134 58 68 54 12 35 29 045 038 0.18 66 29 238
VER98/1/3 638 2 16 120 77 11 100 53 78 22 234 45 76 87 29 14164 78 81 16 50 41 071 033 017 71 20 14
VER98/1/3 705 1 40 48 46 21 106 9.2 11 26 330 13 23 28 10 042 19 19 14 0.29 085 0.76 0.12 0.32 0.17 6.1 35 10
VER98/1/3 723 1 133 55 55 14 82 79 10 20 221 84 15 19 71 037 15 15 11 0.24 0.73 0.60 0.11 034 0.15 65 26 53
VER98/1/3 728 1 34 48 35 12 67 74 78 15 174 73 13 17 63 027 13 13 097 021 065 052 0.09 023 011 45 21 5.2
VER98/1/4 600 1 29 44 29 54 64 6.1 56 086 237 36 6.6 096 3.8 0.23 097 1.1 093 0.19 056 041 0.09 0.19 0.09 28 1.0 8.1
VER98/1/14 630 1 33 44 53 11 57 10 85 16 162 11 17 21 81 042 19 22 15 034 10 085 015 031 017 53 21 20
VER98/1/14 640 1 84 41 31 15 64 84 11 18 212 81 16 19 68 029 14 14 11 024 068 0.60 0.10 031 0.12 44 26 8.7
North Basin
CONO01-603-2 381 3 20 56 26 13 62 86 12 17 281 91 17 22 82 036 1.7 16 13 0.26 0.76 0.68 0.11 033 0.19 53 26 6.1
CONO01-603-2 500 2 55 73 37 17 79 11 16 24 379 11 18 25 96 039 19 19 14 0.29 086 0.76 0.12 044 026 68 31 79
South Basin
CONO01-604-2 180 3 65 19 56 22 78 88 20 35 281 94 20 26 10 057 23 23 16 032 095 0.87 0.14 0.67 036 6.8 3.1 0.82
CONO01-604-2 510 3 24 39 195 29 102 83 17 38 477 10 20 27 10 063 25 19 15 030 102 0.99 020 0.66 0.47 95 36 14
Min baikal 11 19 26 54 0 61 56 086 162 36 66 1.0 3.8 023 10 11 093 0.19 056 041 009 0.19 009 28 1.0 0.82
Max baikal 133 167 195 29 257 120 20 3.8 643 119 220 23 78 34 16 19 18 35 10 83 13 067 047 40 3.6 260
Cameroon pure 1 14 7.1 042 7 07285 21 20 16 30 038 14 0.09 030 0.25 0.18 0.03 0.08 0.06 0.01 0.20 0.13 0.80 0.26 0.08
EF baikal/ 197 116 28 69 39 167 2 2 32 75 73 60 56 38 55 74 100 109 132 142 155 3 4 51 14 3092

Cameroon
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Table 4 Unit-cell parameters and Mn(Fe+Mn) ratios of viviges from Lake Baikal

Position core Sample depth (cm a (A) b (A) c(A) () Vol. (A% Mn/(Fe+Mn)
VER98-1-14 630 10.097(9)13.505(7) 4.727(3) 104.66(6) 623.7(5) 0.26
VER98-1-14 640 10.116(9) 13.489(7) 4.724(3) 104.77(6) 623.2(6) 0.32
VER98-1-3 208 10.082(9)13.461(7) 4.712(3) 104.61(7) 618.9(5) 0.16
VER98-1-3 638 10.117(7)13.43(1) 4.714(4) 104.79(8) 619.2(6) 0.16
VER98-1-3 728 10.114(6) 13.453(7) 4.709(4) 104.77(6) 619.5(5) 0.28
CONO01-603-2500 10.109(7)13.441(7) 4.713(3) 104.86(5) 618.9(4) 0.27

CONO01-603-2 180 10.10(1) 13.46(1) 4.715(3) 104.66(8) 620.4(7) 0.20
Catavi, Bolivid ~ 10.030 13.434 4.714 102.73 619.6 0.00

#Rodgers et al. (1993).

