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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF ENGINEERING, SCIENCE & MATHEMATICS 
SCHOOL OF OCEAN & EARTH SCIENCES 

Doctor of Philosophy 

A GEOCHEMICAL STUDY OF RIDGE FLANK SEDIMENTS ON THE EAST PACIFIC 
RISE AND THE DEVELOPMENT OF URANIUM AS A TRACER OF LOW 
TEMPERATURE HYDROTHERMAL CIRCULATION 

by Rachel Margaret Dunk 

Of the major processes that act to regulate the chemistry of the Ocean-Earth system, 

hydrothermal circulation and the associated ridge flank sedimentation processes are possibly the 

least well constrained. This research focuses on sedimentation processes and low temperature 

hydrothermal fluid flow across crust aged 0.36Ma to 4.6Ma at ~14°S on the east flank of the 

East Pacific Rise. The sediments are dominantly oxic and comprise biogenic carbonates, 

hydrothermal plume fall-out, and locally sourced basaltic debris, with minor barite and 

scavenged Al. The Fe/Mn ratio of the plume material decreases with distance from the ridge 

axis (3.6±0.4 wt/wt at 0.36Ma to 2.5±0.3 wt/wt by 4.6Ma), consistent with the slower oxidation 

kinetics of Mn"^ with respect to Fe" .̂ It is demonstrated that excess barium does not give an 

accurate estimate of biogenic barite in regions with a significant input of Fe (hydr)oxides. 

Comparison of the Al/Ti ratio to other biogenic parameters suggests that scavenged Al reflects a 

dominant association with the biogenic particle flux. Early diagenetic alteration of the plume 

derived Fe (hydr)oxides is dominated by transformation of ferrihydrite to goethite. Differential 

behaviour of divalent transition metals and oxyanions during alteration was observed. Cu and 

Zn are incorporated into the goethite structure without discrimination. Ni and Co are strongly 

associated with the Mn phases. V is discriminated against during transformation, where 

rejected V is retained in the sediment. Significant loss of P appears to occur during 

transformation of colloidal ferrihydrite to a more structured but still amorphous Fe (hydr)oxide 

phase. The distribution of U is a result of post depositional enrichment during early diagenesis 

followed by remobilisation and loss of U from the sediment column. The loss of U appears to 

reflect the influence of basement fluids on the sediment column, where bum-up of the sediment 

U enrichment is observed, leading to high concentrations of porewater U and the upwards 

mobilisation of sedimentary U over time. An assessment of the oceanic U budget suggests that 

U may provide a good tracer of low temperature hydrothermal circulation. Preliminary analyses 

confirm this hypothesis and demonstrate that U can become significantly depleted (10-70%) in 

very low temperature fluids (<5°C). However, the substantial barriers to obtaining good quality 

porewater data must be overcome before U can be employed as a reliable fluid flow tracer. 
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General Introduction 

Chapter 1 

General Introduction 

In order to achieve an understanding of natural environmental processes we need to 

know how energy and matter are cycled through the environment. The Ocean-Earth 

system can be viewed as a series of connected reservoirs where physical and 

biogeochemical processes control the supply and removal of material to and from the 

global ocean (Figure 1.1). Continental weathering results in the transport of dissolved 

and particulate species to the oceans via rivers and groundwaters. Particles may also 

enter the oceans via the atmosphere in the form of wind blown dust, and volatile 

chemicals can move between the atmosphere and ocean across the air-sea interface. 

Hydrothermal circulation of water through the ocean crust along the extensive mid-

ocean ridge (MOR) system can either supply or remove material to or from the ocean, 

depending on the element in question. Eventually biogeochemical processes in the 

ocean cause most materials to become buried as sediments. Geologic processes 

eventually uplift these sediments to locations where weathering occurs and the cycle is 

restarted. Within this conceptual framework the transport of an individual element 

between different reservoirs can be employed as a chemical tracer of a given process or 

processes. In particular, the construction of an oceanic mass balance, or budget, can 

increase our understanding of how the oceans work as a chemical system by quantifying 

the effects of certain processes, by enhancing understanding of processes that are not yet 

fully elucidated, or by highlighting areas of uncertainty and potential future research. 

Of the major processes that act to regulate the chemistry of the Ocean-Earth system, 

hydrothermal circulation and the associated ridge flank sedimentation processes are 

possibly the least well constrained (e.g. Mills and Elderfield, 1995; Elderfield and 

Schultz, 1996). U is known to be quantitatively removed from seawater during high 

temperature hydrothermal circulation (Michard and Albarede, 1985; Chen et al., 1986b), 

which suggests that seawater U may also be depleted in low temperature fluids and thus 

provide a useful tracer of low temperature hydrothermal fluid flow. However, relatively 

little is currently known about the behaviour and geochemical cycling of U during ridge 

flank hydrothermal processes. 
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The research presented in this thesis has two inter-related points of focus. Firstly, a 

detailed study was conducted of sediment sources and early sedimentary diagenesis at 

~14°S on the super-fast spreading section of the southern East Pacific Rise (SEPR). 

Secondly, this thesis addresses the geochemical cycling of U, with a particular emphasis 

on MOR flank processes and the use of U as a tracer of low temperature hydrothermal 

fluid flow. 
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Figure 1.1: Transport pathways to and from the global ocean. 



General Introduction 

1.1 The Mid Ocean Ridges 

The Mid Ocean Ridges (MORs, Figure 1.2) are constructive plate boundaries, where 

tectonic plates are separating and new ocean crust is formed (Le Pichon, 1968). The 

generation and cooling of oceanic lithosphere during seafloor spreading accounts for 

approximately 60% of the total heat loss (~42 xlO'^W) from the Earth's interior (Sclater 

et al., 1980). While the majority of this heat is lost through conduction, a significant 

fraction is dissipated through convective heat transfer, where heat is transported by 

water circulating through the crust in a process known as hydrothermal circulation 

(Lister, 1972). Hydrothermal circulation facilitates a major chemical exchange between 

the circulating seawater and the ocean crust and thus plays an important role in 

regulating the chemistry of the oceans (e.g. Elderfield et al., 1993; Elderfield and 

Schultz; 1996). Since the first discovery 25 years ago of an active hydrothemial vent 

site (Corliss et al., 1979), there has been much progress in understanding the nature of 

hydrothermal circulation. However, significant difficulties remain in estimating the 

magnitude of hydrothermal fluxes, and thus in determining the importance of this 

process with respect to other major influences on ocean chemistry. 
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Figure 1.2: The global mid-ocean ridge system: map of seafloor topography. 

With the exception of the continental shelves, the shallowest features on the ocean floor 

are the mid-ocean ridges. MIOR = Mid Indian Ocean Ridge, EPR = East Pacific Rise, 

CRR = Costa Rica Rift, JdFR = Juan de Fuca Ridge, MAR = Mid Atlantic Ridge. 
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1.1.1 Generation of ocean lithosphere 

At the MORs, hot mantle rises from a depth of several tens of kilometres in the Earths 

interior and melts, forming reservoirs of molten basalt, or magma chambers, at the base 

of the ocean crust. The buoyant magma seeps upward through a complex system of 

cracks in the overlying rock and is extruded on to the seafloor, where it is cooled rapidly 

and forms sheet-like lava flows or rounded pillow basalts. The lava flows and pillow 

basalts, in combination with the underlying sheeted dike system, create some 3-3.45 

km^ of new crust (Chase, 1972; Parsons, 1982) in a layer 5-7 km thick (White et a l , 

1992; Kadko et al., 1994a), each year. 

The rate at which different tectonic plates separate varies considerably, where (to a first 

approximation) the morphology of the ridge cross section can be used as an indication 

of the rate of spreading activity (Searle, 1992). At fast spreading ridges (e.g. the East 

Pacific Rise, EPR) continuous magmatic intrusion results in extensive fissuring and 

fracturing of the crust, and the ridge morphology is generally characterised by an 

elevated crest region, where the slopes of the ridge are low and gentle, and the newly 

formed volcanic crust is relatively thin (Searle, 1992). In contrast, slow spreading 

ridges (e.g. the Mid Atlantic Ridge, MAR) are characterised by discontinuous magma 

intrusion from localised volcanic centres and less frequent fissuring and fracturing 

(Hannington et al., 1995). Along a slow spreading centre the new oceanic crust builds 

up into high, volcanic peaks giving the ridge a rugged relief with broad flanks. The 

ridge crest is often marked by a well defined axial valley or trough, a deep longitudinal 

cleft some 10-12km wide, bounded by inward facing fault scarps. The low magma 

budgets of slow spreading ridges also leads to periods of amagmatic extension, where 

the continued separation of the tectonic plates induces an extensional stress leading to 

thirming and further cracking of the crust and can result in the exposure and tectonic 

uplift of lower crustal sections (Cannat et al., 1997; Tucholke and Lin., 1994). The 

young ocean lithosphere along the MOR axes is thus extensively fractured and has a 

correspondingly high porosity and permeability. As the ocean crust ages and moves 

away from the ridge crest a sediment blanket builds up, smoothing the topography and 

reducing the permeability of the seafloor. 
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1.2 Heat Flow through the Oceanic Lithosphere 

Heat flow through the seafloor is highest at the MOR axes and decreases across the 

ridge flanks, consistent with thermal models in which lithosphere formed at high 

temperatures is cooled as it ages and spreads away from the ridge crests (e.g. Langseth 

et al., 1966; Parsons and Sclater, 1977; Stein and Stein, 1992). However, a comparison 

between the measured conductive heat flow and that predicted by conductive cooling 

models reveals a significant discrepancy across crust aged less than ~65Ma, where this 

'missing heat' has been ascribed to convective heat transfer, or hydrothermal circulation 

(Lister, 1972; Stein and Stein, 1994). Hydrothermal heat flow is also highest at the 

MOR axes and decreases with distance, consistent with models in which water flow 

through the crust decreases primarily due to reduced crustal porosity (and hence 

permeability) as a result of the formation of alteration minerals (Stein and Stein, 1994). 

The total heat dissipated via hydrothennal circulation is relatively well defined (11±4 x 

lO'^ W) and is calculated as the difference between the total predicted heat flux and the 

measured conductive heat flux through oceanic lithosphere (Sclater et al., 1980; Stein 

and Stein, 1994; Figure 1.3). Due to the greater areal extent of the ridge flanks with 

respect to the axial region, over two thirds of the total hydrothermal heat flux is 

dissipated over crust aged greater than IMa (see Figure 1.3). 
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Figure 1.3: Cumulative heat fluxes through the oceanic lithosphere (after Stein and 

Stein, 1994). (a) Predicted total and observed conductive heat fluxes, (b) Inferred 

hydrothermal heat flux. Dashed lines = 33% and 66% of the hydrothermal heat flux. 
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Table 1.1 provides a break down of the total hydrothermal heat flux into the near axis 

(0-1 Ma) and ridge flank (l-65Ma) regions. Estimates based on heat flow measurements 

give a near axis hydrothermal heat flux of 2.9+0.5 x lO'^ W and a ridge flank flux of 

8.3±3.6 X lO'^ W, of which 4.4±2.2 x lO'^ W is dissipated across crust aged l-9Ma 

(Stein and Stein, 1994). It is important to note that in sparsely sedimented areas such as 

the ridge crest region, sediment ponding can result in an inaccurate measure of the 

conductive, and thus the hydrothermal, heat flux (Stein and Stein, 1994). An alternative 

estimate of the near-axis heat flux derived from a purely theoretical consideration (e.g. 

Kadko et al., 1994a; Elderfield and Schultz, 1996) is thus presented for comparison. 

The assumption is made that the maximum energy available to drive hydrothermal 

circulation in the ridge crest region is equal to the latent heat of crystallisation of basalt 

(521.5 ± 154.5 Jg'% Fukuyama, 1985; Sleep, 1991) and the heat loss required to cool 

basaltic lava from magmatic (~1200°C) to hydrothermal (~350°C) temperatures (1130 

Jg"', Kadko et al., 1994a). Using a crustal production rate of 19.6±4.6 x 10^ m^yf' (see 

Section 1.2.1), an open void volume of 10±5%, and a basalt density of 2950 x 10^ gm"̂  

(Hyndman and Drury, 1977), then gives an estimated heat flux of 2.7 ± 0.7 x lO'^ W, in 

good agreement with the heat flow based estimate. Within this, it can be assumed that 

the latent heat of crystallisation must be dissipated in the on-axis region (0-0.1 Ma), 

giving a minimum axial heat flux on the order of 0.9 ± 0.3 x lO'^ W (Table 1.1). 

Table 1.1: Estimates of the hydrothermal heat flux. The estimates based on heat 

flow are those of Stein and Stein (1994), where the axial estimate includes assumed 

uncertainties due to area, melting temperature and observations and the uncertainties 

in the ridge-flank estimates are due only to scatter in the observed heat flow values. 

The second estimate (italicised) of the axial heat flux is based on consideration of the 

magmatic heat dissipated in this region (see text). 

Region Age of Crust (Ma) Hydrothermal Heat Flux (10^^W) 

Axial (heat flow) 0 - 1 2.9 ± 0.5 

Axial (magmatic heat) 0 - 1 2.7 ± 0.7 

on-axis 0 - 0.1 0.9 ± 0.3 

Ridge-Flank (heat flow) 1 - 65 8.3 ± 3.6 

near-flank 1 - 9 4.4 ± 2.2 
far-flank 9 - 65 3.9 ± 2.8 
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1.3 Hydrothermal Fluid Flow through the Oceanic Lithosphere 

Since the discovery of active venting at the Galapagos spreading centre 25 years ago 

(Corliss et al., 1979; Edmond et al., 1979), continued ocean exploration has lead to the 

discovery of numerous active and relict hydrothermal zones and the heat driven 

circulation of seawater through the seafloor is now known to be a ubiquitous 

phenomenon associated with the generation and cooling of ocean lithosphere (e.g. 

Speiss et al., 1980; Edmond et al., 1982; Von Damm et al., 1985; Fouquet, 1997). 

Lister (1982) classified hydrothermal convection regimes into two types, active and 

passive. Near the ridge axis, where temperature gradients in the rocks are high, 'active' 

circulation occurs during which water cools and cracks the rock and heat is rapidly 

extracted by high temperature fluid flow. However, only a small proportion of the total 

hydrothermal heat flux is lost near the ridge axes, with two to three times as much heat 

being dissipated by fluids circulating through the ridge flanks (see Table 1.1). In this 

older crust, where temperature gradients are lower, vigorous rock cracking is presumed 

to have ceased and 'passive' circulation transports lower temperature fluids. The crustal 

age at which hydrothermal heat transfer has largely ceased (the point where predicted 

total and observed conductive heat flow are comparable) is relatively uniform 

throughout the worlds oceans at ~65±10 Ma (Stein and Stein, 1994). Although this 

distinction is somewhat arbitrary, it remains useful to consider the general 

characteristics of near axis and ridge flank hydrothermal circulation separately. 

1.3.1 Near axis hydrothermal circulation (0-1 Ma) 

Approximately 40% of known active high temperature venting occurs on fast spreading 

ridges, primarily situated along the EPR, with almost continuous venting occurring 

along the super fast spreading section from 13-19°S (Baker et al., 1995; Feely et al., 

1996; Fouquet, 1997). At fast spreading ridges, the continuous intrusions of magma 

lead to extensive faulting and fracturing of the ocean crust, thus continually creating 

new conduits for fluid flow. Although at slow spreading ridges the magma supply is 

discontinuous, the tectonic and magmatic events are generally more localised and of 

greater magnitude, leading to deeply penetrating faults which provide long term 

sustainable focused conduits for fluid flow and result in larger more mature near field 

hydrothermal deposits (Fouquet, 1997). 

7 



General Introduction 

Figure 1.4 provides a schematic diagram of hydrothermal circulation through the MOR 

system. In the near axis region, cold seawater gradually percolates downward over a 

large area of the highly permeable ocean crust (recharge zone). As the seawater 

penetrates basement it comes in to contact with hot rock, and may come close to active 

magma intrusion in a cracking zone above an axial heat source (Lister, 1972). In 

addition to thermal transfer, hydrothermal solutions are also involved in chemical 

exchange with the heat source (Elderfleld, 1976). Mantle degassing releases volatile 

elements such as Hg, As, Se and B, and gases such as ^He, methane, hydrogen, carbon 

monoxide and carbon dioxide, and the composition of the original seawater is also 

changed through reaction with the host basalt as it circulates. Relative to seawater, both 

major and minor constituents and the isotopic ratios of various elements are modified in 

the high temperature fluids (e.g. Elderfield and Schultz, 1996; see Figure 1.4). 

Although significant modification of seawater chemistry occurs at low temperature on 

the recharge path, the reaction zone where hydrothermal fluids attain their distinctive 

chemical signatures is generally believed to occur in the lowermost sheeted dike 

complex and the uppermost plutonic rocks (e.g.. Ah, 1995a; Alt et al., 1996a). In this 

Spread ing-

)tion wi th Fe and Mn oxyhydroxides 

/ I I I I J ! 
Scavenging of e lements e.g. REEs, P, V, Th, Sr, Pb, U from seawater via adsorption on to, 
or co-precipitat ion wi th Fe and Mn oxyhydroxides 

Precipitat ion of Fe and Mn 
oxides and oxyhydroxides. Fe 
precipi tat ion dominates 

Rapid precipitation of sulphide phases 
at the vent ori f ice results in growth of 
chimneys 

Rapid initial uptake o( 
anions on to plu 

part ic le 

NEUTRALLY BUOYANT HYDROTHERMAL PLUME 

Turbulent mixing 
entra inment of a 
s e a w a t e r 

Plume ml!out Mass wast ing of the 
hydrothermal mound 
contr ibutes to metal l i fe 
sediments in th 
environm«ht 

L A C K S M O K 
~350°C : 

Chemical exchange 
e.g. u I ^ Fe-Mn CRUST 

STOCKWORK 
ZONE 

Cold s e a w a t e r percolates down 
through the crust \ 

METALLIFEROUS 
SEDIMENTS 

I I HT REACTION 
/ ZONE 

Conductive heating of s e a w a t e r and extensive V 

chemica l interact ion w i th w a r m basalt removmg 
e.g. Fe, Cu, Zn, Sr, Ca, Mg, Pb 

MAGMA 1200°C NOT TO SCALE 

Conductive heating of s e a w a t e r 
circulat ing wi th in the hydrothermal 
mound results in anhydri te 
precipi tat ion 

Element Hydrolhsrmal Seawater 
fluid (mol/kg) (mol/ko) 

7S0-6470p 

40-106M 

360-1140y 

Afl 
Cm 10.S-SSm 

>B 10 >42.0(1 

2.9-12.2m 

25-IOOM 0 

Comparison of the concentrat ions 
of principle species inhydrothermai 
f luids and s e a w a t e r (after Elderfield 
and Schultz, 1996) 

Figure 1.4: Schematic diagram of hydrothermal circulation. 
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reaction zone alteration temperatures are high (300-400°C), magnesium and sulphate are 

removed from solution, (where Mg is strongly depleted relative to seawater and is 

assumed to reach zero concentration in the hydrothermal end-member), and the fluids 

become acidic and enriched in ore forming metals and sulphide leached from the host 

rock (Von Damm, 1990). At these temperatures the altered fluids also expand, viscosity 

is reduced, and buoyancy is increased, with densities only about two thirds that of the 

downwelling seawater. The resultant upflow of the altered fluid therefore tends to be 

much more rapid and is often focussed through high permeability channels in the ocean 

crust (Bowers et al., 1985). 

The location of the zone in which the sulphide rich high temperature solutions mix with 

oxygen rich bottom water is critical in determining the composition of the hot-spring 

water that vents onto the seafloor. A continuum between three types of venting are 

typically observed at active hydrothermal zones, where these modes of venting 

represent different plumbing systems through which the upwelling fluids are returned to 

the seafloor; (i) high temperature black smoker chimneys; (ii) mid to low temperature 

white smoker chimneys; and (iii) low temperature, diffuse fluid flow. A typical vent 

field might comprise several black and white smoker chimney structures in an area of 

100 to 150 m^, with areas of diffuse fluid flow visible through the shimmering of 

relatively warm fluids (~10-30°C) as they enter bottom waters (e.g. Murton et al., 1995; 

Schultz et al., 1992). Studies examining the relative roles of point and diffuse source 

venting suggest that the black and white smokers may transmit only one tenth to one 

fifth of the total hydrothermal heat flux within a vent field, where the remainder is 

dissipated via diffuse source venting at much lower temperatures of 5-15°C (Rona & 

Trivett, 1992; Schultz et al., 1992; Murton et al., 1999). 

At the black smoker chimneys, high temperature fluids (300-400°C) are expelled 

directly onto the seafloor at a rate of ca. 1-5 ms"' and with a chemical composition that 

reflects that of the basement fluid (e.g. MacDonald et al., 1980). These plumes of hot, 

reducing, acidic hydrothermal fluids immediately entrain cold, alkaline, oxygenated 

bottom water, resulting in instantaneous precipitation of fine grained sulphide and oxide 

particles that give the rising plumes their characteristic colour and smoke like 

appearance (e.g. Feely et al., 1987). Low to mid temperature fluids also vent through 

focused flow paths directly on to the seafloor. In these white smoker systems the hot 
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hydrothermal solution has either cooled or undergone sufficient sub-seafloor mixing 

with seawater to deposit the metal rich sulphide precipitates in the walls of the channel 

up which the fluid is rising. When the ascending fluid emerges at the seabed, 

amorphous silica and various sulphate and oxide minerals are precipitated, giving the 

appearance of white smoke (Thompson et al., 1988; Edmond et al., 1995; Tivey et al., 

1995). The third type of fluid flow, low temperature diffuse source venting, results 

from the increased mixing of upwelling hydrothermal fluids with seawater at depth and 

within hydrothermal mounds, and can produce sub-surface mineralization where the 

chemical composition of the fluids may be significantly modified by reaction with the 

sediments (Edmond et al., 1979; Schultz et al., 1992; Mills and Elderfield, 1995). 

Recent studies have demonstrated that diffuse fluid flow can also result from the 

conductive heating of seawater (or altered fluid) circulating through the sediment 

column (Murton et al., 1999; Cooper et al., 2000). In contrast to the large chemical 

anomalies associated with end-member hydrothermal fluids, under this second mode of 

diffuse fluid flow, heat is transported from the vent site without a pronounced 

geochemical exchange between the fluid and the host system (Murton et al., 1999; 

Cooper et al., 2000). 

1.3.2 Ridge flank hydrothermal circulation (>lMa) 

Away from the ridge axis, temperature gradients in the ocean crust are reduced and 

active high temperature hydrothermal circulation has ceased. On the young, thinly 

sedimented ridge flanks, seawater access to basement is still relatively open, and oxic 

circulation of low temperature fluids occurs. This oxidising mode of alteration can be 

relatively vigorous, where large volumes of low temperature water (<25°C) rapidly 

extract heat from the ocean crust (Mottl and Wheat, 1994; Alt, 1995a). As sediment 

cover thickens with distance from the axis and the inherent permeability of the basalt 

decreases due to the formation of secondary alteration minerals, seawater access 

becomes increasingly restricted, leading to reducing alteration conditions and warmer, 

more evolved fluids (Mottl and Wheat, 1994; Alt, 1995a). 

Unfortunately, the ridge flanks are rarely sampled, thus the locus and temperature of 

off-axis fluid flow are poorly constrained. Numerical modelling suggests that all flow 

across crust aged greater than IMa will occur at a temperature less than 100°C (Fehn & 

10 
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Cathles, 1986). Warm springs with basement exit temperatures of 62-64°C have been 

discovered on 3.5Ma crust (MottI et al., 1998) and basement fluids with temperatures of 

~58°C have been sampled on 5.9Ma crust (MottI, 1989; Fisher et al., 1990). It therefore 

seems reasonable to conclude that warm springs with basement exit temperatures of 

~60°C extend onto crust aged ~6Ma and perhaps beyond. However, the principal mode 

of venting across the ridge flanks would appear to be low temperature (<15°C) diffuse 

fluid flow. A frequently reported kilometre scale pattern of oscillating heat flow values 

that mimic the basement topography lead to the proposal that diffuse flow through the 

ridge flank system was controlled by the background permeability (Fehn et al., 1983; 

Fehn and Cathles, 1986; Davis et al., 1992; Johnson et al., 1993; Fisher et al., 1994), 

where the general features of models of ridge flank circulation cells are as follows: 

Seawater recharge to basement occurs either by gradual downwelling through the 

relatively thick sediments overlying local basement lows (resulting in depressed heat 

flow), or more rapidly through exposed basement faults and scarps. Fluids are then 

advected laterally in basement and upwell in focused zones over local topographic highs 

(resulting in enhanced heat flow), where sediment cover is relatively thin or the 

basement outcrops into bottom water. Both the downwelling and upwelling limbs of 

the circulation cell are typically slow, with porewater velocities on the order of a few 

mm to cm per year. This hypothesis has since been tested by the examination of 

systematic variations in the concentration of porewater solutes, a method capable of 

resolving slow porewater velocities, and published results would appear to support this 

model of circulation (Sayles and Jenkins, 1982; McDuff, 1985; Wheat, 1990; MottI and 

Wheat, 1994; Wheat and McDuff, 1994, 1995; Rudnicki et al., 2001). 

