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ABSTRACT 

The Gotland Deep is an isolated deep basin within the shallow and enclosed 

Baltic Sea. Due to a limited exchange with oxygenated surface water with stagnant 

deep water, the Gotland Deep has been commonly anoxic and laminated sediments 

have been intermittently deposited throughout the last -SlOO'^^Cyr. Using Scanning 

electron microscope techniques, individual laminae, down to 50fim in thickness, with 

distinct mineralogical, micropalaeontological, or geochemical composition have been 

identified and described. Depositional laminae sequences in the form of couplets, 

triplets, and quadruplets of diatomaceous and lithogenic laminae are observed with a 

thickness range commonly between 0.45-1.25mm (mean 0.75mm). Examination of 

the diatom assemblages suggests that these sequences of laminae represent annual 

deposits, or varves. Varves are relatively uncommon and typically occur in small 

intervals of 2-5 varves, which are interrupted by more indistinctly laminated and 

homogeneous sediments. 

The varves occurring in the Littorina sequence allow the placing of early 

diagenetic Ca-rhodochrosite laminae within the seasonal cycle as an exclusively 

winter-early spring deposit. This is in agreement with the seasonal distribution of 

major Baltic inflow events in historical records, and a direct causal link between saline 

inflows and Ca-rhodochrosite deposition is implied. Benthic foraminifera tests are 

also found to be encrusted with Ca-rhodochrosite, implying that benthic re-

colonisation during oxidation events occurs concurrently with Ca-rhodochrosite 

formation. 

Many trace metals including; Mn, Fe, Mo, U, V, Cd, Pb, Co, Ni, Cu, As and 

Zn, are observed to be enriched within both Ca-rhodochrosite and Fe-sulphide rich 

laminae. This is most likely to be caused by scavenging by particulate Fe-sulphides 

and Mn-oxides in the Gotland Deep, providing an effective sedimentary sink for these 

elements. 

The relatively common occurrence of small (50-100pm) hexagonal y Mn-

sulphide pseudomorphs is reported here for the first time. Although Mn-sulphide 

crystals are not usually preserved in these sediments, initial formation of Mn-sulphide 

may be more common than previous reports suggest. Several Mn-sulphide laminae, 

although heavily oxidised during sampling, are indeed directly observed within a 
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single organic-carbon rich interval. This demonstrates that Mn-sulphide is formed and 

preserved, at the expense of Ca-rhodochrosite, under more reducing conditions. The 

exact proportions of Ca-rhodochrosite and Mn-sulphide that may be produced 

following a major Baltic inflow event as a result of the progressive rapid microbial 

reduction of a Mn-oxy-hydroxide laminae, is primarily controlled by variation in pore-

water redox conditions. 

Although there is much interannual variation in formation and preservation, 

sedimentary Mn-enrichments represent a good record of groups of saline inflow 

events. Centimetre-scale periodic variation in Mn-enrichment is observed, which most 

likely relates to decadal-scale variation in saline inflows to the Baltic Sea, and by 

extension to variation in North Atlantic climate. 
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1 INTRODUCTION 

With 2 figures 

1.1 RATIONALE AND OBJECTIVES 

The Baltic Sea is a shallow enclosed basin, much of which is less than 50m deep. 

There are a few isolated deep basins including the Gotland Deep (250m), and the 

Bomholm Deep (80m) (Fig. 1.1). The Baltic Sea drains a watershed more than four 

times its area and there is limited exchange of saline North Sea water, producing the 

largest brackish water body in the world. As a result of this freshwater surplus, the 

Baltic Sea has a very strong salinity stratification, in which a low salinity, well-mixed, 

surface water layer (~2-8%o), is separated from more saline deep water (~ll-15%o) by 

a permanent halocline at 60-80m (Manheim, 1961; Kullenberg, 1981) that effectively 

restricts the mixing of surface and deep waters (Matthaus, 1990), and the deep basins 

are only flushed during periodic saline inflows of North Sea water (Matthaus, 1995), 

Sedimentation below the halocline in the Gotland Deep is characterised by 

accumulation of fine grained organic carbon-rich muds (Ignatius et al., 1981; 

Sohlenius, 1996) that have been intermittently laminated throughout the last -8100 

yr. 

The laminated Gotland Deep sediments represent a good record of climatic and 

environmental changes affecting the entire Baltic Sea (Rahm, 1988), and provide an 

opportunity to investigate the nature and origin of variability in ocean-climate 

processes on seasonal to centennial time scales. This study has utilised sediment core 

material collected by the Institute of Baltic Sea Research at Wamemuende (10 W), 

Germany, as part of the Gotland Basin Experiment (GOBEX) (Emeis and Struck, 

1998). SEM based techniques have been used to resolve the composition of these 

sediments down to laminae scales in order to characterise processes relating to: 

1. Individual sedimentation events, determining variation in biogenic production 

(diatoms) and lithogenic input. 

2. Relating these individual sedimentation events and sequences of sedimentation 

events to seasonal/annual processes and from this to develop an understanding of 

inter-annual variability and sedimentation rates. 
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3. Documentation of early diagenetic Ca-rhodochrosite laminae and their relationship 

to redox processes occurring in the Gotland Deep. 

4. Collection and analysis of continuous time-series data in order to delimit inter-

annual, decadal, and centennial scale variability in ocean-climate processes 

affecting the Baltic Sea. 

1.2 THE LATE PLEISTOCENE AND HOLOCENE HISTORY OF THE BALTIC SEA 

Since the onset of deglaciation, Baltic Sea stratigraphy has been controlled by 

the balance between global eustatic sea level rise and local isostatic uplift, leading to 

continual fluctuation of Baltic shorelines and connectivity to the North Sea (Fig. 1.2). 

The Late Pleistocene and Holocene history (approx. 13K years BP—present) of 

the Baltic Sea and corresponding sediments are traditionally divided into the 5 Stages 

summarised in Table 1.1. 

Baltic Ice Lake—An early ice-damned lake with sediments dominated by 

varved glaciogenic ice marginal sedimentation (Ignatius et al., 1981). These sediments 

are transgressive from south to north as the ice sheet retreated, producing thick 

(>200mm), coarse-grained, proximal varves close to the ice margin, and ever thinner 

and finer-grained distal varves (0.2-2mm) with increasing distance from the ice margin 

(Wastegard et al., 1995). Sediments have a low organic carbon content at approx. 

0.5wt% (Danyushevskaya, 1992). 

Yoldia Sea—Formed after a catastrophic switch of outflow thresholds as the ice 

sheet retreated, causing a 25m drop in lake level down to Yoldia sea level (Bjorck, 

1995). Despite the name 'Yoldia sea', brackish conditions persisted for only 200-

300yr during mid Yoldia times (Momer, 1995; Wastegard et al., 1995), where the 

dwarf marine bivalve, Portlandia 'Yoldia' arctica (Raukas, 1995), and brackish water 

diatom assemblages are preserved in a sub-millimetre micro-varved clay. 

Ancylus Lake—Rapid isostatic uplift then closed the connection to the North 

Sea through central Sweden and created this final lacustrine stage, during which a 

transitional clay facies was deposited. Although still dominated by glacially derived 

sediment from a distant ice sheet (Ignatius et al., 1981), the transitional sediments are 

homogeneous and have been post-depositionally stained grey by sulphide minerals due 

to downwards diffusion of sulphide from the later deposited Littorina sediments above 

(Ignatius et al., 1981). Sediments contain a moderate ~1.2wt% organic carbon 

(Danyushevskaya, 1992). 
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Littorina Sea—Connection to the North Atlantic, initiated by rapid eustatic sea 

level rise, established the brackish conditions that have persisted to the present day 

(Sohlenius et al., 1996a). The salt-water intrusion led to the progressive development 

of a strong salinity stratification between fresher surface waters and more saline 

bottom waters (Sohlenius et al., 2001). This permanent halocline inhibits vertical 

mixing and the Baltic's deep basins tend to be isolated and prone to anoxia, therefore, 

laminated sediments are common throughout the post-glacial Littorina muds. Littorina 

sediments are enriched in organic carbon, possibly due to increased biogenic 

production (Sohlenius et al., 1996a; Westman and Sohlenius, 1999), and contain 3.0-

5.5wt% organic carbon (Danyushevskaya, 1992). These sediments are rich in early 

diagenetic Fe-sulphides and Ca-rhodochrosite, indicating a reducing sedimentary 

environment (Bemer and Raiswell, 1983; Boesen and Postma, 1988; Huckriede and 

Meischner, 1996). 

Modern Baltic (or Limnaea Sea)—Essentially this stage represents a 

continuation of Littorina conditions, however isostatic uplift of the sill region has led 

to the restriction of saline inflow, reducing salinity in the Baltic Sea from approx. 15-

20%o to 2-8%o (Ignatius et al., 1981; Momer, 1995; Sohlenius et al., 1996a). Baltic 

conditions have remained fairly stable over the last 3 0 0 0 yr. 
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C Ka BP 14 

Sediment 
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Organic Carbon Salinity 
(wt%)^ (%.r 
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Assemblage 

Environmental Conditions 

Modern Baltic (or mixed laminated 
Limnaea Sea) and homogeneous 
Present—3Ka BP clay gyttja 

3.0-5.5 6-9 Brackish water 
diatoms^ 

Continuation of Littorina stage, however 
slow isostatic uplift of sill region led to 
the restriction of saline inflow, reducing 
salinity''^ 

Littorina Sea 
(inc. Mastogloia) 
3Ka—S.lKaBP 

laminated and 
homogeneous clay 
gyttja 

3.0-5.5 Up to 20 Brackish water 
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Initiated by rapid eustatic sea level rise, 
connection to the North Atlantic 
established the brackish conditions and 
salinity stratification that have persisted to 
the present day\ A 2-5% enrichment in 
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rhodochrosite laminae^® 

Ancylus Lake 
8.1—9.5KaBP 
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sulphide stained 
clay 

1.2 Fresh 
Water 

Fresh water mollusc Final lacustrine stage initiated by rapid 
Ancylus fluviatilis^ isostatic uplift^'^'^ 

Yoldia Sea 
9.3—lO.OKaBP 

glaciogenic micro-
varved clay 

0.4 40% Brackish water Formed after a catastrophic 25m drop in 
diatoms and dwarf lake level down to Yoldia sea levef, 
marine bivalve brackish conditions persisted for only 200-
Portlandia 'Yoldia' BOOyr. during mid Yoldia times '̂® 
arctica^ 

Baltic Ice Lake 
10.0 13KaBP 
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0.5 Fresh 
Water 
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Diatoms water from the Weichselian Ice Sheet 
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1.3 THESIS STRUCTURE AND MANUSCRIPTS RELATED TO THIS STUDY 

This thesis has been prepared as a series of 5 papers suitable for publication in 

peer reviewed journals. These 5 papers are linked by a common theme, i.e. the 

exploration of different aspects of the laminated sediments found in the Gotland Deep. 

Essentially Chapters 3-7 are almost identical to those manuscripts; however, some of 

the common background material, and methods, which are described in Chapters 1 and 

2 have been omitted from chapters 3-7 to avoid duplication. 

Chapter 3 presents a discussion of the biogenic and lithogenic laminae that occur 

in Gotland Deep sediments, placing them into the context of seasonal flux events and 

varves. Chapter 4 presents a sub-millimetre scale fabric and geochemical study of the 

occurrence of Ca-rhodochrosite laminae, relating Ca-rhodochrosite laminae to seasonal 

scale diagenetic processes; the occurrence of Mn-sulphide pseudomorphs are also 

reported. Chapter 5 explores the possible trace metal associations occurring within Ca-

rhodochrosite laminae. 

Chapter 6 builds further on the work presented in chapter 4, presenting 

millimetre scale geochemical record, and discusses in detail the diagenetic processes 

that cause Ca-rhodochrosite and Mn-sulphide to form in Gotland Deep sediments. 

Chapter 7 uses the millimetre scale geochemical record of Mn-enrichments presented 

in chapter 6 as a proxy-record of seasonal variations in Gotland Deep redox conditions, 

and relates this to variations in North Atlantic climate. Chapters 8 and 9 contain a 

short summary of the results and a brief outline of possible directions for further work 

following from this study. All figures are included at the end of each chapter as a 

series of separate plates. 

Two manuscripts relating directly to this study have now been accepted for 

publication, and are included in full on the data CD-ROM: 

Burke, I.T., Grigorov, I. and Kemp, A.E.S. (in press) Micro-fabric study of biogenic 

and terrigenous deposition in laminated sediments from the Gotland Deep, Baltic 

Sea. Marine Geology, (Chapter 3). 

Burke, I.T. and Kemp, A.E.S. A micro-fabric analysis of Ca-rhodochrosite laminae 

deposition, and Mn-sulphide formation in the Gotland Deep, Baltic Sea. 

Geochimica et Cosmochimica Acta, (Chapter 4). 

Chapters 6 and 7 are also currently in preparation for publication. 
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Figure 1.1 Bathymetry Map of Baltic Sea showing location of: 1. Darrs Strait; 2. 

Arkona Basin; 3. Bomholm Basin; 4. Stolpe Channel and the Gotland Deep. 
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Figure 1.2 Late Pleistocene and Early Holocene development of The Baltic Sea, 

modified from Lindstrom et al. (1994), and Sohlenius (1996). 
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2 METHODS AND MATERIALS 

With 4 figures 

2.1 CORE LOCATION AND INITIAL TREATMENT 

As part of the Gotland Basin Experiment (GOBEX), (Emeis and Struck, 1998), a 

5.64m gravity Core, 20001-5, was collected in the Central Gotland Basin at 

57°18.33N, 20°03.00E (Fig. 2.1), in a water depth of 243m, during cruise 94.44.13.2 

of WW Alexander Von Humboldt in August 1994. Initial core description and sub-

sampling was undertaken by staff of the Institute of Baltic Research at Wamemiinde, 

Germany, where the core was sub-sampled into 25cm wet sediment slabs and X-ray 

exposures were taken. The wet sediment slabs were vacuum packed in polythene bags 

to prevent desiccation. A radiocarbon '"'C-AMS age was obtained from a fish bone 

recovered from 205cm in core 20001-5 for Dr. U Struck (Institute of Baltic Research, 

Wamemiinde), with a reservoir correction of -400yrs. Two kasten cores, 201301-5 and 

201302-5, were also collected as part of GOBEX during cruise 4.3-13.3.96 of R/V 

Poseidon in February 1996, at 57°20.10N, 19°57.50E (water depth 237m) and 

57°15.14N, 20°11.99E (water depth 249m) respectively. Preliminary fabric 

descriptions were prepared from X-ray images in Emeis and Struck (1998) for the 

post-Ancylus sections of 201301-5 and 201302-5, and these are presented with core 

20001-5 in Figure 2.2 only for reference purposes. 

2 .2 SAMPLE PREPARATION 

Only material from core 20001-5 was prepared from SEM analysis. Sediment 

samples from four slabs. Slab 4 (71-93cm), Slab 6 (118-144cm), and Slabs 8 and 9 

(165-216cm), were prepared for SEM study by embedding in epoxy resin using a fluid 

displacive impregnation technique modified from that described in Pike and Kemp 

(1996a), by Kemp et al. (1998). After partial desiccation during transit to the UK, Slab 

4 showed signs of oxidation, and growths of gypsum crystals were observed on the 

sediment surface. The yellow Ca-rhodochrosite laminae were not evident in Slab 4, 

however, the sediment fabric was otherwise undisturbed, allowing examination of the 

primary sedimentary micro-structure. In contrast, many yellow Ca-rhodochrosite 

laminae were evident in Slab 6. Fluid displacive embedding allows thin section 
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preparation with minimal fabric disturbance. Polished thin sections were prepared 

using an oil-based lubricant prior to fabric analysis carried out under the SEM. 

2 .3 SCANNING ELECTRON MICROSCOPY 

The polished thin sections were examined in the SEM using back-scattered 

electron (BSE) imagery. BSE images reveal the minerals, textures and fabrics of 

sediments and rocks in much greater detail than is possible with conventional optical 

microscopy (Krinsley et al., 1998). Back-scattered electrons undergo elastic collisions 

and are subsequently directed back out of the sample. The ratio of back-scattered/ 

incident electrons defines the back-scattering coefficient (r)), which is a function of the 

atomic number of the sample. Thus, for highly polished flat specimens, the brightness 

within the BSE image is proportional to the atomic number of the sample. Minerals 

with high mean atomic number such as pyrite (r] = 0.247) are very bright (Fig. 3.3b), 

while those with intermediate mean atomic number such as dolomite (rj = 0.133) are 

mid grey (Fig. 3.3b) and the epoxy resin is black (Krinsley et al., 1998). Since the 

epoxy resin has been absorbed into all pore spaces in the sediment, the overall 

distribution of brightness or darkness within an image is effectively a porosity map of 

the specimen. In lower magnification images (e.g.. Fig. 3.4, 3.5), the less porous clay-

rich sediment laminae stand out from the darker diatomaceous laminae, in which the 

resin has pervasively entered the more open diatom framework. 

Counterparts of the sediment prepared as polished thin sections were broken off, 

dried, mounted on stubs, and examined under SEM to produce topographic BSE 

images (analogous to secondary electron images) to aid identification of microfossils, 

mineral habits and sediment fabrics (Fig. 3.2). 

2 .4 ENERGY DISPERSIVE X-RAY MICROANALYSIS ( E D S ) 

Non-destructive major element analysis was performed on thin sections using the 

Energy Dispersive X-ray Microanalysis (EDS) tool fitted to the SEM under standard 

conditions (count time 40sec; voltage 15kV; beam current 5x10'^A). Comparison to 

standard spectra produced quantitative data with errors of less than 10% down to 

0.5wt%; below 0.5wt% errors can increase up to 25%. The sampled excitation volume 

using this technique can be as little as 2pm^. A 2p,m^ spot analysis can be used to 

determine individual grain composition, but a 100)j,m^, or even SOOpim ,̂ raster was 

more commonly used in order to average compositional data over a greater area and 
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produce a better representation of the composition of individual laminae, or bundles of 

laminae. Profiles were produced by analysing a row of contiguous lOOpm^ or 500p,m^ 

rasters. 

2 .5 X-RAY DIFFRACTION ( X R D ) 

XRD analysis was used to determine the mineral composition of 2g sediment 

samples on the 'Phillips PW17-10 x-ray diffractometer', by Ross Williams (University 

of Southampton). Most mineral phases were identified by comparison to standard 

spectra, however, Ca-rhodochrosite was determined by comparison to spectra in Heiser 

et al. (2001). 

2 .6 FORAMINIFERAL ANALYSIS 

Foraminifera were collected from a single horizon (depth, 117-119cm) by 

sieving through a 125p,m sieve to remove the clay fraction but retain foraminifera. 

Foraminiferal tests were examined under the SEM to aid identification and to 

determine surface features. 

2 . 7 ION COUPLED PLASMA MASS SPECTROMETRY ( I C P - M S ) 

Destructive trace element analysis was carried out on selected thin sections on 

the VG Plasmaquad ICP-MS, fitted with a laser ablation sampling tool, collected under 

standard conditions (spot ISpm diameter, count time 20s). Rows of ablated spots were 

taken in order to produce profiles of trace element composition across Ca-

rhodochrosite laminae (Fig. 2.3). Three separate profiles were averaged in each 

sample area in order to produce compositional data that better represents the 

composition of individual laminae. Comparison to count rates produced from the 

NIST glass (basalt composition) standard produced quantitative data with standard 

errors of less than 5%. 