Table 5 Selected electron-microprobe analyses of viviasiteé santabarbaraite from Lake Baikal

Piston core VER 98-1-14 VER 98-1-14 VER 98-1-3 VER 98-1-3 VER 98-1-3 VER 98-1-3 CON01-603-2 CON01-604-2

Sample deptt 630 640 208 208 638 728 500 180
(cm)

Number of 6 4 9 5 3 2 5 2
analyses

SiO, 0.12 0.13 0.04 0.23 0.72 0.16 0.04 0.96
Al,O4 0.03 0.03 0.03 1.91 0.29 0.04 0.01 0.41
P,O5 29.12 28.91 29.14 26.99 30.18 29.49 28.71 28.28
MgO 0.18 0.21 0.1 0 0.24 0.15 0.25 0.24
Zn0O 0.71 0.62 0.64 0.66 0.64 0.79 0.71 0.58
FeO 30.79 28.07 34.93 34.29 30.72 31.63 31.63 31.97
MnO 10.89 12.79 6.46 0.27 6.96 11.55 8.91 8.11
H,0P 29.54 29.32 29.56 - 29.1 29.92 29.13 28.69
Total 101.38 100.08 100.9 64.35 103.9 102.82 99.39 99.24
Cation numbers

Si 0.01 0.1 tr. 0.02 0.07 0.01 tr. 0.08
Al tr. tr. tr. 0.2 0.02 tr. tr. 0.04
P 2 2 2 2 2 2 2 2

Mg 0.02 0.03 0.01 0 0.03 0.02 0.03 0.03
Zn 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.04
Mn 0.75 0.89 0.44 0.02 0.46 0.78 0.62 0.57

Analyst: J. Wautier. The cation numbers were cakeual on the basis of 2 P per formula unit.
& Santabarbaraite sample.
P Calculated values assuming 80Hin the structural formula of vivianite.

4, Results
4.1. Distribution of vivianite concretions in sedints

All of the studied cores feature numerous occumsnof tiny vivianite concretions. They were obserat
different scales, from X-radiography to SEM (Fig. @n X-radiographs, the concretions occur as dsggkegrains
up to 5 mm in size, scattered millimeter-sizedaktseor concentrated and aligned forming millimetiic
centimetric layers (Fig. 3A).

The concretions appear along the whole length cfi sadimentary record with no clear general retatiip with
lithology (Fig. 2). In diatom-rich intervals, themcretions are observed either in homogeneous sedion in
diffuse to faintly laminated sediments, whereaslay-rich intervals, the concretions often undeclarsely
laminated sediments. There is no obvious relatipnisétween the occurrence of the concretion-rigkis and
sedimentary features related to bioturbation ciotgcs. However, 42 of the 47 concretion-rich sarsmbserved
on X-radiographs for the Academician Ridge and @ent Ridge sites occur in diatom-rich intervalsdanly
the remaining 5 in clay-rich intervals). By contras Posolsky Bank, most of the concretions arseoled in
clay-rich intervals (9 out of 16). If we take irdacount the timespans covered by the ContinenPasdlsky
piston cores, the number of concretions observedgithe same time period is similar at both sftesaverage 1
concretion each per 3-4 ky).
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Within the framework of the EU-CONTINENT propos&\K2-CT-2000-0057), the sediments of Continent and
Posolsky sites have been systematically sievedavith-cm sampling resolution. We observe at least 1
supplementary levels characterised by vivianitaioence in the Posolsky core and at least 18 iCtminent

core (Fig. 2). This observation confirms the peutiistribution of the concretions at Posolsky &i@% in clay-
rich samples) compared to the Academician RidgeGordinent Ridge sites (90% in diatomrich samplisjhe
Continent core, numerous concretions have beendmicted by binocular observation at the basedidtam-

rich and highly bioturbated interval (CON01-603t®549-709 cm, Fig. 2). By contrast, at the VydrBlooulder
from the South basin (core CON01-605-3, Fig. 1)concretions (at least in the >63-um fraction) waetected.