1.3.3 The hydrothermal water flux 

The volume of water that circulates through the crust during hydrothermal circulation is 

given by: 

F = 31536*Q/CP*(TH-TSW) [1.1] 

Where F (kgyr"') is the hydrothermal water flux, Q (W) is the hydrothermal heat flux, 

Th (°C) is the basement exit temperature of the hydrothermal fluid and Tsw (°C) is the 

temperature of ambient bottom seawater. Cp (J°C"'g"') is the specific heat capacity of 

11 
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the circulating fluid and is dependent on the temperature, pressure and composition of 

the fluid (Bischoff and Rosenbauer, 1985). Although Q is relatively well defined, in 

terms of both total magnitude and distribution across the crust (see Figure 1.3 and Table 

1.1); the fraction of Q transported by water at a given temperature is not well known 

due to uncertainties in the temperature distribution of hydrothermal fluids. This 

problem is particularly evident in the under-sampled ridge flank region, where the vast 

majority of the hydrothermal heat flux is dissipated, and the resultant uncertainties in 

estimates of F are correspondingly large. As an example, two estimates of the total 

hydrothermal water flux, broken down into high and low temperature fluid flow through 

the near-axis and ridge flank regions are presented in Table 1.2. The first estimate 

provides a lower limit on F (-5.2 xlO'^ kgyr"') by maximising the amount of heat 

removed by high temperature flow (-20% of the near axis heat flux), assuming a 

significant water flux through warm springs on the ridge flanks (-20% of the l-9Ma 

young ridge flank heat flux), and using a diffuse flow fluid temperature of 15°C. The 

second estimate is based on a conservative high temperature flow regime (-10% of the 

on-axis heat flux), assumes negligible heat transport by warm spring fluids, and a 

diffuse flow fluid temperature of 5°C, resulting in a water flux a factor of 3-4 times 

larger (17.5 x lO'^ kgyr"'), principally due to the increased volume of low temperature 

water that is required to transport the same amount of heat. 

Table 1.2: Estimates of the hydrothermal water flux. See text for Case 1 and Case 2 

assumptions. Uncertainties in heat flux estimates have not been taken into account. 

Region 
Heat Flux 

10" W 
AT 
°C 

cp 
Jg" '°c ' 

Water Flux 

10"kgyr"^ 

CASE 1 

Axial (0-1 Ma) 0.6 350 5.8 0.9 
2.3 15 4.0 120.9 

Ridge Flank (1-65Ma) 0.9 60 4.0 11.8 
7.4 15 4.0 388.9 

TOTAL FLUX: 11.2 523 

CASE 2 

Axial (0-1 Ma) 0.1 350 5.8 0.2 
2.8 5 4.0 441.5 

Ridge Flank (1-65Ma) 8.3 5 4.0 1308.7 

TOTAL FLUX: 11.2 1750 

12 



General Introduction 

Both estimates of the hydrothermal water flux presented in Table 1.2 are consistent with 

current understanding of hydrothermal circulation. Thus, although the amount of heat 

dissipated by hydrothermal circulation is reasonably well known, the nature of the fluid 

flow which transports that heat remains poorly constrained. It therefore becomes 

necessary to use indirect methods, such as chemical tracers and budget considerations, 

to infer constraints on the nature and magnitude of hydrothermal circulation through the 

ridge flanks (e.g. Elderfield and Schultz, 1996). 

1.4 Quantifying Chemical Fluxes associated with Hydrothermal Circulation 

Three main geochemical strategies can be employed to constrain hydrothermal fluxes. 

The first is a small scale approach, where a simple flux box model is constructed based 

on a detailed study of a given ridge segment (e.g. Murton et al., 1999). Such studies 

combine the results of detailed geophysical and geochemical surveys to estimate the 

fluxes of heat, water and chemicals associated with the different types of hydrothermal 

activity in the study area and tend to be focussed on areas of active venting. This 

approach thus provides valuable information on the relative importance of high and low 

temperature circulation within active vent sites (e.g. Rona and Trivett, 1992; Schultz et 

al., 1992; Murton et al., 1999; see Section 1.3.1). The remaining two approaches 

(discussed below) both operate on a global scale; where either the mean alteration of the 

crust or the net difference between seawater and altered hydrothermal fluids exiting the 

crust, are quantified. 

1.4.1 Crustal alteration models 

An estimate of hydrothermal fluxes can be obtained by direct evaluation of altered Mid 

Ocean Ridge Basalts (MORBs), where the geochemical flux of an element is estimated 

by multiplying the net element gain (or loss) by the mass of altered basalt: 

F(X) = (XA-X:F)*A4B [IJI] 

Where F(X) is the flux of element X (molyr"'), Xa and Xf are the concentration of 

element X in altered and fresh basalt respectively (molkg"'), and Mb is the mass of 

basalt altered annually (kgyr"') and is given by: 
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M b = A b * D b * P b * ( 1 - / v ) [ 1 . 3 ] 

Where Ab is the area production rate of oceanic crust (m^yr '), Db is the depth to which 

alteration persists (m), Pb is the basalt density (kgm'^), and/v is a correction factor 

allowing for the fractional open void volume of the newly generated ocean crust. Of 

these parameters, pB, Ab, a n d a r e relatively well known, and a good estimate of Xp 

can generally be obtained from analysis of fresh basaltic glass. However, the 

uncertainties in both Xa and Db are large, resulting in poor constraints on F(X). 

The Deep Sea Drilling Program (DSDP), later renamed the Ocean Drilling Program 

(ODP), was established as a centralised scientific endeavour to drill the ocean floor and 

enable the direct examination of ocean sediments and the underlying basement rocks. 

Although data from these sites provide information on the concentration of an element 

in altered crust, substantial barriers to obtaining an accurate estimate of Xa remain. 

Firstly, the complex formation and subsequent permeability of ocean crust leads to an 

extremely heterogeneous distribution of alteration assemblages, thus bulk rock 

enrichment (or depletion) can vary greatly both within and between sites. Secondly, 

recovery rates of drilled rocks are typically low, which may lead to biased sampling of 

the rock and alteration types, where there is no simple relationship between the recovery 

rate and the abundance of veins, breccias and massive units (e.g. Brewer et al., 1995; 

Alt et al., 1996b). Nevertheless, by combining information from the recovered rocks 

with seismic data and down core logging, a relatively accurate picture of the depth 

distribution of unaltered and altered rocks, and the alteration types, can be obtained. A 

mixed sample, with representative proportions of each major rock type, can then be 

analysed or constructed theoretically from the analytical data for each rock type (e.g. 

Staudigel et al., 1996; Alt et al., 1996b). 

Possibly the most critical question in detennining a good estimate of the crustal 

alteration flux is the behaviour of an element with depth in the crust. Available lower 

crustal sections are usually complicated by tectonic exposure and thus do not provide a 

simple record of in-situ alteration. At present, the best determination of Db can be made 

by examination of down-core trends at DSDP/ODP Hole 504B, situated on 6.9Ma crust 

to the south of the Costa Rica Rift. Hole 504B has a current depth in basement of 

~ 1.8km, and is the only drill hole to provide an intact section through the volcanic rocks 
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into the dike complex, extending close to the sheeted dike/gabbro boundary (Alt et al., 

1996b). This site has thus become the reference drill hole for the structure and 

alteration of oceanic crust with depth (Anderson et al., 1982; Alt et al., 1986a,b; Chan et 

al., 2002). The best estimate of the integrated crustal flux is thus most likely obtained 

from combining down-core trends at Hole 504B with a composite examination of 

alteration within older crust where circulation has ceased. 

1.4.2 Hydrothermal fluid flow models 

To construct a robust hydrothermal fluid flow model from which chemical fluxes can be 

estimated we need to know the volume (or mass) of hydrothermal fluid that circulates 

through the crust and the chemical anomaly associated with that fluid: 

F()0 = (Xsw-%:H)*V/ [1/% 

Where F(X) is the flux of element X (molyr"'), Xsw and Xh are the concentration of 

element X in seawater and the hydrothermal fluid respectively (mo 1kg"'), and W is the 

hydrothermal water flux (kgyr"'). 

The chemical compositions of high temperature hydrothermal sources are 

comparatively easy to determine as discrete sampling of high temperature fluids using 

submersible technology is possible (e.g. Von Damm et al., 1985). However, the largest 

water flux and thus largest potential geochemical flux is associated with low 

temperature diffuse fluid flow, where determining the basement composition of slowly 

upwelling low temperature fluids is somewhat problematic. A number of studies have 

attempted to determine basement fluid composition from analyses of porewater samples 

extracted from the overlying sediments, where for this to be effective it is necessary to 

ascertain whether the upwelling fluid reacts with the overlying sediment column (e.g. 

Maris and Bender, 1982; Mottl, 1989; Mottl and Wheat 1994; Elderfield et al., 1999; 

Wheat and Mottl, 2000). 

The difficulties associated with calculating the hydrothermal water flux have been 

described above, where the highest degree of uncertainty is in the temperature 

distribution (TH) of the circulating fluid. To determine a chemical flux, XH must also be 
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known where the difficulties in establishing Xh for the range in observed Th are not 

trivial. However, if seawater resides in basement long enough to reach a temperature 

dependent equilibrium composition with respect to altered basalt, then Th also defines 

the composition of altered seawater as it exits (e.g. Elderfield et al., 1999; Wheat and 

Mottl, 2000). Well defined geochemical systems can therefore be used to place limits 

on the hydrothermal water flux, which can then be used to constrain the hydrothermal 

fluxes of other elements. In principle, any element or isotope that has an anomalous 

concentration in hydrothermal fluids with respect to seawater may be used to estimate 

the hydrothermal water flux (for a thorough review see Elderfield & Schultz 1996). In 

practice, it is necessary to be able to establish limits on the magnitude of that elements 

hydrothermal flux through an independent estimate (e.g. budget constraints) and to have 

a well defined relationship between the temperature of fluid flow and the extent of 

chemical exchange (i.e. the relationship between TH and XH). 

The Mg budget has been used to demonstrate that the maximum fluid flow through 

warm (~65°C) spring sites on the ridge flanks is on the order of lO'^ kgyf ' (Wheat and 

Mottl, 2000). This estimate is an absolute maximum as the calculation assumed that no 

seawater Mg is removed during low T (5-15°C) fluid flow. If the volume of fluids 

flowing through warm spring sites actually transports a negligible amount of heat, then 

the total (axial and off-axis) low T fluid flow (assuming a fluid temperature of ca. 10°C) 

would be on the order of lO'® kgyr"'. Balancing the Mg budget would then require the 

removal of only -0.5 mmolkg"', or around 1% of seawater Mg, from the low T fluids. 

This demonstrates the potential significance of low T alteration. Although chemical 

exchange may be minor, perhaps at or below the limit of detection, the chemical 

consequences of such exchange are of greater significance than the dramatic, but highly 

localised, exchange observed during on-axis high T hydrothermal circulation. 

1.5 Sedimentation along the Mid Ocean Ridge System 

The sedimentation patterns and bulk sediment geochemistry observed along the MOR 

system are markedly different to other pelagic sediments and reflect both the physical 

and chemical impact of seafloor spreading and hydrothermal circulation. The axial 

region is generally sparsely sedimented and basement is exposed due to the propagation 

of new oceanic crust. In the absence of strong bottom currents or in regions where the 
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pelagic accumulation rate is high, sediment thickness increases systematically with 

seafloor age and distance from the spreading centre, such as is seen at the intermediate 

Galapagos spreading centre (Mitchell, 1995, 1998). The high input of metal rich 

precipitates which settle out of hydrothermal plumes emanating from the ridge axes 

gives these MOR sediments a distinct geochemical signature in comparison to other 

pelagic sediments (Mills and Elderfield, 1995). Overlying this general pattern of 

sedimentation are both inter-ocean and regional differences in sediment accumulation 

and composition due to variations in spreading rates, the relative strength of different 

sediment sources, and the direction of prevailing oceanic currents. 

1.5.1 Hydrothermal plumes 

On venting to the seafloor, high temperature plumes of metal rich, reducing, acidic 

hydrothermal fluids rapidly entrain and mix with cold, oxic, alkaline seawater, leading 

to the precipitation of a variety of mineral phases, the dominant species of which are 

metal rich sulphides and sulphates and (hydr)oxides of iron and manganese (for a 

thorough review see Lilley et al., 1995). Due to the low density with respect to bottom 

seawater, the emergent hydrothermal plume is buoyant and rises rapidly through the 

water column. Shear flow at the boundary between the ascending hydrothermal fluid 

and bottom waters produces eddies (Lupton, 1995) causing turbulent mixing and the 

rapid entrainment of large quantities of seawater into the ascending plume (Kadko, 

1993). At a height of around 200-300m above the vent site, sufficient entrainment of 

ambient seawater has taken place for the hydrothermal plume to reach neutral 

buoyancy, at this point the plume is dispersed laterally by prevailing bottom currents 

and can be identified as both a hydrographic and chemical anomaly in the water column 

(German et al., 1991a; Baker et al., 1995). 

On slow spreading sections of the MOR system (e.g. the MAR) the height of the 

neutrally buoyant plume is below the steep walls of the axial valley, thus the plume is 

constrained and the majority of plume precipitates accumulate within the axial valley 

(e.g. German et al., 1990; Klinkhammer et al., 1986). Conversely, on fast spreading 

sections of the MOR system (e.g. the EPR), due to the different ridge morphology with 

an elevated crestal region, the neutrally buoyant plume forms above the shallow axial 

valley and is dispersed off-axis by the prevailing bottom currents. This lateral 
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dispersion of hydrothermal plumes along the EPR has been investigated through 

mapping of the water column ^He anomaly, which clearly demonstrates that 

hydrothermal plumes can be transported for distances of up to 2000km from the axial 

vent source (Lupton and Craig, 1981). 

At the point of venting, the rapid precipitation of the ore forming metals leads to the 

formation of chimney structures. Initial venting results in the growth of anhydrite 

chimneys, which with continued activity act as a substrate for subsequent precipitation 

of sulphides (Haymon, 1983). The relative proportion of sulphide and sulphate phases 

formed in the emergent plume is largely dependent on the concentration of metals and 

hydrogen sulphide in the vent fluid, where precipitation of these phases is generally 

limited to the first few seconds of mixing with seawater, before the concentration of the 

reacting species drops below the relevant solubility products (Feely et al., 1996). The 

larger sulphide and sulphate particles quickly settle out of the rising buoyant plume to 

form near-field hydrothermal sediments, leaving the fine grained Fe (hydr)oxides to 

form the bulk of particles in the neutrally buoyant plume (e.g. Campbell 1991; Feely et 

al., 1990a, 1994, 1996; Mottl and McConachy, 1990). The precipitation of Fe and Mn 

(hydr)oxides occurs for an extended period of time in both the buoyant and neutrally 

buoyant plume due to slower formation kinetics and lower solubility products with 

respect to the sulphide and sulphate phases. 

The predominant primary Fe (hydr)oxide mineral formed in the plume is colloidal 

ferrihydrite, a poorly crystalline, fully hydrated Fe-hydroxide, Fe(0H)3 (Campbell, 

1991; Feely et al., 1994a). Particulate Mn is enriched in plumes through the kinetic and 

bacterially mediated oxidation of Mn(II), both of which are slow relative to the rate of 

Fe(II) oxidation and plume dispersal (Cowen et al., 1990). Increases in the 

concentration of particulate Mn in the neutrally buoyant plume (with respect to 

particulate Fe) are therefore expected to occur with age and presumably distance from 

source (Klinkhammer and Hudson 1986; Cowen et al., 1990). Based on analysis of 

plume and sediment trap data from the North Cleft segment of the Juan de Fuca Ridge, 

Feely et al., (1994) estimated that more than 99% and 99.9% respectively of the total 

hydrothermal Fe and Mn produced at vent sites can be transported beyond the vent field 

and dispersed in the open ocean. These plumes thus represent an important mechanism 

for dispersal of the chemical fluxes introduced at seafioor hydrothermal vents. 
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During discharge, hydrothermal fluids are rapidly diluted with ambient seawater by 

factors of lO'̂ -lO^ (Baker et al., 1995; Lupton, 1995). Plume compositions are thus 

complex mixtures consisting of the initial vent fluid that has been highly diluted by 

seawater entrained from all depths between the bottom water at the point of venting and 

the ambient water at the depth of neutral buoyancy (Lupton, 1995). The ratios of many 

trace elements to Fe in hydrothermal plume particles are greatly enriched with respect to 

background ocean particulate values, where the observed element/Fe ratios are inferred 

to result from the co-precipitation of dissolved trace elements (sourced from seawater 

entrained into the plume) onto the Fe (hydr)oxide precipitates (Trocine and Trefry, 

1988; Trefry and Metz, 1989; Feely et al., 1990b, 1996; German et al., 1991a,b; 

Rudnicki and Elderfield, 1993). This scavenging of dissolved seawater species by 

hydrothermal particulate Fe is thought to be an important removal mechanism in the 

geochemical cycling of many trace elements. In particular, investigations of particles 

collected from neutrally buoyant plumes indicate positive linear correlations of the 

oxyanions (e.g. P, V, Cr, As, U) with particulate Fe concentrations (Trefry and Metz, 

1989; Feely et al., 1990a,b; 1994a,1996; German et al., 1991a,b; Metz and Trefry, 

1993). Coprecipitiation with Fe (hydr)oxides has also been observed for a number of 

divalent transition metals (e.g. Mn, Cu, Zn, Ni, Co), where ferrihydrite acts as an 

efficient sink for these metals due to its high specific surface area (Gerth, 1990; Ford et 

al., 1997, 1999; Martinez and McBride, 1998; Savenko 2001). However, the co-

precipitation of Mn with Fe (hydr)oxides is of secondary importance to the fonnation of 

distinct Mn (hydr)oxide phases in hydrothermal plumes (Savenko, 2001). Amorphous 

and poorly crystalline Mn (hydr)oxides are therefore also available to scavenge metals 

from the plume or entrained seawater. 

The fine grained particulates carried in the plume eventually settle out to form metal-

enriched sediments underlying the plume trajectory. Sediments near MORs are thus 

greatly enriched in hydrothermal Fe and associated scavenged trace elements (Dymond, 

1981; Heath and Dymond, 1981; Marchig et al., 1986; Dymond and Roth, 1988; Metz 

et al., 1988; Shimmield and Price, 1988; German et al., 1993, 1997), where the 

deposition of metal rich precipitates originating from the MOR axes can be clearly seen 

in maps of (Fe+Mn+Al)/Al (see Figure 1.5). This hydrothermal input represents the 

dominant source of Fe and trace elements to EPR sediments (Dymond, 1981). 
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Figure 1.5: The (Fe+Mn+Al)/Al ratio of surface sediments. High ratios delineate 

the mid-ocean ridge system, low ratios represent background pelagic sedimentation 

(adaptedfrom Bostrom et al., 1969). 

1.5.2 General sedimentation patterns on the southern East Pacific Rise 

Along the southern East Pacific Rise the dominant sediment component is biogenic, and 

commonly calcareous, ooze, with secondary inputs from non-carbonate sources 

(Dymond, 1981). Dymond (1981) proposed a five component model to determine the 

sources of non-carbonate material to sediments across the Nazca Plate. The normative 

analysis estimated the weight percent contribution of the following components; detrital 

aluminosilicates; hydrothermal precipitates; hydrogenous ferromanganese precipitates; 

biogenic tests; and the insoluble residue of organisms (dissolution residue), where the 

dissolution residue was traced by Ba and can essentially be viewed as biogenic barite 

(e.g. Dehairs et al., 1980). This study demonstrated that strong compositional gradients 

in Nazca plate sediments results from variability in the sedimentary sources in different 

geographic regions (Dymond, 1981). The results presented by Dymond (1981) are 

briefly summarised below with particular reference to the sedimentation patterns 

observed along the east flank of the East Pacific Rise. All weight percent contributions 

are quoted on a carbonate and salt free basis. 
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Within 1000km of the South American Continent along the eastern margin of the plate, 

detrital aluminosilicates dominate the sediment budget (>80 wt%), where the 

contribution of this component decreases strongly as a function of increasing distance 

from the South American Continent. In general rise crest sediments have detritus 

concentrations that are less than 10 wt%, although scattered samples of high detrital 

content are found along the EPR, where these samples represent local contribution of 

the basaltic basement exposed on the rise crest and fracture zones. 

At the western margin of the plate along the EPR axis, precipitates from hydrothermal 

sources associated with the EPR dominate the sediment budget (-80 wt%), where the 

pattern of metalliferous sediment accumulation around the rise crest reflects both the 

loci of hydrothermal activity and the processes which disperse the hydrothermal 

precipitates through the ocean (Dymond, 1981). The centre of the band of sediments 

with the highest hydrothermal concentration extends to the west of the rise crest 

between 6 and 13°S latitude. Conversely, between 25 and 32°S latitude a lobe of 

hydrothermally enriched sediments extends to the east of rise crest and into the 

Roggeveen Basin. The scale of the eastward displacement of hydrothermal sediments at 

25 to 32°S led Dymond (1981) to conclude that bottom waters appeared to be entering 

the Nazca plate at the large fracture zones on the EPR between 30 and 35°S and 

probably along the Chile Rise as suggested by Lonsdale (1976). Similarly, the 

westward displacement at 5 to 13°S was interpreted as indicating the flow of water 

exiting the Nazca plate, either through the large fracture zones in this region or by flow 

over the rise crest which has a very narrow region shallower than 3000m in this location 

(Dymond, 1981). Bottom water flow to the west is further supported by the westward 

shift in a plume of bottom water containing enrichments of ^He in this area of the rise 

crest (Lupton and Craig 1981). 

The Nazca plate basins (Bauer Basin, Yupanqui basin, Roggeveen basin), lying in the 

central portion of the plate, have strong enrichments in the transition metals whose 

source is either hydrothermal precipitates or authigenic ferromanganese deposition from 

normal seawater. Bauer Basin sediments are comprised of 20-40% hydrothermal 

component. Down-slope wafting of hydrothermal precipitates has been suggested to 

account for the metal rich nature of these slowly accumulating sediments (Heath and 
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Dymond 1981). This suggestion is compatible with Lonsdale's (1976) hypothesis that 

bottom waters enter the Bauer Basin through the deeper transform faults on the EPR. 

In the northern region of the plate, biogenic opaline silica tests that reflect the high 

productivity along the equator are important and account for greater than 70% of the 

sediment. This biogenic component of the sediments decreases latitudinally such that 

less than 10% of the sediments to the south of 10-15°S latitude are of biogenic origin. 

In addition, at a given latitude the biogenic accumulation rate is greater near the rise 

crest than it is on the flanks and in the basins. This is due to enhanced preservation 

resulting from rapid burial due to the greater sedimentation rate of both carbonate and 

hydrothermal precipitates along the rise crest. The rate of accumulation of the 

dissolution residue also decreases with increasing latitude in response to the decrease in 

productivity away from the equator. However, the rate of accumulation of this source 

does not decrease as rapidly to the south as does the biogenic rate and becomes 

relatively constant south of 20°S, thus the maximum wt% contribution (-10-20 wt%) of 

the dissolution residue is observed at ca. 10-20°S. 

1.6 Uranium as a Potential Tracer of Hydrothermal Circulation 

Realistic modelling of the magnitude of geochemical fluxes resulting from 

hydrothermal alteration is essential in balancing global chemical budgets. However, 

such modelling is problematic, as the nature of hydrothermal circulation, in particular 

the flow regime through the ridge flanks, remains poorly constrained. To utilise an 

element as a valuable tracer of low temperature hydrothermal circulation, and thus 

enable meaningful evaluation of the hydrothermal water flux, that element must exhibit 

a large concentration or isotope anomaly at low alteration temperatures. In addition, an 

independent estimate of that elements hydrothermal sink, either from basalt alteration 

data or budget constraints, must be available. Uranium may satisfy these requirements. 

The available evidence suggests that U may be significantly depleted in low temperature 

hydrothermal fluids. The concentration of U in end-member (350°C) black smoker 

fluids is zero, implying that complete removal of seawater U occurs during on-axis high 

temperature hydrothermal circulation (Michard and Albarede, 1985; Chen et al., 1986b). 

This finding is supported by the results of a recent high pressure (400 bar) laboratory 
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study at moderate to high temperatures (150-350°C), where the data showed virtually 

complete (>95%) removal of U from the fluid to the basalt occurred at 150°C (James et 

al., 2003). The recently discovered Baby Bare warm springs, where U was 

undetectable, also indicate that quantitative U removal continues at moderate 

temperatures as low as ~60°C (Mottl et al., 1998). Although low temperature 

hydrothermal fluids have not been analysed for U, basalt analysis suggests that 

considerable crustal uptake of U continues to occur at an alteration temperature as low 

as 20-30°C (Fouillac and Javoy, 1978; Storzer and Selo, 1979), implying that fluids at 

such temperature will be significantly depleted in U. Thermodynamic modelling of U 

mobility also supports low fluid U concentrations during basalt alteration at both high 

and low temperature, even in moderately oxidising systems (James et al., 2003). Thus 

although the uptake of seawater U as a function of temperature is not known below 62-

64°C, available data suggests that the U concentration anomaly (Usw - UH) associated 

with low temperature fluids may be large. Thus U concentration profiles in sediment 

porewaters may prove a good tracer of low temperature hydrothermal circulation. 

Metalliferous hydrothermal sediments contain a significant amount of U scavenged 

from seawater, most probably via co-precipitation with Fe (hydr)oxides (Mills and 

Elderfield, 1995). Significant additional enrichment of U has also been observed in 

sulphide-rich, near-field sediments on the MAR (Mills et al., 1994) and ridge crest 

sediments on the EPR, where the mechanism of U enrichment is at present poorly 

understood (Veeh and Bostrom 1971; Rydell et al., 1974; Kadko, 1980; Lalou and 

Brichet, 1980; Schaller et al., 2000). Although significant reaction of U can occur in 

MOR sediments near the ridge crest, if these processes were well described, then 

systematic variations away from the expected diagenetic profile of porewater U may 

still be utilised to constrain low temperature fiuid fiow through the sedimentary system. 