2.8 BIOTURBATION INDEX 

A bioturbation index (Fig. 2.4) was established for Gotland Deep sediments 

following the scheme of Behl and Kennett (1996), where sediment fabric is linked to 

the tolerance of burrowing organisms to variations in benthic oxygenation levels. The 

bioturbation index values were produced by visual inspection of low magnification 

(x5) back-scattered electron images. A bioturbation index of 4 equates to very well 

laminated sediment fabric and benthic oxygen levels <0.1ml per litre. Conversely, at 
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index level 1, the sediments are completely homogenised by benthic organisms, 

indicating oxygen levels >0.3ml per litre. This index is relatively sensitive to changes 

between oxic and anoxic benthic conditions, but does not record extremes in either 

oxic or anoxic conditions. 
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Figure 2.1 Bathymetry of the Gotland Basin (after Emeis and Struck, 1998) and core 

locations for 20001-5, 201301-5, and 201302-5. 
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Figure 2.2 Lithology and Stratigraphy of cores 20001-5, 201301-5 and 21302-5. 
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Figure 2.3 Row of pits produced by laser ablation of Gotland Deep sediments 

embedded in resin. The ablated material from each spot is carried by a Ne/Ar 

mix into a plasma and then analysed for multiple trace elements using a 

quadrapole mass spectrometer. 
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Figure 2.4 Bioturbation index based on sediment fabric disturbance (after Behl and 

Kennet, 1996). 
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3 MICRO-FABRIC STUDY OF DIATOMACEOUS AND 

LITHOGENIC DEPOSITION 

With 6 figures 

3.1 INTRODUCTION 

The accumulation of laminated sediments in the Gotland Deep represent a good 

record of climatic and environmental changes affecting the entire Baltic Sea (Rahm, 

1988). The origin and succession of lamina, however, have proved difficult to 

describe using traditional diatom and sedimentological methods (Morris et al., 1988; 

Yemelyanov et al., 1995; Sohlenius and Westman, 1998). High-resolution SEM-based 

techniques using back-scattered electron images (BSE images) have been employed 

successfully to study laminated sediment fabrics in a wide range of other settings (e.g., 

Grimm, 1992; Kemp and Baldauf, 1993; Kemp, 1996; Pike and Kemp, 1996b; Pearce 

et al., 1998; Dean et al., 1999). The results of a SEM-based micro-fabric study of the 

laminated Littorina sediments of the Gotland Deep are presented below. 

3.2 FABRIC DESCRIPTION 

Laminated sediments occur in core 20001-5, from the Ancylus-Littorina 

boundary at 229cm upwards, throughout most of the core (Fig. 2.2). There are two 

intervals of homogeneous, bioturbated sediments in the lower Littorina section, from 

143-166cm and from 182-194cm. The remaining laminated sediments contain 

relatively thin (l-3cm) well-laminated intervals interbedded with thicker intervals of 

indistinctly laminated sediments. The Modem Baltic sediments, which occur from 0-

66cm, are characterised by mixed packets of laminated and homogeneous sediments. 

There are at least six occurrences of macro-scale erosional features observable within 

the post-Ancylus muds, where laminations are clearly truncated. The fine-scale 

sediment fabric becomes apparent upon examination of low magnification (x5) BSE 

image base maps (Fig. 3.1). Laminae observed in Slab 6 are presented in table 3.1 and 

can be divided into six main lamina types. The same lamina types were observed in 

Slab 4, with the exception of Ca-rhodochrosite laminae, which were absent. 

10 



Ocean-climate processes recorded in Holocene laminated sediments from the Gotland Deep, Baltic Sea. Ian T. Burke 

Table 3.1 Lamina Type Descriptions, Core 20001-5, Slab 6,118-144cm 

Lamina Type Number of Thickness Average Description 
occurrences range Thickness 

(fam) ( p m ) 

Diatom Ooze 8 2 < 1 0 0 - 1 8 0 0 3 2 5 More than 80% diatom 
frustules, monospecific or 
mixed diatom assemblage. 

Diatomaceous 
Mud 

198 2 0 0 - 8 0 0 3 8 0 Diatom rich, 50-80% diatom 
frustules, mixed 
assemblage. 

Clay-rich 
Mud 

165 1 5 0 - 1 0 0 0 4 2 5 More than 50% Clay matrix, 
minor diatom assemblage. 

Barren Mud 64 1 0 0 - 2 9 0 0 6 0 0 More than 90% Clay matrix. 

Silt-rich Mud 3 0 5 0 - 1 5 0 9 0 Clay-rich matrix with more 
than 20% silt grains. 

Ca-
rhodochrosite 

95 <80-350 135 Dense aggregates of 
distinctively bright crystals. 

3.3 MINERAL COMPOSITION. 

XRD analysis was performed on five representative 1cm intervals from Slab 6 in 

order to determine general mineral composition: 1.Well-laminated mud; 2. Mixed 

laminated and homogeneous mud; 3. Homogeneous mud; 4. Well-laminated mud with 

visible yellow Ca-rhodochrosite laminae; 5. Homogeneous mud with visible yellow 

Ca-rhodochrosite laminae. All XRD traces show peaks representing the primary 

clastic minerals; quartz, illite, plagioclase feldspar, and kaolinite, with smectite present 

in samples 1-3. This is typical of Gotland Deep mineral assemblages (Gingele and 

Leipe, 1997). The presence of Ca-rhodochrosite was determined in samples 4 and 5 by 

comparison to XRD traces presented in Heiser et al. (2001). Peaks representing 

gypsum occurred in samples 1-3 and 5. The occurrence of gypsum is most likely to 

relate to oxidation in transit (see Chapter 2, section 2.2), and not to primary 

sedimentation or diagenetic processes. 

3 .4 DIATOMACEOUS LAMINAE 

In thin section, diatomaceous material can easily be recognised in BSE images 

due to their distinctive shapes, although identification to species level is only possible 
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in three dimensional topographic BSE images. EDS spot analysis of diatom frustules 

produced compositions rich in Si and O, as expected for opaline silica. Diatomaceous 

laminae may be subdivided on the basis of diatom content into two distinct lamina 

types: 

Diatom ooze laminae (>80% diatom frustules) 

Diatom ooze laminae contain mixed species assemblages or, less commonly, near-

monospecific oozes of Thalassionema nitzschioides (Fig. 3.3b) or of Pseudosolenia 

calcar-avis frustules. While T. nitzschioides Pustules are still intact, P. calcar-avis 

girdle bands are always separated (Fig. 3.2b). The diatom frustules appear to be well 

preserved and even lightly silicified rhizosolenid girdle bands are observed intact. 

Diatom identification to species level in P. calcar-avis deposits is only possible where 

a high density of terminal processes can be observed. Laminae of Thalassionema 

nitzschioides are usually very thick (300-600|j,m); in contrast laminae of Pseudosolenia 

calcar-avis are usually much thinner (100-200|j.m). Chaetoceros spp. resting spores 

also form ooze deposits, but are rarely monospecific. The resting spores of 

Chaetoceros lorenzianus and Chaetoceros diadema were found to co-occur with T. 

nitzschioides (Fig. 3.2d). Other Chaetoceros spp. resting spores formed minor 

constituents, but were observed rarely. There is no apparent vertical succession 

between the C. lorenzianus and C. diadema resting spores. The weakly silicified 

Chaetoceros spp. vegetative cells are very rarely present. Small centric (<50 jum) 

Thalassiosira spp. frustules (Fig. 3.2e), also occur in Chaetoceros spp. oozes. The 

frustules are well preserved, with no signs of dissolution, and are rarely broken. 

Diatomaceous mud laminae (50-80% diatom frustules) 

Diatomaceous muds most commonly contain mixed Chaetoceros spp. resting spores 

(Fig. 3.3c), although rhizosolenids and chrysophyte cysts (Fig. 3.2c) can also be 

present. Again, there is no apparent vertical succession; commonly two or more 

species of variable abundance are mixed homogeneously. Occasionally up to five 

species are found in diatomaceous mud laminae. There is commonly a progressive 

increase in the proportion of clay material present towards the lamina top. 

3.5 LITHOGENIC LAMINAE 

In most BSE images the most common material observed consists of aggregates 

of very small (less than 2jj,m) crystals that create a grey background in many images. 

No distinct crystal shapes are evident; however, EDS spot analysis of this material 
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revealed that it is composed largely of Al, Si, and O, with variable minor amounts Fe, 

Mg, K, Na and Ca, and was inferred to represent the clay minerals determined by 

XRD. Separate feldspar grains were not observed by EDS spot analysis and may form 

part of the fine background matrix. In this study, the term 'silt' simply refers to any 

clastic mineral grain larger than 2)j.m. Silt grains are commonly irregular and angular 

in BSE images, and Si and 0-rich (quartz, centre Fig. 3.3d), and Ca, Mg, C and 0-rich 

(dolomite, centre Fig. 3.3a) grains, were the two main types determined by EDS spot 

analysis. All clay-rich laminae are usually massive, with no apparent grain size 

grading and pellets are very rarely observed. Based on the dominance of clay matrix, 

diatom, and silt content clay-rich laminae may be divided into three distinct types: 

Clay-rich mud laminae (50 - 90% clay matrix) 

Clay-rich mud laminae commonly contain the large centric diatom (greater than 50 

)Lim) Actinocyclus spp. (Fig. 4f and 5d), either distributed evenly throughout the lamina 

or as a continuous sub-lamina. Often small amounts of Chaetoceros spp. resting 

spores and chrysophyte cysts are also observed within clay-rich laminae. There is 

commonly an upward increase in the amount of clay material present towards the 

lamina top. 

Barren mud laminae (>90% clay matrix) 

These are distinguished from clay-rich mud laminae by very low diatom content. 

Silt-rich laminae 

Distinct, thin (50-150|Lim) silt-rich mud laminae occur irregularly and infi-equently with 

a >20% silt fraction. 

3.6 DIAGENETIC MINERALS AND LAMINAE 

Ca-rhodochrosite laminae 

Diagenetic Ca-rhodochrosite laminae occur regularly throughout the Littorina 

sediments of the Gotland Deep. Ca-rhodochrosite laminae contain aggregates of 2-

10|_im globular crystallites (Fig. 3.2a), which in BSE images appear as bright, rounded, 

often hollow grains (Fig. 3.3a). Ca-rhodochrosite crystallites are also occasionally 

observed as overgrowths on detrital dolomite grains or encrusting benthic foraminifera 

tests, but are not observed to encrust diatom frustules. There is normally large 

thickness variation within individual Ca-rhodochrosite laminae, and dense nodular 

aggregates may occur both within Ca-rhodochrosite laminae and in isolation within 

other laminae. 
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In well-laminated sections, Ca-rhodochrosite laminae usually have well defined 

upper and lower transitions, but within the more massive intervals, Ca-rhodochrosite 

may occur in dispersed bands, (although individual Ca-rhodochrosite laminae can still 

be distinguished). In some cases, Ca-rhodochrosite crystallites appear to be distributed 

across the contact between other laminae (e.g.. Fig. 3.4). Rare tests of the benthic 

foraminifera, Elphidium excavatum (Terquem), Elphidium albiumbilicatum (Weiss), 

Ammonia sp., Spiroloculina canaliculata (d'Orbigny) and Cassidulina sp., are found 

encrusted in Ca-rhodochrosite, associated with rhodochrosite laminae. For a full 

discussion of Ca-rhodochrosite formation mechanisms in the Gotland Deep see 

Huckriede and Meischner (1996), Sohlenius et al. (1996), Neumann et al. (1997) and 

Stembeck and Sohlenius (1997). 

Fe-sulphides 

The very brightest individual grains in BSE images, when determined by EDS spot 

analysis, were found to be rich in Fe and S, and inferred to represent Fe-sulphides. 

Small (2-10p,m) Fe-sulphide crystallites were observed to occur in both rounded 

framboidal (e.g., centre Fig. 3.3b) and cubic forms (e.g., dispersed below Ca-

rhodochrosite laminae Fig. 3.3a). Fe-sulphides do not form distinct laminae, rather 

they occur finely dispersed more or less continually throughout all laminae in the 

section. See Boesen and Postma (1988), Neumann et al. (1997), and Stembeck and 

Sohlenius (1997) for detailed discussion of Fe-sulphide formation in the Gotland Deep. 

3 .7 SUCCESSION OF LAMINAE 

Throughout the laminated sections of Slab 4 and Slab 6, there are short l-4mm 

intervals containing distinct diatomaceous and clay-rich laminae, intercalated with 

intervals of indistinct laminae or massive sediment. Figures 3.4 and 3.5 show 

examples of two such intervals, one containing (Fig. 3.4), and one without Ca-

rhodochrosite laminae (Fig. 3.5). Most commonly laminae are organised in simple 

couplets of alternating diatomaceous mud laminae and clay-rich mud laminae, but 

triplets and occasionally quadruplets are also observed, defined by the presence of 

additional distinct diatom ooze or barren mud laminae (Fig. 3.6). A common feature 

of these couplets, triplets, and quadruplets is an increase in clay material upward at the 

expense of diatom content, as can be seen clearly for sequence 1 in Figure 3.4. Thus, 

when distinct diatom ooze laminae occur, they are present at the base of the sequence; 

and conversely, when barren muds occur, they are at the top. The upper boundaries of 
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clay-rich laminae are commonly well defined. Ca-rhodochrosite laminae occur in 

Figure 3.4, sequence 1-3. Of the 95 Ca-rhodochrosite laminae occurrences in Slab 6 

(Table 3.1), 31 are within recognisable couplets, triplets, or quadruplets. Ca-

rhodochrosite laminae always occur either towards the top part of the clay-rich mud 

laminae, or between the clay-rich laminae and the following diatomaceous laminae. 

Figure 3.6 shows the abundance of couplets, triplets, and quadruplets observed in 

Slab 4 and Slab 6. Simple couplets of diatomaceous mud laminae and clay-rich mud 

laminae are most common, accounting for 104 sequences. Triplets make up 48 

sequences. There are 24 occurrences each of either the simple couplet plus an extra 

basal diatom ooze lamina generally of Thalassionema nitzschioides and Chaetoceros 

spp. resting spores (Triplet A), or an extra upper barren mud laminae (Triplet B). Only 

8 quadruplets containing four separate laminae were observed. A total of 160 couplets, 

triplets and quadruplets were observed in Slab 4 (103) and in Slab 6 (57). The average 

thickness of these groups of laminae in Slab 4 and Slab 6 is approx. 680jj,m, and 

750|j,m, respectively, producing an overall average thickness of approx. 700|j,m. In 

Slab 4 and Slab 6 these depositional sequences account for approx. 16% and 31% of 

the record respectively, and typically only 2-5 groups of laminae occur continuously in 

any one section. 

3.8 DIATOM PALAEOECOLOGY AND OCCURRENCE IN THE ANNUAL SEDIMENTATION 

CYCLE 

The diatom assemblages observed in this study are distinctly different from those 

described in modem Baltic assemblages. This is possibly due to changes in Baltic 

environmental conditions since Littorina times (Sohlenius et al., 1996a), and the 

effects of silica dissolution, which can modify the species composition occurring in the 

water column when compared to that preserved in the sediments (Sancetta, 1989; 

Heiskanen and Kononen, 1994). There is a large surface water salinity difference 

between modem Baltic conditions, 2-8%o, and Littorina conditions of up to 20%o 

(Sohlenius et al., 1996a). Therefore salinity-sensitive species, such as P. calcar-avis 

which is common throughout Littorina sediments (Yemelyanov et al., 1995), are not 

present in modem Baltic water column and sediment assemblages (Zenkevitch, 1963; 

Hallfors et al., 1981; Morris et al., 1988; Jansson, 1989; Heiskanen and Kononen, 

1994). Also, Chaetoceros spp. resting spores are very common within Littorina 

sediments, but the delicate vegetative cells and setae are very rarely observed. It is 
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therefore possible for lightly silicified species, which do not employ a well-silicified 

stage in their life cycle, to be missing from the record. 

The palaeoecology of Baltic Littorina diatom assemblages may be inferred 

from numerous other studies of either modem or fossil assemblages. Mixed 

diatomaceous laminae, containing C. lorenzianus, C. diadema resting spores, 

Thalassiosira spp and Thalassionema nitzschioides, are common in Littorina 

sediments. A common feature of these species is their small size, typical of rapid-

growing diatoms in spring blooms or upwelling pulses (Margalef, 1967; Kemp et al., 

2000). The fabric of the deposits also suggests that the assemblages were formed and 

deposited out of the water column rapidly before grazing could break the frustules 

(Figs. 3.2d and 3.2e). In the Littorina sediments these diatomaceous laminae are 

thought to represent rapid sedimentation from diatom spring blooms. 

Following the water column studies by Alldredge and Gotschalk (1989) of 

aggregation of Chaetoceros spp. blooms, Grimm et al. (1996; 1997) ascribed large 

concentrations of Chaetoceros spp. resting spores in sediment laminae to 'self 

sedimentation' at the end of bloom events. Bull and Kemp (1995) also attribute the 

formation of Chaetoceros-ridi deposits to the mass flocculation of Chaetoceros spp. 

resting spores following bloom events. While C. lorenzianus and C. diadema resting 

spores very often co-occur in diatom ooze or diatomaceous laminae, there is some 

uncertainty about the overlap between the ecological requirements of each species , as 

inferred from modem assemblage studies. Canonical correspondence analysis of 

laminated sediments from Saanich Inlet, British Columbia, suggests that C. 

lorenzianus has low temperature and high salinity optima (McQuoid and Hobson, 

1997). In Narragansett Bay, Rhode Island, C diadema is commonly found in early 

spring but rarely in the autumn (Rines and Hargraves, 1988). Thalassiosira spp. 

typical of northern, cold water regions are often found in early spring diatom water 

column assemblages (Morris et al., 1988; McQuoid and Hobson, 1997; Pike and 

Kemp, 1997). T. nitzschioides is most abundant in late spring/early summer water 

column assemblages (McQuoid and Hobson, 1997), and T. nitzschioides is commonly 

found as a component of a mixed assemblage ooze with Chaetoceros spp. in other 

settings (Brodie and Kemp, 1994; Bull and Kemp, 1995; Pearce et al., 1998). 

Chrysophyte cysts are typically found in the upper part of diatomaceous mud 

laminae or within clay-rich laminae, and are reported to bloom in great abundance 

during early summer in the Baltic Sea (Hallfors et al., 1981). 
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Thin laminae of Pseudosolenia calcar-avis ooze are occasionally observed with 

an irregular occurrence. These near-monospecific ooze laminae are thought to form by 

rapid diatom deposition following disruption of stratification in autumn/early winter. 

In contrast to the 'spring bloom' species, P. calcar-avis is slow growing (Guillard and 

Kilham, 1978) and adapted to stratified, oligotrophic conditions, yet recent studies 

have shown that it may be a major component of flux to the sea floor. Many 

rhizosolenids can regulate their buoyancy to retrieve nutrients from the 

thermocline/nutricline (Villareal et al., 1993), and may occur in positively buoyant 

macroscopic aggregates up to 30cm in size (Villareal and Carpenter, 1989). A 

sediment-trap time series study off the coast of Oregon, showed maximum P. calcar-

avis fluxes during late autumn and winter in three consecutive years (Sancetta et al., 

1991). Kemp et al. (1999) have also reported near-monospecific P. calcar-avis ooze 

laminae in Mediterranean sapropels, which are attributed to late autumn/early winter 

f lux events. In a new synthesis of diatom flux observations from laminae and from 

sediment traps, Kemp et al. (2000) attribute such flux events to break down of the 

summer thermocline and rapid deposition of the rhizosolenid diatoms in an autumn or 

'fall dump' (Smetacek, 2000). 