Fig. 3. Vivianite morphology at different scales. (A) X4i@gtaph photography—Distribution of concretions in
sediment core: the concretions are concentratespatific depths along the core, defining repeatedihations
every few millimetres. Sample: Diatom-rich levehfr VER98-1-3, Academician Ridge. (B) Thin sectitege—
Concretion showing a colour zonation from a bluatca part to a yellow border. Sample: Short corenfi
Posolsky site, CON01-427-8 (X. Boes, unpublishea) dgC) SEM microphotography-Fine lamellar struetiwf a
blue, fresh concretion. Sample: Diatom ooze frorR¥&1-3, Academician Ridge, 705 cm. (D) Microprobe
photography—Colour and structural zonation of opaaretion: its center part displays a lighter arariellar
structure, its border is darker with no visibleembal structure. Sample: Diatom ooze with claysrfrdER98-1-3,
Academician Ridge, 208.5 cm.

A

4.2. Geochemistry of bulk sediments

The geochemistry data of all the studied sedimsatsples are available upon request to the firstomuResults
are expressed as weight of % oxides. The majoresxd0s, TiO,, MgO, CaO, NgD, K,O evolve in parallel and
in an opposite way to total S}OThis mainly reflects the dilution of detrital gksy intervals by biogenic SO
derived principally from diatom frustules (othemstituents include sponge spicules and chrsyplogkes and
cysts). The calculation of the excess Sifives a good estimation of the biogenic silicaa@ordance with the
diatom abundance curves (data for Academician Ridge Fagel et al., 2003; data for Continent anddiky
cores from Morley and Rioual et al., unpublishethjla

For each core, the chemical composition of majédeswithin the P-enriched layers is reported ibl€2. BOs
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and MnO exhibit peculiar distribution curves withircident peaks in both profiles. Nine peaks aemniified in
core CONO01-604, seven in VER98-1-3, four in coreR@B-1-14, and three in core CON01-603-2 (TablérR).
addition, FgO; displays systematically high content at the sasmellbut with a less pronounced enrichment
relative to the background signal. Maxima gDPand MnO reach 3.13% and 0.79%, respectively, anlase
layers, phosphorus is characterised by enrichnaetdifs of up to 11 times with respect to the mésatkground"
sediment composition (Fig. 4A). Note that Patrike€1963) reported Bs enrichments up to 100 times in Lake
Baikal vivianites compared to the surrounding ledékliments. The manganese is enriched up to sis t{Fig.

4A). The Fe content (max. 12% of-,Bg, not shown on figure) reaches up to 1.6 timesitkan sediment content.
For comparison, previous bulk geochemical analgééske Baikal sediments from three sub-basinsnazmb
similar maxima values of 3% for,®s, 1.3% for MnO, and 12% for F®; (e.g., Romashkin et al., 1993). There is
no obvious relationship between the abundanceagfdriic silica (estimated by excess giénd the enrichment in
phosphorus (Fig. 4B).

Fig. 4. Bulk geochemical signature of sediments from c@®@58I01-604 (Posolsky Bank), CON01-603 (Continent
Ridge), VER98-1-3 and VER98-1-14 (Academician Rid@gta from ICP-AES (MRAC, Belgium). (A) MnO vs.
P,Os (Wt.%) diagram; P-rich samples compared with tlaekground samples. (B) SiQ vs. BOs (wt.%)

diagram. The excess of silica is an estimationiagénic silica and consequently reflects the diatbundance in
the sediments. It is defined as followed: SISSIO; t6ta-SIGs getital; SIO» detrital is estimated from measured
Al,Ozand reference Si/Al crustal ratio (Taylor and Mchan, 1985). The diagram emphasizes the range of
biogenic silica content of the P-rich samples. Pagch samples do not coincide with the richestalia-samples

in any of the core sediment samples.
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4.3. Mineralogy and geochemistry of vivianite caticms
4.3.1. Mineralogy of the concretions

Examination of the concretions in thin sectionddatkes the occurrence of two different phases.firsieone
exhibits a blue colour, and is characterised bgréept cleavage, visible on the SEM photographg. (BC). X-ray
powder diffraction indicates that this phase cquogsls to vivianite, R&'(PQy),.8H,0. The unit-cell parameters
of selected vivianite samples are shown in Tableh&reas their microprobe analyses are shown ifeTab