Furthermore, this U enrichment appears to be a transitory feature related to early 

diagenesis of the sediment, with older sediments on the ridge flanks generally 

displaying a constant U/Fe ratio (Mills et al., 1994). 

To use the expected depletion of U in low temperature hydrothermal fluids to improve 

constraints on the hydrothermal water flux would require an alternative estimate of the 

U sink to the ocean crust. The crustal uptake of U at DSDP/ODP sites 417 and 418 has 

been studied with composite estimates of the extent of U enrichment available 
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(Staudigel et al., 1996). As this represents a relatively good estimate of U uptake into 

the upper volcanic crust, reasonable limits can be placed on the ocean crust U sink if the 

depth to which U enrichment persists were established. In general, the distribution of U 

in the ocean and the source and sink terms have been relatively well studied due to the 

extensive use of U-series nuclides as tracers and time indices of many oceanographic 

processes (e.g. Ivanovitch et al., 1992). A large data set is therefore available in the 

scientific literature from which a reasonably well constrained oceanic U budget could be 

constructed. This would provide additional constraint and independent verification that 

the estimated magnitude of the hydrothermal U sink was reasonable. 

1.7 Research Aims 

The research presented in this thesis has two inter-related points of focus. 

Firstly, a detailed study was conducted of sediment sources and early sedimentary 

diagenesis in the EXCO (EXchange between the Crust and Ocean) study area at 14°S on 

the super-fast spreading section of the East Pacific Rise (EPR). Within this study the 

specific research aims were: 

(1) To evaluate the geochemical composition of the sediments, and thus to identify the 

major sources of sediment to the EXCO study area and the general sedimentation 

patterns across the EXCO study area. 

(2) To assess the use of excess sedimentary barium and the sediment 

aluminium/titanium ratio as tracers of oceanic primary productivity, and through this to 

examine the input of biogenic material to the EXCO sediments. 

(3) To investigate the impact of early diagenesis on the hydrothermal plume input to the 

EXCO study area; specifically to identify the major iron (hydr)oxide transformation 

pathways and to investigate the resultant phase associations of transition metals and 

oxyanions within the sediment column. 
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Secondly, this thesis addresses the geochemical cycling of U, with particular emphasis 

on mid-ocean ridge processes and the behaviour of U during low temperature 

hydrothermal circulation. Within this broad research theme the specific aims were: 

(4) To construct a robust oceanic U budget for the Holocene based on data dispersed 

widely through the literature. 

(5) To conduct a detailed study of U behaviour in the sediments and porewaters of a low 

temperature hydrothermal system; specifically to elucidate the nature of the sedimentary 

U enrichment observed in near rise-crest sediments and evaluate the potential use of U 

as a tracer of low temperature hydrothermal circulation. This research focused on the 

EXCO study area at 14°S on the EPR. 

The sample collection and analytical methods used during the course of this research are 

described in Chapter 2. Chapter 3 introduces the EXCO study area and addresses the 

bulk sediment composition and sedimentation history in this region of the SEPR (Aim 

1). Chapter 4 focuses on the minor sediment inputs to the EXCO study area of biogenic 

barite and scavenged aluminium and discusses implications for the use of excess barium 

and Al/Ti as tracers of past oceanic productivity (Aim 2). Chapter 5 presents a detailed 

examination of the hydrothermal plume input to the EXCO sediments, and the impact of 

iron (hydr)oxide alteration processes on the distribution of transition metals and 

oxyanions in the sediment column (Aim 3). Chapter 6 presents a thorough re-

evaluation of the oceanic U budget for the Holocene in order to improve constraints on 

the removal of U to the ocean crust during hydrothermal circulation (Aim 4). Chapter 7 

addresses the distribution and behaviour of U in the sediments and porewaters from the 

EXCO study area, and evaluates the potential use of U as a tracer of low temperature 

hydrothermal circulation (Aim 5). A synthesis of the major findings of this research is 

presented in Chapter 8. 
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Chapter 2 

Methods 

This Chapter provides details of the collection and analysis of the EXCO (Exchange 

between Crust and Ocean) sediment and porewater sample suite. 

2.1 Sample Collection 

All samples were collected from the EXCO study area on the east flank of the East 

Pacific Rise at ~14°S during the second leg of the EXCOII cruise of the German 

Research Vessel Sonne (Talcahuano - Arica , Chile; cruise number SO-145/2; Devey et 

al., 2000). This research focuses on 19 sediment cores collected from three sample sites 

within the EXCO study area, overlying crust with estimated ages of 0.36Ma, 1.9Ma and 

4.6Ma (See Appendices I-IIla). The cores were collected by gravity corer with a 6m-

core barrel, recovering sediment thicknesses of 1.50m to 5.95m. The sediment cores 

were brought on deck, split, described and sampled immediately (Devey et al., 2000). 

2.1.1 Porewater and sediment sampling 

Porewaters were collected by centrifugation of 2-5cm sections of undisturbed sediment 

core (8-15 samples per core; see Appendices I-IIIb). All samples were chilled to <5°C 

prior to centrifugation and maintained at <5°C prior to filtration of the supernatant 

liquor through Whatman 0.45 pm filters (with no pre-filter) into acid cleaned, 

polypropylene vials. Sediment samples corresponding directly to the location of the 

porewater samples were collected from the sediment remaining in the core at that 

horizon. Further sampling of the background core (E7) was also undertaken, with 

additional sediment samples being collected at 2cm resolution. Sediment samples of 

known volume were also collected from undisturbed sections of core immediately 

adjacent (either above or below) to the porewater samples to allow the determination of 

porosity and dry bulk density (Appendices I-IIIb) where these samples were stored in 

watertight polypropylene securitainers. All samples were stored under refrigerated 

conditions (4°C) prior to sample preparation and analysis. 
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2.2 Sediment Characterisation 

2.2.1 Sample pre-treatment 

Unless otherwise stated the sediment samples were dried in a thermostatically 

controlled oven at 50°C for 48 hours. Approximately 10-20 g of each sample was then 

ground to a fine powder and homogenised by milling for 1-2 minutes in a TEMA 

Gyratory Disc Mill fitted with tungsten carbide grinding discs. 

2.2.2 X-ray diffraction patterns 

X-ray diffraction (XRD) was employed to determine the bulk mineralogy of the 

EXCOII sediments. All XRD analyses were carried out on a Phillips PW 1730 

automated powder diffractometer using Co-Ka radiation (A, = 1.78897 A) with the 

assistance of R. Williams (SOC). Dry powder mounts were scanned between a 29 of 3 

to 76° at intervals of 0.02° and a scan rate of 0.2°min''. The detection limit for all 

minerals is ca. 1%. 

XRD patterns were obtained from 2-3g of finely ground dry sediment from a subset of 

the EXCO bulk sediment sample suite (33 samples in total: E12#l-12; E17#2,5,8; 

E18#2,5,8; E19#2,4,8; E10#l-12). XRD patterns were also obtained from the residual 

material separated from core E12 sediments (E12#l-9, 12) following the sequential 

extraction procedure (see Section 2.3.3), where these samples were ground by hand 

using an agate pestle and mortar. This allowed identification of minor mineral phases 

present in the sediments (<1% in the bulk sediment). Only a small amount of sediment 

was available for these analyses (-20-5 Omg) thus the diffraction patterns obtained had a 

low signal to noise ratio. To enable better identification of mineral peaks the patterns 

were smoothed by applying a five point weighted moving average to the data, where the 

smoothed image obtained was checked against the original data to ensure that data 

aliasing had not occurred (see Figure 2.1 for an example). 
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Figure 2.1: Example plot showing the smoothed and unsmoothed XRD patterns 

from the residual fraction of core E12 sample 1. 

2.2.3 Sieving of sediment samples and preparation of sediment thin sections 

All samples from cores E12 (0.36Ma site, oven dried samples), E14 (0.36Ma site, wet 

samples), and ElO (1.9Ma site, oven dried samples), were wet sieved to allow size 

fractionated microscopic inspection of the sediments. All particles in the EXCOII cores, 

with the exception of basalt chips in the base of some cores, were less than 1mm in 

diameter, falling into the sand-silt range on the Wentworth classification scale. 

Approximately 6-1 g (dry mass) of sediment were washed through a stack of 3 stainless 

steel sieves with mesh spacings of 500)Lim ({j)=l), 125|j,m ( ( j ) = 3 ) and 63)j.m (^=4) to 

separate the sample into 4 fractions. Polished thin sections of the sieved fractions from 

core E12 were also prepared to enable both optical and scanning electron microscopy to 

be carried out. A small amount of sieved material was dispersed in epoxy resin, and 

allowed to set prior to the cutting and polishing of a thin section. Due to the method of 

preparation these samples provide qualitative rather than quantitative data. 
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2.2.4 Optical microscopy 

Sediment material obtained from the sieving of core ElO, E12 and El 4 were examined 

under the light microscope. The polished thin sections prepared from sample E12 were 

also examined under both plain and polarised light. 

2.2.5 Scanning electron microscopy & X-ray microanalysis 

The polished thin sections were carbon coated and all scanning electron microscope 

(SEM) analyses were carried out on a LEO 1450 variable pressure SEM with a PGT 

energy dispersive X-ray microanalysis system with the assistance of Dr. R. Baker 

(SOC). For all size fractions from sample numbers 12#2, 4, 7 and 12 a detailed scan 

across the SEM image was undertaken where point X-ray analyses were performed on 

all bright reflectors. This allowed identification of the minor (<1%) mineral phases 

present in the EXCOII sediments. 

2.2.6 Determination of dry bulk density and total porosity 

The porosity sediment samples of known total volume (VT) were weighed wet and dry, 

giving the total mass of the wet sample (the sediment and the porewater; My = Ms + 

Mp), the combined dry mass of the sediment and precipitated porewater salts (MD = Ms 

+ MH ), and the mass of pure water lost through evaporation (Mr - MD = Mw). The dry 

bulk densities (pd) and sediment total porosities ((j)) were then calculated as: 

Pd = Ms/V T = (My — Mp)/V T [2.1] 

(j) = Vp/V T [2.2] 

Mp = Mw/(1 - Sp) = Mw/(1 - 1.80655*chlorinity) [2.3] 

Vp = Mp/pp [2.4] 

Where Vp is the porewater volume; Sp is the porewater salinity and is determined from 

the chlorinity of the porewaters (see shipboard data: Devey et al., 2000); and p? is the 

porewater density and is assumed to be 1.024 gcm"^. 
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2.3 Sediment Samples: Wet Chemical Preparation 

Chemical digests of the EXCO sediments were carried out to enable the accurate 

analysis of major and minor element concentrations. Eight cores were selected for bulk 

sediment digests (see Appendices I-IIIc), and a more detailed sequential extraction 

procedure was also employed on one core (see Appendix Id). In the following method 

descriptions, sample masses were weighed to an accuracy of 0.000Ig. Unless otherwise 

stated, Milli-Q water and Aristar grade reagents were employed throughout. All 

materials that came into contact with the samples were acid cleaned. New materials 

(e.g. pipette tips and sample bottles) were soaked for 48 hrs in a 10% HCl acid bath, 

triple rinsed in Milli-Q and air dried under a laminar flow hood. Pre-used materials 

(e.g. Teflon scintillation vials (Savillex)) were soaked in a 10% Decon bath (48 hrs), 

triple rinsed in Milli-Q, soaked in a hot 50% HCl or H N O 3 acid bath (72 hrs), triple 

rinsed in Milli-Q water, and air dried under a laminar flow hood. 

2.3.1 Preparation of sub boiled distilled water and acids 

Sub boiled distilled (SBD) water and acids were prepared as follows. Either Milli-Q 

water or Aristar grade acid were poured into a quartz flask and heated with two infra-

red lamps. The vapour produced was condensed on a quartz cold finger and fed through 

a collection tube into a clean Teflon bottle. To reduce any potential contamination this 

procedure was carried out in a clean room environment under a laminar flow hood. 

2.3.2 Total digestion of sediment samples 

0.2 g of dried, ground sediment were transferred directly to a 15 ml round bottomed 

Teflon scintillation vial (Savillex). A four-step digestion protocol was used; (I) an aqua 

regia attack (2.5ml), where the samples were refluxed at 90°C overnight and dried down 

at 100°C; (2) a combined hydrofluoric and perchloric acid attack (HF, 2 ml; HCIO4 , 1.5 

ml), where the samples were refluxed at 150°C overnight and dried down at 170°C, 

increasing to 190°C on the observation of white fumes; (3) an H C I O 4 attack (2 ml), 

where the samples were immediately dried down at 190°C; (4) dissolution in 

hydrochloric acid (6M HCl, 10ml), where the samples were placed in a thermostatically 

controlled oven at 60°C overnight. The dissolved sample was then transferred 
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quantitatively to a 125 ml polypropylene bottle (Nalgene) and diluted to lOOg to form a 

0.6M HCl mother solution containing the sample at a 1 in 500 dilution. Each digestion 

batch included a procedural blank and standard (United States Geological Survey 

Marine Sediment Standard MAG-1), and at least one sample was digested in duplicate. 

In total 5 digestion batches were undertaken, giving 102 samples from 8 cores, with 5 

procedural blanks, 6 MAG-1 standards and 11 sample duplicates. 

2.3.3 Sequential extraction of sediment samples. 

Sequential selective extraction techniques are commonly used to fractionate the solid 

phase forms of metals in sediments. Many sequential extraction procedures have been 

developed and despite numerous criticisms, they remain useful under the proviso that 

the results obtained are considered in the context of operational, as opposed to strict 

mineralogical, phase definition (see Martin et al., 1987). The sequential extraction 

scheme described by Bay on et al., (2002) was used to separate the sediment into four 

fractions: (1) carbonate and adsorbed or readily exchangeable species (CAE); (2) acid 

reducible 'amorphous' Mn and Fe (hydr)oxides (AM); (3) organic material (ORG); and 

(4) residual material including crystalline iron oxides (RES). In the first instance the 

method of Bay on et al. (2002) was followed precisely. However, the numerous transfer 

steps led to significant sample loss. The residual material from this preparation was 

retained for XRD analysis and the sequential extraction was repeated following a 

modified method where the solid sample was retained in the same bottle throughout the 

procedure (see below). This method was carried out on 9 samples from core El2 

(0.36Ma site) and a procedural blank. Method reproducibility was determined by 

carrying out the method in triplicate on 1 sample (E12#4a-c), and sample recovery was 

assessed by comparison to the bulk sediment digestion data. 

The extraction was carried out on 0.75g of dry, ground sediment in a 125ml 

polypropylene bottle (Nalgene). The reagents and reaction conditions employed for 

each extraction step are summarised in Table 2.1. The conditions for the AM leach 

deviate from the Bayon et al. (2002) method (3hrs at 90°C), where the chosen 

conditions (4hrs at room temperature) follow the method of Chester and Hughes (1967). 

Following each leach, the sample bottles were centrifuged and the leachate decanted 

through a filter into a Teflon vial. The residues were rinsed (x2) by the addition of 5ml 
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Milli-Q, where the bottles were placed in an ultrasonic bath for 5 minutes, centrifuged, 

and the rinse supernatant decanted through the filter and collected with the leachate. All 

leachates were then taken to dryness and brought back into solution in 0.6M HCl. 

Difficulties were encountered during the drying down of the AM leachate, where rapid 

effervescence led to loss of samples E12#4b and c, E12#5 and E12#12. Following the 

CAE and AM leaches, any residue evident on the filters was washed back into the 

sample bottles with Milli-Q. Following the ORG leach, all residual material was rinsed 

into a Teflon vial. Quantitative transfer from the reaction bottle was achieved by 

rinsing (x3) with 10ml 10% HCl where the bottles were agitated in an ultrasonic bath. 

The RES fraction was then taken to dryness and digested following the total digest 

protocol given above in Section 2.3.4. For the dilution of the resultant mother solutions 

with respect to the mass of the original sample see Table 2.1. 

2.3.4 Preparation of digest solutions for analysis. 

For Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES), the digest 

mother solutions were diluted using 0.6M HCl. For analysis by ICP Mass Spectrometry 

(ICP-MS), aliquots of the mother solution were transferred to a 15 ml Teflon vial, taken 

to near dryness, and re-dissolved in 2% SBD H N O 3 . Table 2.2 gives the sample 

dilution factors used for analysis. 

Table 2.1: The sequential extraction scheme reagents and reaction conditions. 

Fraction Reagent Conditions Dilution Factor 

(1) CAE 20ml 
10% acetic acid 

4hrs 
ultrasonic bath 

100 

(2) AM 15ml 
1M hydroxylamine hydrochoride 

in 25% acetic acid 

4hrs 
room temperature 

rotating table 

133 

(3) ORG 10ml 
5% hydrogen peroxide 

16hrs 
dark 

room temperature 
rotating table 

33 

(4) RES 66 
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Table 2.2: Sediment sample dilution factors for chemical analysis. 

Dilution Factor (mass solution/mass sample) 

Analytical Method Bulk Sequential Extraction Fraction 

Digests CAE AM ORG RES 

ICP-AES 1000 1000 750 25Q , 750 

ICP-MS 1000 1000 200 100 200 

2.4 Sediment Chemical Analysis 

2.4.1 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 

All ICP-AES analyses were performed on a Perkin Elmer Optima 4300DV instrument 

with the assistance of Dr. D. Green (SOC). Six multi-element standards (all elements 

except Ti and S) were prepared where the standards were matrix matched to the best 

possible extent such that the Ca content increased whilst the Fe, Mn, and trace element 

concentrations decreased. Six combined Ti and S standards were also prepared, where 

these standards were matrix matched to Na, K, Al, Fe and Mn. The full standard set 

was used to calibrate the instrument at the beginning of each analytical run. Detection 

limits were detemiined from three times the standard deviation on six separate analyses 

of the instrumental blank (0.6M HCl). See Table 2.3 for the calibration correlation 

coefficients and detection limits obtained for each element at each wavelength. In each 

instmment run, samples were analysed in batches of 10 with an instrumental blank, a 

multi-element standard and a Ti/S standard (drift monitors) positioned both before and 

after each sample batch. Procedural standards and blanks were treated as samples. Five 

replicate measurements were made of the solution under analysis, providing a mean 

concentration and relative standard deviation (RSD) on that concentration. The RSDs 

obtained in the analysis of the sample sets were generally better than 2% and always 

better than 5%, except for Li and Co (generally better than 3% and always better than 

10%), and As and Cr, where reasonable data were obtained for the 0.36Ma study site 

only, with typical RSDs of ca. 10% and 5% respectively. 
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Table 2.3: Calibration range, correlation coefficients and detection limits for 

analysis of sediment samples by ICP-AES. 

Element Calibration Range 
Standard 1 Standard 6 

correlation coefficient detection 
Run 1 Run 2 limit 

Major Elements: fig/g 

Ca 510.1 198.2 317.9 0.9999 0.9996 0.02 
315.9 0.9999 0.9996 0.02 

Na 30.2 3.0 589.5 1.0000 0.9996 0.01 

Mg 10.4 1.0 285.2 1.0000 0.9999 0.00 
280.3 0.9999 0.9997 0.00 

Al 4.3 0.4 396.1 0.9999 0.9987 0.01 
308.2 0.9999 0.9998 0.01 
237.3 0.9949 0.9997 0.01 

K 4.1 0.4 766.4 1.0000 0.9995 0.04 

P 3.9 0.4 213.6 0.9999 0.9999 0.01 

Sr 4.0 0.4 407.7 0.9999 0.9999 0.00 
421.5 0.9999 0.9999 0.00 

Ba 3.9 0.4 233.5 1.0000 0.9998 0.00 
455.4 1.0000 0.9999 0.00 

8 4.1 0.4 182.0 0.9999 0.9994 0.08 

Fe 5.3 159.8 238.2 0,9999 0.9996 0.00 
239.6 0.9999 0.9995 0.00 
259.9 0.9999 0.9996 0.00 

Mn 1.0 49.9 257.6 0.9999 0.9996 0.00 
259.4 0.9999 0.9995 0.00 

Minor Elements: ng/g 

Ti 198.4 19.8 336.1 1.0000 1.0000 0.40 
337.3 1.0000 1.0000 0.49 

Cu 30.9 931.5 327.4 1.0000 0.9999 0.56 
324.7 1.0000 0.9996 0.67 

Zn 17.7 533.9 202.5 0.9999 0.9996 0.18 

V 17.7 532.4 290.9 0.9997 0.9997 1.36 

Ni 15.1 456.2 231.6 1.0000 0.9997 0.65 
221.6 1.0000 0.9997 0.43 
232.0 1.0000 0.9996 0.70 

As 9.6 287.9 189.0 0.9999 0.9992 2.88 
193.7 0.9988 0.9991 5.19 

Li 5.0 149.9 670.7 0.9993 0.9985 0.02 

Co 2.4 72.4 230.8 0.9999 0.9997 0.33 

Cr 2.5 75.5 267.7 0.9992 0.9991 0.12 
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The data obtained were corrected for the instrumental blank and linear instrument drift. 

The relevant procedural blank was then subtracted prior to correction for the sample 

dilution factor, where the concentrations measured in the procedural blanks were low 

and directly comparable to the instrumental blanks. For those elements analysed at 

more than 1 wavelength, the mean value was taken. The precision and accuracy of the 

entire digest and analytical procedure was assessed through 6 replicate digests and 

analyses of the MAG-1 standard, which gave excellent agreement to certified values 

and precisions generally better than 2%, with the exception of K (2.7%), Cu (5.2%) and 

Cr (13.8%), where the measured concentration for Cr was also somewhat low in 

comparison to the certified value (Table 2.4). To perform further checks on both method 

and instrumental reproducibility a number of samples were digested and analysed in 

duplicate or triplicate (n=l 1), whilst a further set were analysed in duplicate (n=13), and 

a sample sub-set were analysed in both instrument run 1 and 2 (n=12). Agreement 

between the concentrations obtained in all cases and for all elements was generally 

better than 2% and always better than 5%, thus mean values are presented throughout 

this thesis (Appendices I-IIIc). 

Table 2.4: Certified and measured concentrations of the USGS standard MAG-1. 

Element Certified values Measured (n=6) Precision 

[X] ± mean Icj (RSD%) 

Al wt% 8.68 (0.16) 8.83 0.10 1.1 
Fe wt% 4.76 (0.42) 5.02 0.07 1.5 
K wt% 2.95 (0.14) 2.98 0.08 2.7 
Na wt% 2.84 (0.08) 2.80 0.03 1.1 
Mg wt% 1.81 (0.06) 1.85 0.03 1.4 
Ca wt% 0.98 (0.07) 1.00 0.01 1.5 
Ti wt% 0.45 (0.04) 0.41 0.01 1.3 
Mn wt% 0.076 (0.007) 0.077 0.001 1.5 
P wt% 0.070 (0.009) 0.073 0.001 1.7 

Stot wt% 0.39 0.37 0.01 1.6 
Ba Mg/g 480 (41) 489 5.3 1.1 
Sr t̂ g/g 150 (15) 139 1.2 0.9 
V ^g/g 140 (6) 137 2.2 1.6 
Zn î g/g 130 (6) 135 1.6 1.2 
Cr î g/g 97 (8) 71.6 9.9 13.8 
Li ng/g 79 (4) 73.7 0.8 1.0 
Ni î g/g 53 (8) 53.8 0.7 1.3 
Cu ng/g 30 (3) 27.4 1.4 5.2 
Co ng/g 20 (1.6) 20.3 0.3 1.7 

35 



Methods 

2.4.2 X-ray fluorescence (XRF) 

All XRF analyses (Dr. T. Brewer, Leicester University) were carried out on a Phillips 

PW1400 instrument. Element oxide totals corrected for loss on ignition showed 

excellent agreement to the total sample mass (98.38 to 100.91%). A comparison 

between the major element concentrations obtained from XRF and ICP-AES analyses 

showed good agreement (see Figure 2.2), although due to the low non carbonate content 

of the sediments and the inherent higher sensitivity of the ICP-AES technique, the ICP-

AES data are generally preferred (e.g. Al and Ti, Figure 2.2). As Si data cannot be 

obtained from digests employing the use of HF, the XRF Si data were used, where the 

good comparison between the major components (> 5 mgg"') analysed by both 

techniques (e.g. Fe and Mn, Figure 2.2) supports the inclusion of this data and allows 

direct comparison to the sediment composition determined from the ICP-AES data. 
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Figure 2.2: Comparison of XRF and ICP-AES data for the 0.36Ma site sediments; 

(a) Fe, (b) Mn, (c) Al, (d) Ti. Type 11 linear regressions and the mean ratio of the XRF 

measurement with respect to the ICP-AES measurement are shown. 
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2.4.3 Total organic carbon (TOC) 

Determining the TOC content of carbonate rich sediments is problematic due to the high 

carbon content of the carbonate material itself. TOC contents were determined for 4 

samples, E12#2 and 7 and E19#2 and 5. The carbon content of the bulk sediment (CT in 

g per g bulk sediment) was first measured by LECO carbon analysis. The calcium 

carbonate was then dissolved and the carbon content of the residual material measured 

(CR in g per g non-carbonate sediment) was re-measured. The TOC content was then 

determined as follows: 

TOC wt% = 100*[CR*(1 - CT*8.3317) / (1 - CR*8.3317)] [2.5] 

Where 8.3317 is the mass ratio of carbon to calcium carbonate in calcium carbonate. 