Clay-rich laminae containing Actinocyclus spp. are commonly found following 

the spring/summer diatomaceous laminae. Although not identified to species level in 

this study, Sohlenius et al. (1996) found ^dX Actinocyclus octonarius and A. 

ehrenbergii are the most common in Gotland Deep Littorina sediments. These species 

commonly occur in brackish-marine environments (Guillard and Kilham, 1978). The 

genus is typically epiphytic on seaweed but is a common constituent of the nearshore 

plankton (Round et al., 1990). In modem central Baltic assemblages, Actinocyclus 

octonarius is most abundant in late summer to early autumn (Hallfors et al., 1981). 

3.9 TERRIGENOUS SEDIMENTATION 

Although the ultimate source of the clay material found in Gotland Deep 

sediments is considered to be from terrestrial deposits, the main direct source of 

terrigenous clays to the Gotland Deep is from erosion and resuspension of coastal and 

shallow water sediments during storms (Gingele and Leipe, 1997), or by bottom 

erosion due to saline inflows (Sviridov et al., 1997; Emeis et al., 1998; Sivkov et al., 

1998). Both storm erosion and saline inflows are distinctly seasonal and are 

maximised in winter (Matthaus and Schinke, 1994; Matthaus, 1995). Bergstrom and 
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Carlsson (1994) and Schinke and Matthaus (1998) also report that river runoff peaks in 

winter in many years, but river sediment input is generally small, is initially deposited 

only in shallow water, and is likely to go through several resuspension and deposition 

events before finally being deposited in the deep basins (Gingele and Leipe, 1997). 

The neritic diatom species Actinocyclus spp. that commonly occurs in clay-rich 

laminae are, therefore, inferred to be redeposited in the Gotland Deep simultaneously 

with this reworked terrigenous material. 

3 .10 ANNUAL SUCCESSION AND VARVES 

The couplet of diatomaceous mud and clay-rich mud commonly observed in the 

Gotland Deep sediment is typical of the annual biogenic-lithogenic sedimentation 

couplets or varves found in marine settings adjacent to land (e.g., Sancetta, 1996). The 

diatom component forms during the spring-summer growing season while the 

terrigenous sediment input is dominant in winter when biogenic production is minimal 

and storms redistribute sediment to the basin. The triplets and quadruplets, in which 

purer diatom ooze or mud "end-member" laminae may be identified, are also 

consistent with an annual sedimentation cycle (Figs. 3.4, 3.5 and 3.6). 

Figures 3.4 and 3.5 show examples of six lamina sequences that form couplet or 

triplet varves. The sequences in Figures 3.4—1, 2, 3 and Figure 3.5—1 and 2, have a 

well-defined start and finish and an upward transition irom a diatomaceous mud or 

ooze lamina to a clay-rich lamina. The diatomaceous laminae in each sequence 

contain diatom species typical of sedimentation following spring/summer blooms, such 

as Thalassiosira spp., Thalassionema nitzschioides, smaller Chaetoceros spp. resting 

spores, and chrysophyte cysts. The clay-rich lamina of each sequence contains only 

sparse assemblages of larger diatoms typical of autumnal production. Sequence 3 in 

Figure 3.5 also contains a two-lamina sequence with a diatom succession typical of 

annual production, however, the upper boundary is somewhat transitional. 

The concentrations of Ca-rhodochrosite observed within lamina sequences only 

occur in the upper part of winter clay-rich mud laminae or just encroaching on spring 

diatomaceous mud laminae (e.g., Fig. 3.4, sequences 1-3), and therefore, in this 

context, represent an exclusively winter/early spring phenomenon. 

18 



Ocean-climate processes recorded in Holocene laminated sediments from the Gotland Deep, Baltic Sea. Ian T. Burke 

3.11 SEDIMENTATION RATES 

In previous Baltic Sea studies, the arguments in favour of the existence of varves 

have also been based on the relationship between laminae couplet thickness and 

radiochemical (Jonsson, 1992; Salonen et al., 1995) and bulk (Ignatius, 1958) 

sedimentation rates. If the depositional sequences do indeed represent varves, then this 

is problematic in terms of sedimentation rates with respect to the thickness of post-

Ancylus sediments in core 20001-5. The post-Ancylus sediments in the Gotland Deep 

represent approximately SlOOyrs. The measured varve thickness of approximately 

0 .7 .m would imply approximately 5.7m of deposition during this time. Core 20001-

5, however, only contains 2.29m of post-Ancylus sediments, implying a sedimentation 

rate of only 0.28mm per year. This discrepancy may be explained by either or both of 

the following: 

1. The sedimentation rate indicated by varve thickness is not typical of the core as a 

whole, and varve sequences represent periods of more rapid sedimentation. 

2. Core 20001-5 has been significantly eroded. 

The post-Ancylus sediment thickness is asymmetrical from the NW to the SE 

across the Gotland Deep, and reported mean sedimentation rate varies from 0.23-

0.75mm per year (Christiansen and Kunzendorf, 1998). This can be clearly seen in the 

three cores; 201301-5, 20001-5 and 201302-5, presented in Figure 2.2. The Ancylus-

Littorina boundary is not observed in core 201302-5 before the core base at 6.82m, 

implying an average sedimentation rate in excess of 0.85mm per year. This 

asymmetry in sedimentation is attributed to bottom erosion by the periodic inflows of 

North Sea water into to the Baltic (Emeis et al., 1998; Sivkov et al., 1998). In 

addition, Sviridov et al., (1997) have observed erosional bottom features that indicate 

that inflowing water is forced by the bathymetry of the Gotland Deep to spiral 

anticlockwise into the deepest parts of the Gotland Deep. This produces regions of 

erosion in the north and west parts of the Gotland Deep, and regions of accumulation 

in the south and east (Emelyanov and Gritsenko, 1999). The cores 201301-5 and 

20001-5, also show erosional features such as truncated laminae that are not observed 

in core 201302-5. It is, therefore, plausible that the measured varve thickness of 

0.7mm represents the primary sedimentation rate in core 20001-5, but that erosion has 

significantly affected this core. 
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3 . 1 2 CONCLUSIONS 

Several different diatomaceous and clay-rich laminae can be distinguished, and 

annual lamina sequences or varves are identified. 

The identification of varves is a useful tool in delimiting seasonal depositional 

events such as the diagenetic Ca-rhodochrosite laminae which occur regularly in 

varves only as a winter/early spring deposit. 

The development and/or preservation of identifiable varves in Gotland Deep 

sediments is patchy and much of the record is composed of intervals of indistinctly 

laminated or massive sediment, that may relate to interannual-decadal variability in the 

extent of bottom water renewal, basin oxidation, and the destruction of varves by 

bioturbation. 
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Figure 3.1 X-ray exposure of core 20001-5, 118-128cm (left), and low resolution x5 

BSE image of typical laminated section (right). Box shows position of x75 BSE 

image shown in Figure 3.4a. 
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Figure 3.2. High magnification topographic BSE images. A. Aggregate of 

rhodochrosite crystals. B. Intact terminal processes of Pseudosolenia calcar-

avis, with disjointed girdle bands. C. Chrysophyte cysts. D. Mixed assemblage 

ooze with, Thalassionema nitzschioides, Chaetoceros lorenzianus, and C. 

diadema. E. Thalassiosira spp. Pustules. F. Diatomaceous mud with 

Actinocyclus spp. frustules. 
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Figure 3.3 High magnification BSE images. A. Bright rhodochrosite lamina between 

Clay-rich mud and ooze lamina. Dolomite grain marked by white arrow. B. 

Pennate diatom ooze lamina, most likely to be Thalassionema nitzschioides. 

Framboidal Fe-sulphide grain marked by white arrow. C. Mixed Chaetoceros 

spp. mud lamina. D. Terrigenous mud lamina with large centrics. Quartz grain 

marked by white arrow. 
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Figure 3.4 BSE image mosaic (x75) from Slab 6 (core depth 126cm) showing three 

depositional sequences (1-3) with descriptions of laminae composition. 

Although there is considerable variation in the precise lamina make-up between 

depositional sequences, these cycles are proposed to represent annual 

deposition, i.e., varves. LC-large centrics, Cht- Chaetoceros spp. resting spores, 

Cr-Chrysophyte cysts, Ths- Thalassiosira spp., Thn-Thalassionema spp., Rhz-

rhizosolenids. 
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Figure 3.5 BSE image mosaic (x75) from Slab 4 (core depth 77cm) showing three 

depositional sequences (1-3) with descriptions of laminae composition. 

Although there is considerable variation in the precise lamina make-up between 

depositional sequences, these cycles are proposed to represent annual 

deposition, i.e., varves. LC-large Gentries, Cht- Chaetoceros spp. resting spores, 

Cr-Chrysophyte cysts, Ths- Thalassiosira spp., Thn-Thalassionema spp., Rhz-

rhizosolenids. 
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Figure 3.6 The different lamina sequences, or varves, found in Gotland Deep 

sediments, including numbers of occurrences. Observed position of Ca-

rhodochrosite lamina in varves is also denoted. 
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4 DEPOSITION OF Ca-RHODOCHROSITE LAMINAE AND 

FORMATION OF Mn-SULPHIDE 

With 7figures 

4.1 INTRODUCTION 

Manganese is very insoluble in ocean water with respect to solid Mn(VI)oxides, 

thus Mn has a very short oceanic residence time. The fate of Mn in the marine 

environment is therefore largely determined by the redox state of the sediments and 

bottom waters. Particulate Mn(IV)oxide is normally reduced to soluble Mn(II) as 

labile organic material is consumed by bacteria (Froelich et al., 1979; Bemer, 1981). 

Because Mn(II) is very soluble and released into anoxic water, sediments in these 

settings would not normally be enriched in Mn (Thomson et al., 1986). However, Mn-

carbonate laminae are commonly reported in many organic-rich laminated sediments 

(Suess, 1979; Hein and Koski, 1987; Okita et al., 1988; Xu et al., 1990; Jenkyns et al., 

1991; Fan et al., 1992). Calvert and Pedersen (1993; 1996) proposed that the 

occurrence of Mn-carbonates in anoxic sediments indicates formation in sub-oxic 

conditions under an oxic water column. They have invoked a 'Mn-pump' in which 

Mn-oxide is supplied from oxic surface sediments and is reduced at depth, producing 

large in situ concentrations leading to pore-water conditions which are 

supersaturated with respect to Ca-rhodochrosite, (Mnx Cai_x)C03. Recent reports of 

Mn-carbonate in laminated anoxic sediments from Saanich Inlet, British Columbia 

(Calvert et al., 2001) have been hnked to the occurrence of short-lived seasonal 

flushing events. Such linkage of Mn-carbonate formation to brief oxygenation events 

is supported by sedimentary and geochemical evidence from the organic carbon-rich 

Littorina and Modem Baltic sediments of the Gotland Deep (Sohlenius et al., 1996a), 

where the pervasive presence of discrete authigenic Ca-rhodochrosite laminae in these 

sediments is consistent with the formation of Ca-rhodochrosite in discrete, short-lived, 

depositional events (Huckriede and Meischner, 1996). 

Recent models for Ca-rhodochrosite formation in the Gotland Deep (Huckriede 

and Meischner, 1996; Sohlenius et al., 1996a; Neumann et al., 1997; Stembeck and 

Sohlenius, 1997), propose a link between the periodic major inflows of oxic saline 

North Sea water into the brackish Baltic Sea and Ca-rhodochrosite formation. 
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Normally there is a very strong salinity stratification in the Baltic Sea that effectively 

inhibits mixing of surface and deep waters (Matthaus, 1990) and the deep waters are 

prone to anoxia. Bacterially mediated Mn and Fe reduction should consume any Mn 

and Fe-oxides supplied to the deep as they sink into the anoxic zone (Froelich et al., 

1979). In the anoxic zone there is then likely to be a decoupling of Mn and Fe 

deposition (Neumann et al., 1997). is soluble in sulphidic waters and can 

accumulate in the deep anoxic water column (Kremling, 1983; Dyrssen and Kremling, 

1990), however, Fê "̂  reacts quickly with excess free HS' to form particulate Fe-

sulphides, and may be stripped from the water column. Fe deposition is limited only 

by supply of Fe into the Gotland Deep (Boesen and Postma, 1988). 

During an inflow event the Gotland Deep is flushed by saline water, which 

displaces the anoxic water column upward (Matthaus and Lass, 1995; Neumann et al., 

1997). The inflowing water is oxic and rapidly re-oxidises the dissolved Mn^^ present, 

and large quantities of particulate Mn-oxide are deposited at the sediment water 

interface (Heiser et al., 2001). Upon the consumption of all the available oxygen, 

these Mn-oxides are then reduced once more producing high benthic Mn̂ "̂  

concentrations. High benthic concentrations in combination with high benthic 

carbonate alkalinity, produced in situ by bacterial sulphate reduction, can lead to 

super-saturation with respect to a mixed Mn-Ca-Carbonate phase and the formation of 

Ca-rhodochrosite (Huckriede and Meischner, 1996; Sohlenius et al., 1996a; Neumann 

et al., 1997; Stembeck and Sohlenius, 1997). 

This is an elegant model consistent with much of the reported sedimentary 

evidence (Huckriede and Meischner, 1996; Sohlenius et al., 1996a; Neumann et al., 

1997; Stembeck and Sohlenius, 1997). The causes of saline inflows are becoming 

better understood with respect to North Atlantic atmospheric conditions (Matthaus and 

Schinke, 1994) and environmental variance (Schinke and Matthaus, 1998). If the 

causal link between major Baltic inflows and rhodochrosite laminae could be firmly 

established, then the use of Mn deposition as a proxy for past saline inflows and, by 

extension, past North Atlantic climatic conditions, would become possible. In order to 

understand the processes involved in the formation of Mn-carbonate rich laminae, 

scanning electron microscope (SEM) based techniques were used to study micro-fabric 

features and lamina scale elemental distributions that may be otherwise be overlooked 

(by e.g. bulk chemical analysis), (Brodie and Kemp, 1994; Kemp, 1996; Kemp et al., 

1999; Pike and Kemp, 1999). 

22 



Ocean-climate processes recorded in Holocene laminated sediments from the Gotland Deep, Baltic Sea. Ian T. Burke 

4 .2 ANNUAL SUCCESSION OF LAMINAE 

The Littorina sediments of the Baltic Sea contain intermittently well-laminated 

sequences alternating with indistinctly-laminated and bioturbated sequences. In well-

laminated sequences distinct annual cycles of sedimentation, or varves, commonly 

occur. These varves contain a clear succession of laminae. Under back-scatter 

electron imagery the spring/summer laminae are represented by dark diatom ooze 

and/or diatomaceous muds containing the frustules of a succession of species 

characteristic of spring and summer. The late summer/winter deposit is represented by 

a grey lamina containing terrestrially derived mud, with very sparse microfossils (see 

chapter 3 for a full discussion of the laminated sediment structure and varve succession 

model). The presence of varves allows the placement of Ca-rhodochrosite laminae 

into a seasonal succession of laminae. 

4 .3 ENERGY DISPERSIVE X-RAY MICROANALYSIS ( E D S ) AND X R D MINERALOGY 

XRD analysis was performed on 5 representative 1cm intervals from 116-143 cm 

in order to determine general mineral composition. All XRD traces show peaks 

representing the clastic minerals; quartz, illite, plagioclase feldspar, and kaolinite, with 

smectite indicated in 3 samples. Ca-rhodochrosite was determined in 2 samples by 

comparison to XRD traces presented in Heiser et al. (2001). 

Figures 4.1-4.3 show major element EDS data from a laminated sequence at a 

core depth of 122cm containing four distinct varves. Al is used here as a proxy for 

terrigenous clay and feldspar mineral distribution, as these minerals are the only major 

Al-bearing phases present. Other elements are shown in Figures 4.1-4.3 as X/Al 

ratios, to highlight any variance not due to clay mineral distribution. There is a good 

correlation between Al and other elements normally associated with clay phases, K (r, 

0.97), Mg (r, 0.87), and this supports the use of X/Al ratios (Fig. 4.1). The annual 

cycle is reflected in the Al profiles, which have high values in the clay-rich winter 

deposits of varves 1, 3 and 4, and low values in the diatomaceous spring/summer 

laminae of varves 1 and 4. 

The epoxy resin used to embed these sediments contains only C and CI and O. 

Although C and O are both present in mineral phases, CI is not present in any mineral 

phase present. As the resin contains approximately 2wt% CI, and the resin is the only 

source of CI in these sediments, CI can be used here as an approximate proxy for 

porosity, with 2wt% CI « 100% porosity (Fig. 4.1). There is a general reduction in 
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porosity in the clay-rich winter deposit in varves 1, 2 and 3, and high porosity in the 

diatomaceous laminae in varves 1, 3 and 4, due to the open structure of diatom 

frustules in comparison to clay-rich laminae. Where the very large Mn/Al enrichment 

(>xlO) occurs in Ca-rhodochrosite lamina C, there is also a marked reduction in 

porosity. Enrichments in Si/Al are due to the presence of siliceous diatoms in the 

Spring/Summer bloom laminae and are observed in all varves (Fig. 4.1). 

Varves 1, 2 and 3 all contain bright Ca-rhodochrosite laminae. Large 

enrichments up to 2 orders in magnitude in both Mn/Al and Ca/Al occur within these 

laminae (Fig. 4.2). Mn and Ca have a very strong positive correlation (r, 0.97) 

demonstrating that both elements occur together in the same mineral phase, i.e., Ca-

rhodochrosite. Mg/Al is modestly enriched in Ca-rhodochrosite laminae C (see Fig. 

4.1), showing that small amounts of Mg are also sequestered in rhodochrosite. The 

Ca-rhodochrosite laminae occur in the winter terrigenous deposit or straddling the late 

winter deposit and the early spring diatomaceous deposit. Where Ca-rhodochrosite 

laminae occur in varves they uniquely occur as a winter/early spring deposit. 

Fe/Al and S/Al also have a strong positive correlation (r, 0.89) suggesting that Fe 

is sequestered in these sediments in a sulphide phase (Fig. 4.3). Fe/Al shows relatively 

little variance when compared with that of Mn/Al; this illustrates the possible 

decoupling of Mn and Fe deposition in this setting. Neumann et al. (1997) proposed 

that Fe-oxides supplied to the Gotland deep are rapidly reduced and deposited as Fe-

sulphides upon entering the anoxic zone, whereas reduced Mn accumulates in anoxic 

bottom water and is only deposited during discrete events. There are however minor 

enrichments in S/Al within Ca-rhodochrosite laminae A, B and D, and Fe/Al in Ca-

rhodochrosite laminae A and D, which may be related to Mn deposition. 

Table 4.1 shows the results of EDS spot analyses (excitation volume 2)a,m )̂ on 

79 individual Ca-rhodochrosite crystallites. Although there is much variation in 

composition, the mean value gives a calculated Ca-rhodochrosite composition of 

(Mno.75Cao.22Mgo.o3Feo.oo)C03, which is in agreement with previous studies (Jakobsen 

and Postma, 1989; Huckriede and Meischner, 1996). In a stricter mineralogical 

context, this Ca-rhodochrosite composition has also been referred to as the mineral 

kutnahorite or pseudo-kutnahorite (Stembeck, 1997; Bottcher, 1998). The large range 

in CI (wt%) values indicates a very large range in porosity for individual grains. 

Strikingly, Ca-rhodochrosite is almost completely free of Fe but not S. The presence 

of S in Ca-rhodochrosite has not been previously reported (Calvert and Price, 1970; 
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Suess, 1979; Pedersen and Price, 1982; Jakobsen and Postma, 1989; Huckriede and 

Meischner, 1996; Lepland and Stevens, 1998). This S must be sequestered in a 

contaminant phase hitherto not described within the Ca-rhodochrosite phase. The 

compositional data in Table 4.1 does support a possible Mn-sulphide phase. Although 

with respect to the pore water conditions prevalent in Gotland Deep pore waters Mn-

sulphide would not be expected (Kulik et al., 2000; Heiser et al., 2001), Aller (1980) 

report that due to the large range of values reported for the Ksp of Mn-sulphide, it is 

impossible to eliminate the possibility of forming or preserving Mn-sulphide on 

solubility calculations alone. Aller (1980) also report that for Long Island Sound 

sediments Mn̂ "̂  concentrations near the sediment-water interface can vary 

considerably on seasonal timescales, therefore, it is possible that some early Mn-

sulphide forms in this setting, and is preserved by inclusion in the Ca-rhodochrosite 

lattice. 