Some concretions display a yellow to brownish sorrounding the blue center of vivianite. This male
zonation is noticeably visible on the back-scatterkectron microscope photographs, as shown in3Big.The
yellowish mineral, which does not show any cleayagamorphous (X-ray powder diffraction). Thiglicates
that it probably corresponds to santabarbaraitg; (F©;),(OH)s.5H,0, a recently described mineral species
which is an amorphous alteration product of viviarfPratesi et al., 2003). The electron-microprabalyses
(Table 5) confirm this identification, as well &etinfrared spectrum shown in Fig. 5. Comparethéospectrum
of vivianite, the infrared spectrum of santabarliarshows broad absorption bands (Fig. 5), thusircoimg its
amorphous nature. This broadness is clearly eviteircthe 1100-400-cthregions, which corresponds to the
PO, stretching and bending vibration modes (Farmer4)9

Fig. 5. Infrared spectra of vivianite (VER 98-1-3, 728 @njl santabarbaraite (VER 98-1-3, 208.5 cm) fromeLak
Baikal.

A
—_ Santabarbaraite
N
g
3
R g
8
g g
£ 9
g &
3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm'l)
B
Santabarbaraite

Transmittance (arbitrary unit)

3
1 1 1 1 ~
3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm™)

4.3.2. Geochemistry of the concretions

The ICP-AES analyses confirm the wide range ofatemns in the Mn content of the Lake Baikal cotiores

(Table 3a): elemental Mn varies between 1.4% a6&b7By contrast, the P content varies only by &ofacf 2
(from 7.3% to 15%). Consequently, the P/Mn (wt/vetjo fluctuates between 1 and 10. There is noifsignt
correlation between Mn and any other trace elenematysed (Table 3b).

However, the geochemistries of concretions frome Bkikal sediments are significantly different thie
signature of a pure vivianite from Cameroon (TalBas3b). The shale-normalised REE pattern of |Bikal
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concretions is flat, and the REE (and especiabyHIREE) are 50 to 150 times more concentratedithan
Cameroon vivianite (Fig. 6). This REE-enrichmeritagts a contamination by a detrital componentefitake
Baikal concretions. Samples from core VER98-1-3theemost scattered: the sample collected at 208 ¢the
most enriched in REE, with values up to five tirh@her than the shale reference (Taylor and McLenh@85).
Samples from core VER98-1-14 are usually deplettative to shale, and the sample taken from 60ncimis
core is the closest to the Cameroon vivianite ezfee. The samples from Posolsky and Continent dispsay
intermediate values between the shale and theniigiseference. Among the other trace elementsCDoand
especially U are strongly enriched in the Lake Bhdoncretions with respect to the Cameroon viv@ni
(enrichment factor=197, 116, and 3092 times, raspdg—Table 5). We noticed that the samples rithhes)
also contain the highest REE content (VER98-1-3&@8316 cm). They correspond to secondarily altéfe-
poor samples, characterised by a yellowish bottiese samples systematically display the highe& Ritues

(Fig. 6).

Fig. 6. Shales-normalised geochemical signature of isolateidnite concretions from Lake Baikal sediment
cores. Analyses by ICP-AES (Mn content, data frablel3a) or ICP-MS (trace elements, data from Tale
The composition of the vivianite from Anlua, Cansar¢MRAC collection) is plotted for comparison. Take
Baikal concretions are usually enriched with resgedhe Cameroun vivianite. See text for discussio
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5. Discussion

5.1. Origin of vivianite in Lake Baikal sediments

In lakes, the formation of iron phosphates, andaviie in particular, could be either authigeniad@genetic. In
the first case, vivianite is a primary mineral fegrby authigenesis in the water column (see, farmgte, Dean,
2002). The diagenetic model has been proposedriselei (1938) and Mortimer (1941). When the hypalimis
well aerated by water overturn, most of the irooxilized to the ferric form. The ferric hydroxidesecipitated
from the overlying water are stabilised in the sgslits by their subsequent interaction with P fraremwaters.
The ferrosoferric hydroxyphosphates are stablbeatmater/sediment interface. Beneath this levelniore
reducing conditions cause the complexes to dissahdeform vivianite by direct precipitation fromnewaters
(Nriagu and Dell, 1974).