These analyses gave low TOC results ranging from 0.08 to 0.28 wt%. Furthennore, the 

wt% calcium carbonate derived from this approach (Ccarb = C j - TOC) was somewhat 

low (-5%) in comparison to that obtained from ICP-AES analysis and calculation for 

calcium carbonate content (see Chapter 4 for calculation). Given that the sequential 

extraction data showed good agreement with the bulk sediment ICP-AES data, and 

supported the calculation for calcium carbonate approach, with greater than 98% of the 

calcium being removed in the CAE leach (see Chapter 4), these results suggests that 

removal of calcium carbonate in the leach prior to analysis of residual carbon (CR) in 

this procedure was not complete, thus these measurements of TOC are considered to 

represent the maximum possible TOC content. 

2.4.4 Bulk carbonate oxygen isotope analysis (^^O) 

Bulk carbonate oxygen isotope determinations were carried out on samples from core 

E12 (0.36Ma site, Appendix le) and the high resolution samples collected from the 

upper 54cm of core E7 (4.6Ma site, Appendix Illd). All stable isotope analysis (Dr. M. 

Cooper and M. Bolshaw, SOC) were performed on a Europa GEO 20-20 instrument 

(high performance magnetic sector mass spectrometer) fitted with a Farraday triple 

detector for simultaneous collection of the adjacent xdz ratios 44 ('^C'^02^), 45 

('^C'^02^), and 46 ('^C^^O'^0^). Sample introduction was via a Carbonate Automatic 

Preparation System (CAPS). The CO2 evolved from the samples was analysed with 
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respect to a reference CO2 gas stream (BOC). The data obtained were corrected for 

temperature dependent fractionation at 70°C (the temperature of the CAPS oven) and a 

linear drift correction was also applied using an in-house limestone standard HI 

positioned at the beginning and end of the sample batch, where HI has been calibrated 

against the international standard NBS19. 

2.5 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

All ICP-MS analyses for U concentration were carried out on a quadrapole mass 

spectrometer (VG PlasmaQuad 2+ instrument) fitted with an electron multiplier detector 

with the assistance of Dr. A. Milton (SOC). A peak-jumping analytical mode was 

employed where ion counts were measured at miz ratios of 235, 236 and 238. Equal 

counting time was spent on each m/z"̂  peak with a total counting time of 5 seconds. 

2.5.1 Analysis ofporewaters 

Porewater samples from all cores were analysed for U content by isotope dilution ICP-

MS (ID-ICP-MS). This technique allows the accurate determination of U content 

without the need to separate U from the saline porewater matrix. It is inherently 

assumed within this method that any matrix effects will affect the measurement of the 

natural and the artificial spike to an equal extent. 

0.5 g of porewater were diluted to a final mass of 5g using 2% (v/v) SBD H N O 3 spiked 

with a known amount of For analytical batch 1 (cores E23 to E28 inclusive) all 

samples were spiked to a final concentration of ca. 0.1 ngg"' (ppb), whereas 

samples from analytical batch 2 (all remaining samples) were spiked to a final 

concentration of ca. 0.2 ngg''. All spike solutions were prepared from an analytical 

standard with a certified concentration of 0.0306 pgg'' (ppm). 

It is noted that the porewater samples were not acidified on collection. A test was 

therefore carried out to ascertain whether U adsorption to the sample bottles had 

occurred. All samples from one core (El9) were treated as above. The remaining 

sample (ca. 2ml) in the original sample bottle was then acidified with 100 |j,l of 
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concentrated SBD H N O 3 . The samples were then allowed to stand for 1 week prior to 

preparation as above and subsequent analysis. 

In an initial analysis of the porewater samples using automatic sample injection, the 

instrument sensitivity (as measured by the counts per second (CPS) on the peak of 

a 1 ppb standard) was observed to decrease markedly (-80%) over the course of a run. 

This decrease in sensitivity was attributed to the build up of deposits on the sampling 

and skimming cones resulting from the throughput of saline solutions. Manual injection 

was therefore utilised to minimise the sample wash-in time, where the cones were 

removed and cleaned following the analysis of 8-15 samples (I entire core). Under 

these conditions the decrease in instrument sensitivity was limited to -40% over the 

course of an analytical run, and instrument precision remained better than ±2% ( l a ) 

over 6 repeat measurements of a 1 ppb standard. The samples were analysed in batches 

of 4-5, where an instrument blank (2% SBD H N O 3 ) and a 1 ppb solution of the 

international standard U500 were measured both before and after each batch. The U500 

standard was used to correct for the isotope fractionation introduced by ICP ionisation; 

/ = [(^U/^U)E/(^U/^U)M - 1 ]/Am [2.6] 

Where/ is the fractionation factor, A and B denote the mass of the respective U isotope, 

E denotes the expected or true ratio, M denotes the measured ratio and Am denotes the 

mass difference between and ®U. The (̂ ^^U/̂ ^^U)E of the U500 standard is 

1.000302. Drift i n /was assumed to be linear in time. 

2.5.2 Analysis of sediment digest solutions 

External calibration (^^^U) was employed for the analysis of the sample digest solutions. 

Sample introduction was via an auto-sampler. The samples were analysed in batches of 

8 to 10, where an instrumental blank and standard (drift monitor) were analysed both 

before and after each sample batch. It was assumed that drift in was linear in time. 

6 replicate digests and analyses of the USGS MAG-1 standard gave a 

concentration of 2.42±0.07 ngg'^ (Icr) in good agreement with the certified 

concentration of 2.7±0.3 i^gg"', and giving a ftill method precision of 2.9% RSD. 
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Sedimentation Patterns in the EXCO Study Area 

Chapter 3 

The EXCO Sediments (I): 

Bulk sediment composition and sedimentation patterns 

3.1 Aims 

This Chapter focuses on the sedimentation history in the EXCO (EXchange between 

Crust and Ocean) study area, situated on the Nazca plate at ~14°S on the east flank of 

the southern East Pacific Rise (SEPR). The specific aims of this Chapter are: (i) to set 

the geological and sedimentary context of the EXCO study sample sites; (ii) to identify 

the major sources of material to the EXCO sediments; and (iii) to examine the spatial 

and temporal variation in the relative strengths of the identified sediment sources within 

the EXCO study area. 

3.2 Introduction 

The EXCO project is a collaborative study, led by the University of Hamburg and 

University of Bremen, to investigate the impact of hydrothennalism on the physical and 

chemical properties of a thinly sedimented ridge flank (e.g. Weigel et al., 1996; 

Grevemeyer et al., 1999). Within this study the knowledge of ridge flank sedimentation 

history serves different aims. Firstly, the sediment geochemistry provides information 

on the sources of sediments to this region and the net effect of sedimentary diagenesis; 

factors which must be taken into account if pore-water solutes are to be employed as 

tracers of low temperature hydrothermal fluid flow (Elderfield et al., 1999). Secondly, a 

good measure of sediment thickness and permeability are important for the correct 

interpretation of heat flow data (Davis et al., 1999), and in determining the flow-path of 

chemical species in the interstitial pore-fluids (e.g. Wheat and McDuff, 1994, 1995). 

3.2.1 Sedimentation on the east flank of the EPR: Nazca Plate sediments 

Dymond (1981) has shown that the strong compositional gradients observed in Nazca 

plate sediments results from variability in the strength of sedimentary sources to the 

different geographic regions. Along the SEPR the dominant sediment component is 

biogenic, and commonly calcareous, ooze (Dymond, 1981). The preservation of 

calcium carbonate delivered to the sediment is usually considered within the context of 
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the carbonate lysocline, defined as the depth at which dissolution starts to have a 

detectable impact on the calcium carbonate content of the sediment (Broecker, 1977). 

Due to the higher solubility of aragonite with respect to calcite, the aragonite lysocline 

is substantially shallower than that for calcite, and aragonite is not preserved along the 

SEPR. Although the calcite lysocline in the eastern equatorial Pacific is at a depth of 

ca. 3500m (Berger et al., 1976), recent studies have indicated that substantial 

dissolution of calcite can occur at depths above the lysocline (e.g. Milliman, 1993; 

Milliman et al., 1999). It is therefore more appropriate to consider calcite preservation 

within the context of the saturation horizon; the water depth at which calcite is in 

thermodynamic equilibrium with the surrounding water mass. The calcite saturation 

horizon shoals significantly along the axis of the SEPR from ca. 3000m at 30°S to ca. 

2000m at the equator (Feely et al., 2002). 

The highest opaline silica content along the SEPR, and also the area of thickest 

sediment, underlies the zone of high productivity in the Eastern Equatorial Pacific. As 

surface water productivity declines to the south of the equator, the relatively narrow 

sediment free axis of the EPR widens (Erlandson et al., 1981) and both the opaline silica 

and organic carbon content of the sediment decreases latitudinally, such that less than 

10% of the non-carbonate sediments to the south of 10-15°S latitude are of biogenic 

origin (Dymond, 1981). 

The non-carbonate fraction of the SEPR sediments is dominated by metalliferous 

precipitates from hydrothermal sources associated with the spreading centre, where the 

hydrothermal source term includes both primary elements carried by the hydrothermal 

solutions and elements that are co-precipitated from seawater (Dymond, 1981). 

Sediments with the highest hydrothermal component are typically found near the ridge 

crest, where the accumulation pattern of hydrothermal material reflects both the location 

of hydrothermal activity and the plume processes which disperse the hydrothermal 

precipitates. On the SEPR between 26°S and 40°S latitude the band of sediments with 

the highest hydrothermal component lies to the east of the crest and extends into the 

Roggeveen Basin, suggesting that water must enter the Nazca plate at the large fracture 

zones on the SEPR between 30°S and 35°S and along the Chile Rise (Lonsdale, 1976; 

Dymond, 1981). Between 6°S and 13°S the lobe of metalliferous sediments lies to the 

west of the rise crest, suggesting that water exits the Nazca plate to the west in this 

41 



Sedimentation Patterns in the EXCO Study Area 

region (Dymond, 1981). The westward shift in a plume of ^He enriched vent fluids 

(sourced from the ridge crest) supports westward flowing bottom water in this area of 

the rise crest (Lupton and Craig, 1978). Unfortunately data coverage in the Dymond 

(1981) study is poor in the region of 13-16°S on the SEPR. However, an extensive 

survey of plume particulates along the super-fast spreading section of the SEPR 

demonstrated the existence of almost continuous venting from 13 to 19°S (Feely et al., 

1996), whilst examination of the WOCE/JGOFS PI 8 transect at a longitude of 105°W 

clearly shows the expression of a ^He anomaly to the east of the rise crest in this region. 

The detrital component of the Nazca plate sediments decreases strongly as a function of 

distance from the South American Continent (Dymond, 1981). Along the SEPR, 

detrital material of continental origin is thus most likely negligible; although near the 

ridge axis a detrital component that represents the local contribution of exposed basaltic 

basement becomes important (Dymond, 1981; Marchig et al., 1986). 

3.3 The EXCO Study Area and Sample Collection 

The EXCO study area is a 720km long and 40-90km wide corridor which intersects the 

ridge axis of the SEPR at 14°14'S, 60km to the south of the Garrett fransform fault and 

north of a minor ridge discontinuity at 14°27'S (Figure 3.1; Weigel et al., 1996; 

Grevemeyer et al., 1997). 
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Figure 3.1: Location of the EXCO working area on the southern East Pacific Rise 
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Extensive geophysical surveys of the study area were carried out on zero-age to 9.3Ma 

old crust during the EXCO I (SO-105, December 1995) and EXCO II (SO-145/1, 

December 1999-January 2000) cruises of the German research vessel Sonne. These 

included magnetic surveys, swath mapping bathymetry, seismic reflection and seismic 

refraction work, and detailed heat flow measurements. EXCO I focused on regional-

scale surveys, whereas EXCO II explored in more detail the variations in heat flow 

through very young crust and rough terrain such as abyssal hills and seamount flanks. 

The results showed a large increase in seismic velocity in Layer 2 away from the axis 

that was attributed to alteration of the upper oceanic crust during hydrothermal 

circulation (Grevemeyer et al., 1999). Large variations in heat flow density that 

correlated with basement topography were also observed and were interpreted to be 

associated with the inflow and outflow of circulating pore-waters. During the second 

leg of the EXCO II cruise (SO-145/2, January 2000-February 2000) the geophysical 

results were used to direct the sampling of sediments, pore-waters and Layer 2 rocks in 

an effort to establish the chemical changes associated with hydrothermalism in this 

region as the crust ages and moves away from the axis. All detailed surveys and 

geochemical sampling undertaken during the EXCOII cruises were conducted on the 

Nazca plate across the eastern flank of the SEPR. 

3.3.1 Geological background: Ridge morphology and spreading history 

The SEPR between the Garrett transform fault near 13°30'S and the Easter Microplate 

near 23°S is spreading at ultra-fast rates, ranging from 143 mmyf ' to 150 mmyf ' 

(DeMets et al., 1994; Cormier et al., 1996; Grevemeyer et al., 2002). South of the 

Garrett fracture zone the SEPR is devoid of any transform faults for nearly 1150 km, 

although on a finer scale, the ridge crest is offset by small scale non-transform 

discontinuities, such as over-lapping spreading centres (OSCs) (Lonsdale, 1989; 

Scheirer et al., 1996). This portion of the SEPR is known to be among the most robust 

and magmatically active portions of the world's MOR system (Detrick et al., 1993; 

Kent et al., 1994; MacDonald, 1998). The EXCO study area is thus located on a region 

of 'normal' crust well away from the influence of major fracture zones or spreading 

centre jumps. 

At 14°14'S the ridge morphology is characterised by a prominent bathymetric high with 

smooth flanks and a relatively flat summit (MacDonald, 1998; Lonsdale, 1989; Scheirer 
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and MacDonald, 1993). The axis is a blocky ridge crest about 300m high and 10km 

wide without a central valley, but a median high where the shallowest depth of the ridge 

is -2600m (Hauschild et al., 2003). Seismic reflection imaging provides evidence for 

an axial magma chamber (AMC) reflector (Detrick et al., 1993; Kent et al., 1994). The 

blocky ridge crest and prominent AMC reflector are consistent with a robust 

magmatically active ridge segment (MacDonald 1998; Scheirer and MacDonald 1993; 

Detrick et al., 1993). Seismic data also indicate that the accretion process at this section 

of the SEPR is uniform along axis (Detrick et al., 1993; Kent et al., 1994; DeMets et al., 

1994), where the thickness of extruded basalts (i.e layer 2A) doubles within l-2km of 

the ridge axis from 200-250m to 500-600m and remains nearly constant off-axis, which 

also argues for only minor changes in melt supply both along axis and over the last 

9.3Ma (Kent et al., 1994; Grevemeyer et al., 1998). 

Magnetic data allow an unambiguous identification of the sequences of reversals with 

the oldest anomaly being #C4Arl (9.27Ma) at 708 km off-axis (Grevemeyer et al., 1997; 

Grevemeyer et al., 2002). Since 9.3Ma, seafloor spreading rates derived from magnetic 

data indicate a half spreading rate of the Nazca plate and Pacific plate of 75 mmyr"' 

(Greveymeyer et al., 2002). However symmetric spreading has only occurred since 

about 2.7Ma, where before this time, in the Early Pliocene and Late Miocene, seafloor 

spreading was faster to the east (-86 mmyr"') than the west (-68 mmyr"'). In general, 

the faster spreading rate of the Nazca plate to the east of the rise was compensated by a 

slower spreading rate of the Pacific plate to the west, thus the full spreading rate of 150 

mmyr"' has remained roughly constant (Grevemeyer et al., 2002). 

Away from the ridge crest, the seafloor subsides asymmetrically and has reached depths 

of 3400-3500m in the west and 3700-3900m in the east by 7Ma (Hauschild et al., 2003). 

On the eastern flank the detailed bathymetric survey shows that within 225km (3Ma 

isochron, -110°45'W) of the spreading centre, abyssal hills and intervening valleys 

strike parallel to the ridge axis (013°), thus implying a spreading system similar to the 

present configuration of the ridge (Grevemeyer et al., 1997; Grevemeyer et al., 2002). 

Beyond 225km however, the seafloor fabric is oriented obliquely to the strike of the 

axis and a distinct change in seafloor features occurs (Grevemeyer et al., 2002). The 

seafloor is roughest between 230 and 525 km offset (3-6.5Ma) and within this region 

seamounts are more abundant and higher than elsewhere than in the survey area 
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(Grevemeyer et al., 1997). Hummocky basins and motley lineaments within this zone 

have been interpreted as abandoned curvilinear ridge tips of OSCs (Grevemeyer et al., 

2002). This change in seafloor fabric has been correlated to the change in spreading 

rate, suggesting that the majority of the spreading asymmetry seen at 14°14'S prior to 

2.7Ma can be accommodated by migrating OSCs transferring ocean lithosphere from 

the Pacific plate to the Nazca plate (Grevemeyer et al., 1997; Grevemeyer et al., 2002). 

3.3.2 Sediment cover 

Hauschild et al. (2003) describe the sediment cover in the EXCO study area based on 

high quality seismic reflection and sediment echo sounding measurements. The quality 

of the data presented allowed identification of a minimum sediment thickness of 3m, 

although in areas of rugged basement relief (i.e. where basement is rough, features are 

small, or the average slope is steep) sediment thickness smaller than ca. 10m were 

difficult to resolve (Hauschild et al., 2003). On the western flank the sediment 

thickness increases more or less continuously, suggesting the sedimentation rate has 

been constant at -10 mMa"', or ~1 cmKa"', for the last 7Ma. However, Hauschild et al. 

(2003) report that on the eastern flank sediment thickness fits the variation expected for 

10 mMa"' only for the first 2Ma. After this sediment thickness increases only slowly 

with distance from the spreading axis to about 30m on ca. 9Ma crust, which 

corresponds to a sedimentation rate of less than 2 mMa"', or 0.2 cmKa"', in this region 

(Hauschild et al., 2003). Seismic records which reflect the volcanic topography beneath 

the sediments show that on the eastern flank sediments are draping the basement rather 

than ponding, implying that sediment has been accumulated from particles settled from 

suspension (Hauschild et al., 2003). 

3.3.3 Basalt alteration 

A quantitative assessment of the effects of low temperature alteration on seafloor basalts 

dredged from the EXCO study area has been published by Schramm et al. (2003). In 

general, the basalts show a trend of increasing pervasive alteration with distance from 

the ridge axis and crustal age, where alteration took place at low temperature under 

seawater dominated conditions. Three alteration types were identified: dissolution of 

glass; precipitation of Fe (hydr)oxides; and the formation of alteration haloes and 

secondary minerals (celadonite, saponite-celadonite, saponite and phillipsite). All 
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samples dredged from the ridge axis (<0.015Ma) were very fresh with glassy margins 

and only a small number of fractures. Indications of alteration were minor (<1 wt%) 

with trace amounts of palagonite replacing glass and some fractures lined with Fe 

(hydr)oxide. Off-axis, across crust aged 0.12 to 4.6Ma, the general degree of alteration 

of dredged basalts was around 2 to 5% where the main alteration component was 

celadonite. Fe (hydr)oxides were found in oxidation haloes, disseminated in the 

groundmass and as Fe-staining on outer surfaces and along fractures. Alteration haloes 

with Fe (hydr)oxides and Fe rich celadonite developed at a relatively early stage 

(~0.12Ma) under oxidising conditions, where the Fe necessary for the formation of 

these minerals was furnished by the dissolution of glass and the breakdown of olivine. 

A change toward more reducing conditions is indicated by the subsequent precipitation 

of saponite-celadonite and saponite. The onset of saponite formation and transition 

from oxidising to more reducing alteration conditions was consistently evident in crust 

aged > 2.92Ma. Phillipsite joins the alteration assemblage at 1.16Ma and becomes the 

most abundant alteration product in rocks older than 6Ma. 

3.3.4 Collection of sediment samples 

During the EXCO II/2 cruise 19 sediment cores were collected by gravity corer (with a 

6m core barrel) from locations overlying oceanic crust with magnetic ages of 0.36, 1.9 

and 4.6Ma (see Figure 3.2). Both the 0.36Ma site and 1.9Ma site are characterised by a 

local 'ridge-to-valley' bathymetry, where lines of abyssal hills form a series of ridges 

that run parallel to the strike of the ridge crest (013°). The 4.6Ma site is in the vicinity 

of two medium to large sized seamounts aligned approximately parallel to the ridge. 

Cores were collected at each site to reflect variations in local bathymetry and heat flow. 

In this Chapter geochemical data are presented for four sediment cores from the 0.36Ma 

site, three cores from the 1.9Ma site and 1 core from the 4.6Ma site. At the 0.36Ma site, 

three of the cores are situated along the crest of a local abyssal hill ridge (E12, E19 and 

El8) and one is situated within an adjacent valley (El7). At the 1.9Ma site two cores 

are situated on a local abyssal hill ridge (ElO and E24) and one on the flank of the ridge 

toward the adjacent valley (E20). At the 4.6Ma site, a background core was studied 

(E7), located on level basement in between the two seamounts (see Figure 3.2). 

46 



Sedimentation Patterns in the EXCO Study Area 

I 1 1 ' 1 1 i— 
1000 2700 ZS50 3000 3150 3300 3450 3600 3750 3900 4060 4500 

112°30' 112°00' l i r 3 0 ' 110"30' 

14"00'-

14°30' % 
14"16 

36Ma 

w\i 
112°20 

14°35 

iiris ' 
iiri6' 

112»21 i i r n ' 

110°30' IICOO' 109°30' 109°00' 108°30' 

14=30' i r 

15°00* 

14°55' 

14°56 

14"57 

14"58 
09"10' 

n09°13' 

Figure 3.2: Bathymetric map of the EXCO study area (after Grevemeyer et al., 

2002). The colour scale bar indicates metres below sea-level. The dotted lines are 

chrons in millions of years. In the drop down maps, core locations are indicated by the 

core ID, filled circles represent the locations of heat flow measurements, and dashed 

lines indicate the strike of the abyssal hill ridge crests. 
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For details regarding sample collection, storage and analysis see Chapter 2 and 

Appendices I-III. The latitude, longitude, estimated crustal age, water depth and core 

length for the sediment cores discussed in this Chapter are presented in Table 3.1. The 

calcite saturation levels (QCALCITE) are also given for each core, where the in-situ degree 

of saturation of seawater is the ion product of the concentrations of calcium and 

carbonate ions, at the in-situ temperature, salinity and pressure, divided by the 

stoichiometric solubility product for those conditions: 

OcALCrrE = [Ca"+]*[C03"-] / K'sp [Eq. 3.1] 

The QCALCITE values presented have been calculated using the program developed by 

Lewis and Wallace (1998), where the calcium concentration is estimated from the 

salinity, and the carbonate concentration is calculated from the total alkalinity (TA) and 

dissolved inorganic carbon ( S C O 2 ) data. Of the required input parameters, the bottom 

water temperature (1.83°C) and salinity (35%o) were measured during the EXCOII/2 

cruise (19CTD; Devey et a l , 2000), the depth, z, is the water column depth above each 

core, and TA (2420 peqkg^), ECO2 (2320 jimolkg"'), dissolved silica (150 jumolkg"') 

and phosphate (2.5 jimolkg"') were taken from the WOCE/JGOFS data at the point 

where transect PIS (105°W) intersects transect P21 (17°S). 

Table 3.1: EXCO sediment cores selected for geochemical analysis 

Crustal Age Core ID Latitude (S) Longitude (W) Water depth CALCITE Core recovery 
(Ma) degrees minutes degrees minutes (m) (cm) 

E12 14 16.48 112 19.38 3047 1.03 4 3 0 

E17 14 16.88 112 19.84 3089 1.02 3 8 2 
0. 

E18 14 16.73 112 19.44 3061 1.03 468 

E19 14 16.54 112 19.44 3043 1.03 328 

E10 14 33.67 111 15.20 3190 1.00 575 
1.9 E20 14 34.30 111 17.10 3239 0.99 575 

E24 14 33.75 111 14.79 3184 1.00 575 

4.6 E7 14 58.29 109 12.90 3733 0.89 570 
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3.4 Results 

3.4.1 Porosity of the EXCO sediments 

The total porosities of the EXCO cores selected for geochemical analysis are presented 

in Figure 3.3. The porosity structure of these cores is representative of the porosity 

structure observed across each study site. Also shown is the mean porosity determined 

from all cores collected at each age site (see Appendices I-IIIb for all data). A trend of 

decreasing sediment porosity with increasing age of site, and thus water depth and 

pressure, can be seen. At the 0.36Ma site the mean porosity of the sediments is 76%. 

For all the cores at this site the highest porosity of 79-81% occurred at mid-depths of 

150-170 cmbsf, corresponding to a dark brown foram poor sediment layer recorded in 

the core logs (Devey et al., 2000). At the 1.9Ma site, the mean porosity is 12%, with a 

slight increase in porosity toward the base of the cores. At the 4.6Ma site, the porosity 

is relatively constant and shows no obvious down-core trends, with a mean of 66%. 

3.4.2 X-ray diffraction 

X-ray diffraction patterns of the bulk sediment were obtained from a selection of 

representative samples (E12#l-12; E19#l, 4, 5, 8; E17#2, 5, 8; E18#2, 5, 8; E10#l-12). 

The XRD patterns of all samples were very similar and indicated the presence of calcite 

(CaCOs) and halite (NaCl), where halite results from the precipitation of porewater salts 

during sample pre-treatment. No other minerals were identified, indicating no other 

major crystalline phases present in the samples (greater than ca. 1 wt%), although the 

high background in samples E12#7, E19#5, E17#5 and E18#5 indicated a high content 

of amorphous Fe-Mn (hydr)oxides in relation to the other samples analysed, where this 

material may mask other mineral peaks. Representative XRD patterns of two samples 

with both a comparatively low and a comparatively high content of amorphous Fe and 

Mn (hyr)oxides are shown in Figure 3.4. 