Table 4.1 Composition of rhodochrosite phase from EDS spot analysis 

n=79 Mn Ca Mg Fe S C O CI Total 
Mean 36.34 8.14 0.71 n.d.* 1.16 16.84 34.83 0.41 98.42 
(wt%) 

Standard 4.91 2.35 0.61 0.02 0.60 6.63 3.12 0.27 -

Deviation 
Minimum 

(wt%) 
Maximum 

(wt%) 

23.11 

49.99 

2.41 

14.64 

0.21 

4.40 

n.d.* 

0.20 

0.30 

4.36 

7.73 

39.37 

22.14 

41.00 

0.08 

1.86 -

*n.d. - not detected. 

4 . 4 OCCURRENCE OF FORAMINIFERA 

Sparse numbers of benthic and planktonic foraminifera tests were found in 

Littorina sediments; only 26 foramerifera tests were recovered from 6cm^of sediment. 

The planktonic species include: Globigerina bulloides (d'Orbigny), Globoturborotalia 

rubescens (Hofker), Turborotalita quinqueloba (Natland), Neogloboquadrina 

pachyderma (Ehrenberg), Globorotalia scitula (Brady), and Globigerinita glutinata 

(Egger). The benthic species include: Elphidium excavatum (Terquem), Elphidium 

albiumbilicatum (Weiss), Ammonia sp., Spiroloculina canaliculata (d'Orbigny), and 

Cassidulina sp. 

The benthic assemblage is typical of that found in the present Baltic Sea 

(Brodniewicz, 1965); however, any planktonic assemblage is unexpected in this 
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setting, because the basin is, shallow, brackish, and its waters are rich in suspended 

matter. The planktonic specimens are all rather small and delicate (-ISOjam) and are 

unbroken, which implies growth in the Baltic Sea. Nevertheless, a source from outside 

the Baltic or from erosion from older sediments cannot be excluded. If erosion of 

older sediments is the origin of foraminifera tests in this setting, then both benthic and 

planktonic foraminifera tests should be supplied simultaneously and not have any 

difference in occurrence; but there is an intriguing difference in the condition of the 

surface of planktonic and benthic tests. The tests of all 14 benthic specimens are 

heavily encrusted in Ca-rhodochrosite while all 12 planktonic specimens are free of 

Ca-rhodochrosite (e.g. Fig. 4.4a-d). The Ca-rhodochrosite occurs simultaneously on 

both the surface of the benthic foraminifera test and as fine inter-growths within the 

test itself (Fig. 4.4b). It was, therefore, impossible to sample the benthic foraminifera 

test composition by EDS spot analysis without Ca-rhodochrosite contamination. 

The difference in Ca-rhodochrosite encrustation may be explained by invoking a 

process where benthic tests are present during Ca-rhodochrosite formation and 

planktonics tests are not. Benthic foraminifera can only live in oxygenated bottom 

waters. This implies a link between periodic oxic events, where benthic foraminifera 

re-colonise the formerly anoxic deeps, and the formation of Ca-rhodochrosite laminae, 

an association previously observed by Sohlenius et al. (1996b) and Huckriede and 

Meischner (1996). 

As planktonic foraminifera tests are found free of Ca-rhodochrosite, they are 

almost certainly not present (with the benthic tests) during the Ca-rhodochrosite 

formation period, therefore an erosional original for planktonic tests seem unlikely. 

This suggests that during Littorina Times, when surface water conditions are reported 

to be more saline than present (Sohlenius et al., 1996a) planktonic foraminifera may 

have lived in the Baltic Sea. This observation also implies that the primary period of 

Ca-rhodochrosite formation is relatively short, otherwise planktonic foraminifera tests 

would be expected to become encrusted in Ca-rhodochrosite as they were buried in the 

sediments. 

4.5 SEASONALITY OF OXIC INFLOWS 

The only documented flushing of the Baltic deeps with oxygenated water occurs 

during episodic inflows of saline water called 'Major Baltic Inflows' (Matthaus and 

Franck, 1992). A lightboat stationed in the Darss Strait provided detailed data between 
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1880 and 1994 on the atmospheric conditions and hydrological conditions in the 

critical sill area (Matthaus, 1995). Matthaus and Franck (1992) used these data to 

hindcast the timing of major inflows of saline water into the Baltic Sea during the 

twentieth century. Figure 4.5 a shows the extended winter season (August to April) 

when all major inflows occur. There is a normal distribution around a December 

maximum, but the very strongest inflows only occur from November to January. 

However, as it is only the strongest inflows that are likely to cause large changes in 

Gotland Deep conditions, the season where important inflows occur, in terms of Mn 

deposition, may be limited to the November to January period. In anoxic basins, Mn 

oxidation and deposition is believed to be very rapid (2-3 days) following initial 

flushing with oxygenated water (Emerson et al, 1982; Stembeck and Sohlenius, 

1997). It should therefore be the timing of first intrusion of saline water that controls 

Mn-oxide deposition. 

Changes in Gotland Deep bottom water conditions from 1992-1996 (Fig. 4.5b) 

show the effects of oxic inflows occurring during that period. In January 1993 a Major 

Baltic Inflow occurred at the Darrs Sill, but inflowing water was not observed in the 

Gotland Deep until March/April 1993 (Matthaus and Lass, 1995), because the 

inflowing water must fill and overflow the smaller Arkona and Bomholm Basins (50 

and 150km from Darrs Sill Area) before flowing over 400km along the Stolpe Channel 

to the Gotland Deep. In 1994, however, as the Bomholm basin was already filled with 

dense saline water from the 1993 event, two small inflow events occurred during 

December and March and flowed rapidly (in less than one month) to the Gotland Deep, 

causing bottom water with [H2S] >4cm^/dm^ to be replaced rapidly with inflowing 

waters with [O2] >3cm^/dm^ (Matthaus and Lass, 1995; Nehring et al., 1995a). In 

general, therefore, depending on variation in conditions in the approaches to the 

Gotland Deep, there is a variable delay of 1-4 months from the initial inflow at the 

Darss Sill, until a change in Gotland Deep water column conditions is measurable. 

Mn-oxide deposition is therefore likely to be seasonal, with deposition occurring 

between early February and late May, depending on the timing of the inflow event and 

the prevailing condition in the Baltic's Deep Basins. 

A solid phase Mn-enrichment was observed in surface sediments sampled in 

1994 equivalent to the amount of stored in anoxic bottom waters in 1992 before 

the 1993 inflow event (Brilgmann et al., 1997; Heiser et al., 2001), showing that 

manganese deposition occurred as a result of this inflow event. 
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In both Chapter 3 and section 4.2 it is shown that Ca-rhodochrosite laminae 

occur as late winter-early spring deposits relative to varves. This timing information 

from varves is consistent with evidence of the timing of the first arrival of saline 

inflows in the Gotland Deep, which implies a direct causal link between the deposition 

of Mn-oxide laminae and major Baltic inflow occurrence. 

4.6 MICRO-FABRIC OF Ca-RHODOCHROsiTE LAMINAE 

Under the SEM, the fine-scale structure of the Ca-rhodochrosite laminae may be 

discerned (Fig. 4.6a-d). Ca-rhodochrosite laminae commonly consist of aggregates of 

2-10|am globular crystallites. In BSE images rhodochrosite laminae appear as a bright 

bands of crystallites, always occurring as parallel overprints to other clay-rich and 

diatomaceous laminae. In many cases a diffuse region of 2-3p.m bright framboidal 

and/or cubic pyrite crystals occurs below the Ca-rhodochrosite laminae. The 

occurrence of cubic pyrite is limited only to areas associated with Ca-rhodochrosite 

laminae, but framboidal pyrite is commonly found elsewhere in Littorina sediments. 

In Landsort Deep sediments, Bdttcher and Lepland (2000) associate single pyrite 

fi-amboids with Fe-sulphide formation within the water column and clusters of 

framboidal pyrite, which include euhedral crystals, with Fe-sulphide formation within 

the sediments. In Jurassic mudstones, Taylor and Macquaker, (2000) attribute 

framboidal pyrite to early formation under highly sulphidic conditions and euhedral 

pyrite to slower formation under less reducing conditions. These pyrite sub-layers are, 

therefore, likely to have formed within the sediments, and possibly reflects a redox-

dependent distribution of Fe during Ca-rhodochrosite formation. 

Hexagonal Ca-rhodochrosite crystals (20-3 Ojxm) have been observed within or at 

the base of 12 (13%) of the 95 rhodochrosite laminae observed from 118-143cm. 

These crystals have a hollow core and are almost certainly pseudomorphs of hexagonal 

manganese sulphide, as they are consistent with the y-Mn-sulphide crystal 

morphologies reported previously in Baltic sediments, both in the Landsort Deep 

(Baron and Debyser, 1957; Debyser, 1961; Suess, 1979; Lepland and Stevens, 1998) 

and in the Gotland Deep (Bottcher and Huckriede, 1997). A quite complex sequence 

of environmental conditions (see Fig. 4.7) is implied by the occurrence of these 

pseudomorphs. 

A. Formation if Mn-sulphide 

To form pseudomorphs as shown in Figure 4.6b, initially Mn-sulphide crystals must 
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have grown (Fig. 4.7a) following deposition of a Mn-oxide lamina. The precipitation 

of Mn-sulphide in preference to Mn-carbonate requires a very high excess of free 

sulphide relative to alkalinity and an environment completely depleted in Fe, which 

would otherwise preferentially react with sulphide to form Fe-sulphides (Bottcher and 

Huckriede, 1997). The site of maximum bacterial sulphate reduction rates in Gotland 

Deep sediments has been observed by Piker et al., (1998) at between 10-20cm below 

the sediment-water interface. High in situ H2S and alkalinity concentrations should, 

therefore, be present below the Mn-oxide lamina. Large amounts of Mn^^ can be 

produced rapidly (Aller, 1980) by bacterial Mn-reduction (and possibly by direct 

chemical reduction) of the Mn-oxide lamina, hence, large concentrations of free Mn̂ "̂  

will be present at the sediment-water interface. The likely site of Mn-sulphide 

precipitation is, therefore, at the base of the Mn-oxide lamina where high Mn̂ "̂  is met 

by high concentrations of HgS diffusing upwards from the site of maximum bacterial 

sulphate reduction. 

B. Formation of Mn-carbonate 

Following initial Mn-sulphide growth, conditions must have altered sufficiently so that 

Ca-rhodochrosite overgrowths on the Mn-sulphide crystals were produced (Fig. 4.7b). 

Alkalinity is produced as a result of bacterial reduction of the Mn-oxide laminae, and 

simultaneously H2S will be consumed by formation of Mn-sulphide. As a result, 

alkalinity can eventually become locally in excess relative to H2S, and conditions may 

switch to favour Ca-rhodochrosite precipitation, both as an overgrowth on the 

hexagonal Mn-sulphide crystals and in separate Ca-rhodochrosite crystallites. 

The banding evident in the pseudomorphs (Fig. 4.6b) suggests that the precise 

precipitation micro-habitat of the pseudomorphs may alternate between Mn-sulphide 

and rhodochrosite formation, depending on subtle lamina-scale variations in both the 

production and diffusion of H2S and alkalinity. 

C. Dissolution of Mn-sulphide 

After all the Mn-oxide lamina has been consumed, the source of excess in situ Mn̂ "̂  

will no longer be present, and no further rhodochrosite or Mn-sulphide can be formed 

due to this mechanism. In order to leave hollow Mn-sulphide pseudomorphs (Fig. 

4.7c), therefore, the early-formed Mn-sulphide almost certainly will have become 

unstable and dissociated. As Mn-sulphide crystals have only been observed once 

previously in Gotland Deep sediments (Bottcher and Huckriede, 1997), it seems that 

Mn-sulphide preservation is not typical; indeed, the long-term sedimentary pore-water 
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conditions in the Gotland Deep have been commonly reported to be over-saturated (or 

meta-stable) with respect to Ca-rhodochrosite, but under-saturated with respect to Mn-

sulphide (KuHk et al., 2000; Heiser et al., 2001). Mn-sulphide will, therefore, 

normally tend to dissociate and diffuse away into anoxic pore waters, leaving a Ca-

rhodochrosite lamina containing Mn-sulphide pseudomorphs that record both the 

deposition of an ephemeral Mn-oxide lamina and the sensitive changes in geochemical 

conditions during Ca-rhodochrosite formation. 

4 .7 CONCLUSIONS 

SEM images have revealed the occurrence of Ca-rhodochrosite overgrowth 

solely on benthic and not on planktonic foraminifera tests. This strongly implies a link 

between oxic bottom water conditions and rhodochrosite formation. 

Energy dispersive microanalysis combined with back scatter electron imagery 

enables the placement of Ca-rhodochrosite laminae within an annual cycle of 

deposition, showing that Ca-rhodochrosite deposition is a rapid phenomenon occurring 

on seasonal time scales. The occurrence of Ca-rhodochrosite only as a winter/early 

spring deposit is in close agreement with the seasonality of flushing of the Gotland 

Deep as recorded in instrumental records. This finding provides supporting evidence 

for the assumed direct causal link between saline inflow events and Ca-rhodochrosite 

deposition, and suggests that this has been a regular feature of sedimentation 

throughout the Holocene sediments of the Gotland Deep. 

The relatively common occurrence of Hexagonal y Mn-sulphide pseudomorphs 

suggests that highly sulphidic conditions favouring the early formation of Mn-sulphide 

were reached much more commonly during Ca-rhodochrosite formation in the Gotland 

deep than previously reported. 
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Figure 4.1 High magnification (x20) back-scattered electron image showing four 

varves numbered 1-4 containing Ca-rhodochrosite laminae (core depth 126cm). 

A1 (wt%), K/Al, Mg/Al, CI (wt%) and Si/Al distributions shown fi-om EDS line 

raster scan taken along extreme left hand side of BSE image. Ca-rhodochrosite 

laminae denoted by grey bands. 
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Figure 4.2 High magnification (x20) back-scattered electron image showing four 

varves numbered 1-4 containing Ca-rhodochrosite laminae (core depth 126cm). 

Mn/Al, Ca/Al distributions shown from EDS line raster scan taken along 

extreme left hand side of BSE image. Ca-rhodochrosite laminae denoted by 

grey bands. 
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Figure 4.3 High magnification (x20) back-scattered electron image showing four 

varves numbered 1-4 containing Ca-rhodochrosite laminae (core depth 126cm). 

S/Al, Fe/Al distributions shown from EDS line raster scan taken along extreme 

left hand side of BSE image. Ca-rhodochrosite laminae denoted by grey bands. 
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Figure 4.4 A: Benthic Foraminifera Elphidium excavatum heavily encrusted in Ca-

rhodochrosite. B: back-scattered electron image cross-section of E. excavatum, 

bright outline is Ca-rhodochrosite overgrowth. Overgrowth extends along pores 

in E. excavatum foraminiferal test. C: Planktonic foraminifera Globorotalia 

scitula, surface ornamentation similar to E. excavatum in Ufe. D: Right coiling 

planktonic foraminifera Neogloboquadrina pachyderma. 
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Figure 4.5. A. Seasonal distribution and intensity of Major Baltic Inflows, predicted 

from historical records (after Matthaus and Schinke, 1994). B. Variations in 

bottom water conditions (230-240m) in the Gotland Deep from 1992-96 (after 

Nehring et al., 1995b), and inflow events occurring at the Darrs Sill. H2S 

concentrations plotted as negative O2 concentrations. 
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Figure 4.6. A: Topographical BSE image: aggregate of globular Ca-rhodochrosite 

crystallites. B: BSI image: Hexagonal Ca-rhodochrosite crystals 

(pseudomorphs of y-Mn-sulphide) in ground-mass of globular crystallites. C: 

BSI image: Ca-rhodochrosite laminae show as bright band of crystallites. Zone 

of difiuse small (~1 |um) cubic pyrite crystallites beneath, shown in detail in D. 
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Figure 4.7 Mn-sulphide pseudomorph formation sequence. 
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5 TRACE METAL DISTRIBUTION ASSOCIATED WITH Ca-

RHODOCHROSITE LAMINAE 

With 5 figures 

5.1 INTRODUCTION 

Many natural and anthropogenic processes lead to the release of redox sensitive 

metals in the marine environment. In the Baltic Sea the mean residence time for many 

metals; e.g., As (17yrs) Cd (5-6yrs) Cu (3-5yrs) Pb (O.Syrs) and Zn (2yrs), is 

considerably shorter than that of water (20-40yrs) (Brugmann et al., 1997; Stembeck et 

al., 2000). The Baltic Sea, therefore, acts as an effective trap for many redox sensitive 

trace metals. Trace metals are generally enriched in anoxic settings (Calvert and 

Pedersen, 1993), and indeed many trace metals (Mn, Fe, Mo, U, V, Cd, Pb, Co, Ni, Cu, 

As and Zn) are reported to be enriched in the Gotland Deep sediments (Brugmann and 

Lange, 1990), supposedly fixed by the formation of both metal-sulphides and Mn-rich 

carbonates (Brugmann et al., 1998). This fixation could potentially immobilise toxic 

metals like Cd, Pb, Hg and Cu, removing them from the marine water column. 

As all previous study have employed bulk sampling techniques and Ca-

rhodochrosite and pyrite-rich laminae are observed to be finely interbedded on sub-

millimetre scales (see chapter 4), there have been no previous studies of trace metal 

distributions associated with individual Ca-rhodochrosite laminae. Laser ablation ICP-

MS allows the determination of trace metal concentration and distribution for many 

elements simultaneously at the lamina scale, allowing an assessment of the relative 

importance of Ca-rhodochrosite formation for the fate of trace metals in the Gotland 

Deep. 

5.2 SAMPLE SECTIONS AND THE USE OF X / A l AND X/Ti RATIOS 

Material analysed for this study was taken from selected intervals of organic-rich 

laminated muds of Littorina age at core depths between 0-229cm. Two sample areas, 

A and B, were chosen for laser ablation ICP-MS studies at a core depth of 126cm (A) 

and 197cm (B). Both A and B sample areas were within a varved sediment sequence, 

and contained prominent Ca-rhodochrosite laminae. High resolution SEM back-

scattered electron images were taken for both areas to allow direct comparison of trace 
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element data to sediment fabric. Non-destructive major element energy dispersive X-

ray micro-analysis (EDS) was carried out to allow direct comparison of major element 

and trace element data. 

It is common practice to express geochemical data of this nature normalised to 

Al, i.e., as the X/Al ratio, so that the variations in 'excess' elemental abundance can be 

determined (i.e., not bound up in hthogenic clay minerals), (e.g. Calvert et al., 2001) 

Therefore EDS data are presented here in the X/Al form (Figs. 5.1-5.5). For the ICP-

MS, however, this was not possible because Al data could not be collected for these 

samples. As there is some variation in the spot size produced by laser ablation (see 

Fig. 2.2), it is vital to express these data as an elemental ratio to account for spot size 

variation and, therefore, a substitute for Al data must be used. Following the approach 

of Sohlenius et al. (2001) Ti was used for normalisation for dilution by lithogenic 

minerals, therefore, ICP-MS trace element data are expressed here in the form of X/Ti. 

Although produced by different methods, the Ti and Al (wt%) profiles do show a good 

visual correlation (Fig. 5.1). 