In Lake Baikal, the entire water column is condiaanriched with oxygen due to low biological prativity and
regular deep water renewal of oxygen-rich surfaaters. As a result, the reduced iron does not axibie water
and vivianite cannot precipitate directly from thater column. The diagenetic model of vivianitenfation is a
better candidate for the lake. The oxic stage afeinesis is widely represented in Lake Baikal sedis)
especially in the areas of low sedimentation raté®re thick oxidized layers are formed at the reedit/water
interface. These layers may be related to the wnitgdormation.



Published in: Global and Planetary Change (200%), 46, iss. 1-4, pp. 315-336.
Status : Postprint (Author’s version)

5.2. Temporal and spatial distribution of vivianiteLake Baikal sediments

The temporal and spatial distribution of viviariiteLake Baikal sediments is unusual, and below va&eran
attempt to analyse which factors (i.e., biologjmaiductivity, sedimentation rate, porewater chemiahd
lithology) could favour the vivianite formation apdeservation.

5.2.1. Influence of biological productivity

There is no correlation between excess silica acdnent in vivianite concretions (Fig. 4B), thusnelationship
of concretions genesis with diatom paleoprodugtisitthe lake. Moreover, the south basin of Laké&Blais
characterised nowadays, by higher bioproductivitmpared to north and central basin of the lake. cdmtent of
sedimentary organic carbon (Corg.) is also (onayey the highest in the southern basin, i.e., 3% whereas
values for G in the surface sediments of the north basin araAmician Ridge are only 1.8% and 1.3%
respectively (Granina et al., 2000). The estimafdgogeochemical mass balance show that verg liitlany,
biogenic P is needed to support P burial in Lakikd8aediments; the content of P in surface sedimismalmost
the same in all basins (Callender and Granina, &09his suggests that bioproductivity does nacff
significantly the vivianite formation, and the samaht have been the case in the past.

5.2.2. Influence of sedimentation rates

The sedimentation rates for both the Academiciah ¢in/ky reported in Vologina et al., 2003; 2.6 &yin
Colman et al., 1993; around 4 cm/ky in Fagel et24103) and Continent Ridges (around 6 cm/ky, Dgmnetal.,
2005-this issue) are the lowest of the lake. Oenae of vivianites in these sites is in agreemattt the
statement that formation of vivianite is relategtidstantial accumulations of Fe and Mn hydroxisligisin
oxidized sedimentary layers and crusts (Knyaze9a41Deike et al., 1997). In the north basin andhean
Academician Ridge formation of sedimentary layaighly enriched in Fe and Mn hydroxides are favdurg
low, constant sedimentation rates, low contenediraentary G, high oxygen concentrations in the near-bottom
water, and deep oxygen penetration into the sedsr{@ranina et al., 2000; Mdller et al., 2002).viBltissolution
and re-precipitation of these layers takes 2 ty 8rd thus allows vertical movement of the layerkdep a
constant position with respect to the sedimentasrand prevents their burial as long as the sedatien regime
is constant (Granina et al., 2004). Changes irs¢ltémentation regime could produce buried Fe/Mersywhich
might serve as proxy indicators. Deike et al. ()%Yalysed such older layers with ages up to 6%ukg,found
evidence for their gradual conversion into viviardind siliceous mineral phases. These transfornsatice
supported by high Fe, Mn and P concentrations ofyater, which are maximal in the vicinity of battent and
buried Fe/Mn layers (Granina, 1991; Miiller et 2002).

The absence of any vivianite concretions in therihn@Shoulder core (a site characterised by fasdimentation
rates) agrees with the idea that vivianites inAbademician Ridge and the Continent Ridge sedinemtselated
to large accumulations of sedimentary Fe and Mndwides, typical of areas with slow sedimentatidowever,
vivianite displaying similar morphology and chemygparameters was also found in the Posolsky ¢ere a site
characterised by the a sedimentation rate of Ih/kKyc(Demory et al., same issue), which is at |éagte as fast
than in the other vivianite-rich sites investigatedhis study. Therefore, the occurrence of viitiaim the
Posolsky core weakens the hypothesis of a conttbleovivianite formation only by sedimentationaat
Moreover, vivianites are widely spread in the seuttbasin (see Fig. 1) which in general are charaed by
higher sedimentation rates (about 6.5 cm/ky onagereported by Edgington et al., 1991) comparéddeo
central and the northern basins. Such discrepanoigd underline the influence of porewater chemist the
different sub-basins of Lake Baikal.