XRD patterns were also obtained from the residual material remaining in samples 

E12#l-7, 9 and 12 following a sequential extraction procedure (Figure 3.5). These 

XRD patters show the presence of barite, opaline silica, goethite, plagioclase feldspar 

and a clay mineral as minor sediment components. 
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Figure 3.3: Porosity of the EXCO sediments (a) 0.36Ma site (b) 1.9Ma site (c) 

4.6Ma site. The dotted line indicates the mean porosity of all samples at that site. 
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Figure 3.4: Bulk sediment XRD patterns obtained from E12#l and E12#7. 

The solid light grey lines indicate the "20for calcite and the dashed dark grey lines 

indicate the "2 6for halite. Note the rising background in E12#7 indicating the presence 

of amorphous and poorly crystalline iron or manganese (hydr)oxides. 
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Figure 3.5: XRD patterns of the residual fraction of core E12 sediments. Patterns 

are plotted on an arbitrary intensity scale on the y-axis. Vertical lines give the °20 for 

barite (blue), goethite (red), and opaline silica (green). The broad peak at 8-10 °29and 

the sharper peak at 72 °20 indicate the presence of a clay mineral. 
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3.4.3 Microscopic inspection 

Optical microscopy showed that the 63-500)Lim fraction of the sediment consisted of 

greater than 95% foraminifera, where the foraminifera were dominantly planktonic. Sea 

urchin spines were present only in traces. Amorphous Fe-Mn phases were present both 

as discrete particles (black and orange or yellow/brown aggregates) and as staining on 

the foraminiferal tests (orange coatings with black specs). At the 0.36Ma site the foram 

tests were extensively stained, whereas in surface samples from the 1.9Ma and 4.6Ma 

sites the foram tests were generally white with sparse staining. 

The more detailed examination of core E12 sediments revealed discrete areas of a deep 

red more crystalline material within larger particles of the yellow/brown iron oxide 

material. Given the abundance of goethite observed in the XRD patterns of the residual 

material, these particles would appear to be amorphous Fe oxides showing partial 

recrystallisation to goethite. Small spherical brown concretions (<500p,m in diameter) 

were also observed, and assumed to be ferromanganese micronodules. A basalt 

fragment with an associated deep red coloform iron oxide crust was also recovered from 

sample E12#12. Scanning electron microscopy of thin sections from core E12 

sediments revealed that the <63pm fraction was dominated by calcite nanno-fossils 

(coccolithophores) and foram tests, where some foram tests showed evidence of 

diagenetic infilling (where the interiors were partially or completely filled with ferro-

manganese material). The preservation of the nanno-fossil assemblage was generally 

good, with the exception of the most surficial sample (E12#l), which had undergone 

extensive dissolution. The coccolithophore Emiliania huxleyi (Lohman) Hay and 

Mohler, 1967, was absent throughout core E12. Energy dispersive X-ray analysis 

carried out on the SEM images (all size fractions) confirmed the presence of 

ferromanganese micronodules and minor barite and revealed trace amounts of pyrite 

(e.g. 1 sulphide grain less than 2|im diameter within a 250p.m x 350|j.m area). 

3.4.4 Oxygen isotope record 

Bulk carbonate oxygen isotope data (S'^O) are presented in Figure 3.6 for the full depth 

profile of core E12 from the 0.36Ma site (10-20 cm resolution. Appendix le), and the 

top 55 cm of core E7 from the 4.6Ma site (2 cm resolution. Appendix Illd). The oxygen 

isotope composition of ocean waters through time as preserved in calcareous shells 
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primarily reflects variations in continental ice volume (Shackleton and Opdyke, 1973). 

Three changes in ice volume are apparent in core E12 (Figure 3.6b), with positive 

excursions in S'^O, (indicating glaciations), occurring at depths of ca. 30 cmbsf, 170-

220 cmbsf and below 325 cmbsf The E12 data are presented in comparison to a high 

resolution bulk carbonate record obtained from a ridge-crest core (GS7202-35) 

located immediately to the south of the EXCO study area at I5°S. Core GS7202-35 was 

first described by Rydell et al., (1974), where the S'^O data comprise part of the 

doctoral research of S. Taylor (SOC) and are presented here by kind permission. H. 

Palike (SOC) determined the time series for GS7202-35 (Figure 3.6c) by fitting the data 

to a composite time series obtained from core V1930 and ODP 677 (available at http;// 

delphi.esc.cam.ac.uk; Shackleton and Pisias, 1985; Shackleton et al., 1990) using the 

AnalySeries software (Paillard et al., 1996). The time series for E12 was obtained by 

visually matching the 5'^0 record to both GS7202-35 and the composite record, where 

the data were tied at 5 depth/time points and a linear sedimentation rate was assumed 

between two consecutive points (see Figure 3.6a-c). This places the positive excursion 

at the base of core E12 in marine oxygen isotope stage (MOIS) 10, close to the lO/11 

transition (362 KaBP). This is consistent with the presence of basalt fragments in the 

lower section of core El 2, which strongly suggests that the age of the basal sediment 

approaches the age of the underlying crust (360 KaBP). The positive excursion in S'^O 

at 170-220 cmbsf then corresponds to MOIS 8, and that at 30 cmbsf to MOIS 6, where 

the negative shift above 30cmbsf corresponds to the 6/5 e boundary. This interpretation 

is supported by the general absence of E. huxleyi from the nanno-fossil assemblage in 

core E12. Thierstein et al. (1977) report the first appearance of E. huxleyi in late MOIS 

8, with an estimated datum of 268 KaBP. However, in the low latitude Pacific Ocean, 

the relative abundance of E. huxleyi was extremely low (approaching zero) in the early 

part of its range to MOIS 5, becoming dominant sometime during the period from 85 

KaBP to 75 KaBP (Thierstein et al., 1977). That E. huxleyi is not observed in core E12 

is thus consistent with this core representing sedimentation from isotope stages 5-10, 

where the top -110 Ka of sedimentation were not collected. 

One change in ice volume is apparent in core E7 (Figure 3.6d), with a positive 

excursion in S'^O at 25-45 cmbsf In the absence of tighter dating constraints this 

excursion is assumed to correspond to the transition from the Last Glacial Maximum 

(LGM) to the Holocene (the MOIS 2/1 boundary, see Figure 3.6c). 
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Figure 3.6: The record of cores E12 (0.36Ma site) and E7 (4.6Ma site) shown in comparison to a proximal core (GS7202-35) and 
the composite time series of V1930 and ODP 677 (Shackleton and Pisias, 1985; Shackleton et al., 1990): (a) GS7202-35 (unpublished 
data of S. Taylor SOC); (b) Core E12, 0.36Ma site; (c) All data matched to the composite time series of V1930 and ODP 677; (d) Core 

^ E7, 4.6Ma site. The grey lines indicate the tie points used to fit the EXCO data to the GS7202-35 and the composite time series. 
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3.4.5 Chemistry of the EXCOII samples 

Bulk digests of all samples and sequential extraction fractions from core E12 were 

analysed by ICP-AES (Na, Ca, Sr, Ba, Ti, Al, K, Li, Mg, Fe, Mn, Co, Ni, Cu, Zn, V, P, 

As, Cr, S) and ICP-MS (U). All samples from the 0.36Ma site were also analysed for 

major element content by XRF, and samples from core E12 were analysed for organic 

carbon content by LECO carbon analysis. All sediment data were corrected for salt 

content (Equations 3.2-3.4). For P, Ca, Mg, Sr, Ba, and Li, the porewater 

concentrations (data of M. Mottl and G. Wheat) were used in combination with the 

mass of porewater per unit mass of dried sample (sediment + salt) to calculate the mass 

of element in each sample resulting from the precipitation of porewater salts (see 

Equation 3.2). All element data were then corrected for the amount of salt precipitated 

in each sample (Equations 3.3 and 3.4): 

[X]H = [X]P*MP/(MS+MH) [3.2] 

[X]s = [ X ] t o t a I - [ X ] H / ( l - f H ) [3 .3 ] 

f n = MH / (MS + MH) [3.4] 

Where X refers to the element under analysis, M refers to the mass in grams, and the 

subscripts H, S and P refer to the salt, sediment and porewater phases respectively. 

The salt corrected bulk sediment chemical data for each age site are presented in 

Appendices I-IIIc. The salt corrected sequential extraction data from core E12 at the 

0.36Ma site are presented in Appendix Id. Data are presented for four operationally 

defined sediment fractions; (1) carbonate and adsorbed or readily exchangeable species 

(CAE); (2) acid reducible Mn and Fe (hydr)oxides (AM); (3) organic material (ORG); 

and (4) residual material (RES). For the purposes of the salt correction it was assumed 

that the porewater contribution was removed in the CAE fraction. 
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3.5 Sedimentation Rate at 14°S on the East Flank of the EPR 

3.5.1 Estimation of linear sedimentation rates 

Of the 19 sediment cores collected from the EXCO site, 8 appear to have recorded the 

entire sediment profile: all of these cores produced severely dented core cutters and in 

some cases fragments of basement rock were recovered from the core catcher. Four of 

these cores came from the 0.36Ma site (E12, E14, E17, E19), while two came from the 

1.9 Ma site (E20, E24) and two from the 4.6Ma site (E26, E28). The cores to basement 

provide the best measure of sediment thickness and in combination with the magnetic 

age of the crust and the dry bulk density of the sediment allow an estimate of the mean 

sedimentation rate in that area (see Table 3.2). The inherent assumption is made that 

sedimentation starts on zero age crust and no allowance has been made for compaction 

of the sediment column during sampling. For the 1.9Ma and 4.6Ma sites, no allowance 

has been made for the absence of core-tops (a potential consequence of collecting the 

sediments by gravity corer). At the 0.36Ma site it is assumed that the upper 110-0 

KaBF of sediment were not collected (based on the S'^O stratigraphy of core El2, see 

Section 3.4.4). The calculation also assumes that the sediments have been accumulating 

at a constant rate over time and are undisturbed, i.e. they have not undergone slumping 

or turbidite emplacement. These estimates should therefore be viewed as minimum and 

time averaged values. For those cores for which geochemical data were obtained, the 

mean carbonate content of the core (see section 3.7) was used to determine separate 

estimates of the carbonate and non-carbonate accumulation rates. 

Table 3.2: Mean linear sedimentation rates in the EXCO study area. 

Sedimentation rates for the 0.36Ma correspond to the period 0.36-0.11 MaBP. 

Core ID Age (Ma) 
Location 

(with respec t to local 
bathymetry) 

Core Length 
(cm) 

linear 
sedimentation rate 

dry bulk 

P 

mass 
accumulation 

rate 

CaCO, 
accumulation 

rate 

non-CaCO] 
accumulation 

rate 

cm/Ka g/cm' mg/cm'/Ka mg/cm^/Ka mg/cm'/Ka 

E12 
E19 
E17 
E14 

0 . 3 6 

0 . 3 6 

0 . 3 6 

0 . 3 6 

East Ridge 
East Ridge 

Valley 
West Ridge 

4 3 0 

3 2 8 

3 8 2 

3 6 5 

1 . 7 2 

1 . 3 1 

1 . 5 3 

1 . 4 6 

0 . 5 4 

0 . 5 5 

0 . 5 5 

0 . 5 5 

9 2 9 

7 2 5 

8 3 7 

8 0 4 

7 8 0 

5 9 6 

6 9 2 

1 4 9 

1 3 0 

1 4 5 

Average 376 1.52 824 689 141 

E20 
E24 

1 . 9 

1 . 9 

Ridge Crest 
Base of Ridge Flank 

5 7 5 

5 7 5 

0 . 3 0 

0 . 3 0 

0 . 7 6 

0 . 7 3 

2 3 0 

2 2 2 

2 1 0 

2 0 9 

1 9 

1 3 

Average 575 0.30 226 209 16 

E26 
E28 

4 . 6 

4 . 6 

Seamount 
Seamount 

150 
575 

0 , 0 3 

0 . 1 3 
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3.5.2 Sedimentation rate at the 0.36Ma site 

The assumption of Unear sedimentation over the time period ~360-l 10 KaBP gives a 

bulk sediment accumulation rate on the order of 1.5 cmKa"' or 825 mgcm'^Ka"', with a 

corresponding carbonate accumulation of 690 mgcm'^Ka"'. These data are in excellent 

agreement with the data presented by Hauschild et al. (2003) for the near axis region of 

the EXCO study area (1-1.5 cmKa"'), and that presented by Dymond (1981) for rise 

crest sediment cores from 5° to 31°S on the EPR, where the average bulk accumulation 

rate was 661 mgcm'^Ka"' (229-1394 mgcm'^Ka"') with a corresponding carbonate 

accumulation rate of -500 mgcm'^Ka"' (181-848 mgcm"^Ka"'). That the data for the 

core situated in the local valley falls within the range given by the cores located on 

abyssal hills to both the east and west supports the observation of Hauschild et al. 

(2003) that the sediments in this region are draped across the basement topography and 

have not undergone slumping or displacement. A uniform sedimentation pattern is also 

supported by the minima in calcium carbonate content and maxima in bulk sediment Fe 

and Mn occurring at comparable depth in each core (see Sections 3.7 and 3.9 below). 

The bulk carbonate stratigraphy of core E12 allows a preliminary examination of 

the variation in sediment accumulation rate over time in the axial region of the EXCO 

study area (see Figure 3.6b). These data demonstrate that the maximum sedimentation 

rate of ca. 5.8 cmKa"' occurred when the crust was located in the near-axis region. A 

general decrease in sedimentation rate with increasing distance from the ridge axis (up-

core) is also apparent, although a period of low sedimentation (~1 cmKa"') prevailed 

from -327-203 KaBP. As noted above, the upper ~110 KaBP of sediments were not 

recovered. Sample E12#l (4 cmbsf, -116 KaBP) shows evidence of extensive nanno-

fossil dissolution, implying a decrease in calcite preservation toward the surface of the 

core. This is consistent with the increase in water depth as the crust moves off axis and 

subsides, where this site is currently located at the approximate water depth at which the 

calcite saturation horizon impinges on the seafloor (OCALCITE^ 1.02-1.03, see also 

Figure 3.7). If an off-axis sedimentation rate of 0.2 cmKa"' (Hauschild et al., 2003) is 

assumed to relate to sediments accumulating at or below the calcite saturation horizon, 

the absence of the last -110 Ka of sediment accumulation would correspond to the loss 

o f - 2 2 cm of sediment. Given the 'soupy' high porosity nature of surface sediments 

from this site, a loss of this magnitude is consistent with the coring technique. 
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3.5.3 Sedimentation rate at the 1.9Ma site 

At the 1.9Ma site, the assumption of linear sedimentation yields a much lower 

accumulation rate of 0.3 cmKa"', or 225 mgcm'^Ka'", with a corresponding carbonate 

accumulation rate of 210 mgcm'^Ka"^ Although these estimates fall within the ranges 

presented by Dymond (1981), they are much lower than those reported by Hauschild et 

al. (2003) for this region. Hauschild et al. (2003) suggest that a mean sedimentation 

rate of ~1 cmKa"' extends from the axis to ~2Ma old crust, corresponding to a sediment 

thickness of ~19m in this region. Although the sediment thickness in this area may 

fluctuate between ~5 and 20m, this seems unlikely as an approximately uniform 

sediment cover draping the volcanic basement is evident in the seismic data (see 

Hauschild et al., 2003). If the mean linear sedimentation rate observed at the 0.36Ma 

site is assumed to be representative of the near-axis region, with a ridge-flank 

sedimentation rate on the order of 0.2 cmKa"' (the off-axis estimate of Hauschild et al., 

2003), then either the high sedimentation rate associated with the ridge axis cannot 

extend much beyond 0.4Ma, or the cores to basement at the 1.9Ma site do not represent 

the full accumulation of sediments over this time period. Although severely dented core 

cutters suggest that these cores reached basement, it is noted that basalt fragments were 

not recovered from the basal sediments, and the entire sediment column may not have 

been collected. Nevertheless, the Fe and Mn contents toward the base of the cores are 

similar to those seen at the 0.36Ma site (see Section 3.9), suggesting that the majority of 

the sediment column was collected. Furthermore, that a high sedimentation rate does 

not extend beyond 0.4 Ma is consistent with both the age at which the calcite saturation 

horizon impinges on the seafloor (see Figure 3.7) and the extensive dissolution of 

nanno-fossils in near-surface sediments from the 0.36Ma site. 

3.5.4 Sedimentation rate at the 4.6Ma site 

The two cores to reach basement at the 4.6Ma site were collected on the flank of the 

north-eastern seamount in this area. Sediment on seamount flanks may be transported 

down-slope by gravity flows, thus relatively short core lengths are to be expected. The 

seismic reflection survey indicated that sediment thickness increases from <3m on the 

steep flank of the north-eastern seamount to about 20m in the middle of the profile 

between the two seamounts (Villinger et a l , 2002). Core E26 has a length of 1.5m, 

while E28 has a length of 5.75m, confirming the thin sediment cover on the seamount 
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flanks. The background core (E7) is located on level basement away from the seamount 

flanks and did not reach basement, confirming the generally thicker sediment cover in 

this region. Examination of the E7 core log (Devey et al., 2000) confirms that a large 

proportion of sediment material is delivered to this area by down-slope gravity flows. 

Two distinct graded beds of well sorted sediment defined by sharp contacts at the base 

were observed at depths of 255-220 cmbsf and 100-55 cmbsf, suggesting that at least 

one sixth of the material accumulated here was initially deposited on the slopes of the 

seamount. However, the top 55 cm of the core shows no evidence for turbidite input, 

and an alternative estimate of the sedimentation rate in this region was estimated from 

the bulk carbonate O isotope data. These data show a positive excursion in S'^O 

between 25 and 45cm (Figure 3.6c,d). If the depth of 45cm is taken to indicate the 

LGM (~18KaBP), and the depth of 25cm is taken to indicate the end of the deglaciation 

and start of the Holocene (-lOKaBP), then a uniform sedimentation rate of 2.5cmKa"' 

from 18KaBP to present is calculated. This corresponds to a sediment mass 

accumulation rate of 2144 mgcm'^Ka"' with a carbonate accumulation rate of -2090 

mgcm"^Ka"\ These accumulation rates are significantly higher than those determined 

for either the 1.9Ma or 0.36Ma sites and should be viewed as maximum limits as 

sediment focussing via down-slope transport is likely to play an important role in 

sediment accumulation at this location. 
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Figure 3.7: Ridge flank bathymetry in relation to the calcite saturation depth 

(after Hauschild et al., 2003). The dashed red lines show the approximate calcite 

saturation horizon (3000-3200m), where this intersects the Eastern ridge flank 

bathymetry between ca. 0.4 and 2.0Ma. 
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3.6 The EXCOII Sediments: Bulk Composition 

Various different methods can be applied to determine the composition and 

corresponding element-phase associations of a sediment from chemical data. These 

methods can be divided into two principal approaches, either to take bulk chemical 

analyses and construct a model of sediment source composition, or to carry out a 

sequential extraction procedure that separates the elements based on nominal phase 

association. There are limitations and sources of error in the application of both 

approaches when used in isolation; however these limitations can be minimised by 

taking a holistic approach to the sediment data. 

To determine the relative importance of different sedimentary sources from bulk 

sediment data first requires the identification of major components and the composition 

of pure end-member sources to be defined. A comparison is then made between the 

measured sediment composition and a modelled composition resulting from linear 

mixing between these end-members, where particular elements with known phase 

associations are used as tracers for each sediment input (Heath and Dymond, 1977; 

Dymond, 1981). The major sources of error in this method are associated with the 

choice of tracers and the accuracy to which the end-member source compositions can be 

defined. Also, no allowance is made for diagenetic processes that may significantly 

alter both the concentration and depth profile of a given element. Conversely, 

sequential extraction procedures provide direct information on the phase distribution of 

an element, where these data will reflect any diagenetic alteration that acts to change 

that distribution with respect to the initial source. However, the separation obtained is 

limited by the selectivity of the reagents employed and should be considered in the 

context of operationally defined fractions, as opposed to mineralogically defined phases. 

Visual inspection and XRD analysis have demonstrated that the EXCO sediments 

consist of a calcific nannofossil and foraminiferal ooze with secondary amorphous Fe-

Mn (hydr)oxides. Minor phases identified at the 0.36Ma site are goethite, plagioclase 

feldspar, a clay mineral, opaline silica and barite. As the EXCO site is somewhat 

removed from the zone of high productivity associated with the Eastern Equatorial 

Pacific, organic matter in these sediments is also low at -0.2 wt%. Based on previous 

studies along the axis of the EPR (Marchig and Gundlach 1982; Bender et al., 1971; 

Dymond and Veeh, 1975), the hydrogenous component of the EXCOII sediments is 
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likely to be minor due to the relatively high sedimentation rates in this area. The 

dominant non-carbonate components of these sediments are therefore likely to be 

hydrothermal precipitates and detrital material. 

The three major sediment phases identified above (calcium carbonate, hydrothermal 

precipitates, and detrital material) are discussed below; where phase tracers are chosen 

with reference to previous geochemical studies in this area and the sequential extraction 

data from core El2. The relative importance of initial sediment sources to the EXCO 

study area are then determined by applying a constant composition model to the bulk 

sediment data. The minor phases of opaline silica and barite are discussed in Chapter 4. 

3.7 The Proportion of Carbonate in the EXCO Sediments 

The sediment CaCOs contents were determined by correcting the ICP-AES data for Ca 

occurring in the non-carbonate fraction and calculating for CaCOs (Dymond et al., 

1976). Dymond (1981) compared this approach to other direct methods of CaCO] 

measurement and concluded that for high carbonate samples this technique is 

unequalled in precision and accuracy. Of the non-carbonate phases in the EXCO 

sediments, only the detrital material is likely to contain significant Ca. The Ca data 

were therefore corrected by assuming a constant Ti/Ca ratio in detrital material. The 

detritus was assumed to be dominated by basaltic debris with a Ca/Ti ratio of 10.5 (0.36 

and 1.9Ma sites) or 12.7 (4.6Ma site, see Section 3.6.2). Although some minor detrital 

components such as nontronite or celadonite may not be well traced by Ti, the Ca 

content of this material is very low (-0.1 wt%). Furthermore, due to the low detrital 

content of the EXCO sediments, any error in the calculated Ca content will be small. 

For example, at the 0.36Ma site, where Ti concentrations are comparatively high, the 

corrected Ca is always equal to or greater than 98% of total Ca, in good agreement with 

the sequential extraction data which demonstrate that 98-99% of the total Ca was 

removed in the CAE fraction (Figure 3.8a). The carbonate content of the sediments was 

estimated from equations 3.5 and 3.6: 

Cacarb Cabulk Cajet [3.5] 

CARS = ( C a c a r b / 1 0 0 ) * ( 1 0 0 . 0 8 / 4 0 . 0 8 ) [3.6] 
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Where Cabuik, Cacarb and Cajet refer to the Ca content of the bulk, carbonate and detrital 

phases respectively in units of mg Ca per g of bulk sediment, CARB refers to the mass 

contribution of the carbonate phase in units of wt%, and the factor (100.08/40.08) is the 

ratio of the relative molecular mass of CaCO] to that of Ca. 

The sediments at the 0.36Ma site have a carbonate content that varies between 64 and 

95 wt% (see Figure 3.9). A general down-core trend of decreasing carbonate content is 

observed, with two distinct minima occurring in all cores. One occurs in the surface 

sediment at a depth of ~15-30cm. In this instance the carbonate content is -7-8 wt% 

lower than the surrounding sediments. The second minimum occurs at -140-160 cmbsf, 

corresponding to the band of high sediment porosity. In this instance the carbonate 

content is much lower at -64 wt%. A third minimum is also observed in the base of the 

cores, although this minima occurs at variable depths and is absent in core El9. The 1.9 

and 4.6Ma sites have higher carbonate contents varying between 70 and 100 wt% 

CaCOs (Figure 3.9). At the 1.9Ma site a distinct decrease in carbonate content is seen 

down-core from 90-100% in the surface to 80-90 wt% at the base, again with the 

minimum carbonate content corresponding to maximum porosity. At the 4.6Ma site the 

carbonate content is generally between 90 and 100 wt%, although a minima of -86% is 

seen at a depth o f -410 cmbsf 

3.8 Detrital Material in the EXCO Sediments 

The mass contribution of the detrital phase is usually calculated from the concentration 

of either A1 or Ti, where the assumption is made that all A1 or Ti is sourced from 

lithogenic material. Previous studies in this region have used A1 as the detrital phase 

tracer (Dymond 1981; Marchig et al., 1986). However, a small number of researchers 

have suggested that in regions of low detrital input, such as the equatorial Pacific, a 

significant proportion of the total sediment Al may have been scavenged from seawater 

(Murray et al., 1993; Murray and Leinen, 1996; Dymond et al., 1997). The sequential 

extraction data from core E12 at the 0.36Ma site agrees with this hypothesis, where up 

to 30% of the total sediment Al resides in the adsorbed (CAE) fraction (Figure 3.8b). 