5.3 RESULTS 

Figure 5.1 shows that there is a suite of elements (including Al and Ti) whose 

distribution coincides with that of lithogenic minerals. Cs/Ti, Rb/Ti, Zr/Ti, W/Ti, and 

K/Al all show no variation in their profiles, demonstrating that their distribution is also 

controlled by the distribution of lithogenic minerals. The variation shown by these 

elements is dependent on the balance between the deposition of organic-rich 

microfossil ooze laminae and the deposition of terrigenous clay throughout the varve 

sequence. There is also a significant dilution effect caused by the formation of Ca-

rhodochrosite crystallites. 

The bright winter Ca-rhodochrosite laminae can be seen clearly in BSE images 

(Fig. 5.1 - 5.5) of sample areas A and B. There laminae show large enrichments, of up 

to over 40 times background levels, in Mn/Al and Ca/Al in both sample areas A and B 

(Fig. 5.2); both Mg/Al and Sr/Ti also show significant but smaller enrichments (x3 and 

xlO) within in the Ca-rhodochrosite laminae. There is an enrichment in Zn/Ti in both 

samples, however, there is a large difference in Zn/Ti enrichment levels between A and 

B. In sample A, Zn/Ti is enriched up to 140 times background levels, whereas B 

shows enrichments of just 3-5 times background levels. 
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S/Al shows peaks of between 3-4 times background levels in Ca-rhodochrosite 

laminae from both A and B (Figs. 5.3 and 5.4), which are not matched by similar 

levels of enrichment of Fe/Al. Many other chalcophile elements also have peaks (2-10 

times background levels) within Ca-rhodochrosite laminae. Sample A (Fig. 5.3) has 

peaks in Pb/Ti, Cu/Ti, As/Ti, Co/Ti, Sn/Ti, and Ag/Ti within Ca-rhodochrosite 

laminae. Sample B (Fig 5.4), Ca-rhodochrosite laminae A, shows peaks in Cu/Ti, 

As/Ti, Co/Ti, Ni/Ti, and Ag/Ti. Sample B, Ca-rhodochrosite laminae B, shows peaks 

in Pb/Ti, As/Ti, Ni/Ti, and Sn/Ti. There are also peaks in chalcophile elements not 

associated with Ca-rhodochrosite laminae. In sample A, Cu/Ti, Ni/Ti, Co/Ti, Sn/Ti, 

and Ag/Ti, and in sample B, Pb/Ti, Cu/Ti, Ni/Ti, Co/Ti, As/Ti, Sn/Ti, and Ag/Ti are 

enriched outside Ca-rhodochrosite laminae, which relates to minor enrichments in 

Fe/Al. 

Other redox sensitive elements (Fig. 5.5), Mo/Ti, U/Ti and V/Ti also show 

enrichments within Ca-rhodochrosite laminae and modest peaks where Fe/Al is 

elevated. The Ba/Ti profile, however, shows no peak in excess Ba within Ca-

rhodochrosite laminae. Ba/Ti actually shows peak values corresponding to the dark 

microfossil-rich ooze laminae, where organic mater is potentially concentrated. 

5.4 TRACE METAL ENRICHMENT IN GOTLAND DEEP SEDIMENTS 

The results show that, except for Al, Ti, Rb, Cs, Zn and W, almost every trace 

metal studied showed some enrichment within Ca-rhodochrosite laminae. Ca, Sr, Mg 

and Ba are expected theoretically to be incorporated into the carbonate solid-solution 

during Ca-rhodochrosite formation (Kulik et al., 2 0 0 0 ) . Ca, Sr, and Mg are indeed 

only enriched within Ca-rhodochrosite laminae. Ba, however, is not enriched in Ca-

rhodochrosite laminae, but rather is enriched where there is a prominent ooze lamina. 

Ba is generally considered to be supplied to the sediments by the incorporation of Ba-

sulphate onto organic matter/op aline silica (Bishop, 1988) , therefore, Ba could act as a 

marker for organic matter preservation in these sediments as it does in other settings 

(e.g. Dymond et al., 1992 ; van Santvoort et al., 1996) . The difference in distribution 

between the two sites for Zn is somewhat problematic. The massive enrichments of 

Zn within Ca-rhodochrosite laminae in sample A may be explained by the 

incorporation of Zn-carbonate into Ca-rhodochrosite. Although Zn can be 

incorporated into a solid-solution with Mn-carbonate (Bottcher, 1995) , this has not 

been observed previously in marine sediments, and the formation of Zn-sulphide may 
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also explain the Zn enrichment; indeed the Zn/Ti profile in sample B is very similar to 

many other chalcophile elements. 

The peaks in S observed within Ca-rhodochrosite laminae almost certainly relate 

to the S-bearing mineral detected as a contaminant in Ca-rhodochrosite crystallites in 

Chapter 4. As Fe is not incorporated in Ca-rhodochrosite, and Fe does not show large 

peaks within Ca-rhodochrosite laminae, this S is unlikely to relate to a Fe-sulphide 

enrichment. This S may relate to Mn-sulphide, which can form before or with Ca-

rhodochrosite formation in the Gotland Deep (see Chapter 4) due to extreme Mn 

concentration exceeding saturation with respect to Mn-sulphide (Bottcher and 

Huckriede, 1997). 

The distribution of the majority of other metals studied (Pb, Cu, Zn, As, Co, Ni, 

Sn, Ag, Mo, U, and V) is very similar to S, being enriched within Ca-rhodochrosite 

laminae and also where Fe is enriched. Two separate mechanisms may explain these 

enrichments. 

Firstly, in the Gotland Deep, metals are scavenged from the anoxic water column 

by the formation of insoluble Fe-rich metal-sulphides (Kremling, 1983; Dyrssen and 

Kremling, 1990), while Mn is enhanced in anoxic waters (Briigmann et al , 1998). 

This would lead to the fixation in the sediments of trace elements prone to forming 

insoluble metal sulphides (i.e., Pb, Cu, Zn, As, Co, Ni, Sn, Ag, Mo) within Fe-

sulphide-rich laminae. Although U and V do not form insoluble sulphides, they do 

form solid phases in anoxic settings (Calvert and Pedersen, 1993), and may also be 

scavenged to the sediments by particulate Fe-sulphide. 

Secondly, following major Baltic inflow events, all metals are effectively 

scavenged by the formation of particulate Mn-oxides, including a second removal of 

elements already depleted by Fe-sulphide formation (Pohl and Hennings, 1999). 

Metals scavenged to the sediments in this way could then be sequestered in the 

sediments by formation of metal-sulphide phases in the sediments, producing 

enrichments in trace metals both within pyrite-rich and Ca-rhodochrosite laminae. 

5.5 CONCLUSIONS 

Trace metals are affected by seasonal-scale redox effects operating in the 

Gotland Deep, leading to enrichment in both Ca-rhodochrosite and Fe-rich laminae. 

The primary mechanism for sequestering trace metals to the sediments seems to be by 

scavenging these metals onto particulate Fe-sulphides in the water column. Secondary 
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scavenging of metals onto Mn-oxides following saline inflow events, also causes 

enrichment of trace metals within Ca-rhodochrosite laminae. As oxic conditions do 

not generally persist long after major inflow events, the potential for remobilization of 

trace metals may be limited and Gotland Deep sediments may act as an effective trap 

for many trace metals. 
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Figure 5.1 Al, Ti, Cs/Ti, Rb/Ti, Zr/Ti, W/Ti, and K/Al profiles. Heavy lines are 5pt. 

moving average. High magnification (x20) BSE images showing two varved 

sample intervals A and B (core depth 126cm and 197cm). Major element 

distribution from EDS line raster scan, and trace element profiles from laser 

ablation ICP-MS sampling. Rhodochrosite laminae denoted by grey bands. 
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Figure 5.2 Mn/Al, Ca/Al, Mg/Al, Sr/Ti, and Zn/Ti profiles. Heavy lines are 5pt. 

moving average. High magnification (x20) BSE images showing two varved 

sample intervals A and B (core depth 126cm and 197cm). Major element 

distribution from EDS line raster scan, and trace element profiles from laser 

ablation ICP-MS sampling. Rhodochrosite laminae denoted by grey bands. 
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Figure 5.3 S/Al, Fe/Al, Pb/Ti, Cu/Ti, As/Ti, Co/Ti, Ni/Ti, Sn/Ti, and Ag/Ti profiles. 

Heavy lines are 5pt. moving average. High magnification (x20) BSE images 

showing varved sample A (core depth 126cm). Major element distribution from 

EDS line raster scan, and trace element profiles from laser ablation I CP-MS 

sampling. Rhodochrosite laminae denoted by grey bands. 
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Figure 5.4 S/Al, Fe/Al, Pb/Ti, Cu/Ti, As/Ti, Co/Ti, Ni/Ti, Sn/Ti, and Ag/Ti profiles. 

Heavy lines are 5pt. moving average. High magnification (x20) BSE images 

showing varved sample B (core depth 197cm). Major element distribution from 

EDS line raster scan, and trace element profiles from laser ablation ICP-MS 

sampling. Rhodochrosite laminae denoted by grey bands. 
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Figure 5.5 Mn/Al, Mo/Ti, U/Ti, Ba/Ti, and V/Ti profiles. Heavy lines are 5pt. 

moving average. High magnification (x20) BSE images showing two varved 

sample intervals A and B (core depth 126cm and 197cm). Major element 

distribution from EDS line raster scan, and trace element profiles from laser 

ablation ICP-MS sampling. Rhodochrosite laminae denoted by grey bands. 
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6 THE ROLE OF SULPHIDE DURING THE FORMATION OF 

Ca-RHODOCHROSITE 

With 5 figures 

6.1 INTRODUCTION 

The distribution and fate of Mn and Fe in natural environments is controlled by 

the redox cycling of elements as labile organic matter is progressively oxidised by a 

succession of oxidising agents (Froehch et al., 1979; Bemer, 1981; Burdige, 1993). 

Despite the similarity of diagenetic reactions involving Fe and Mn (Froelich et al., 

1979), redox processes often result in their physical separation in sediments and pore 

waters (Burdige, 1993). This is because reduction of Mn-oxides produces a greater 

free energy yield relative to reduction of Fe-oxides, which leads to preferential 

microbial utilisation of Mn-oxides before Fe-oxides (Aller and Rude, 1988). The 

result in anoxic settings like the Gotland Deep, however, where the supply of labile 

organic matter is high and exchange of bottom water is limited, is to consume all 

available oxidising agents thus producing sulphidic bottom waters enriched in Fe^^ and 

Mn^^, and laminated sediments (Manheim, 1961). The post-Ancylus sediments of the 

Gotland Deep are enriched in both Fe and Mn due to the separate formation of Fe-

sulphides in an anoxic water column (Boesen and Postma, 1988) and Ca-rhodochrosite 

formation following major Baltic inflow events (see section 6.2). Formation of Mn-

sulphide is not usually considered to be an important sink of Mn due to its rare 

occurrence, and previous reports have found that Gotland Deep pore-water conditions 

are normally under-saturated with respect to Mn-sulphide (Kulik et al., 2000; Heiser et 

al., 2001). Only one study (Bottcher and Huckriede, 1997) has hitherto directly 

reported Mn-sulphide in Gotland Deep sediments; and abundant Mn-sulphides only 

occur in restricted intervals in Landsort Deep sediments (Lepland and Stevens, 1998), 

where Mn-sulphide formation has been ascribed to super-stagnant hyper-anoxic water 

column events, leading to super-saturation with respect to Mn-sulphide, and 

precipitation within the water column. In Chapter 4, however, it was observed that 

Mn-sulphide pseudomorphs in Gotland Deep sediments occur associated with many 

Ca-rhodochrosite laminae, and that sulphur is a major contaminant (up to 4wt%) in all 

rhodochrosite crystallites. This suggests that there may be an interplay between Mn-
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sulphide and Ca-rhodochrosite formation. The Littorina sediments are intermittently 

laminated reflecting fluctuating periods of oxic and anoxic conditions, suggesting that 

variations in benthic redox conditions may control the diagenetic processes occurring 

in the Gotland Deep. 

In order to test these suppositions, detailed observations of phase compositions, 

fabric relations and lamina scale elemental distributions were produced using a 

combination of scanning electron microscope (SEM) and energy dispersive X-ray 

micro-analysis (EDS) techniques. This chapter aims to discern the composition and 

distribution of diagenetic carbonate and sulphide phases within Gotland Deep 

sediments, in order to elucidate: 1. The mechanisms of formation and composition of 

these diagenetic phases, and; 2. The perturbation of these processes in relation to 

interannual-scale variation in benthic redox conditions. 

6.2 FORMATION OF Ca-RHODOCHROSITE 

In the Baltic Sea deposition and formation of Ca-rhodochrosite laminae has been 

widely investigated and debated (Suess, 1979; Jakobsen and Postma, 1989; Huckriede 

and Meischner, 1996; Neumann et al , 1997; Stembeck and Sohlenius, 1997; Lepland 

and Stevens, 1998). In the Gotland Deep, Ca-rhodochrosite formation has been linked 

to the periodic renewal of the stagnant deep water (Matthaus, 1995), the subsequent 

oxidation and precipitation of dissolved Mn̂ "̂  and Fe^^ as particulate oxy-hydroxides 

in the water column, and settlement of the resultant particulate matter to the sediment 

surface (Heiser et al., 2001). Ca-rhodochrosite precipitation is then driven kinetically 

by large pore-water concentrations resulting from rapid microbial reduction of 

the Mn-oxide lamina (Aller and Rude, 1988; Bottcher, 1998). Kulik et al. (2000) have 

shown theoretically that precipitation of Ca-rhodochrosite requires simply an excess of 

readily reducible Mn and does not require high alkalinity conditions produced by 

bacterial sulphate reduction. This has been affirmed by experimental results 

(Stembeck, 1997) and also by reports of Ca-rhodochrosite values from the 

Panama Basin close to normal seawater carbonate (Pedersen and Price, 1982). Ca-

rhodochrosite 5^^C values from the Gotland Deep, however, are typically isotopically 

light from -6 to -14%o (Suess, 1979; Huckriede and Meischner, 1996) indicating that, 

in this setting, diagenetically produced alkalinity is incorporated into Ca-

rhodochrosite. The precipitation of Ca-rhodochrosite is thought to occur rapidly 

following Mn-oxide deposition (Stembeck and Sohlenius, 1997). The co-precipitation 
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of Mn with calcite (Mucci, 1988; Pingitore et al., 1988) occurs much more rapidly than 

precipitation of pure MnCOs (Stembeck, 1997) and leads to the rapid fixing of free Mn 

in a mixed Mn-Ca-COs phase, which forms within the sediments (Morad and Al-aasm, 

1997) at or below the sediment-water interface (Kulik et al., 2000). The resulting Ca-

rhodochrosite produced is metastable with respect to pore water Mn and Ca 

concentrations (Bottcher, 1998). 

6.3 ENERGY DISPERSIVE X-RAY MICROANALYSIS ( E D S ) PROFILES 

Figures 6.1 and 6.2 show high resolution major element profiles plotted against 

fabric bioturbation index for a 50cm section of Littorina sediments (core depth 165-

216cm). The use of major elements profiles to delimit the distribution of different 

mineral phases is discussed in detail in Chapter 4. Al (wt%) is used as a proxy for clay 

mineral distribution; Ca/Al and Mn/Al for Ca-rhodochrosite; S/Al and Fe/Al for Fe-

sulphide; Si/Al for biogenic sihca (diatoms); and CI (wt%) for porosity. Application 

of the bioturbation index (BI), that records changes between laminated anoxic 

conditions and homogeneous oxic periods (after Behl and Kennett, 1996), allows 

delineation of 4 anoxic and 3 oxic intervals through the 50cm record (labelled Al-4 

and 01-3 respectively). There is very good agreement between the BI and the inverted 

Al (wt%) record, showing depletion in anoxic intervals and enrichment during oxic 

intervals. In the anoxic intervals, there is also an enrichment in Si/Al, Fe/Al, S/Al, and 

CI (wt%) (Fig. 6.2) indicating that biogenic silica, Fe-sulphide, and porosity are 

enriched in these intervals. By applying the commonly reported relationship between 

pyrite-S and organic carbon it is therefore also likely that organic carbon preservation 

is also enriched in these anoxic intervals (Bemer and Raiswell, 1983), however, the 

C/S ratios reported for Littorina sediments are lower (-1.55) than other anoxic 

Holocene sediments (Sohlenius et al., 1996a; Stembeck and Sohlenius, 1997). On the 

simplest interpretation, therefore, it appears that the observed Al (wt%) record is the 

product of a closed-sum effect, and Al (wt%) variation records a residual enrichment 

in clay minerals during oxic intervals, which are diluted by organic matter, biogenic 

silica, and sulphide minerals during anoxic intervals. As the BI record is produced by 

visual logging subject to visual interpretation, an independent gauge of anoxic-oxic 

boundaries was fixed by establishing an arbitrary reference level of 2.3wt% Al, below 

which anoxic condition are assumed. 
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The matching Mn/Al and Ca/Al profiles (Fig. 6.1) represent Ca-rhodochrosite 

laminae, and show that Ca-rhodochrosite does not seem to be limited in occurrence or 

magnitude to either oxic or anoxic intervals, but rather can occur regularly throughout 

the 165-216cm interval. The implication of regular Ca-rhodochrosite formation is that 

anoxic periods are regularly interrupted by oxic inflow events. Oxic conditions, 

however, must only be sustained for relatively short periods (1-2 months or less) so 

that re-colonisation by benthic organisms and bioturbation does not occur. 

Conversely, bioturbated oxic intervals must have included intermittent anoxic periods 

when the water column could be charged with Mn̂ "̂ , which is a basic requirement for 

the accepted Ca-rhodochrosite formation model (see section 6.2). The anoxic-oxic 

intervals, therefore, represent the long-term mean Gotland Deep conditions that are 

affected by short-term seasonal/interannual variations in benthic oxygenation. The 

Ca/Al record (Fig. 6.1) is in very close agreement with Mn/Al, except for interval A4. 

In A4 very prominent Mn/Al enrichments, are not matched by similar Ca/Al peaks. 

There are also very large peaks in S/Al, that are not matched by Fe/Al. These Mn/Al 

peaks in A4 represent Mn-sulphide laminae. SEM imaging revealed three separate 

intervals containing Mn-sulphide laminae in the A4 interval. 

Unlike Ca-rhodochrosite (see Chapter 3), the Mn-sulphide does not generally 

form thin distinct laminae, except for one incidence where a leaf structure (Fig 6.3a, b) 

has been preserved by Mn-sulphide, showing the remarkable degree of preservation of 

organic material and structures in interval A4. The Mn-sulphide normally occurs as 5-

30|j,m crystallites dispersed over up to 3mm in diatom ooze laminae (Fig. 6.3c, d), no 

Ca-rhodochrosite crystallites are evident. The Mn-sulphide crystallites shown (Fig. 

6.3d) have two distinctly different forms; irregular spheroids and euhedral rhombs. 

Both morphologies, however, have similar compositions and are not treated separately 

in Table 6.1. Hexagonal Mn-sulphide crystals and pseudomorphs that have been 

previously observed (see Chapter 4 and reference therein) were not observed. Mn-

sulphide crystals are reported to oxidise rapidly during sampling (Suess, 1979), it is 

possible that the Mn-sulphide crystals shown in Figure 6 have been affected by 

oxidation during, or prior to, resin imbedding. 