5.2.3. Influence of porewater chemistry

Calculations show that vivianite production is midgtly to be formed within the sedimentary intdrjtest below
the thick oxidized layers. This is confirmed by tteeexistence of vivianite concretions and Fe/Mrsts in the
Academician Ridge sediments (Deike et al., 199&cBev et al., 1997). Reductive dissolution of thedr part of
thick Fe/Mn layers supplies up to 36nol 1* of porewater Fe and P, to 7 x ol 1* of porewater Mn
(Granina, 1991; Miiller et al., 2002), which arefisignt to provide diagenetic formation of viviagdt just below
the oxidized layers.

The saturation index of porewater with respectittanite is much lower for the Academician Ridgear
compared to Southern Lake Baikal. Extremely higrepater PG> and Fe concentrations [up to 9.4 and 5.4 mg
1, respectively (Granina and Callender, 2001)] vietmd at sites located opposite to the SelengaaDellbse to
the western shore near the Buguldeika River maeéh {vivianite area” in Fig. 1). In these sedimgtiis highest
supersaturation of the porewater with respectv@uite was recorded from 2-5 to 20-30 cm belowstbdiment/
water interface (Granina and Callender, 2001). Withis sedimentary interval, the porewater is nawsiched in
Fe and D due to intensive microbiological processesreductive dissolution of the lower part of txidized
zone. Moreover, the highest microbial activity wasorded in the sediments directly affected by3bkenga
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inputs (Mladova, 1971). The question arises ashatwhe reason may be for vivianite formation iis tiegion of
relatively high sedimentation rates that in turayemt the development of a thick oxidized layer knge
accumulations of Fe and Mn. The simplest idea ntighthe influence of the Selenga waters. The Sal&iger is
the main contributor of P (about 82% of riverinegended particulate P inputs to Lake Baikal; (Calér and
Granina, 1997a)] and Fe (Callender and Granina7iPdhese inputs could explain the highest costeht
porewater P recorded in the sediments opposit8dtenga Delta (Granina and Callender, 2001) atideimrea of
Posolsky Bank (Patrikeeva, 1963).

The source of P and Fe porewater for abundantnitei@enesis in South Baikal ("vivianite area" ag.R) is still
not assured. One of the possible scenarios (GeardrGranina, 2002) could be related to the metlyase
hydrates recently discovered in South Baikal sedisée.g., Vanneste et al., 2001; Van Rensberp, &002),
and in particular in the region of the Posolsky Béflerkx et al., 2003). We know from historicadiature that
the abundant death of fishes used to happen ocedisiin the lake. According to Granin and Gran{g@02), it
may be related to intensive methane escapes chysgetomposition of gas hydrates in the past. Aaohd
"burial" of dead fish could in turn lead to diagéodormation of vivianites due to the phosphorelease from
these decaying fishes accumulated in the sedinf@nénin and Granina, 2002). Zhmodik et al. (200®)rs the
same idea about the possible phosphorus sourcpldsphorite's formation in Academician Ridge sethits. If
this is confirmed, localized vivianite accumulatsozould serve as indirect evidence of ancient nmetlseepages
in Lake Baikal. All these speculations need mouelists to be confirmed or rejected.

5.2.4. Influence of lithology

In the Posolsky core, vivianite mainly occurs ie titay-rich intervals (60%) and the concretionsmftinderlie
coarsely laminated sediments. This would suggastviliianite formation is related to the input opended
sediments transported by the Selenga waters. How&vshown in Fig. 2, the sediments in South Baika
different from those in North Baikal and the Acadeian Ridge, due mainly to the presence of numerous
turbidites, the admixture of coarser sediments,ax$tantially less diatom-rich material (e.g., Mpha et al.,
2003; Charlet et al., 2005-this issue). Thus, tteumulation of vivianites in clay-rich intervals Rosolsky core,
in contrast to diatom-rich intervals in sedimemtsyf Academician and Continent Ridges, may justltésam a
specific composition of sedimentary material at gite. Assemblages of organic matter (Knyazevad)land/or
frustules of diatoms within vivianites or phosphesidescribed by Deike et al. (1997) and Zhmodi.g2001,
2002) may initiate concentration of vivianites. Shthe predominance of one or another within sedismeould
influence formation of vivianite concretions maimtyclay-rich intervals (Posolsky site) or in diatereach
intervals (Academician Ridge and Continent Ridges3i