Conversely, Ti was found almost exclusively in the residual (RES) fraction (Figure 

3.8c). As detrital material is relatively refractory and should fall within the RES 

fraction, Ti was selected as the tracer of detrital material. 
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3.8.1 The source of detrital material to the EXCO sediments 

The detrital input to the EXCO sediments may consist of either locally sourced basaltic 

debris or wind blown terrigenous dust. A comparative measure of the accumulation of 

detrital material across the ridge flanks can be obtained from the Ti/CARB ratio and the 

mean carbonate accumulation rate at each age site. This suggests that the input of 

detrital material is comparable at the 4.6Ma site and 0.36Ma site, but significantly lower 

at the 1.9Ma site. At the 4.6Ma site, the Ti content of the sediment is relatively 

constant, whereas at the 0.36 Ma site the Ti concentration increases significantly down-

core. The 4.6Ma core (E7) is likely to receive a continuous and relatively high input of 

basaltic debris from the two large seamounts located in close proximity to the northeast 

and southwest. The down-core increase (up-core decrease) in bulk sediment Ti at the 

0.36Ma site can be inferred to indicate a decrease in detrital input with increasing 

distance from the ridge axis. Given that basalt chips were also recovered from the basal 

sections of 3 cores from the 0.36Ma site and from 4 cores at the 4.6Ma site (Devey et 

al., 2000), this pattern of Ti accumulation suggests that the dominant source of detrital 

material to the EXCO sediments is locally sourced basaltic debris. 

The XRD patterns of the RES fraction from core El 2 also show the presence of a clay 

mineral. Unfortunately, due to sample size limitations further analysis of the clay 

material was not possible. Fe rich celadonite is the dominant clay mineral in the 

alteration assemblage of basalts dredged from the young ridge flanks in the EXCO area 

(Schramm et al., 2003), thus it seems likely that this mineral constitutes at least a 

portion of the clay material. However, smectite type clays such as nontronite can also 

form through diagenetic reaction or precipitation from hydrothermal fluids (Cole, 1985; 

Heath and Dymond 1977; McMurty and Yeh, 1981). Low temperature diagenetic 

formation of nontronite can occur through the reaction of biogenic silica and Fe 

(hydr)oxides, both present in the EXCO sediments. Nevertheless, this reaction requires 

reducing conditions (Harder, 1976) and appears to be inhibited in regions of carbonate 

accumulation (Cole 1985). Given the high carbonate content of the EXCO sediments 

and the lack of evidence for significant remobilisation of Mn (see section 3.6.3 below), 

a diagenetic origin for this clay therefore seems unlikely. The clay content of the RES 

fraction appears to become more significant toward the base of the core in samples 

E12#9 and E12#12, where due to proximity to the ridge axis, the input of both basalt 
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fragments and hydrothermal material are expected to be higher. It is therefore 

impossible to distinguish between these two potential sources. 

3.8.2 The composition and input of detrital material to the EXCO sediments 

If it is assumed that dominant source of detrital material is basaltic debris, and that the 

majority of weathering reactions occur within the sediment column, then Ti can be 

employed as a reliable tracer of the detrital phase. It is noted that any phase depleted in 

Ti, for example clays or Fe-Mn crusts, formed elsewhere and transported to the 

sediment rather than formed in situ, will not be incorporated by this tracer. The detrital 

input of individual elements to the sediments can then be estimated from equation 3.7: 

X d e t = T i b u l k * ( X / T i ) b a s a l t [ 3 . 7 ] 

Where Xdet refers to the concentration of element X in the detrital phase expressed in 

units of xg X per g of bulk sediment, Tibuik is the Ti concentration of the bulk sediment 

in xgg'% and (X/Ti)basait is the mean element/Ti ratio (wt/wt) in EXCO basalts. 

The detrital content of the sediments can be estimated from equation 3.8; 

D E T = T i b u i k / ( 1 0 0 * T i b a s a i , ) [ 3 . 8 ] 

Where DET is the contribution of the detrital material to the bulk sediment in wt%, 

Tibulk is the Ti concentration of the bulk sediment in |J.gg"' and Tibasait is the Ti content of 

basalt in wt%. The mean Ti contents and tracer element/Ti ratios of a subset of these 

basalts are presented in Table 3.3. For the two younger sites, the mean composition of 

altered basalts (0-3.3% altered by weight) aged less than or equal to 2.7Ma (the time of 

the spreading rate change) is given (data of Schramm et al., 2003). For the 4.6Ma site, 

the mean is that of basaltic fragments recovered from the bases of the sediment cores 

collected in this region (data of Grevemeyer et al., 2002). 

The detrital content of sediments at the 0.36Ma site varies between 0.7 and 8.5 wt% 

(Figure 3.10). In general, the detrital component is relatively constant and low in the 

surface sediments (0-80cm) at ~1 wt% and then increases with depth. Peaks are seen in 

all cores towards the base of the sediment column, where these maxima occur at 

variable depths. In cores E12, E17 and El8 these peaks correspond to the third minima 

observed in the carbonate content. However, no peaks in detrital material correspond to 
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Table 3.3: Composition of EXCO basalts (Si, A1 and tracer elements) 

Ti 
wt% 

Si/Ti 
wt/wt 

Al/Ti 
wt/wt 

Ca/Ti 
wt/wt 

Fe/Ti 
wt/wt 

Mn/Fe 
wt/wt 

0.36Ma & mean (n=9) 
1.9Ma 1cj 

0.88 
0.30 

29.8 
12.1 

10.1 
5.1 

10.5 
4.7 

10.5 
3.4 

0.19 
0.06 

4.6Ma ^ = " ( " = 8 ) 
l a 

0.75 
0.22 

32.52 
6.73 

10.99 
2.80 

12.37 
3.03 
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Figure 3.10: The detrital content of the EXCO sediments. 0.36Ma site (red) = 

Ell, El9, E17, El8; 1.9Ma site (green) = ElO, E24, E20; 4.6Ma site (cyan) = E7. 

67 



Sedimentation Patterns in the EXCO Study Area 

the minima observed at depths of 15-30cm and 140-160cm. The detrital content of the 

1.9Ma site is relatively low and uniform throughout the sediment column ranging from 

0.4 to 1 wt% with a mean of 0.6wt%. At the 4.6Ma site the detrital contribution is more 

variable, ranging from 0.9 to 3.1wt% with a mean of 1.8wt%. 

3.9 Hydrothermal Plume Material in the EXCO Sediments 

Hydrothermal plume fall out in the far-field consists dominantly of Fe-Mn (hydr)oxides, 

thus the combined use of Fe and Mn should provide the best tracer of this phase. The 

reliability of these elements as phase tracers are examined with reference to the 0.3 6Ma 

site data. The basalt corrected Fe (excess Fe, Fcex) and Mn (Mnex) and the 

corresponding variation in Fcex/Mnex, for all cores from the 0.36Ma site are shown in 

Figures 3.11 and 3.12. Two distinct maxima occur in both Fe and Mn in all cores. The 

first peak, with a relatively small enrichment, occurs at a depth of 15-3 0cm and the 

second much larger peak occurs at 140-160cm, corresponding directly to the first two 

minima observed in %CaC03. A third peak in Fe-Mn is observed at depth in cores El7 

and E18, corresponding to the horizon with the highest detrital input in these cores. 

However, in core El2 this horizon shows enrichment in Fe with no corresponding peak 

in Mn. As Fe is enriched in detrital material (with respect to the Fe/Mn ratio of 

metalliferous sediments) this peak most likely relates to an Fe rich detrital phase. The 

Fcex/Mnex ratio of these sediments ranges from 3.0 to 4.8 (wt/wt). All four cores show a 

similar profile in Fegx/Mnex, with values increasing to a maximum between the two 

peaks of Fe-Mn observed at 15-30cm and 140-160cm, and increasing again in the 

sediments immediately below the 140-160cm peak. There are a number of potential 

explanations for this observed minor variation: Firstly, the Fe/Mn ratio of the 

hydrothermal source material may itself vary. Secondly, reactions during early 

diagenesis may lead to the separation of Fe and Mn. Thirdly, the variation may result 

fi-om an additional (non-basalt, non-plume fall out) source of either Fe or Mn. These 

hypotheses are discussed below. 

3.9.1 Variation in the Fe/Mn of hydrothermal plume fall-out material 

The Fe/Mn ratio of hydrothermal plume precipitates may vary due to the slower 

oxidation kinetics of Mn^^ with respect to Fe^^, which can lead to the fractionatic 

Mn from Fe during plume dispersal and result in decreasing Fe/Mn ratios with 
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Figure 3.11: Down-core profiles of excess Fe and excess Mn at the 0.36Ma site. 

Filled symbols = Fe, open symbols = Mn. 
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Figures.12: Down-core profile of excess Fe/excess Mn at the 0.36Ma site. 

Solid line = 0.36Ma site mean; dashed lines = ±1(7. 

69 



Sedimentation Patterns in the EXCO Study Area 

increasing plume age, and thus distance from source (Klinkhammer and Hudson, 1986; 

Cowen et al., 1986, 1990). The mean Fegx/Mnex of the entire EXCO data set is 3.1±0.6 

(la) , showing excellent agreement with previously observed values from 18.5°S 

(3.3+0.5; Marchig et al., 1986) and 20°S (3.1±0.3; Shimmield and Price, 1988). The 

results also show an apparent decrease in Feex/Mngx with increasing age of site, and thus 

distance from the ridge axis (Figure 3.13), with a mean FCgx/Mnex of 3.6±0.4 ( l a ; n=36) 

at the 0.36Ma site, 2.9±0.3 ( l a ; n=34) at the 1.9Ma site, and 2.5±0.3 ( l a ; n=15) at the 

4.6Ma site. The differences between the mean Fcex/Mnex observed at each site are very 

highly significant (>99.9% confidence, Student t-test), fi"om which it can be inferred 

that the decrease in FCex/Mnex is a real observation. Given the small range in Feex/Mnex 

observed across the entire data set, the results presented here suggest that the Fe/Mn of 

plume fall-out on the SEPR is relatively constant. This supports the conclusions of 

Dymond (1981) and Ruhlin and Owen (1986), who found no evidence for variation in 

Fe/Mn along the SEPR in either space or time. However, contrary to their conclusions, 

in the EXCO study area there is evidence for a decrease in Fe/Mn with increasing 

distance from the ridge axis, which can be explained by the differential oxidation 

kinetics of Fe and Mn during plume aging and dispersal. Nevertheless, given that the 

most hydrothermal rich horizon in the 0.36Ma cores occurs at mid-depth and displays 

the lowest Fcex/Mnex ratio, it would seem that plume kinetics cannot explain all the 

variation observed in Fcex/Mnex at this site. 

5 
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c 

3 2 
0) 

1 
0 1 2 3 4 5 

Age of crust (Ma) 

Figure 3.13: Across flank variation in the excess Fe/excess Mn ratio. 

Open circles give the full range in Fcex/Mnex at each site. Filled black circles and error 

bars are the mean Fegx/Mnex at each site ±i cr. The horizontal solid and dashed lines are 

the mean FCex/Mnexfor the entire data set ±1 cr. 
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3.9.2 Remobilisation of Fe or Mn 

Manganese is the most redox sensitive of the common transition metals, and post 

depositional separation of Fe and Mn can occur via the reductive remobilisation of Mn 

during organic carbon diagenesis (e.g. Froelich et a l , 1979). Under oxygen depleted 

conditions, Mn"*"̂  is reduced to soluble Mn̂ "̂  and enters the pore-water phase. This 

porewater Mn will then diffuse down concentration gradients. On reaching oxic 

conditions, the Mn̂ "̂  is re-oxidised, forming Mn(IV)-oxides and returning to the solid 

phase. Steady state diagenetic remobilisation of Mn under suboxic conditions should 

therefore be marked by a redox boundary characterised by low Fe/Mn. 

The EXCO region lacks a significant input of organic matter and sediments have an 

organic carbon content of <0.1-0.3 wt%. Post depositional reductive remobilisation of 

elements during early diagenesis should therefore be minimal. Although significant 

variations are seen in Fcex/Mnex at the 0.36Ma site, the down-core profiles of Feex and 

Mnex still match each other well, with all four cores displaying the same distinctive 

profile and no obvious redox front with low Fcex/Mnex (see Figures 3.11 and 3.12). 

Furthermore, although some porewater Mn was recorded in cores El8 and El9, the 

maximum concentration observed was <1 pmolkg ' and the concentration was zero 

throughout the entire profile of both cores E12 and E17 (pers comm. M. Mottl). This 

suggests that large scale reductive remobilisation of Mn has not occurred, although 

some loss of Mn from those horizons in the sediment displaying the highest FCex/Mnex 

ratios cannot be ruled out. 

Separation of Fe and Mn may also occur during cycles of dissolution and re-

crystallisation of the amorphous Fe-Mn (hydr)oxide phases delivered to the sediment. 

The pathway of ferrihydrite transformation to goethite involves dissolution followed by 

nucleation and reprecipitation of the crystalline phase (Schwertmarm and Murad, 1983). 

That the horizon with the maximum sediment Fcex and Mnex corresponds to the lowest 

Fcex/Mnex (Figures 3.11 and 3.12, 140-160 cmbsf), whilst a peak in FCex/Mnex occurs in 

all cores both above and below this horizon may suggest that dissolution of ferrihydrite, 

followed by diffusion of porewater Fe down concentration gradients (i.e. both up-core 

and down-core) with subsequent recrystallisation as goethite may explain some of the 

trend seen in Fcex/Mnex-
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3.9.3 Additional sources of Fe or Mn 

Examination of Figure 3.13 shows that large deviations away from the mean Fcex/Mnj, 

at the 0.36Ma site are toward relatively high Fe or low Mn, whereas at the 1.9Ma site, 

deviations are toward low Fe or high Mn. Although part of this variability is most 

likely explained by small variations in the Fe/Mo of the source material or minor 

separation of Fe and Mn during early diagenesis, the large shift observed in a few 

isolated samples seems unlikely to be explained by these mechanisms. At the 0 J6M.a 

site, the shiA towards high Fee%/Mn(% is most evident in the two basal san^les of core 

E12, and to a lesser extent in the horizon immediately below the Fe-Mn peak in cores 

El2, El8 and El9. In general, this shift to higher Fee%/MnM appears to relate to the 

relative amount of hydrothermal and detrital material, where maximum values 

correspond to high detrital input (Figure 3.10). This suggests that large deviations away 

6om &e mean FceyMna are due to the presence of excess Fe (hydr)oxide or celadonite 

(associated with the detrital material), where these phases are rich in Fe compared to the 

Fe/Ti ratio of basalt and depleted in Mn relative to the Fe/Mn ratio of hydrothcnnal 

plume material. As physical evidence of an additional Fe rich phase was obtained from 

cone E12, Mn is 6voured as the hydrothennal phase tmcer for the 0J6Ma site, Thia 

decision is supported by the sequential extraction data which show the m^yority of Mn 

(>97%) is associated with the AM taction (Figure 3.8e). 

The detrital content at the 1.9 Ma site is sufficiently low that deviations away 6̂ om a 

pure basalt end-member would introduce a minor error that falls within the precwion of 

the instrumental measurement. Significant deviation away &om Ae mean f at 

this site is limited to cores ElO and E24. These two cores show evidence of a reducing 

basement fhdd advectingnpwards through the sediment column (Devey et al,, 2000 and 

Chqikr 7) where signiAcant pore-water Mn (iq; to 16 8 pmoll%^) ia obwfved at depdM 

below —200 cmbsf^ caneqxonding to the sanylcs low (amehed m Mn), 

ltwouMdKie6*re*gipcardWMn xsprecipAatmgfkmithepore-wat^ 

devxatiom away 6om6eplmneFc/Mn ratio at the l ,9Ma she ie related to Mm 

aMichinent Fe is iSiieicfore fe-vomred as the phme^Mloat phage liacor at fllbe 1 J M a iite.. 

72 



Sedimentation Patterns in the EXCO Study Area 

3.9.4 The composition and input of hydrothermal material to the EXCO sediments 

The composition of the hydrothermal plume end-member can be estimated from the 

most hydrothermal samples at the 0.36Ma site. The assumption is made that the 

composition of these sediments can be accurately described by (Metz et al., 1988): 

100 = CARB + DET + HT [3.9] 

Where CARB, DET and HT refer to the mass contribution (wt%) of the carbonate, 

detrital and hydrothermal phases. The Fe and Mn content of carbonate is assumed to be 

zero, thus for Fe and Mn: 

X b u l k = X d e t + Xht [3.10] 

Where X refers to the Fe or Mn content of a given phase expressed in units of mg X per 

g of bulk sediment, and the subscripts bulk, det and HT refer to the bulk, detrital and 

hydrothermal phases respectively. The Fe and Mn concentrations of the hydrothermal 

material are then determined from equation 3.11: 

[X]ht= 10*XHT/(100-CARB-DET) [3.11] 

Where [X]HT is the concentration of Fe or Mn in the hydrothermal material in wt%. 

XRD analysis of the RES fraction of sample E12#7 demonstrated that this sample does 

not contain the minor phases of clay, opal and barite. It is assumed that the same holds 

true for samples E17#5 and E19#5, which like E12#7, were collected toward the centre 

of the dark brown/black, high porosity, Fe-Mn rich band. Although E18#5 is also 

hydrothermal rich, this sample was collected toward the boundary with the overlying 

carbonate rich sediments. As XRD analysis of the RES fraction of sample E12#6 

showed the presence of both opal and barite, and possibly clay, in this overlying 

sediment horizon, the assumptions stated in equations 3.9 and 3.10 cannot be safely 

applied to this sample. Applying equations 3.10 and 3.11 to samples E12#7, E17#5 and 

E19#5, gives a mean hydrothermal end-member composition of 35.5±0.4 wt% Fe and 

11.4±0.1 wt% Mn. As these samples also have an Fcex/Mnex of 3.1, equal to the mean 

of the entire data set, it is assumed that this composition is approximately applicable to 

the entire data set. The contribution of hydrothermal material (HT in wt%) to the 

composition of the EXCO sediments can then be estimated from equation 3.12: 
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HT=10*Xht/[X]HT [3.12] 

Figure 3.14 shows the calculated HT content of the EXCO sediments. At the 0.36Ma 

site, the hydrothermal component is significant, accounting for 7 to 34 wt% of the bulk 

sediment, where the down-core trends have been discussed above. At the 1.9Ma site, 

the hydrothermal component is much lower and increases down-core from ~2 wt% in 

surface sediments to a maximum of 13 wt% in basal sediments, where this increase 

corresponds to the -10% decrease in wt% CARB. At the 4.6Ma site the HT component 

generally varies between ca. 1 and 5 wt%, where the maximum value o f - 1 0 wt% 

corresponds to the minimum CARB content observed at a depth of -410 cmbsf 

3.10 Sedimentation Patterns in the EXCO Study Area 

The sedimentation patterns across the EXCO study area at -14°S on the east flank of the 

SEPR are discussed below. A three component mixing model is first applied to 

describe the general composition of the EXCO sediments. The spatial and temporal 

variation in the relative source strengths of each sediment phase are then discussed by 

examining both the variation observed between the 0.36, 1.9 and 4.6Ma study sites, and 

the down-core time series provided by core E12 at the 0.36Ma site. 

3.10.1 A three component mixing model to describe the EXCO sediments 

The contributions of the carbonate (CARB), detrital (DET) and hydrothennal (HT) 

phases to the bulk sediment composition at the 0.36, 1.9 and 4.6 Ma sites are presented 

in Table 3.4 and representative plots are shown in Figure 3.15. In all cores the relative 

importance of these sources decreases in the order CARB>HT>DET. That the sum of 

the CARB, DET and HT components are approximately equal to 100 wt% at each age 

site (99±2 wt%, 97±4 wt%, and 101±2 wt% at the 0.36, 1.9 and 4.6 Ma sites 

respectively) demonstrates that the EXCO sediments are dominated by inputs from 

these sources. This supports both the choice of phase tracers (CARB = Ca; DET = Ti; 

HT = Fe and/or Mn) and the chosen end-member compositions and confirms that a 

three component mixing model adequately describes the bulk sediment composition in 

this area. Only one core from the 1.9Ma site (ElO), shows a significant component 

deficit, where this deficit most likely relates to an additional source of hydrothermal Mn 

(see Section 3.9.3). 
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Figure 3.14: The hydrotherraal content of the EXCO sediments. 0.36Ma site (red) 

= E12, El9, El 7, E18; 1.9Ma site (green) = ElO, E24, E20; 4.6Ma site (cyan) = E7. 
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E12, 0.36Ma site E20, 1.9Ma site E7, 4.6Ma site 
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Figure 3.15: Representative down-core plots of the wt% contribution of the three 

major phases (biogenic calcite, basaltic detritus and hydrothermal plume fall-out) 

to the bulk sediment composition at the 0.36Ma, 1.9Ma and 4.6Ma study sites. 

Blue = biogenic calcite, red = basaltic detritus, yellow = hydrothermal plume fall-out. 
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3.10.2 General sedimentation patterns across the ridge flank 

Evaluation of the linear bulk sediment accumulation rates has shown that sedimentation 

in the near-axis region of the east flank of the SEPR proceeds at rates comparable to 

those seen on the west flank of 1-1.5 cmKa'\ before rapidly decreasing to much lower 

values of <0.2 cmKa"' on the ridge flanks. This general pattern of sediment 

accumulation is in good agreement with that described by Hauschild et al., (2003). 

However, the measured sediment thickness suggests that the relatively high 

sedimentation rates observed at the axis are confined to crust aged less than 0.4Ma, 

rather than extending to 2Ma as proposed by Hauschild et al. (2003). This decrease in 

sediment accumulation most likely reflects a combination of two processes. Firstly, the 

supply of both hydrothermal and detrital material decreases with increasing distance 

from the ridge axis. Secondly, due to the subsidence of the seafloor, the sediments 

move below the calcite saturation horizon and calcite preservation is decreased (where 

the lower input of non-carbonate phases also results in slower burial of the carbonate 

material and thus contributes to enhanced calcite dissolution). Due to the high calcium 

carbonate content of the sediment, the latter effect exerts the dominate control on the 

bulk sediment accumulation rate. 

Hauschild et al. (2003) reported an extreme asymmetry of sediment accumulation across 

the EPR in this region, with sediments on the west flank of the ridge axis about three 

times thicker than those on the east flank. Based on consideration of the reported depth 

of the lysocline (3500m; Berger et al., 1976), Hauschild et al. (2003) concluded that this 

asymmetry could not be explained by enhanced calcite dissolution, and suggested that 

the comparatively high accumulation of the western flank was a result of the generation 

of sediment particles at the ridge axis and the west-ward transport of this material by 

prevailing ocean currents. However, it is more appropriate to consider calcite 

preservation within the context of the saturation horizon (e.g. Milliman et al., 1999). 

Examination of the east and west ridge flank topography demonstrates that the 

subsidence trend for the east flank is lower; where the calcite saturation horizon of ca. 

3000-3200m intersects the eastern ridge flank at ca. 0.4 to 2.0Ma (see Figure 3.7). 

These intersection points correspond to the two inferred points of sedimentation rate 

change (this study, 0.4Ma; Hauschild et al. (2003), 2.0Ma) suggesting that dissolution 

of calcite most likely also contributes to the observed sediment distribution. 
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If dissolution of carbonate were the principal cause of the decreasing sedimentation rate 

across the ridge flanks, it might be expected that the carbonate accumulation rate in core 

E7 at the 4.6Ma site, situated in 3733m of water and with a QCALCITE of 0.89, would be 

low in comparison to the younger shallower sites with a ÎCALCITE of ca. 1. However, a 

direct comparison to this core is inappropriate as the comparatively fast bulk sediment 

accumulation rate (2.5 cmKa"', 2144 mgcm'^Ka"') and corresponding carbonate 

accumulation rate (2090 mgcm'^Ka"^) most likely reflect sediment focussing by down-

slope transport of carbonate material initially deposited on the steep flanks of the 

seamounts located to both the northeast and southwest (with depths above the calcite 

saturation horizon, see Figure 3.7), where the rapid burial of the carbonate material due 

to this enhanced input also limits dissolution and thereby increases preservation. 

In summary, the accumulation rate of calcium carbonate decreases with increasing 

distance from the spreading axis, primarily due to the decreasing preservation of calcite 

as the seafloor subsides and moves beneath the calcite saturation depth. In the vicinity 

of seamounts this pattern of decreasing carbonate accumulation is overlain by enhanced 

sedimentation due to sediment focussing by down-slope gravity transport. Based on the 

general down-core trends in sediments at the 0.36 and 1.9Ma sites, and the differences 

in bulk sediment composition between these sites (see Figure 3.15), it can be seen that 

the decrease in the accumulation of hydrothermal material and basaltic debris (with 

increasing distance from the ridge axis) is more rapid than that in carbonate. Thus 

although the absolute accumulation rate of biogenic carbonate decreases, the 

contribution of the carbonate input to the bulk sediment composition increases with 

increasing distance from the spreading centre. 

The contribution of hydrothermal plume precipitates to the bulk sediment composition 

decreases dramatically with increasing distance from the ridge axis, accounting for ca. 

10% of the bulk sediment in surface samples from the 0.36Ma site, ca. 2% at the 1.9Ma 

site and ca. 1.5% at the 4.6Ma site. It is noted that given the comparatively high 

sedimentation rate at the 4.6Ma site, the accumulation rate of hydrothermal precipitates 

at this site is markedly higher than that at the 1.9Ma site. However, the relative 

proportion of hydrothermal plume fall-out material to carbonate material at the 4.6Ma 

site is lower than at the 1.9Ma site, confirming the decrease in metalliferous input with 

increasing distance from the ridge axis (if it is assumed that the high carbonate 
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accumulation rate observed in core E7 is due to sediment redistribution and that the 

initial delivery of carbonate to the 1.9 and 4.6Ma sites is approximately comparable). 