The molar composition of the sulphide phase formed is quite sulphur-rich at 

Mno.egS. The Mn-sulphides are completely free of Fe, as expected, since Fe would 

otherwise preferentially react with sulphide to produce Fe-sulphides (Bottcher and 

Huckriede, 1997). The origin of the Mg and Na contamination remain unexplained, 
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but may relate to oxidation of Mn-sulphide during sampling. The sediment embedding 

process uses epoxy resin containing C and O, and is the only source of CI remaining in 

the sediments (sea water is replaced by resin during embedding). Thus the presence of 

C, O and CI in the Mn-sulphide phase shows only that there is considerable variation 

in porosity within the matrix of these Mn-sulphides, although the high oxygen content 

may also point to oxidation and Mn-oxide formation prior to, or during, resin 

embedding. 

Table 6.1 Composition of Mn-sulphide phase from EDS spot analysis 

n=51 Mn S Fe Ca Mg Na C CI O Total 
Mean 2102 1&59 n.d.* 0.04 2.21 &66 5.94 0.46 4260 99J2 
(wt%) 

Standard &13 3.54 n.d.* 0.04 269 4J4 7^6 0.29 &35 
Deviation 
Minimum 12.79 1&82 n.d.* n.d.* 0.10 0.22 n.d.* 0.10 10.63 -

(wt%) 
Maximum 4443 30,58 n.d.* 0.24 11.12 14^2 3&84 1.14 52.26 

(wt%) 
*n. c . - not detected 

The occurrence of Mn-sulphide laminae in A4 may reflect a continuance of the 

Mn-deposition throughout the 165-216cm section. This probably relates to the 

occurrence of regular inflow events, and the resultant deposition of a Mn-oxide lamina 

to the sediments; however, the diagenetic response has been to produce Mn-sulphide in 

A4, and Ca-rhodochrosite at most other times. The A4 interval contains the highest 

Si/Al, CI (wt%) and S/Al levels recorded in the 165-216cm section, and, therefore, as 

the sediments are likely to be enriched in organic matter, this is also likely to represent 

a sustained period of highly sulphidic conditions. These localised, highly sulphidic 

conditions may lead to the production of Mn-sulphide at the expense of Ca-

rhodochrosite following an inflow event, and also create conditions where Mn-

sulphide is stable within the sediments. 

In contrast to the Mn-sulphides found in interval A4, Fe-sulphides are found 

plentifully in other intervals, with a composition shown in Table 6.2. The molar 

composition is Feo.o.giMno.ogSi.yo- The Fe-sulphide contains -9% Mn, indicating an 

environment of formation that was rich in Mn̂ "̂  that can easily substitute into the Fe-

sulphide phase (Stembeck et al., 2000). This is consistent with the model for Fe-
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Sulphide formation in anoxic Gotland Deep conditions where large amounts of Mn 

commonly build up (Boesen and Postma, 1988; Neumann et al., 1997). 

Table 6.2 Composition of Fe-sulphide phase from EDS spot analysis 

n=5 S Fe Mn Ca CI C O Total 
Mean 37J8 34.71 3^9 &05 OJ^ &73 14.66 99.01 
(wt%) 

Standard &92 5.11 0.02 OJl 3^5 &56 -

Deviation 
Minimum 

(wt%) 
Maximum 

(wt%) 

45.94 

30.29 

4289 

3 a i 4 L25 

&07 

&03 

&32 

0.06 

11.52 

5^5 

2224 

&41 -

6.4 VARIATION IN Ca-RHODOCHROSITE Mn/Ca RATIO 

The cross-plot of Mn (wt%) against S (wt%) (Fig. 6.4a) for the whole 165-

216cm interval shows that the lowest Mn distribution is limited by a Mn-sulphide 

phase, whose composition is enriched in S compared to MnS. The large scatter of Mn 

(wt%) values above the MnS composition are due to the presence of Ca-rhodochrosite. 

A Mn (wt%) V S (wt%) cross-plot for just the Mn-sulphide containing A4 interval 

(Fig. 6.4b) shows that Mn and S correlate very well (r^=0.98) and that little or no Ca-

rhodochrosite is formed in interval A4. The Mn-sulphide molar composition (Mno.vsS) 

deduced by this technique is consistent with that deduced by EDS spot analysis. 

A cross-plot of Ca (wt%) against Mn (wt%) for the whole 165-216cm interval 

(Fig 6.4c) shows that the observed rhodochrosite phase has a Mn/Ca wt% ratio of 4.88, 

consistent with the EDS spot analysis (Table 6.3). The Mn/Ca wt% ratio (Fig 6.1) also 

seems to vary systematically throughout the 165-216cm interval, with S/Al. In anoxic 

intervals Mn/Ca tends to higher values, perhaps due to the greater incorporation of 

Mn-sulphide into Ca-rhodochrosite in these intervals. There is considerable variation 

in observed composition of Ca-rhodochrosite (Table 6.3) in terms of mean Mn/Ca 

ratio, ranging from 2.47 (Stembeck and Sohlenius, 1997) to 6.67 (this study). The 

average Mn/Ca ratio of 6.67 recorded in this study is very high compared to 

rhodochrosite compositions previously recorded by a variety of different techniques 

(Table 6.3). This is almost certainly due to the inclusion of data from Mn-sulphide 

rich laminae with Mn/Ca ratios over 100. Nevertheless, Mn/Ca values of up to 4.9 are 

commonly recorded in studies of Ca-rhodochrosite composition (Table 6.3). The 

cross-plot of Mn/Ca against S/Al (Fig. 6.4d) shows a reasonable degree of correlation, 
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r^=0.76. The Y-axis intercept indicates a Mn/Ca ratio of just 3.30, where excess S/Al 

is not present, close to the bottom end of the Ca-rhodochrosite compositional range 

and the model predictions of Kulik et al. (2000). A baseline Mn/Ca value of 3.30 has 

been added to Figure 6.1, showing that the Mn/Ca ratio only approaches this low value 

in some oxic intervals, where the ability to form Mn-sulphide may be reduced. 

Table 6.3 Mean Composition of Ca-rhodochrosite in terms of Mn/Ca and Mg/Ca 

Method of Determination Mn/Ca (wt%) Mg/Ca (wt%) 
Leaching 
HM,96 4.62 0.113 
SS,97 2.47 nd 
K,2000 3.70 0.180 
SEM-EDS/Microorobe spot analysis 
JP, 89 3.41 0.130 
LS, 98̂ ^ 4.81 0.045 
Chapter 4 4.69 0.136 
Mn V Ca regression plot 
section 6.4 4.88 -

Line Raster Profile Average Mn/Ca 
section 6.4 6.67 -

Y-interceot. Mn/Ca v S/Al regression plot 
section 6.4 3.30 -

Solid-Solution, Aqueous-Solution Model 

K^20M) 3 J 5 0J15 

References—HM,96 - Huckriede and Meischner, 1996; SS, 97 - Stembeck and Sohlenius, 1997; 

K,2000 - Kulik et al., 2000; JP - Jakobsen and Postma, 1989; LS, 98 - Lepland and Stevens, 1998. 

Notes—Nd - not determined, ^Landsort Deep study. 

The systematic variance in Mn/Ca ratios with S/Al, therefore, simply may be due 

to increasing amounts of Mn-sulphide precipitation during more sulphidic anoxic 

intervals, and the composition of Ca-rhodochrosite produced may be relatively 

constant. If the composition of Ca-rhodochrosite is constant, then one might expect 

the Mg/Ca ratio of Ca-rhodochrosite to be constant, as only Mn incorporation will be 

affected by formation of Mn-sulphide. As Ca-rhodochrosite formation conditions may 

be substantially different in Landsort Deep, it might be plausible to discount the very 

low Mg/Ca ratio found there for Ca-rhodochrosite (Lepland and Stevens, 1998). Table 

6.3, however, shows that there is still considerable variation in Mg/Ca ratios in Ca-

rhodochrosite from 0.113-0.180. Another method of testing whether the Mn/Ca ratio 

is controlled by Mn-sulphide variation is mathematically to subtract the Mn co-

precipitated as Mn-sulphide, producing the residual Mn/Ca ratio of the Ca-
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rhodochrosite phase. The average Ca-rhodochrosite composition from EDS spot 

analysis is 36.39wt% Mn, 8.10wt% Ca, giving a Mn/Ca ratio of 4.69; this Ca-

rhodochrosite also contains on average 1.16wt% S (see Chapter 4). If one assumes a 

molar composition of MnojsS, then 1.49wt% Mn is on average sequestered as Mn-

sulphide. The Mn/Ca ratio of the residual Ca-rhodochrosite can then be reduced to 

4.29. This is still fairly high compared to the range of Mn/Ca reported (Table 6.3). 

The composition of Ca-rhodochrosite, therefore, may also systematically tend to 

higher Mn/Ca ratios in anoxic intervals, where more sulphidic pore-waters may more 

rapidly reduce Mn-oxide, producing greater in situ Mn̂ "̂  concentrations and Ca-

rhodochrosite compositions richer in Mn. 

6.5 CONCEPTUAL MODEL FOR Ca-RHODOCHROSITE FORMATION 

A criticism that can be made of the established model for Ca-rhodochrosite 

formation in the Gotland Deep (see section 6.2, and references therein) is that, while it 

elegantly explains how Mn-oxide can be concentrated at the sediment-water interface, 

it fails to explain the geochemical process that converts a Mn-oxide lamina to the Ca-

rhodochrosite lamina observed in the sediments. Observations from SEM studies 

(Chapter 4; Section 6.2, 6.3), however, have provided new insights on the composition 

and distribution of diagenetic phases, which potentially may help to define the Ca-

rhodochrosite formation process. A five-stage conceptual model (Fig. 6.5), while not 

exhaustive in terms of chemical species, has been constructed to produce a formation 

mechanism that attempts to explain all the observed features associated with Ca-

rhodochrosite laminae: 

1. Normal anoxic conditions (and build up ofMn^) 

The normal salinity stratification within the Baltic Sea leads to stagnation and build up 

of sulphidic conditions in deep water of the Gotland Deep. Anoxic conditions may 

persist for several years or more (Matthaus, 1995) allowing Mn̂ "̂  and Fê "̂  

concentrations in the anoxic deep water to build up to over 500 times and 50 times 

surface water concentrations respectively (Briigmann et al., 1998). Concentrations of 

Mn^^ is much greater than Fê "̂  because the formation of Fe-sulphide in the water 

column limits dissolved Fe concentrations (Boesen and Postma, 1988; Neumann et al., 

1997). Thus the initial conditions, prior to the inflow event, are high Mn̂ "̂  

concentrations increasing with depth, with relatively reduced concentrations. 
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High bacterial sulphate reduction (BSR) rates within the anoxic sediments (Piker et al., 

1998) also lead to high HS" and alkalinity concentrations. 

2. Oxygen renewal (and deposition of Fe-Mn-oxide) 

The normal anoxic benthic conditions are greatly perturbed following the intrusion of 

oxic water from the North Sea. Diffusive oxygen penetration will form a new 

redoxcline at a very shallow depth within the sediments (Briigmann et al., 1997), but 

highly sulphidic conditions will still be present in the pore-waters at depth. Both free 

sulphide and oxygen will be consumed at the redoxcline and the exact depth of oxygen 

penetration will be controlled by the balance between rates of sulphide and oxygen 

diffusion. BSR will still produce alkalinity (and sulphide) at depth and alkalinity will 

have a difftisive contact with the oxic water column. Free and Fe^^ will only 

occur at depth due to oxygen penetration from the water column, and will also be 

oxidised at the redoxcline as they diffuse upwards; this may result in the formation of 

Fe and Mn-oxide 'sub-lamina' in the sediments just above the redoxcline (Burdige and 

Gieskes, 1983; Thomson et al., 1986). The oxygen-penetration stage could potentially 

last several months or more (Nehring et al., 1995b), which may provide an opportunity 

for benthic re-colonisation by benthic foraminifera (e.g., Elphidium excavatum) that is 

observed associated with Ca-rhodochrosite laminae (Fig. 4.4; Sohlenius et al., 1996b). 

Most importantly, the dissolved Mn̂ "̂  and that had built up in the anoxic water 

column will be oxidised and settle to the sediment forming a solid Mn and Fe oxy-

hydroxide lamina. Emerson et al. (1982) reported that for Saanich Inlet, British 

Columbia, the process of Mn-oxidation and sedimentation following deep water 

renewal was extremely rapid and was completed in just a few days. 

3. Ca-rhodochrosite and Mn-sulphide formation 

The Fe-Mn-oxide lamina will be stable until the available oxygen in the bottom waters 

is consumed and the redoxcline within the sediments starts to rise. As the redoxcline 

intercepts the Fe-Mn-oxide laminae, bacterially mediated reduction will rapidly start to 

reduce the mixed oxy-hydroxide lamina, which may contain as much as 20wt% Fe-

oxide (Brugmann et al., 1998). As the Ca-rhodochrosite is always found to contain 

very little or no Fe (Chapter 4; Huckriede and Meischner, 1996) and Mn-sulphide can 

only form in an environment free of Fe (Bottcher and Huckriede, 1997), a mechanism 

must be invoked to separate Mn selectively from the mixed oxide lamina prior to 

formation of Mn-phases. Following the 1994 inflow event, Brugmann et al. (1997) 

found that a Fe-rich layer was found directly beneath a Ca-rhodochrosite lamina, and 
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indeed pyrite-rich laminae are commonly found at the base of rhodochrosite laminae 

(Chapter 4). Briigmann et al. (1997) suggest that this is possible due to more rapid 

settling of Fe-rich oxy-hydroxides, but it seems unlikely that there would be any 

substantial difference in the flocculation and settling velocity of Mn and Fe oxy-

hydroxides, such that two separate laminae could be formed. It is more likely that 

redox processes relating the reduction of a single, mixed Fe-Mn-oxide lamina produce 

separate Mn-rich, Fe-free phases and Fe-rich phases. 

Mn oxy-hydroxides are normally considered more readily reducible than Fe oxy-

hydroxides (Froelich et al., 1979; Burdige, 1993), and Aller and Rude (1988) showed 

by experiment that in bacterially mediated reduction of mixed Mn-Fe-oxides, Mn-

oxides, especially those o f M n ^ are far more reducible than Fe-oxides. As the mixed 

oxy-hydroxide lamina starts to decompose, almost certainly Mn-oxides will be reduced 

first producing large amounts of Mn^^ but no Fê "̂ . Reduced Fê "̂  present in the pore-

waters at depth will also be inhibited for upward diffusion by a displacement reaction 

with Mn-oxides producing Fe-oxides and Mn̂ "̂  (Postma and Appelo, 2000). Thus high 

Mn^^ concentrations will be produced in the presence of upward diffusing alkalinity, 

and ample from pore-waters and the water column. Ca-rhodochrosite can 

therefore most likely begin to form at the oxy-hydroxide lamina. 

Mn̂ "̂  diffusing into the region of sulphidic conditions at depth will encounter 

free sulphide, and if concentrations of Mn are high enough, formation of Mn-sulphide 

becomes possible. Both alkalinity and sulphide will be consumed by the formation of 

mineral phases and the exact proportions of Mn-sulphide and Ca-rhodochrosite 

formation may be controlled by subtle variations in the production and upward 

diffusion rates of free sulphide and alkalinity. Mn-sulphide pseudomorphs 

occasionally show banded structures (Fig. 4.6), which may relate to alternating 

conditions in the formation micro-habitat, from Mn-sulphide to Ca-rhodochrosite 

formation. As Ca-rhodochrosite laminae are by far more common than Mn-sulphide 

laminae, in most cases formation of Ca-rhodochrosite must dominate. In very 

sulphidic conditions, however, such as interval A4 (Figs., 6.1-6.2), sulphide formation 

may dominate. Another effect of more sulphidic conditions may be that reduction of 

oxy-hydroxide laminae occurs more rapidly, producing greater in situ Mn̂ "̂  

concentrations and more rapid Ca-rhodochrosite production. Under such conditions 

diffusion of Câ "̂  to the region of Ca-rhodochrosite formation may be limiting, 

producing Ca-rhodochrosite with higher Mn/Ca ratios. 
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4. Fe-sulphide formation 

As the available Mn-oxide is consumed the very high Mn̂ "̂  concentrations required for 

formation of Mn-rich phases will no longer be present. The remaining Fe-oxide 

portion of the mixed oxy-hydroxide lamina (and sub-lamina) may then start to be 

reduced producing in situ enrichments. In marine settings, Fe-carbonate cannot 

form in the presence of sulphate (Carman and Rahm, 1997; Glasby and Schulz, 1999), 

indeed, no Fe-carbonate phase has ever been observed in Gotland Deep sediments. 

Nevertheless, downward diffusing will encounter upward diffusing sulphide 

where formation of Fe-sulphide can occur, providing a possible origin for the Fe-

sulphide lamina observed below many Ca-rhodochrosite laminae (Briigmann et al, 

1997; Chapter 4). An alternative origin for these Fe-sulphides may come from the 

reduction of the Fe-Mn-oxides which may have built up below the sediment-water 

interface due to oxidation of pore-water Fê "̂  and Mn̂ "̂ . It is unlikely that enough Mn-

oxide will be present in the sub-lamina to generate sufficient Mn̂ "̂  concentrations such 

that Ca-rhodochrosite precipitates, however, in a Fe-limited setting such as the Gotland 

Deep (Boesen and Postma, 1988), any excess Fe^^ produced should be converted to 

Fe-sulphide. 

5. Return to anoxic conditions 

From thermodynamic (Stembeck and Sohlenius, 1997) and experimental (Aller and 

Rude, 1988) perspectives, the whole process of reduction of the oxy-hydroxide 

laminae and production of authigenic phases is believed to occur very rapidly, perhaps 

over only a few days. After the oxy-hydroxide lamina has been consumed, there will 

be a relaxation back to anoxic conditions similar to the initial state before the oxic 

inflow. Under normal Gotland Deep pore water conditions Ca-rhodochrosite and Fe-

sulphide are stable or meta-stable, but the normal pore-water conditions are under-

saturated with respect to Mn-sulphide (Kulik et al., 2000; Heiser et al., 2001). Mn-

sulphide is only preserved in a few rare organic-rich intervals, where more sulphidic 

pore-water conditions may occur, and elsewhere only Mn-sulphide pseudomorphs 

remain as evidence of earlier Mn-sulphide formation. Much of the initially 

sequestered as Mn-sulphide may therefore be released back into the anoxic pore waters 

and water column. Jakobsen and Postma (1989) showed that dissolution textures are 

common for Ca-rhodochrosite crystallites, which may relate to Mn-sulphide 

dissolution. Nevertheless all Ca-rhodochrosite crystallites contain significant 
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contamination by sulphur, which may represent Mn-sulphide protected from 

dissolution by inclusion in Ca-rhodochrosite crystallites. 

6.6 CONCLUSIONS 

A sediment fabric bioturbation index based on back-scattered electron images 

was able to define long-term anoxic-oxic intervals, representing periods of different 

short-term oxic renewal frequency. This was in good agreement with the inverse A1 

(wt%) record, showing that a simple measure of A1 (wt%) could prove a useful tool in 

determining variance in benthic oxidation levels in this setting. 

There is evidence for regular Mn-deposition as a direct result of oxic inflow 

events, as evidenced by Ca-rhodochrosite and Mn-sulphide laminae throughout a 50cm 

section of Early Littorina sediments. These laminae may provide a useful record of 

major Baltic Inflow events throughout the Holocene. 

Mn-sulphide laminae were observed to occur in the single most anoxic interval 

A4 which has the lowest A1 (wt%). The formation of Mn-sulphide seems to be the 

result of an inflow event occurring during a period of extremely sulphidic pore-water 

conditions, leading to the formation of Mn-sulphide at the expense of Ca-

rhodochrosite. Variation in the initial benthic concentrations of free sulphide at the 

time of an inflow event may affect the amount of Mn-sulphide produced and the 

Mn/Ca ratio of Ca-rhodochrosite. Both will tend towards higher values under more 

sulphidic formation conditions. 