5.3. Chemical composition of vivianite

Vivianites from Lake Baikal are characterised tpeauliar chemical signature. Our vivianites araadred in

MnO (up to 0.80% of MnO in bulk sediment—Table 2)harespect to previous measurements on Lake Baikal
vivianites (mean MnO=0.16% in Knyazeva, 1954). Heaveit is not easy to compare our analyses wigndiure
data since previously reported chemical compostioare usually not obtained from a pure vivianiié d&
mixture of vivianite and alteration products (ewgvianite and ludlamite in Great American Lakes—adu and
Dell, 1974). We suspect the low Mn content repoltgdnyazeva (1954) may be due to Mn loss durimipwite
alteration.

When exposed to the air, vivianite rapidly transferto santabarbaraite, a more oxidized phosphateradi
(Pratesi et al., 2003). This transformation expahe occurrence of an oxidized santabarbaraitewhich
surrounds a center of vivianite in some samplesrdfirobe analyses (Table 4) indicate also thatbamnbaraite is
significantly depleted in Mn, compared to vivianiténe relationship between Mn content and levehef
vivianite alteration is in agreement with Zhmodikaé (2001, 2002) who analysed phosphorites cifusts an
Academician Ridge core (53°E, 108°N, 277 m of wdtgsth). These crusts are similar in composition to
vivianites but are made of an amorphous phase: kbr@ent is quite low, ranging between 0.12 and 0.7
(Zhmodik et al., 2001), i.e., within a similar rangs our altered vivianite concretions. Their arhoys structure
and composition are similar to those of the buFReetrusts depleted in Mn found in the same areladike et al.
(1997).

Lake Baikal vivianites display a pronounced enrielinn MnO (Fig. 7) in comparison to pure viviaribet,
according to Rodgers et al. (1993), does not corsignificant amounts of Mn. We estimate the maximu
enrichment of Baikal vivianites, i.e., EFBaikal, the ratio between the maximum measured Mn coirtemir
samples and Mn data from the literature. For exapg#ochemical analyses on Bolivian vivianites ga®d.% to
0.04% MnO: EFBaikal ranges between 245 and 98Gréece, Stamatakis and Koukouzas (2001) have
emphasised the genetic relationship of FeO and Mrihosphate phases found in lacustrine clayeyuliaes.
They noted that the vivianite is the richest phagelin MnO, with up to 2.5% (wt.) within the nodu\&vianite
from Greece appears as anhedral masses, inclugittgrdfrustules, clays and detrital feldspars anartz. In
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Lake Baikal, Mn/P ratios of vivianites are clustkmgithin the same core but differ from one sitatmther (Deike
et al., 1997). This is related to porewater Mn eahwarying significantly from site to site duedifferent
intensities of diagenetic remobilization of sedita@p manganese (Granina, 1991). A relationship eetaMn
and (Fe+Mg+Zn) per formula unit (p.f.u.) for sektivivianite samples from Cameroon and Greece (@tdas
and Koukouzas, 2001), Bolivia (Rodgers et al., }3981 Lake Baikal is shown in Fig. 8. This goodretation,
with a slope close to -1.00, confirms a substitutieechanism Mfi—(Fe?*, Mg?*, Zr®"), responsible for the
insertion of Mn into the vivianite structure. Itatso important to note the very low Mn contensaftabarbaraite,
compared to that of vivianite (Fig. 8). Becausaaiiite samples from Lake Baikal show variable Mnteats, we
attempted to correlate the unit-cell parametergwénite with the Mn/(Fe+Mn) ratio calculated frotime
electron-microprobe analyses (Table 5). Howevesaitsfactory correlations were observed. This bay
explained by the heterogeneity of vivianite graimkjch prevents comparison of unit-cell parametérsm
single-point electronmicroprobe analyses with peaters from analyses of a mixture of several whidl@nite
grains.