The Fe/Mn ratio of the plume material also decreases with increasing age of site, from 

3.6±0.4 ( la) at the 0.36Ma site, to 2.9±0.3 ( la ) at the 1.9Ma site, to 2.5±0.3 ( la ) at the 

4.6Ma site. This decrease in the plume Fe/Mn ratio with increasing distance from the 

ridge axis reflects the fractionation of Mn from Fe during plume dispersal due to slower 

oxidation kinetics of Mn̂ "̂  with respect to Fe '̂̂  (Klinkhammer and Hudson, 1986; 

Cowen et al 1986, 1990). 

The accumulation of detrital material reflects proximity to local sources of basaltic 

debris. The accumulation of detrital material is thus highest at the oldest site (4.6Ma), 

reflecting the local input of basaltic debris from the numerous seamounts in this region, 

and toward the base of the cores from the 0.36Ma site, reflecting the local input from 

the ridge axis. 

3.10.3 Sedimentation in the near-axis region, core E12 from the 0.36Ma site. 

Estimates of the variation in the bulk sediment accumulation rate, and the accumulation 

rates of basaltic debris, hydrothermal plume-fall out material and biogenic calcium 

carbonate, across the near-axis region of the EXCO study site are presented in Figure 

3.16 and Table 3.5. These estimates are based on the S'^O isotope stratigraphy of core 

E12 (Figure 3.16g) and the wt% contribution of each phase to the bulk sediment (Figure 

3.16e), and are presented with respect to both the age of the sediment and distance from 

the ridge axis (using a half spreading rate of 75 mmyr"'; Grevemeyer et al., 2002). In 

general, the down-core stratigraphy from core E12 reflects the spatial sedimentation 

patterns described above, where the bulk sedimentation rate primarily reflects the 

carbonate accumulation rate, and the accumulation rates of all three major sediment 

phases are at maximum values near to the rise crest and decrease with distance. It is 

noted that the sediment dating constraints (and thus the estimates of the sediment 

accumulation rates) carry a relatively large inherent error due to the low resolution of 

the 6*^0 data. In particular, the initial increase in calculated accumulation rate (from 

3.7 cmKa"' to 5.8 cmKa"') over a distance of 2 km from the rise-crest most likely 

reflects uncertainty in the dating constraint on the base of the sediment column, where it 

was assumed that sedimentation started on zero age crust (i.e. no allowance was made 

for a sediment free ridge axis). 
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Figure 3.16: Sedimentation patterns in the near-axis region of the EXCO study 

area over marine oxygen isotope stages 5 to 10. All data from Core E12, 0.36Ma 

Site. Grey vertical bars indicate glacial periods (even numbered isotope stages). 
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Table 3.5: Estimated accumulation rate of the bulk sediment, biogenic calcium carbonate, hydro thermal plume 
material and basaltic detritus in the near-axis region of the E X C O study area, core E12, 0 .36Ma site. 

Sample ID 
Depth in 

Core 
Age of 

Sediment 
Distance from 

Sediment Accumulation Rates 
Sample ID 

Depth in 
Core 

Age of 
Sediment Ridge Axis Bulk Sediment Carbonate Hydrothermal Detritus 

(cmbsf) (Ka) (km) (cmKa ) (mgcm'^Ka'^) (mgcm^Ka^) (mgcm'^Ka'^) (mgcm^Ka ) 

E12#1 4.0 116 18.3 1.3 770 704 61 .2 5 .2 
E12#2 19.0 127 17.4 1.3 770 655 107 8 .1 
E12#3 34.5 139 16.6 1.3 711 643 60 .0 7 .9 
E12#4 63.5 161 14.9 1.3 756 691 58 .2 6 .8 
E12#5 82.5 175 13.8 1.3 786 722 55 .9 7 .7 
E12#6 118.5 194 12.5 2.7 1558 1405 123 30 .8 
E12#7 165.0 228 9.9 1.0 459 294 154 10 .6 
E12#8 219.0 276 6.3 1.0 586 524 40 .9 20 .7 
E12#9 270.5 327 2.5 5.8 3188 2708 338 141 
E12#10 325.5 336 1.8 5.8 3099 2473 433 192 
E12#11 367.5 344 1.2 3.7 1769 1375 232 163 
E12#12 405.0 354 0.5 3.7 1880 1506 246 129 
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The detrital accumulation rate decreases rapidly from 129-192 mgcm'^Ka"' (mean = 156 

mgcm'^Ka'^) within 3km of the axis (hereafter referred to as the axial region) to 5-31 

mgcm'^Ka"' (mean = 12 mgcm'^Ka"^) beyond a distance of 5km (the near-axis region). 

As discussed above, the high detrital input in the axial region reflects a relatively high 

input of basaltic debris when the site was situated close to the axis and basement was 

exposed. The lower accumulation rate observed in the near-axis region (the upper core) 

shows excellent agreement with that reported by Dymond (1981) for surface sediments 

in the rise-crest region of the SEPR (5-31°S) of 0-35 mgcm'^Ka"'. 

The accumulation rate of hydrothermal plume material ranges from 41-433 mgcm"^Ka"' 

(mean = 159 mgcm'^Ka"'), showing good agreement with the range presented by 

Dymond (1981) for rise-crest cores (5-31°S) of 19-700 mgcm'^Ka"' (mean = 121 mgcm" 

^Ka"'). The hydrothermal accumulation rate also displays a general decrease with 

increasing distance from the axial source, falling from ca. 230-430 mgcm'^Ka'' in the 

axial region to ca. 40-60 mgcm'^Ka"' in the near-axis region. However, superimposed 

on this underlying trend are two periods of comparatively high hydrothermal plume 

input which occurred at ca. 228-194 KaBP (9.9-12.5 km from the ridge axis; 123-154 

mgcm'^Ka"') and ca. 127 KaBP (17.4km; 107 mgcm'^Ka"' ), corresponding to the Fe-

Mn rich horizons in the sediment column (Figure 3.16b,e; samples E12#7 and E12#2). 

Whilst the carbonate accumulation rate also decreases with distance from the ridge axis 

(corresponding to increased water depth as the crust moves off axis and subsides) from 

ca. 1800-3200 mgcm'^Ka"' in the axial region to ca. 450-790 mgcm'^Ka'' in the near-

axis region, a period of enhanced calcite accumulation is also observed at ca. 194 KaBP 

(12.5 km; 1558 mgcm'^Ka"'). That the §'®0 dating constraints suggest that enhanced 

accumulation of both calcite and hydrothermal material correlate to interglacial periods, 

and perhaps more specifically to periods of deglaciation, is an interesting result and 

warrants further discussion. 

Variations in the Pleistocene calcite accumulation rate in the tropical Pacific have been 

attributed to changing productivity (e.g. Arrhenius, 1952; 1988; Lyle et a l , 1988; 

Archer, 1991; Rea et al., 1991; Weber et al., 1995); variable preservation (e.g. Berger, 

1973; Pisias and Rea, 1988; Farrell and Prell, 1989; Stephens and Kadko, 1997); and 

sediment redistribution (Loubere et al., 2004). The observed pattern of sedimentation 

across the EXCO study area, where sediments drape basement and ponding does not 
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occur, strongly suggests that redistribution does not play a significant role in sediment 

accumulation at this site (see Section 3.5.2). As discussed above, variable preservation 

most likely accounts for some of the variation in calcite accumulation. However, for the 

time period under discussion core El2 was located significantly above both the present 

day calcite lysocline and saturation horizon, thus it seems unlikely that differential 

preservation can account for all the observed variation in the carbonate accumulation 

rate. A recent study on the Eastern Equatorial Pacific, in which calcite mass 

accumulation rates were corrected for both dissolution and sediment redistribution, 

reported that calcite export production was approximately 30-50% lower during the 

LGM with respect to the Holocene (Loubere et al, 2004). It is therefore hypothesised 

that the peaks in calcite accumulation observed in this study can be partially attributed 

to enhanced export production during interglacial periods. 

The accumulation rate of hydro thermal material reflects both the proximity/magnitude 

of the vent source and the distribution pattern of the resultant plume. At present, high 

temperature venting of hydrothermal fluids occurs almost continuously along the SEPR 

from 13 to 19°S (Feely et al., 1996), where the prevailing currents transport the 

neutrally buoyant plumes dominantly to the west, across the Pacific Ocean basin 

(Lupton and Craig, 1981). The peaks in hydrothermal accumulation at the 0.36Ma site 

may therefore represent either enhanced high temperature venting over and above that 

observed today (leading to an increased creation of plume particles), and/or a shift in 

prevailing ocean currents (leading to an enhanced delivery of plume material to the 

eastern flank of the SEPR in this region). The spreading rate across this section of the 

SEPR has remained constant over the last 2.7Ma (Grevemeyer et al., 2002), where 

seismic data argues for only minor changes in melt supply over the last 9.3Ma (Kent et 

al., 1994; Grevemeyer et al., 1998). The peaks in hydrothermal accumulation are 

therefore unlikely to be associated with increased hydrothermal activity at the ridge 

axis. Whilst links between tectonic activity, sea-level, and the vigour of hydrothermal 

circulation have also been hypothesised, the supporting evidence is associated with 

large tectonic reorganisations during the Cretaceous and Paleogene (e.g. Owen and Rea, 

1985; Lyle et al., 1987). The coincidence of increased accumulation of hydrothermal 

material and deglaciation observed in this study may suggest a link between the vigour 

of hydrothermal activity and Pleistocene climate cycles. However, it is unclear that the 

relatively small increase in water depth associated with the glacial-interglacial transition 
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would be sufficient to promote enhanced hydrothermal circulation. The most probable 

explanation of enhanced hydrothermal accumulation during deglacial periods is thus 

increased delivery associated with changes in prevailing oceanic circulation patterns at 

the glacial-interglacial transition. 

3,11 Summary 

This study has demonstrated that the sediments in the EXCO study area are 

lithologically simple, and can be well described by a three component mixing model 

consisting of biogenous carbonates, hydrothermal plume precipitates, and locally 

sourced basaltic debris, where the relative importance of these components decreases in 

the order carbonate>hydrothermal>detrital. The accumulation rate of calcium carbonate 

in the EXCO sediments decreases with increasing distance from the spreading axis, 

primarily due to the decreasing preservation of calcite as the seafloor subsides and 

moves beneath the calcite saturation depth. In the vicinity of seamounts this pattern of 

decreasing carbonate accumulation is overlain by enhanced sedimentation due to 

sediment focussing by down-slope gravity transport. Periods of enhanced calcite 

accumulation correspond to interglacial periods and most likely reflect enhanced export 

production from surface waters. The input of hydrothennal plume precipitates generally 

decreases with increasing distance from the axial source, where the Fe/Mn ratio of the 

plume material also decreases across the ridge flank reflecting the fractionation of Mn 

from Fe during plume dispersal due to slower oxidation kinetics of Mn^^ with respect to 

Fe^^ (Klinkhammer and Hudson, 1986; Cowen et al 1986, 1990). Periods of enhanced 

hydrothermal accumulation correlate to deglacial periods and most likely reflect 

increased delivery of hydrothermal precipitates to this region due to changes in 

prevailing oceanic currents associated with the glacial-interglacial transition. 

Additional minor mineral phases, identified by X-ray diffraction and energy dispersive 

X-ray analysis of SEM images, are opaline silica, barite, and a clay material, with only 

trace amounts of iron sulphides present. The trace iron sulphide content, low refractory 

organic carbon content, and the close agreement of the Fcex/Mnex ratio, all indicate 

minimal redox disturbance, where the Feex/Mnex ratio is considered the most sensitive 

indicator of diagenetic remobilisation since the behaviour of these elements is well 

understood (e.g. Ruhlin and Owen, 1986). 
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Chapter 4 

The EXCO Sediments (II): 

Implications for the use of Ba and Al/Ti as proxies for paleo-productivity 

4.1 Aims 

This Chapter focuses on the minor sediment inputs of biogenic barite and scavenged 

aluminium to the EXCO (Exchange between Crust and Ocean) study area, situated on 

the Nazca plate at ~14°S on the east flank of the southern East Pacific Rise (SEPR). 

The specific aims of this Chapter are: (i) to deteiTnine the phase associations of 

sedimentary barium and evaluate the use of excess barium as a proxy for biogenic barite 

and thus paleo-productivity; (ii) to identify the phase associations of sedimentary 

aluminium and examine the use of scavenged aluminium as a proxy for 

paleoproductivity; and (iii) to examine the variation in the accumulation of biogenic 

barite and scavenged aluminium at ~14°S over marine oxygen isotope stages 5 to 10. 

4.2 Introduction 

Establishing a reliable record of primary productivity, and in particular export 

production, in the ancient oceans is a prerequisite to understanding the role of the 

oceanic carbon system during times of climate change. The main difficulty in 

establishing a tracer of past biological production is that the primary signals (organic 

carbon, calcium carbonate and opaline silica) are variably preserved in the sedimentary 

regimes that cover much of the ocean floor. Attention has therefore turned to finding an 

alternative proxy for paleo-productivity. One of the most prominent potential tracers in 

recent literature is the accumulation of barium (Ba), or more specifically biogenic barite 

(barium sulphate; BaS04), in marine sediments (e.g. Dymond et al., 1992; Numberg et 

al., 1997; Klump et al., 2001; Pfeifer et al., 2001; Babu et al., 2002). The ratio of 

aluminium to titanium (Al/Ti), has also been suggested as a possible tracer of oceanic 

productivity (Murray et al., 1993; Murray and Leinen, 1996; Dymond et al., 1997), 

where a recent study along a cross equator meridional transect showed a general 

covariance between Ba/Ti and Al/Ti throughout marine oxygen isotope stages (MOIS) 8 

to 13 (Murray et al., 2000). However, many unanswered questions remain before these 

potential proxies can be employed as reliable tracers of oceanic paleo-productivity. 
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4.2.1 Barium in marine sediments 

The link between Ba accumulation in marine sediments and the productivity of 

overlying surface waters was first proposed about 50 years ago (Goldberg and 

Arrhenius, 1958; Chow and Goldberg, 1960). This relationship was later restated by 

Dehairs et al., (1980) who identified micro-ciystals of barite in the water column as the 

carrier of the productivity signal. The mechanism of barite formation involves the 

decay of labile organic sulphur compounds within biological debris such as planktic 

cells and faecal pellets. This creates microenvironments that are enriched in sulphate 

and supersaturated with respect to barium sulphate, thus leading to the precipitation of 

seawater Ba as 'biogenic' barite (Dehairs et al., 1980; Collier and Edmond, 1984; 

Bishop, 1988; Dehairs et al., 1990). 

The accumulation of biogenic barite in marine sediments is now relatively established 

as a tracer of surface water productivity (e.g. Schmitz, 1987; Numberg et al., 1997; 

Pfeifer et al., 2001). To date, most of the research pertaining to sedimentary Ba as a 

productivity proxy has focused either on the relationship between organic carbon and 

barite production, or on the factors which affect barite preservation in the underlying 

sediments (e.g. Dymond et al., 1992; von Breymann et al., 1992; Torres et al., 1996; 

McManus et al., 1998). Arguments in favour of high barite preservation are based on 

the assumption that interstitial sediment porewaters are generally saturated with respect 

to pure barite under oxic conditions (Dymond et al., 1992; Gingele and Dahmke, 1994; 

Paytan and Kastner, 1996). Various algorithms have been proposed which relate barite 

accumulation to rain rate, which in turn is related to export or new production (e.g. 

Dymond et al., 1992; Francois et al., 1995). Furthermore, there is some indication that 

barite may prove to be a specific tracer of siliceous productivity as barite particles have 

been repeatedly found in decaying assemblages of the diatom Rhizolenia (Bishop, 

1988). This hypothesis is supported by the close correspondence observed between Ba 

and opal accumulation in the Southern Ocean (Numberg et al., 1997). Whilst these 

relationships and the controlling parameters are still under active investigation (e.g. 

Pfeifer et al., 2001; Klump et al., 2001), results are promising and suggest that under 

certain conditions biogenic barite may prove not only a qualitative, but also a 

quantitative indicator of surface water productivity. Environments in which the barite 

signal may be compromised have also been identified. Loss of barite can occur under 

87 



Barite and Al/Ti in the EXCO Sediments 

oxygen depleted conditions where sulphate reduction leads to a decrease in the 

concentration of sulphate in solution and the subsequent dissolution of barite (von 

Breymann et al., 1992; Torres et al., 1996; McManus et al., 1998; Babu et al., 2002). 

Barium mobilisation in sulphate depleted sediments may further corrupt the barite 

record through diffusion of dissolved Ba along concentration gradients and the 

formation of secondary diagenetic barite deposits at the point where the Ba comes into 

contact with sulphate bearing porewaters (Brumsack, 1986; Torres et al., 1996). 

Nevertheless, the appeal of barite as a proxy for paleo-productivity rests in part on the 

relatively constant preservation of barite under oxic conditions (Dymond et al., 1992). 

An assumption is generally made that the sediment Ba inventory is dominated by 

biogenic barite, with detrital material representing the only other significant Ba source. 

Thus, in the majority of studies the total Ba content of the sediment is measured and the 

excess Ba (Baex), which is assumed to consist of biogenic barite, is simply estimated by 

correcting for Ba of detrital origin (e.g. Numberg et al., 1997; Klump et al., 2001; 

Pfeifer et al., 2001; Babu et al., 2002). This correction itself can be problematic due to 

the wide range in Ba contents of lithogenous material, and becomes highly unreliable in 

environments with high detrital input (Dymond et al., 1992; Paytan and Kastner, 1996; 

McManus et al., 1998). Moreover, other sources of particulate Ba to marine sediments 

are known and may be significant, yet are not generally considered. To ensure the 

correct determination of the biogenic signal, and thus enable improved constraints on 

the relationship between barite accumulation and productivity, these additional inputs 

must be properly investigated and their impact on the geochemical cycling of Ba 

understood and defined. For example, selective leachings on Pacific sediment trap 

samples have emphasised that up to 30-50% of particulate Ba can be adsorbed or bound 

on carbonates or associated with poorly crystalline Fe-Mn (hydr)oxides (Dymond et al., 

1992). Similarly, Eagle et al. (2003) found that Bagx frequently overestimates the 

biogenic barite content of the sediments, where up to 100% of Baex in low Ba-bearing 

sediments can be attributed to multiple secondary phases such as carbonate, organic 

matter, opal, and Fe-Mn (hydr)oxides. Schroeder et al., (1997) reported significant 

correlations between the Baex accumulation rate and the accumulation rates of both 

terrigenous matter and Fcex in sediments from ODP Site 850 (Equatorial Pacific). These 

authors concluded that a significant proportion of Baex results from scavenging of 

seawater Ba by particles settling through the water column, where Ba is transferred to 
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the Fe (hydr)oxide component of the sediment during early diagenesis. McManus et al. 

(1998) have also suggested that metal oxide cycling may exert an influence on the 

accumulation of Ba in the sediment column. Accumulation of particulate Ba is also 

known to occur in association with hydrothermal activity. Hydrothermal fluids are 

enriched in Ba (Von Damm et al., 1985) that precipitates as barite on reacting with 

seawater sulphate (Bostrom et al., 1973; Zierenberg et al., 1984; Lonsdale and Becker, 

1985; Feely et al., 1987, 1990b; Moore and Stakes, 1990, Dymond and Roth 1988). 

Although high concentrations of hydrothermal barite are generally restricted to the 

immediate vicinity of hydrothermal activity (Church, 1979; Koski et al., 1985, 1988; 

Peter and Scott, 1988), the neutrally buoyant plumes are dominated by Fe-Mn 

(hydr)oxides that may scavenge additional seawater Ba and/or affect the cycling and 

retention of scavenged Ba in the sediment column. Furthermore, studies of 

hydrothermal plume dispersion on the EPR have shown that the plume can be detected 

at distances of 2000km from source (Lupton and Craig 1985), where in excess of 99% 

of plume Fe is transported beyond the immediate vicinity of the vent field and dispersed 

in the open ocean (Feely et al. 1994). The scavenging of seawater Ba by 

hydrothermally derived Fe-Mn (hydr)oxides may therefore represent a significant 

sedimentary input at distal locations with respect to the ridge crest. 

4.2.2 The Al/Ti ratio of marine sediments 

The abundance of both Al and Ti in marine sediments have long been assumed to be 

dominated by the accumulation of lithogenous material (e.g. Goldberg and Arrhenius, 

1958) and both elements have been extensively employed as tracers of the detrital input 

to the seafloor. However, anomalously high Al/Ti values that cannot be explained by a 

solely lithogenic source have recently been observed in surface sediments and sediment 

trap material collected in the equatorial Pacific Ocean (Murray et al., 1993; Murray and 

Leinen, 1996; Dymond et al., 1997). Murray et al., (1993) reported Al/Ti ratios greater 

than 40 in equatorial Pacific sediments (approximately three times higher than average 

crustal values) and proposed that these high values were caused by the preferential 

scavenging of Al relative to Ti by settling particles. Such a mechanism is plausible as 

both Al and Ti are known to be removed from the water column by adsorption 

(Measures et al., 1986; Orians and Bruland, 1986; van den Berg et al., 1994). This 

hypothesis was supported by a second study examining the Al/Ti ratio of Pacific surface 
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sediments in a transect across the equator (Murray and Leinen, 1996), where elevated 

Al/Ti values at low latitudes were interpreted as indicating an adsorbed A1 component 

which co-varied with the bulk particle flux to the sediments and may therefore record 

the productivity of overlying surface waters. A similar phenomenon has also been 

reported in the North Atlantic where the Al/Ti ratio of sediment trap material increased 

with depth and co-varied with the total particle flux (Ravizza et al., 1994). Dymond et 

al , (1997) applied normative analysis to sediment trap data from the equatorial Pacific 

to determine how much Al was associated with each of the principal biogenic carriers. 

Although organic carbon and calcium carbonate comprised major biogenic components 

in these samples, they appeared to carry less than a few percent of the total flux of 

excess Al, suggesting that variations in Al/Ti may be an indicator of the flux of opal to 

the seafloor (Dymond et al., 1997). Furthermore, the particle reactive nature of Al 

suggests that the sedimentary Al/Ti ratio may be relatively insensitive to opal 

preservation or other diagenetic processes (Dymond et al., 1997). 

Although contrary to the long held understanding of Al geochemistry, a wide range of 

data including in-situ surface water studies (Measures et al., 1986; Orians and Bruland, 

1986; van den Berg et al., 1994), laboratory experiments (van Bennekom, 1981; Moran 

and Moore, 1992), sediment trap data (Ravizza et al., 1994; Dymond et al., 1997) and 

surficial sediments (Muiray et al., 1993; Murray and Leinen 1996) suggests that 

scavenging of Al by biological debris is a ubiquitous phenomenon. To date, measurable 

deviations away from the lithogenic source Al/Ti have only been reported for the 

equatorial Pacific and will presumably be limited to regions with a low lithogenic input 

(Murray and Leinen, 1996; Dymond et al., 1997). Given the particle reactive nature of 

Al, the variation in Al/Ti of sinking particles may be preserved in the sediment column. 

Were this the case, then down-core records of Al/Ti may provide a record of past 

oceanic productivity (Murray and Leinen, 1996). 

In summary, research to date suggests that both the accumulation of biogenic barite and 

the Al/Ti ratio of marine sediments may act as proxies for past oceanic productivity. 

However, these two potential tracers are at different stages of development. For barite, 

the relationship to productivity is now relatively established and the barite signal is 

known to be well preserved under oxic conditions. However, the assumption that the 

sedimentary Ba inventory consists dominantly of lithogenic Ba plus biogenic barite 
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must be tested, and the association of Ba with secondary phases quantified, before 

further refinements can be made to the algorithms relating Ba accumulation to primary 

productivity. For Al/Ti, although surface sediment studies show clear variation relating 

Al/Ti to total particle flux and thus productivity, the relationship to any given biological 

parameter is not simple and the constancy of the shift in Al/Ti (relative to production) is 

not known (Murray et al., 1993; Murray and Leinen, 1996; Dymond et al., 1997). 