Ca-rhodochrosite, Mn-sulphide, and Fe-sulphide may be produced following a 

major Baltic inflow event as a result of the progressive rapid microbial reduction of 

mixed Mn-Fe-oxy-hydroxide laminae. 
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Figure 6.1 Major element EDS line raster profiles of 51cm interval (165-216cm), 

showing profiles of A1 (wt%), Mn/Al, Ca/Al, Mn/Ca and S/Al plotted against 

fabric bioturbation index. Heavy lines are 7pt. moving average. MnS laminae 

denoted by grey bands. 
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Figure 6.2 Major element EDS line raster profiles of 51cm interval (165-216cm), 

showing profiles of A1 (wt%), CI (wt%) S/Al, Fe/Al, and Si/Al plotted against 

fabric bioturbation index. Heavy lines are 7pt. moving average. MnS laminae 

denoted by grey bands. 
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Figure 6.3 Back-scattered electron images of Mn-sulphide rich laminae. 

A. Fossil leaf structure preserved by Mn-sulphide, shown in detail in B. 

C. Diatom ooze with abundant Mn-sulphide crystallites typical of Mn-sulphide 

rich laminae, shown in detail in D. 
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Figure 6.4 A. Cross-plot of Mn (wt%) v S (wt%) for whole interval 165-216cm. 

B. Cross-plot of (wt%) v S (wt%) for Mn-sulphide rich interval A4, 165-172cm. 

C. Cross-plot of Ca (wt%) v Mn (wt%) for whole interval 165-216cm. 

D. Cross-plot of Mn/Ca v S/Al for whole interval 165-216cm. 
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Figure 6.5 Conceptual model for Ca-rhodochrosite formation. 
Relative Concentration — • 

Sediment 

1. Normal Anoxic 

Relative Concentration 

!0 , Fe-Mn-Ox 
2. Oxygen Renewal 

VL 
/ 

1 1 

'> . Fe-Mn-Ox Lamina 

Fe-Mn-Ox Sub-lamina 

IFB" 

\ 

IFB" j^Mn" 
M 

A i q j H S 

Relative Concentration 

3. Ca-rhodochrosite 
Mn-sulphide 
Formation 

Ca-rhodochrosite 
Mn-Sulphide 

Relative Concentration 

4. Fe-sulphide 
Formation 

Fe-Sulphide 

Relative Concentration 

ABT A& 

5. Return to Anoxic 
Conditions 

MnS pseudomorphs 



0^- $ 

6*i 

'B&# 

^m^vcri 



Ocean-climate processes recorded in Holocene laminated sediments from the Gotland Deep, Baltic Sea. Ian T. Burke 

7 AN EARLY HOLOCENE GEOCHEMICAL RECORD OF 

SALINE INFLOW 

With 5 figures 

1.1 INTRODUCTION 

Major Baltic inflows have occurred regularly throughout the 20th century 

(Matthaus, 1995) and have been regarded as causing the presence of Mn-enrichment in 

Gotland Deep sediments in the form of diagenetic Ca-rhodochrosite laminae in many 

studies (Huckriede and Meischner, 1996; Neumann et al., 1997; Sohlenius et al., 

1996b; Stembeck and Sohlenius, 1997; Chapters 4, 6). These saline inflow events are 

the product of North Atlantic atmospheric processes that culminate in overflows of 

highly saline water to the Baltic Sea at the Darss Sill. Saline inflows occur solely in 

winter, when westward wind systems, associated with blocking high pressure areas 

over the Baltic Sea, force water out of the Baltic Sea into the Danish straits causing a 

drop in Baltic Sea level (Matthaus and Schinke, 1994). This set-up period is then 

followed by the main inflow period itself, when a switch to eastward winds, associated 

with cyclonic activity, causes saline Belt Sea water to flow back into the Baltic Sea 

(Matthaus and Schinke, 1994). Schinke and Matthaus (1998) report that saline inflow 

occurrence is significantly greater in years with low surface runoff, which causes 

higher salinity in the Belt Sea, and overall lower cyclonic activity, which allows set-up 

periods to occur. 

The North Atlantic Oscillation (NAO) was first described as variation in the 

zonal circulation by Walker and Bliss (1932), and is now commonly defined as the 

difference in the mean winter sea level pressure between the Azores High and the 

Icelandic Low (Hurrell, 1995). Variation in the NAO is reported to be the most 

important factor controlling the interannual climate variability observed in the North 

Atlantic region (Marshall et al., 1997). Conditions favourable for saline inflow are 

associated with negative NAO index winters when lower cyclonic activity, reduced 

precipitation, and more blocking highs occur in the Baltic region (Rogers, 1997; 

Nesterov, 1998). Bomgen et al. (1990) reported that there is some coherence between 

records of saline inflow occurrence and the North Atlantic meridional circulation. The 

NAO has also been implicated in observed variations in the frequency of bottom water 
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renewal in Swedish Qords (Nordberg et al., 2000; Nordberg et al., in review) and the 

Baltic Sea itself (Hanninen and Vuorinen, 2000). 

Sedimentary Mn-enrichments were used as a proxy for saline inflows occurring 

in the past 250yr by Neumann et al. (1997), however, no studies as yet have 

investigated this relationship in Early Holocene sediments predating historical records. 

Energy dispersive spectrometry (EDS) techniques, used under the SEM, produce 

records in which the Mn-enrichment due to individual Ca-rhodochrosite laminae can 

be delimited, representing higher resolution than previous studies. This Chapter, 

therefore, aims to assess the processes which affect Mn-enrichment in Early Holocene 

Gotland Deep sediments and to determine the suitability of Mn-enrichments as proxy 

records of interannual and decadal-scale variance in saline inflow events. 

7.2 MEAN SEDIMENTATION RATE IN CORE 2 0 0 0 1 -5 

The position of core 20001-5 in the Gotland Deep is prone to erosion by bottom 

currents (Sivkov et al., 1998) and the upper part of core 20001-5 contains much 

evidence for erosion, in the form of truncated laminae on both macro (Fig. 2.2) and 

micro (SEM) scales. Thus it is likely that the apparent bulk sedimentation rate for this 

core of approximately 0.28mm/yr. (Christiansen and Kunzendorf, 1998; Chapter 3) is 

not representative of the actual pre-erosion sedimentation rate. These erosional 

features were, however, not observed in lower parts of core 20001-5, and this interval 

may, therefore, represent a coherent and continuous record of sedimentation. On this 

basis, a 51cm interval from 165-216cm was chosen for detailed study. Palaeomagnetic 

stratigraphy has not been able to produce a reliable age model for the post-Ancylus 

sediments in core 20001-5 (A. Roberts, pers. com.), and only one '"^C-AMS date has 

been obtained from this core (U. Struck, pers. com.). The varve thickness data are, 

therefore, the only available measurement of the annual sedimentation rate. The mean 

sedimentation rate measured from 160 varves in upper sections of the core (Chapter 3) 

is 0.7mm/yr., which is at the upper end of the normal range of sedimentation rates 

reported in Gotland Deep cores (0.23-0.75mm/yr. (Christiansen and Kunzendorf, 

1998). Only 45 varves, however, were observed in the 165-216cm interval and 

indicate a mean sedimentation rate of 0.99mm/yr ±36% (±la), similar to the highest 

sedimentation rate ever reported for a consolidated Gotland Deep core of Imm/yr. 

(Ignatius, 1958). This sedimentation rate would imply a time period of 501yr. ±36% 

for the whole 165-216cm interval. The main problem encountered when applying the 
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mean varve thickness as an estimate of sedimentation rate, is that varves are not 

continuous throughout the 165-216cm interval. In fact, only 9% of the interval is 

comprised of varves, therefore, the mean varve thickness may not be representative of 

these sediments as a whole. This chapter will, consequently, generally concentrate on 

the 165-216cm Mn-record in terms of depth-scale relationships, and the 0.99mm/yr. 

varve sedimentation rate will only be applied tentatively where appropriate. 

7.3 VARIATION IN SEDIMENTARY Mn-ENRICHMENT FOLLOWING SALINE INFLOWS 

If Mn-enrichment records (Fig. 7.1) are to be used as a proxy of inflow events, a 

linkage between deep water renewal (volume of water transported into the Baltic Sea) 

and the formation of sedimentary Mn-enrichment (wt% Mn) must be established. The 

observed chain of events leading to storage of Mn in the sediments, therefore, will now 

be considered in detail to provide the theoretical context in which this proxy can be 

used. 

1. Accumulation ofMn in the Gotland Deep 

Mixing of oxygenated waters across the primary Baltic halocline is so restricted 

(Matthaus, 1990) that renewal by saline inflow is considered to be the only process in 

which significant changes in Gotland Deep redox conditions can occur (Matthaus, 

1995). Between inflow events, the basin will quickly stagnate as the supply of organic 

matter is high (Sohlenius, 1996) and oxygen is rapidly consumed in the deep waters 

(Matthaus and Lass, 1995; Nehring et al., 1995a; Nehring et al., 1995b; Matthaus et 

al., 1996). This typically produces sulphidic bottom waters where can start to 

accumulate (Manheim, 1961). The main source of Mn for the Gotland Deep is as Mn-

oxides in terrigenous sediments which are supplied by resuspension of coastal and 

shallow water sediments during storms (Gingele and Leipe, 1997). Thus the primary 

control on the amount of Mn accumulated in anoxic Gotland Deep bottom waters may 

simply be related to atmospheric conditions (storm activity) during each stagnation 

period. 

There is, however, a second possible source of Mn on the upper slopes of the 

Gotland Deep above the redoxcline. Mn-oxide builds up on the upper slopes of anoxic 

basins (Manheim, 1961) due to the recycling of dissolved Mn̂ "̂  and solid Mn-oxide at 

the redoxcline (Bostrom and Ingri, 1988). Following the 1994 saline inflow event, the 

redoxcline depth was elevated to 130m, more than 20m above the former redoxcline 

depth (Matthaus, 1995). Under such circumstances, Mn-oxide deposited on the rim of 
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the Gotland Deep may be prone to remobilization through contact with sulphidic 

waters. Mn could eventually be cycled, via oxidation by the inflowing waters, to the 

Mn-oxide lamina in the deepest parts of the Gotland Deep, until all sulphidic waters 

are oxidised. This mechanism could alleviate the problem of Mn supply, where Ca-

rhodochrosite laminae are observed in successive varves (Chapters 3,4). The 

formation of Ca-rhodochrosite requires large amounts of free Mn̂ "̂ , and it is not 

known if enough Mn can be supplied to the deep basin by normal sedimentation in one 

year or less. If the Mn-oxide on the slopes, however, can be harvested by uplifted 

anoxic waters during inflow events, then formation of Ca-rhodochrosite laminae after 

successive inflows becomes possible. 

2. Initial titration ofMn^ (andHS', etc...) by oxygen 

Hypothetically if the reduced Mn-pool in the Gotland Deep was infinite, then the 

amount of Mn sequestered in the sediments might relate directly to the amount of 

oxygen introduced during a saline inflow event. The 1993-94 saline inflow marked the 

end of the longest stagnation period (1 lyr.) ever recorded in the Gotland Deep 

(Matthaus and Lass, 1995). Prior to this saline inflow, the bottom waters also 

contained the highest concentration of HS", Mn̂ "̂  and ever recorded (Briigmann et 

al., 1997; Heiser et al., 2001). The magnitude of the 1993-94 saline inflow was in the 

moderate range of Matthaus and Franck's (1992) intensity index, and due to mixing in 

the Baltic's deep basins, the oxygen content of the saline inflow was significantly 

reduced (Matthaus and Lass, 1995) before entering the Gotland Deep. Nevertheless, in 

May 1994, Gotland Deep bottom waters were oxic (Nehring et al., 1995a), and all of 

the free and Fe^^ was oxidised and deposited as a Mn-Fe-oxide lamina 

(Briigmann et al., 1997). Evidence from the 1993-94 inflow event, therefore, seems to 

indicate that the supply of oxygen by saline inflows is usually sufficient, even after 

long stagnation periods, to oxidise all the reduced species accumulated in Gotland 

Deep bottom waters. One apparent problem of this effect (in terms of Mn-enrichment) 

is the case where two inflows occur so close together that no anoxic stagnation period 

occurs; because all the Mn will already be oxidised, the second inflow event cannot 

then be recorded by a separate Mn-enrichment. 

3. Sequestering of the Mn-oxide lamina 

Mn-oxides are not stable under reducing conditions (Froelich et al., 1979) and, 

therefore, to produce sedimentary Mn-enrichments, the conversion to early diagenetic 

minerals, such as Ca-rhodochrosite (Huckriede and Meischner, 1996; Sohlenius, 1996; 
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Neumann et al., 1997; Stembeck and Sohlenius, 1997; Chapter 4) and/or Mn-sulphide 

(Bottcher and Huckriede, 1997; Chapter 6), must occur. The precise proportions of 

Ca-rhodochrosite and Mn-sulphide formed may vary according to the pore-water redox 

conditions at time of formation (Chapter 6). Lepland and Stevens (1998) argue 

convincingly that some Mn̂ "̂  will be lost at this stage by simply diffusing away into 

the bottom waters. The overall proportion of the Mn-oxide lamina converted to 

diagenetic minerals is most likely to depend on the rate of Mn-reduction. More rapid 

Mn-reduction will cause greater in situ Mn̂ "̂  concentrations and more rapid diagenetic 

mineral formation and will limit the amount of which is lost back into the bottom 

waters. Again this is likely to be determined by the precise pore-water redox 

conditions at the time of mineral formation. 

4. Dissolution and resuspension of Mn-lamina 

Once sedimentary Mn-enrichments are sequestered they are then subject to burial and 

the possibility of later diagenesis at depth that may lead to the dissolution of early 

formed Mn-rich minerals. Gotland Deep pore-waters are often reported to be over-

saturated with respect to Ca-rhodochrosite and under-saturated with respect to Mn-

sulphide (Kulik et al., 2000; Heiser et al., 2001). Any early formed Mn-sulphide will, 

therefore, be expected to dissociate into the pore-waters, and not be retained in the 

record. Jakobsen and Postma (1989) have observed that Ca-rhodochrosite crystallites 

are heavily affected by dissolution textures. This indicates that, at depth, there is also 

some dissolution of Ca-rhodochrosite. 

Gotland Deep sediments are also prone to erosion caused by the inflow events 

themselves (Sviridov et al., 1997; Emeis et al., 1998; Sivkov et al., 1998). Heiser et al. 

(2001) reported the effects of erosion on the sedimentary Mn-enrichment that formed 

at shallow depths within Gotland Deep sediments following the 1993/94 inflow event. 

Two small inflows that subsequently occurred in 1994/95 resulted in the resuspension 

of the shallow sediments containing this Mn-enrichment. No trace of the Mn-

enrichment observed in 1994, remained after the 1994/95 inflow events (Heiser et al., 

2001), and presumably the Mn itself was re-dispersed back into the Gotland Deep 

bottom waters. Thus, even if Mn-enrichments are sequestered in Gotland Deep 

sediments, subsequent inflow events can result in the resuspension of Mn and removal 

of evidence of these events from the record. 

One other factor that must be borne in mind is the possible loss by laboratory 

handling. Suess (1979) report (also reported in Chapter 6) that Mn-sulphide crystals 
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can be affected by oxidation when sampled. Also in Chapter 2 a whole sediment slab is 

reported to have no Ca-rhodochrosite laminae present after exposure to oxygen in 

transit. Every effort must be made to minimise the exposure of Gotland Deep 

sediment samples to oxygen in order to limit this problem. 

7.4 CONCEPTUAL TREATMENT OF Mn-RECORO: ANALYSIS OF A SERIES OF EVENTS 

The many factors affecting the sedimentary Mn-enrichment are summarised in 

Figure 7.2. The only two independent parameters listed, atmospheric conditions and 

organic-carbon supply, may both even be influenced by a single external forcing 

mechanism, such as the NAO (Hanninen and Vuorinen, 2000). A simple relationship 

between a few forcing mechanisms and the Mn-record might therefore be expected; 

however, there are many different processes (outlined in Section 7.3) that affect the 

amount of Mn (wt%) actually measured in the sediments. It is unknown if these 

processes will result in a systematic or predictable variation in Mn-enrichment being 

preserved, and the observed variation in individual Mn-enrichments may be effectively 

independent from any actual variation in saline inflows. Nevertheless, the presence of 

Mn-rich laminae does record the occurrence of past saline inflow events, and to help 

determine the presence of long-term order, the Mn-record (Fig. 7.1) will now be 

interpreted in terms of a series of events. 

Converting the record to a binary signal (0,1,0,.. .,n) based on the presence or 

absence of a Ca-rhodochrosite lamina will disregard the effects of Mn (wt%) variation 

and allow analysis of the distribution of Mn-enrichments as a series of discrete events 

(Cox and Lewis, 1966). The Mn-record was re-sampled every millimetre by two 

different techniques to produce the two slightly different 'barcode' type records as 

shown in Figure 7.1. The Mn-event (EDS) record was produced by subtracting the 

mean Mn (wt%) level from the Mn (wt%) record and designating each millimetre with 

a remaining positive enrichment as a Mn-event (1); negative enrichments were 

designated as not Mn-events (0). The second Mn-event (Visual Log) record was 

produced by considering each millimetre in x5 BSE images and designating those with 

visible Ca-rhodochrosite laminae as Mn-events (1) and those without as not Mn-events 

(0). The section where Mn-sulphide laminae occur (165-171cm; see Chapter 6, Fig. 

6.1) was excluded from these records as Mn-sulphide laminae are much thicker 

(-3mm) than Ca-rhodochrosite laminae (-0.5mm), and therefore, may relate to more 

than one saline inflow event. 
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The EDS and Visual Log records (Fig. 7.1), ideally should be identical but in 

fact differences occur due to the different way each type of log samples Mn-events. 

EDS logs will tend to over-estimate the total number of events due to Ca-rhodochrosite 

laminae straddling sample intervals being recorded as two separate events. The Visual 

Log, in contrast, will tend to under-estimate the number of events where Ca-

rhodochrosite crystallites occur as indistinct concentrations and not as clearly visible 

laminae. Figure 7.3a shows a cumulative log of Mn-events, where each step represents 

a single Mn-event, and the slope of the graph is related to the rate of Mn-event 

occurrence. The EDS log records 134 Mn-events, as compared to 115 Mn-events 

which occur in the Visual Log. The actual number of Mn-events is, therefore, likely to 

be between the EDS and Visual Log estimates. Figure 7.3b shows that there is 

actually little difference between the EDS and Visual logs in terms of the distribution 

of Mn-events occurring in successive 20mm intervals. Both Figures 7.3a and 7.3b 

clearly show a long-term trend in the data with relatively fewer events occurring 

towards the top of the 171-219cm interval. 