Vivianite also displays a marked enrichment in RBECo and Cu. U enrichment (up to 90 ppm) has been
reported in phosphate crusts (called "phosphoritegh 21.8 wt.% BOs; <0.7% MnO) evidenced in diatom-rich
sediments from the Academician Ridge (Zhmodik t28101). These crusts are compositionally sintdar
vivianite, but are amorphous by X-ray diffractiomdaexhibit different Ca-, P-, and Fe-contents. Possible
mechanism of P concentration could be a post-sedangediage-netic redistribution (Zhmodrk et aD02). The
enrichment of both REE and U could reflect an goison process of large ions of lithophile tracenedats (and
trace metals) onto P-rich phases during diagepeticesses.

Fig. 7. Evolution of Mn content (normalised wt.%) measusadsolated concretions from Lake Baikal cores, i.e
from South to North: CON01-604 (Posolsky Bank), 9R-14 (Academician Ridge), VER98-1-3 (Academician
Ridge) and CON01-603 (Continent Ridge). Analysesioyoprobe (UCL, Belgium) or ICP-AES (MRAC,
Belgium). Data from Table 3a. The Mn content i€gkited taking into account only the measured %efd,

MnO and, BOs (the sum being at 100%). For Lake Baikal dataheemre is identified by the same symbol. Within
the same core, the label indicates the depth oféimeple. Data from literature are also reported: fcademician
Ridge and North Baikal, from (Deike et al., 199Bylivia from (Rodgers et al., 1993); Greece frorta(Batakis
and Koukouzas, 2001). The composition of vivigniten Cameroon (MRAC collection) has been determined
during the same analytical run as the Lake Baikaiwite samples. In Lake Baikal, the Mn conterttighly
variable throughout a core and from one site totheo. The concretions from the Academician Ridgeldy the
highest measured Mn content (up to 19% Mn). The Bdikal samples (except one reported by Deiké et a
1997) are enriched in Mn with respect to worldwidd@anites. See text for explanation.
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Fig. 8. Relation between Mn and (EeMg+Zn) per formula unit, for selected vivianite isantabarbaraite
samples. x : vivianite from Lake Baikal; santabarbaraite from Lake Baikat, vivianites from Cameroon,

Greece (Stamatakis and Koukouzas, 2001), and BqlRadgers et al., 1993).
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6. Conclusion

(1) In Lake Baikal, vivianites are diagenetic iigin. They could not be applied as a proxy forepglroductivity
The distribution of vivianites within sedimentsnist controlled by the lithology and there is noteysatic
vivianite accumulation in the interglacial diatorofrintervals. We thus conclude that vivianites disgenetic in
origin. Sedimentation rates and porewater cheméateymajor factors controlling the formation ofiirites in
Lake Baikal as long as P and Fe are supplied ficgrit amount.

(2) Lake Baikal vivianites are Mn-rich comparedatorldwide vivianites. Mn enrichment probably refie
diagenetic redistribution from precursor Fe andiydroxides.

(3) In North Baikal and the Academician Ridge areaternal sedimentary cycling during periodslofis
sedimentation provides a constant source of abunmaawater P and Fe by the slow dissolution ajgaamounts
of autochthonous Fe and Mn hydroxides accumulateddent and/or buried Fe/Mn layers. Changes in
sedimentation regime could gradually transformdmioxidized Fe/Mn layers into vivianites. The nuouer
layers bearing tiny vivianite concretions in NoBhikal and Academician Ridge sediments may reptdsaces
of former oxidized Fe/Mn layers and thus serveasgmarkers of low and changing sedimentation regim

(4) By contrast, in the Posolsky core sampled clodbe Selenga Delta, a site of relatively fastirsentation,
vivianites may be related to the composition of $#isdenga River inputs. They reflect an early diagjersignal,
although the source of porewater P and Fe for witgéa formation is not clear yet. In South Bailkaid in
particular at the Posolsky site, vivianite accurtialacould reflect past intensive methane escapa fhe
sediments but this is yet to be confirmed by furiadies.
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