The A1 (wt%) record (Fig. 7.1) can be used in this setting as a proxy of the mean 

redox state of specific intervals (Chapter 6). Each 20mm interval can, therefore, be 

defined in terms of either an oxic or anoxic mean redox state (Fig. 7.3b), allowing the 

examination of the distribution of Mn-events in terms of the mean redox state in the 

Gotland Deep, as shown in Table 7.1. In both EDS and Visual Logs there are slightly 

more (-11-20%) Mn-events/cm recorded in the anoxic intervals. This is most likely to 

be due to variations in prevailing Gotland Deep conditions when individual inflow 

events occur. In anoxic intervals the prevailing conditions will actually more often be 

sulphidic with bottom water enriched in Mn̂ "̂ , the vital precursor for sedimentary Mn-

enrichment following saline inflow events. The opposite will occur in oxic intervals, 

thus the number of saline inflows will be more completely recorded in anoxic intervals 

and less so in oxic intervals. The difference in numbers of Mn-events/cm that occur, 

between anoxic and oxic intervals, is actually quite small (-11-20%). This indicates 

that relatively small differences in the frequency of bottom water renewal has led to 

the quite large changes observed in the A1 (wt%) record and subsequent classification 

of intervals as either anoxic or oxic. 
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Table 7.1 Distribution of Mn-events between oxic-anoxic intervals 

No. Mn-events Total depth of Mn-events/cm Range 
intervals (cm) (as % of total) 

EDS Log 
Oxic Int. 75 28 2.7 
Anoxic Int. 59 18 3.3 
Total Int. 2 9 20.6% 

Visual Log 
Oxic Int. 68 28 2.4 
Anoxic Int. 49 18 2.7 
Total Int. 117 ^6 2.5 1L5%6 

The distribution of the intervals between successive Mn-events (i.e. the 

recurrence interval) will now be considered in comparison to a random distribution of 

events. Figure 7.4 summarises the distribution of Mn-event recurrence intervals, 

logged by both EDS and Visual techniques, as probability density (i.e., the percentage 

of recurrences at any given interval). Also plotted on Figure 7.4 is a probability 

distribution given by the Poisson function. The Poisson function was derived by the 

French mathematician S. D. Poisson in 1837, and was first applied in the statistical 

description of deaths caused by horse kicking in the Prussian army (Bortkiewicz, 

1898). The Poisson distribution has since been applied to describe many other random 

processes, such as faults in machines, number of telephone calls received at exchanges, 

and radioactive decay (Cox and Lewis, 1966). For events that occur randomly and 

independently, with a number of successes (x), with a constant rate (p,) per unit time or 

region, the probability distribution f(x), is given by the equation: 

f (x) = p(x ; II) = ^ 

(X = 0, 1, 2...n.) 

The Poisson distribution provides a good approximation of Binomial distribution 

(and Normal distribution at high p) but has the advantage of being set by just one 

external variable p (Kreyszic, 1999). In the specific case of Mn-event recurrence 

intervals considered here; if x = the actual recurrence interval, then, p, = average 

number of successes in a given time or region, i.e. the mean recurrence interval. The 

mean recurrence interval for Mn-events is 3.43mm (EDS) and 3.93mm (Visual) 

respectively, therefore, an intermediate p.-value of 3.75mm has been used to set the 
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Poisson distribution in figure 7.4. Error limits have also been added at 2<T above and 

below the ideal Poisson distribution. Derivation of 2a is from observations of 100 

random data sets of 120 events produced by a Poisson function embedded in an 

internet Java-applet (www.math.uah.edu/stat/applets /PoissonExperiment.html). If the 

Mn-event recurrence interval probability density distribution were also observed to be 

within these 2a error limits, then it would be very likely that the occurrence of Mn-

events is simply a random stochastic process, with no long range-order. It is quite 

clear from figure 7.4, however, that this is not the case. Both Mn-event distributions 

are highly skewed towards short recurrence intervals with over 0.6 (60%) of the 

recurrence intervals at 1 or 2mm. There are conversely low numbers of recurrence 

intervals of between 3-8mm, but also a long tail of recurrence intervals over 10mm. 

The Mn-event records are, therefore, characterised by groups of successive Mn-events 

interrupted by longer intervals without Mn-events. It is also likely that this distribution 

of Mn-events (and the inflow-events that cause them) is, therefore, not random and 

indeed may be forced by an external mechanism, producing periods of high Mn-events 

and interim periods of low Mn-event occurrence. 

7.5 SPECTRAL ANALYSIS 

As discussed above (Sections 7.3, 7.4), interannual-scale variability in Gotland 

Deep conditions can lead to large variations in the amount of Mn sequestered in the 

sediments on millimetre scales. Despite this variation there is possibly longer term 

order with respect to the presence or absence of groups of inflows. Sufficient 

smoothing of the raw Mn wt% data (Fig. 7.1) will, therefore, produce a depth averaged 

record in which groups of saline inflows should lead to broad intervals of Mn-

enrichment, suitable for analysis in terms of centimetre (possibly decadal) scale 

variance. In preparation for spectral analysis, a smoothed Mn-series (Fig. 7.1) was 

produced by application of a 5mm gaussian K-smooth filter. 

The linear trend, and the data mean, were removed from the Mn-series prior to 

spectral analysis, and two different techniques were then applied to the smoothed Mn-

series in order to produce spectral estimates, using AnalySeries vl.2 (Paillard et al., 

1996). Figure 7.5a shows a spectral estimate produced by the Blackman-Tukey 

Method (BTM), (first introduced by Blackman and Tukey (1958) and developed by 

Jenkins and Watts (1968)) by application 362 lags of a single Tukey window. Figure 

7.5b shows a spectral estimate produced by the Multi-Taper Method (MTM) 
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(Thomson, 1982), by application of 3 eigentapers. Background spectra were added to 

both spectral estimates by applying a second order polynomial quadratic least squares 

fit to estimate the background 'red noise' spectrum found in many natural time series 

(Thomson, 1990; Ghil and Yiou, 1995). Upper significance intervals were then added 

to the polynomial fits by application of a chi-squared distribution with 2 (BTM) and 6 

(MTM) degrees of freedom (DOF) respectively (Dettinger et al. (1995) states that the 

number of DOF = 2K; where K = number of spectral windows/tapers applied). BTM 

produces spectral estimates with moderate spectral resolution and significance 

intervals. Whereas MTM, produces better spectral resolution, but with poorer 

significance intervals. Whilst Thomson (1990) argues that only the MTM produces 

reliable spectral estimates, Paillard et al. (1996) advises a common-sense approach 

where spectra from more than one technique are considered when interpreting 

significant frequencies. The BTM spectrum shows a significant peak at 34.8mm, 

which is resolved as two sub-peaks at 33 and 35.5mm in the MTM spectrum. There is 

therefore very likely to be at least one significant periodicity present between 33-

35.5mm in the smoothed Mn-records. 

Although the sedimentation rate in this 51cm section is not well constrained (see 

Section 7.2), applying the range of measured varve thickness for this section (0.99mm 

±36%) does indicate a plausible range for this discrete decadal periodicity, placing it 

somewhere between 25-55yr. Neumann et al. (1997) also have reported sedimentary 

Mn-enrichments in a well dated (^^°Pb) Gotland Deep core with maxima every 30-

60yr. that are consistent with historical clusters of saline inflows. Although there 

seems to be some consistency between the Mn-records discussed in this study and in 

Neumann et al. (1997), this consistency does not extend to the periodicities reported 

for the instrumental NAO index records, which have weak (not statistically significant) 

frequency maxima at 2, 7-8, 20 and 70yrs (Hurrell and Van Loon, 1997), quite neatly 

missing out the periodicity range indicated by both Mn-records. Thus there appears to 

be an inconsistency between the reports that indicate that North Atlantic climate 

variations (NAO) ultimately drive the variations in saline inflow to the Baltic Sea (see 

Section 7.1) and the records of Mn-events from Gotland Deep sediments which record 

these same inflows events. 

This inconsistency is a common problem for all reported proxy-records of North 

Atlantic climate. Spectral analysis of ice accumulation rates in Greenland ice-cores 

have revealed a prominent 90yr. periodicity (Appenzeller et al., 1998), and comparison 
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of ice-core, tree-ring, and instrumental records of NAO (see Schmutz et al. (2000) and 

references therein) have shown that proxy-records have only modest reconstructive 

skill at decadal time scales, and no skill at interannual time scales. Schmutz et al. 

(2000) do indicate, however, that in future studies a combination of different proxy-

records, such as that reported by Cullen et al. (2001), could significantly improve 

reconstructive ability. Further Mn-records from well-dated Holocene Gotland Deep 

cores are, therefore, now needed to confirm the natural variation present in Gotland 

Deep sediments, both to improve understanding of Baltic Sea processes and to provide 

much needed records which may aid in the understanding North Atlantic climate 

processes. 

7.6 CONCLUSIONS 

Many complex factors affect the variability in Mn-enrichment following 

individual saline inflows, and these are likely to produce effectively random variations 

in Mn-enrichments on interannual time scales. Mn-records are, therefore, unlikely to 

provide valid records of short-term variation in saline inflows. 

On decadal time scales, however, suitably smoothed Mn-enrichment time series 

do provide a good record of the longer-term variance in saline inflows, in terms of the 

presence or absence of groups of inflows. 

A significant spectral peak has been observed in the smoothed Mn-record at 

between 33-35.5mm, which may relate to periodic variance in saline inflow occurrence 

during the Early Holocene on multi-decadal time scales. 
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Figure 7.1 Mn-Records. EDS line raster profiles of 51 cm interval (165-216cm), 

showing profiles of A1 (wt%), and Mn (wt%), plotted with binary 'barcode' 

logs of Mn-events from both EDS and visual logging techniques, and a 

smoothed Mn (wt%) record. Heavy line is 7pt. moving average of A1 (wt%). 
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Figure 7.2 Factors affecting Mn-enrichment in Gotland Deep sediments. 
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Figure 

160 

7.3 A. Plot of cumulative Mn-events with depth. 

B. Bar chart of number of Mn-events in successive 20mm intervals. 
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Figure 7.4 Bar chart of probability density of Mn-event recurrence intervals, with a 

line plot of a Poisson distribution (mean=3.75, ±2CT error limits). 
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Figure 7.5 A. Spectral estimate of smoothed Mn (wt%) series from Blackman-Tukey 

Method. B. Spectral estimate of smoothed Mn (wt%) series from Multi-Taper 

Method. 
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8 SUMMARY 

Scanning electron microscope and geochemical techniques have been used to 

examine lamina-scale fabric and geochemical relationships recorded in sediments from 

the Gotland Deep and relate these to ocean-climate processes in the Baltic Sea. In 

Chapter 3 the nature and origin of biogenic and lithogenic laminae were discussed. 

Several different diatomaceous and clay-rich laminae were distinguished and were 

then related to annual lamina sequences, i.e. varves. Although the development and/or 

preservation of identifiable varves in Gotland Deep sediments is patchy and much of 

the record is taken up by intervals of indistinctly laminated or massive sediment, the 

identification of varves is a useful tool in delimiting seasonal depositional events, such 

as the diagenetic Ca-rhodochrosite laminae which occur regularly in varves only as a 

winter/early spring deposit. 

This relationship was further explored in Chapter 4 where energy dispersive 

microanalysis combined with back-scatter electron imagery enabled the placement of 

Ca-rhodochrosite laminae within an annual cycle of deposition, showing that Ca-

rhodochrosite deposition is a rapid phenomenon occurring on seasonal time scales. 

The occurrence of Ca-rhodochrosite is in close agreement with the seasonality of 

flushing of the Gotland Deep as recorded in instrumental records. This finding 

provides supporting evidence for the assumed direct causal link between saline inflow 

events and Ca-rhodochrosite deposition. The occurrence of Ca-rhodochrosite 

overgrowth solely on benthic, and not on planktonic foraminifera tests, also strongly 

implies a link between oxic bottom water conditions and Ca-rhodochrosite formation. 

The relatively common occurrence of Hexagonal y Mn-sulphide pseudomorphs is 

reported for the first time, and suggests that highly sulphidic conditions favouring the 

early formation of Mn-sulphide were reached much more commonly during Ca-

rhodochrosite formation in the Gotland deep than previously reported. 

In Chapter 5 ICP-MS techniques were used, in addition to SEM techniques, to 

elucidate the distribution of trace metals on the laminae scale. Although no systematic 

enrichment was observed, many trace metals are seen to be enriched within both Ca-

rhodochrosite and Fe-rich laminae, implying that trace metals are affected by seasonal 

scale redox effects operating in the Gotland Deep. The main mechanism for 
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sequestering trace metals to the sediments seems to be by being scavenged onto 

particulate Fe-sulphide and Mn-oxides. 

The role of sulphide in the sequestering of Mn in Gotland Deep sediments was 

discussed in detail in Chapter 6. Mn-sulphide lamina were observed to occur in a 

single anoxic interval A4, which has a high sulphur content and is presumed to be 

organic-carbon rich. The formation of Mn-sulphide seems to be the result of an inflow 

event occurring during a period of extremely sulphidic pore-water conditions, leading 

to the formation of Mn-sulphide at the expense of Ca-rhodochrosite. Variation in the 

initial benthic concentrations of free sulphide at the time of an inflow event may 

control the amount of Mn-sulphide produced and the Mn/Ca ratio of Ca-rhodochrosite; 

both will tend towards higher values under more sulphidic conditions. This regular 

Mn-deposition is inferred to be a direct result of periodic oxic saline inflow events. 

Ca-rhodochrosite, Mn-sulphide, and Fe-sulphide may be produced following a major 

Baltic inflow event as a result of the progressive rapid microbial reduction of mixed 

Mn-Fe-oxy-hydroxide laminae. 

A sediment fabric bioturbation index based on back-scattered electron images 

was able to define anoxic-oxic intervals, representing periods of different oxic renewal 

frequency. This was in good agreement with the inverse A1 (wt%) record, showing 

that a simple measure of A1 (wt%) could prove a useful tool in determining variance in 

benthic oxidation levels in this setting. 

Chapter 7 contains a critical assessment of the use of Mn-enrichment in Gotland 

Deep sediments as a proxy of saline inflow throughout the Holocene. Many complex 

factors affect the variability in Mn-enrichment following individual saline inflows, and 

these are likely to produce effectively random variations in Mn-enrichments on 

interannual time scales. Mn-records are, therefore, unlikely to provide valid records of 

interannual variation in saline inflows. On decadal time scales, however, suitably 

smoothed Mn-enrichment time series do provide a good record of the longer-term 

variance in saline inflows, in terms of the presence or absence of groups of inflows. A 

significant spectral peak has been observed in the smoothed Mn spectra, which may 

relate to periodic variance in saline inflow occurrence during the Early Holocene on 

multi-decadal time scales. 
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9 DIRECTIONS FOR FURTHER WORK 

9.1 SALINE INFLOW RECORD FROM GOTLAND DEEP CORE 2 0 1 3 0 2 - 5 . 

Sub-millimetre scale EDS analysis of the Littorina sediments from the Gotland 

Deep has been shown in this study to produce valuable records of both environmental 

change and saline inflows. Neumann et al (1997) successfully demonstrated that 

sedimentary Mn-enrichments could be used as a proxy record for periods of high saline 

inflows. This record has, however, yet to be systematically extended back into the 

Holocene beyond the realm of historical data (except for the -50cm section of Core 

20001 studied in Chapter 7). To do this, one needs to find suitable Gotland Deep core 

material. The relatively short (2.29m) Littorina section in core 20001 shows ample 

evidence of erosion and is therefore unlikely to yield the coherent continuous record 

that is required. 

In contrast, core 201302-5 has over 6.82m of Littorina sediments and shows httle 

evidence of macro-scale erosion. Although earlier pre-Littorina sediments are not 

evident, core 201301-5 may contain a relatively continuous record of Littorina 

sedimentation. Geochemical (SEM-EDS, XRF, TOC, ICP-AES) analyses of core 

201302 at a sufficiently high resolution (<lcm) could, therefore, potentially provide a 

record of decadal and centennial scale variations in saline inflow that may be related to 

unknown variations in NAO patterns. In order to make use of these geochemical 

records, a reliable age model for the core will have to be established. Varve thickness 

records and correlation of lithological and geophysical parameters could all be used, 

but a range of '"^C-AMS dates would be the ideal tool for constraining any age model. 

Core 201302-5 is available for use and is in cold storage at the Institute of Baltic Sea 

Research at Wamemuende, Germany. 

9.2 OTHER HOLOCENE SEDIMENTS 

Organic-rich laminated Holocene sediments, containing abundant Ca-

rhodochrosite laminae, are also found in the Landsort Deep, Baltic Sea. These 

sediments provide a very useful comparison to Gotland Deep sediments. Lepland and 

Stevens (1998) argue that Ca-rhodochrosite formation in the Landsort Deep is not 

related to the periodic flushing of the Baltic Sea due to the long inflow path from the 

Darrs Sill. Matthaus et al. (1999), however, has reported historical records of 
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simultaneous bottom water temperature variations in all Baltic Sea deep basins. These 

temperature variations are due to the balance of slow mixing of cold surface waters to 

the deep basin, and the rapid renewal by saline inflow of warmer waters (Matthaus, 

1990). It is therefore likely that a similar Ca-rhodochrosite formation mechanism 

occurs in both the Landsort and Gotland Deep. Dr. Ian Croudace (University of 

Southampton) has already produced XRF data for Landsort Deep core GC-56, 

sampling at 1cm resolution over the whole core. Richard Pearce (University of 

Southampton) has also performed a pilot micro-fabric study of selected intervals of 

this core. If SEM and EDS study can be used to verify that Ca-rhodochrosite 

formation in the Landsort deep is similar to the Gotland Deep, then there is an 

opportunity to use these existing XRF data as a proxy record of saline inflow to the 

Landsort Deep. 

Saanich Inlet, British Columbia, is also affected by periodic seasonal flushing 

(Anderson and Devol, 1973). During the periodic flushing of Saanich Inlet, bottom 

water levels are rapidly depleted (Emerson et al., 1982), and particulate Mn-

oxide is reported to be deposited at the sediment water interface, but Ca-rhodochrosite 

laminae have hitherto not been observed in Saanich Inlet sediments. Calvert et al. 

(2001), however, have recently reported concurrent sedimentary enrichments in both 

Mn and inorganic carbon which they relate to the presence of Mn-carbonate. Thus it is 

possible that a Ca-rhodochrosite formation process similar to the Baltic Sea is in 

operation in Saanich Inlet. Again detailed SEM and EDS based studies could be used 

to confirm the presence of Ca-rhodochrosite, and to validate use of Mn as a proxy of 

past oxic inflows in this setting. A large number of polished thin sections from varved 

Saanich Inlet sediments are currently held at the University of Southampton, which 

may be suitable for just such a study. 

A recent report (Bahk et al., 2001) of laminated Early Holocene sediments from 

the Sea of Japan containing Mn-carbonate laminae, has sited redox overturns caused 

by intermittent flushing with oxic bottom waters as a possible formation mechanism 

for these laminae. It is possible that further SEM study may reveal that Mn-carbonate 

formation in the Sea of Japan is also analogous to processes occurring in Baltic Sea. 

9.3 ANCIENT Mn-RICH SHALES 

There are many ancient examples of laminated manganiferous shales, which may 

have an analogous depositional environment to the modem Baltic Sea, including: 
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1. Jurassic Toarcian shales of Central Europe (Jenkyns, 1988; Jenkyns et al., 1991) 

2. Lower Carboniferous Manganese ores of Central Europe (Huckriede and 

Meischner, 1996). 

3. Proterozoic (Xu et al., 1990) to Triassic (Fan et al., 1992) super-gene manganese 

deposits of Southern China. 

4. Neoproterozoic stratiform manganese formations of Central India (Gutzmer and 

Beukes, 1998). 

5. Paleozoic-Mesozoic shales and cherts of Central Japan (Sugisaki et al., 1991). 

6. Franciscan Complex laminated chert-hosted manganese deposits of Northern 

California (Hein and Koski, 1987). 

7. Jurassic stratiform manganese carbonate ores of Central Mexico (Okita et al., 1988; 

Maynard et al., 1990). 

8. Cambrian manganese-rich shales of the Harlech Dome, North Wales (Matley and 

Wilson, 1946). 

Sub-millimetre scale sediment fabric and geochemical analysis of these shales could 

potentially be used to assess the similarity of relic micro-fabric and elemental 

associations in these sediments to those found in Holocene sediments. It is possible 

that a common Ca-rhodochrosite formation mechanism may be delineated in the 

depositional environments of some these ancient sediments. 
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