The EXCO sediment sample suite from the 0.36Ma site, with low detrital contents, high 

input of hydrothermal plume material, and a relatively constant excess Fe/excess Mn 

ratio (Feex/Muex) indicating little or no diagenetic remobilisation of Mn, provides a good 

opportunity to examine the distribution of Ba between marine barite and the plume 

derived phase in a dominantly oxic environment. This investigation presents both bulk 

sediment and sequential extraction data and thus allows the constancy of the 

hydrothermal plume input of Ba to be determined and the impact on Ba distributions to 

be examined. The sequential extraction data also allows the first examination of the 

phase distribution of Al in seafioor sediments in a high productivity region with low 

detrital input. Finally, a comparison between the calcium carbonate, biogenic barite, 

silica, excess Fe, and scavenged Al, records allows both an assessment of the biogenic 

input to the EXCO sediments and the dominant controls on the Al/Ti signal, 

4.3 Results 

The general geochemistry of the EXCO sediments has been presented and discussed in 

Chapter 3. Table 4.1 presents a sub-set of the bulk sediment data from the 0.36Ma site, 

where the mean ( X / T i ) b a s a i t values are given in row 1 (from the same basah data set as 

discussed in Chapter 3, Section 3.8.2, published by Schramm et al., 2003). The 

sequential extraction data for core El2 for this element subset are presented in Table 

4.2. The full dissolution of barite (a refractory mineral) is supported by; (1) the absence 

of residues following the dissolution procedure; (2) 6 replicate analyses of the 

international marine sediment standard MAG-1 which gave a Ba concentration of 

489±5 ugg"' ( la), in excellent agreement with the certified concentration of 480±41 

ugg"' ( la); (3) duplicate digests of sediment samples from the EXCO area (n=9), gave 

excellent agreement for total Ba (within ± 3%). 
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Table 4.1: Bulk sediment concentrations at the 0.36Ma study site 

K ) 

sample depth Ti RSD Si (XRF) Ca RSD Al RSD Fe RSD Mn RSD Ba RSD Sr RSD 
c m mg/g mg/g mg/g mg/g mg/g mg/g mg/g mg/g 

basalt X/TI (±1 aj 29.8 (12.1) 10.5 (4.7) 10.1 (5.1) 10.5 (3.4) 0.19 (0.06) 0.004 (0.005) 0.015 (0.007) 

E12#1 4 . 0 0 . 0 6 3 . 6 8 . 5 3 6 2 1.7 0.7 23 2 9 . 5 2 . 3 9 . 0 1.7 1 . 1 4 2 . 8 1 . 3 6 1.9 
E12#2 1 9 . 0 0 . 0 9 3.1 1 3 . 5 3 2 7 2.6 0 . 9 2.4 5 2 , 2 2.3 1 5 . 2 2.6 1 . 1 1 2 . 8 1 . 3 1 2.4 
E12#3 3 4 . 5 0 . 1 0 2.9 1 2 . 0 3 5 7 1.6 1 . 0 1.9 4 0 , 1 21 9 . 5 21 1 . 0 1 2.4 1 . 3 0 1.7 
E12#4 6 3 . 5 0 . 0 8 1 . 7 1 0 . 1 3 7 4 2 , 2 0 . 9 1 , 6 3 3 . 4 1 , 6 8 . 9 1 . 5 1 . 0 1 2 . 2 1 . 3 5 2.3 
E12#5 8 2 . 5 0 . 0 9 2.7 8 . 7 3 8 0 1.7 1 . 0 2 , 0 3 2 . 4 2 , 2 8 . 4 1.6 1 . 1 0 2 . 3 1 . 3 6 1.7 
E12#6 1 1 8 . 5 0 . 1 8 1 . 4 1 0 . 7 3 6 9 1 . 6 1 , 4 1 . 3 3 4 . 3 2 , 0 9 , 2 1 . 4 1 . 2 4 1 . 5 1 . 3 3 1 . 6 

E12#7 1 6 5 . 0 0 . 2 0 1 . 9 1 7 . 4 2 5 9 1 . 7 1 . 7 1 . 8 1 2 1 2 , 3 3 8 , 4 1 . 6 0 . 9 0 1 , 9 1 . 2 2 1 . 7 

E12#8 2 1 9 . 0 0 . 3 1 1.7 1 4 . 9 3 5 7 2.4 2 . 3 1.6 3 6 . 2 1.9 7 . 9 1.9 0 . 9 1 1.9 1 . 2 9 2.4 
E12#9 2 7 0 . 5 0 . 3 9 1.1 1 6 . 9 3 4 6 2.5 3 . 1 1.4 4 4 . 3 2.8 1 2 . 2 2.3 1 . 0 4 1.6 1 . 2 6 2.4 
E12#10 3 2 5 . 5 0 . 5 4 2.0 2 0 . 6 3 2 4 3.5 3 . 6 1.7 5 7 . 6 2.3 1 6 . 0 3.3 0 . 6 1 2.7 1 . 1 5 3.2 
E12#11 3 6 7 . 5 0 . 7 5 2.7 3 1 . 3 2 9 6 2.1 5 . 5 1.2 7 4 . 3 2.6 1 4 . 0 2.5 0 . 6 2 1.4 1 . 1 3 1.8 
E12#12 4 0 5 . 0 0 . 5 9 1.8 2 3 . 3 3 1 8 2.7 4 . 2 1.0 6 5 . 6 1.8 1 4 . 6 2.7 0 , 4 5 2.0 1 . 1 3 2.6 

E17#1 3 . 5 0 . 0 6 2.4 9 . 1 3 7 3 2.5 0 . 8 1.8 3 1 . 4 2 , 2 9 . 6 2.5 1 , 1 9 2.2 1 . 4 4 2.3 
E17#2 1 9 . 0 0 . 0 9 2.9 1 3 . 8 3 4 1 0.7 0 . 9 2.2 5 3 . 8 0.9 1 5 . 7 0 . 6 1 , 1 1 1.9 1 . 3 7 0.5 
E17#3 5 0 . 5 0 . 0 8 3.1 1 0 , 9 3 5 7 2.8 0 , 9 2.1 3 5 . 9 2.6 9 . 3 2.5 0 , 9 9 2.8 1 . 3 4 2.4 
E17#4 9 4 . 5 0 . 2 0 2.6 1 3 . 9 3 4 7 3.7 1 , 6 1.5 4 1 . 0 2.6 1 0 . 5 28 1 , 2 0 2.8 1 . 3 1 3.4 
E17#S 1 4 8 . 5 0 . 2 0 1.2 1 8 . 8 2 5 9 2.0 1 , 8 1.2 1 2 3 2.2 3 8 . 6 20 0 . 9 5 1.6 1 . 2 3 1.9 
E17#6 2 2 5 . 0 0 . 3 2 1.8 1 5 . 0 3 4 1 2.5 2 , 6 1.7 4 8 . 6 2.4 1 3 . 7 2.4 0 , 8 3 2.1 1 . 2 9 2.5 
E17#7 2 7 8 . 5 0 . 4 6 1.4 2 0 . 9 2 9 4 1.8 3 , 3 1.3 8 6 . 4 2.0 2 7 . 6 1.7 0 , 5 6 1.4 1 . 1 5 1.5 

E18#1 5 . 5 0 . 0 6 2.4 9 . 3 3 5 7 1.7 0 , 8 1.9 3 3 . 0 3.0 9 . 9 23 1 . 2 2 1.9 1 . 4 0 1.6 
E18#2 1 7 . 0 0 . 1 0 0.7 1 4 . 9 3 3 0 1.2 1 , 0 1.2 5 4 . 0 2.2 1 5 , 4 1.0 1 , 1 2 0 , 9 1 . 3 5 1.1 
E18#3 5 2 . 0 0 . 0 8 0.9 1 1 . 2 3 5 5 3.0 0 , 9 1.3 3 3 . 4 1.6 8 , 9 1.5 1 , 0 4 1.8 1 . 3 5 2.7 
E18#4 9 0 . 5 0 . 1 8 1.5 1 5 . 0 3 4 8 1.8 1 , 6 1.7 4 2 . 2 1.8 1 0 , 3 1.8 1 , 3 1 1.6 1 . 3 5 1.8 
E18#5 1 4 1 . 0 0 . 2 1 1.7 1 9 . 5 2 7 1 2.0 2 . 0 1.9 1 1 0 2.4 3 4 . 1 1.8 1 , 1 8 1.8 1 . 3 0 1.8 
E18#6 1 8 0 . 0 0 . 1 6 2.4 1 5 . 0 3 4 5 1.6 1 . 4 1.9 4 2 , 7 2.1 8 , 9 21 0 . 9 9 1.9 1 . 3 1 1.5 
E18#7 2 3 7 . 0 0 . 3 6 2.8 1 9 . 0 3 2 2 1.4 2 . 8 2 . 3 5 6 , 0 1.7 1 7 , 0 1.3 1 . 1 3 2.2 1 . 3 2 1.5 

E19#1 1 1 . 0 0 . 0 6 1.5 8 . 6 3 6 4 1.8 0 . 7 1.6 3 2 , 1 2.2 9 , 7 1.7 1 . 2 3 1.6 1 . 4 1 1.6 
E19#2 2 6 . 5 0 . 1 0 2.0 1 3 . 2 3 3 3 2.6 1 . 0 2.1 5 0 , 4 2.4 1 3 , 9 2.4 1 . 0 8 2 . 2 1 . 3 1 2.3 
E19#3 5 4 . 5 0 . 0 8 2 . 6 8 . 9 3 6 2 2.2 0 . 9 1 , 6 3 2 , 9 2.0 8 , 7 2 . 1 0 . 9 8 2 . 3 1 . 3 4 1 . 9 

E19#4 1 0 0 . 5 0 . 1 8 2.0 9 . 2 3 5 1 1.8 1 , 4 21 3 1 . 8 2.6 8 , 5 1.7 1 , 0 4 2.0 1.27 1.7 
E19#5 1 4 3 . 5 0 . 1 8 1 . 5 1 6 . 6 2 5 9 2.0 1 , 8 1 , 9 1 2 1 2 . 6 3 8 , 3 1 . 9 0 , 7 8 1 . 6 1 . 1 8 1 . 8 
E19#6 2 1 1 . 5 0 . 5 3 1 . 9 2 0 . 1 3 3 2 2 . 2 3 . 4 1 , 9 4 6 . 7 2 . 3 1 0 . 1 2 . 0 0 . 8 8 2 . 0 1 . 2 5 2 . 1 

E19#7 2 3 7 . 0 0 . 3 5 2 . 8 1 4 . 9 3 3 2 1.8 2 . 8 2 , 2 5 2 . 0 2.1 1 5 . 9 1.8 0 . 9 6 2 . 2 1 . 2 8 1.8 
E19#8 2 9 9 . 5 5 1 4 . 0 2.4 2 2 . 1 3 2 3 2 3 3 . 7 2.4 6 6 , 6 1.8 1 7 . 1 21 0 . 6 6 2.9 1 . 1 8 2.1 
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Table 4.2 cont.: Sequential extraction data for core E12 sediments 

Ba Sr 

Sample depth CAE AM ORG RES SUM CAE AM ORG RES SUM 
cm ng/g (%SUM) ng/g (%SUM) pa's (%SUM) ra'a (%SUM) ng/g (%bulk) ng'g (%SUM) Mg/g (%SUM) M^g (%SUM) ng/g (%SUM) n9/g (%bulk) 

E12#1 4.0 32 (3) 244 (20) 26 (2) 930 f z g 1232 (108) 1290 (95) 35.0 (3) 1.55 (0) 25.5 (2) 1352 (99) 
E12#2 19.0 32 (3) 313 (27) 16 (1) 791 (69) 1153 1196 f93; 61.9 (5) 2.61 (0) 21.9 (2) 1282 (9S) 
E12#3 34.5 32 (3) 253 42 (4) 722 (69) 1049 (104) 1209 45.4 (4) 2.67 (0) 18.1 (1) 1275 (98) 
E12#4 63.5 32 (3) 219 (20) 24 (2) 813 (75) 1088 (108) 1238 rsG) 32.4 (3) 1.37 (0) 21.6 (2) 1294 (96) 
E12#5 82.5 30 35 835 1221 1.92 22.6 
E12#6 118.5 32 (3) 209 (16) 22 (2) 1018 (79) 1281 (104) 1226 (95) 32.0 (2) 1.06 (0) 28.9 (2) 1288 (97) 
E12#7 165.0 37 (4) 525 (58) 210 (23) 136 (15) 908 (101) 1073 (91) 92.1 (8) 8.99 (1) 5.3 (0) 1179 (96) 
E12#9 270.5 32 (3) 236 f22; 64 (6) 735 (69) 1066 (103) 1150 (95) 40.9 (3) 3.09 (0) 20.6 (2) 1214 (96) 
Eiat12 405.0 28 124 64 1051 3.59 2.6 

T i A! 

Sample depth CAE AM ORG RES SUM CAE AM ORG RES SUM 
cm ng/g (%SUM) ng'g (%SUM) ng/g (%SUM) ng'g (%SUM) ng/g (%bulk) pg/g (%SUM) Ma'g (%SUM) r»g/g (%SUM) ng/g (%SUM) ng/g (%bulk) 

E12#1 4.0 1.4 (2) 1.0 (2) 6.0 (10) 51.1 (86) 59.6 (102) 286 p e ; 262 16 (2) 230 (29) 793 (110) 
E12#2 19.0 1.5 (2) 0.6 (V 1.0 (1) 87.2 902 (101) 231 rza; 368 f3G; 22 (2) 390 (39) 1011 (109) 
E12#3 34.5 1.4 (1) 0.8 (V 2.5 (3) 92.1 (95) 96.9 (101) 223 (20) 355 (33) 35 (3) 480 (44) 1093 (107) 
E i a w 63.5 1.4 (2) 0.9 (1) 1.8 (2) 80.6 (95) 84.6 (105) 232 (23) 301 (30) 10 (1) 467 (46) 1010 (107) 
E12#5 82.5 1.4 2.7 82.5 203 22 478 
E i a * 118.5 1.7 (V 1.6 (1) 2.2 (1) 173 (97) 179 (101) 289 (20) 420 (29) 7 <0) 721 (50) 1437 (102) 
E12#7 165.0 1.0 (0) 0.8 (0) 0.7 (0) 215 (99) 218 (107) 192 (10) 535 (28) 156 (8) 998 (53) 1882 (112) 
Eia*9 270.5 2.4 (1) 1.9 (0) 5.4 (V 382 (98) 392 (100) 424 (13) 933 (29) 136 (4) 1711 (53) 3204 (102) 
E12M2 405.0 2.3 0.0 8.4 587 400 240 2631 
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Barite and Al/Ti in the EXCO Sediments 

4.4 Sources of Barium to the EXCO Sediments (0.36Ma Site) 

The input of Baex to the 0.36Ma study site has been determined from the bulk sediment 

data. Two approaches were taken to interpret the data. In the first instance, the general 

assumption that all Ba is sourced from either detrital material or biogenic barite was 

made. The data was then re-examined, where the additional major phases present in the 

EXCO sediments (biogenic carbonate and hydrothermal plume material) were 

considered as potential Ba sources. A third assessment of the Ba input was then 

conducted based on the sequential extraction data from core El2. A comparison 

between the results from these three approaches allowed evaluation of: (1) the validity 

of the assumption that Ba is primarily sourced from detrital material and biogenic 

barite; (2) the constancy, and therefore the ability to correct for, any further significant 

Ba inputs; and (3) the role of metal oxides in the sedimentary cycling of Ba. In the 

following discussion all element/element ratios are quoted on a weight/weight basis. 

4.4.1 Approach 1: The barite + detrital assumption. 

Here it was assumed that the total sediment Ba content (Babuik) is equal to the sum of 

biogenic barite (Bayio) and detrital material (Bajet); giving Bayio equal to Baex: 

Babio = Baex = Babuik - Badet [4.1] 

Where Badet was estimated from the bulk sediment Ti content ( T i b u i k ) and the mean 

Ba/Ti of the EXCO basalts ((Ba /T i )basa i t ) : 

Badet = T i b u i k * ( B a / T i ) b a s a u [4.2] 

The EXCO basalts display a poorly defined (Ba/Ti)basait of 0.0042±0.0053. It is thus 

noted that the detrital contribution may range from zero to ca. twice the estimated value. 

Nevertheless, the detrital contribution is small, and even assuming the maximum 

(Ba/Ti)basait (0.0169, Schramm et al., 2003), accounts for only 2.2% of Babuik- The 

results of these calculations are presented in Table 4.3 (Babiol). The assumptions made 

in this approach result in a maximum estimated Babio equal to 99-100% of Babuik- These 

maximum estimates of Babio confirm that barite is a minor component of the sediments, 

accounting for -0.08-0.22 wt% of the bulk sediment, with a maximum contribution of 

3.46 wt% on a carbonate free-basis (cfb). 
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Barite and Al/Ti in the EXCO Sediments 

4.4.2 Approach 2: Additional inputs of Ba. 

In this approach it was assumed that Babuik is a function of biogenic barite and all three 

of the major sediment phases in the EXCO area; detrital material, calcium carbonate 

(Bacarb), and hydrothermal plume fall-out (Bapiume)-" 

B a t i o B a g x B a c a r b B a p i u m e [ ^ ' 3 ] 

Where Bagx is determined from equation 4.1 above. 

The amount of Ba that may be accommodated in the crystal lattice of calcium 

carbonates is rather low at ~30ppm (Collier and Edmond, 1984), giving a (Ba/Ca)carb of 

-0.07 X 10"̂ , thus only a minor fraction of Babuik is expected to be directly associated 

with the carbonate input. The Bacarb of the sediments was estimated from equation 4.4, 

where this calculation shows that Bacarb may account for up to 5% of Babuik (Table 4.3). 

Thus although only a small contribution, in the EXCO region the carbonate Ba input is 

of greater significance than the detrital input. 

B a c a r b = C a c a r b * ( B a / C a ) c a r b [ 4 - 4 ] 

Where: 

Cacarb Caex Cabulk Tibulk*(Ca/Ti)basalt [4*5] 

Following standard procedure (Dymond, 1981; Marchig et al., 1986), Bapiume was 

estimated from the most hydrothermal samples (E12#7, E17#5, E19#5), where it is 

assumed that the element composition of these samples is well described by Xex = Xcarb 

+ Xpiume (Chapter 3, Equation 3.10). This assumption is supported by the XRD pattern 

obtained from the residual fraction of sample E12#7, where goethite is the only mineral 

identified, and there is no evidence for the presence of a clay material, barite or opaline 

silica (Chapter 3, Figure 3.5). Evaluation of these samples gives a mean hydrothermal 

plume Ba content of 2322±240 pg/g and a (Ba/Fe)piume of 0.0071±0.0007. The Bapiume 

of the samples was then estimated from equation 4.6. It can be seen that Bapiume makes 

a significant contribution to the total sediment Ba in all samples, accounting for ca. 20% 

of total Ba in even the most carbonate rich, Fe poor sediments (Table 4.3). 

B a p i u m e F 6 e x * ( B a / F e ) p i u m e [ 4 . 6 ] 
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Barite and Al/Ti in the EXCO Sediments 

Babio was then estimated from equation 4.3 above (BayioZ, Table 4.3). Small negative 

residuals determined for some samples (max. 0.02 wt%) are reported as zero barite. 

Under these revised assumptions Babio2 accounts for only 0-80% of Baex, where the 

estimated barite content of the bulk sediment is reduced to 0.00-0.17 wt% (maximum of 

2.67 wt% cfb). 

4.4.3 Approach 3: Sequential extraction data. 

The sequential extraction data from core El 2 allows further exploration of the phase 

associations of Ba within the sediment and thus the testing of the assumptions made 

above. The speciation of strontium (Sr), an alkali earth metal with a similar ionic radius 

to Ba, was examined for comparative purposes. The sequential extraction scheme 

separated the sediment into four fractions; (1) the CAE fraction, consisting of carbonate 

material and adsorbed or readily exchangeable species; (2) the AM fraction, consisting 

of acid reducible amorphous Mn and Fe (hydr)oxides; (3) the ORG fraction, consisting 

of organic material and; (4) the R£S fraction, consisting of residual refractory material, 

which is dominated by detrital material and crystalline Fe (hydr)oxides and includes 

barite. The data are presented in Table 4.2 and Figure 4.1 and are of good quality, with 

BasuM equal to 101-108% of Babuik, and SrsuM equal to 96-99% of Srbuik-

The CAE fraction accounts for ca. 2.5 to 6% of BasuM- With the exception of sample 

E12#7, this fraction displays a relatively constant (Ba/Ca)cAE ratio (wt/wt) of 

0.089±0.005 X 10"̂ , whereas sample E12#7 displays an elevated (Ba/Ca)cAE of 0.144 x 

10'̂ . Given that E12#7 is comparatively rich in hydrothermal material, the higher 

(Ba/Ca)cAE of this sample may indicate that BacAE represents a mixture of Ba 

incorporated into the calcite lattice and Ba adsorbed to Fe and Mn (hydr)oxides. If it is 

assumed that adsorbed Ba is minor in the other samples, the data infer a maximum 

carbonate Ba content of ca. 35.8±2.0 ppm, in reasonable agreement with the value of 

30ppm employed above for the bulk sediment carbonate correction. In comparison, 

SrcAE accounts for 91-95% of SrsuM, consistent with both the higher incorporation of Sr 

into the calcite lattice, and the lower incorporation of Sr into other sedimentary phases. 

The AM fraction generally accounts for 15-22% of BasuM, with the exception of 

samples E12#7 and E12#12, where BaAM accounts for closer to 60% of total Ba. BaAw 

correlates strongly to SrAM (R=0.98, Figure 4.2) and FBAM (R=0.98) across all samples. 
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Barite and Al/Ti in the EXCO Sediments 

with a mean (Ba/Sr)AM of 6.1±0.7 and (Ba/Fe)AM of 0.0130±0.0010. The excellent 

correlations between Bham, SrAM, and FeAM indicates an intimate association between 

these species, i.e. it would be highly unlikely for elements associated with separate 

sediment phases to display such a high degree of covariance. These data thus confirm 

that Ba and Sr are delivered to the sediment in association with plume derived Fe 

(hydr)oxides. However, the mean (Ba/Fe)AM is approximately twice that of the 

(Ba/Fe)piume estimated above (0.0071±0.0007), where this discrepancy most likely 

results from the alteration of Fe (hydr)oxides during early diagenesis. The AM fraction 

represents the amorphous Fe (hydr)oxides that have not yet undergone transformation to 

crystalline Fe (hydr)oxides. Conversely, the Fe (hydr)oxides in the most hydro thermal 

samples (from which (Ba/Fe)piume was estimated) have undergone a significant degree of 

alteration to goethite (see Chapter 5, Section 5.4). That the estimated (Ba/Fe)piume is 

lower than the measured (Ba/Fe)AM therefore suggests that plume derived Ba is not 

incorporated into Fe (hydr)oxides of higher crystalline orders during alteration. This 

hypothesis is supported by consideration of the RES fraction for E12#7, which displays 

a very low basalt corrected (Ba/Fe)REs of 0.0019. Furthermore, the uniformity of 

(Ba/Fe)AM and the absence of a significant adsorbed Ba component suggests that the 

majority of the rejected Ba is lost from the sediment column. The observed (Ba/Fe)AM 

is therefore considered representative of the initial (Ba/Fe)piume of hydrothermal material 

delivered to the EXCO sediments. 

The RES fraction generally accounts for 70-75% of total Ba, with the exception of 

samples E12#7 and E12#12, where Ba^es accounts for -15% of total Ba. BaREs does 

not co-vary with either TIRES (a measure of the detrital content), or basalt corrected 

Fcres (FcRESex as determined from equation 4.7 below - a measure of the crystalline Fe 

(hydr)oxide content). In fact BaREs is negatively correlated to these parameters (R = -

0.69 and -0.83 respectively), most likely reflecting dilution of BaREs by both the detrital 

input and crystalline Fe (hydr)oxides. 

XRESBX = X R E S - T i R E S * ( X / T i ) b a s a l t [ 4 . 7 ] 

However, an excellent correlation is observed between BaREs and SrREs (R=0.99, Figure 

4.2), and a good correlation is also observed between BaREs or SrREs and SRES (R = 0.96 

in both cases), where there is sufficient S for all BaREs and SrREs to be present as 

sulphates. The strong covariance of BaREs, SrREs and SRES, in addition to the presence 
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of barite in the XRD patterns obtained from the RES fraction (Chapter 3, Figure 3.5), 

indicates that BaREs is dominated by barite, where Sr^Es represents either celestite 

(SrS04) in solid solution with barite (e.g. Palmer and Elderfield, 1985) or the 

isomorphous substitution of Sr into the barite lattice (e.g. Averyt et al., 2001). As the 

RES fraction will include Ba and Sr derived from both barite and from the detrital input, 

the data were corrected following equation 4.7. Given the uncertainty in the Ba and Sr 

content of the EXCO basalts (Ba/Ti = 0.0042±0.0053; Sr/Ti = 0.0152±0.0069), this 

correction carries a large inherent error. Only those samples with a low detrital content 

(<2 wt% of the bulk sediment, samples E12#l-6, Chapter3, Table 3.4) were therefore 

considered to determine a range in (Ba/Sr)RESex of 37.6 to 43.2 with a mean of 39.5±2.0. 

These values show reasonable agreement to the reported range of core-top (Ba/Sr)barite 

from the Equatorial Pacific of 39.1 to 65.4 with a mean of 50.5±8.6 (Averyt and Paytan, 

2003), confirming that BaRESex and SrRESex are derived from barite. 

The ORG fraction is minor, with the exception of samples E12#7 and E12#I2, where 

BaoRG accounts for -25% of BasuM- Although this in part reflects the low Ba content of 

these horizons, the absolute values of BaoRo are still significantly higher than those 

observed in the other samples. Dymond (1992) reported that up to 50% of Baex might 

be adsorbed or bound on organic matter and carbonates, with the subsequent transfer of 

Ba to the Fe (hydr)oxide component of the sediments during early diagenesis. In the 

data presented here, the two samples with high BaoRo are deep (old) samples which also 

display the highest Fe (hydr)oxide content. Thus if Ba were initially delivered to the 

sediment in association with organic matter, transfer to the Fe (hydr)oxide phase might 

be expected to be relatively advanced in these samples, resulting in a low BaoRc as 

opposed to the highest. Furthermore, the organic carbon content of sample E12#7 is 

lower than that of sample E12#2 (0.08wt% compared to 0.28wt%, Appendix Ic), thus if 

BaoRG represents a primary signal associated with the input of organic matter the BaoRG 

content of sample E12#7 might also be expected to be lower than that of sample E12#2. 

Examination of Figure 4.2 demonstrates that the (Ba/Sr)oRG is directly comparable to 

that of the RES fraction. The similarity between (Ba/Sr)oRG and (Ba/Sr)REs may simply 

indicate that transfer of particulate barite, or partial leaching of barite, occurred during 

the ORG extraction step. Alternatively, the data may suggest the transfer of barite-Ba to 

the organic pool due to reductive dissolution, or the continued diagenetic formation of 
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barite within the sediment column in association with organic matter remineralisation. 

Although the constancy of the Feex/Mnex ratio implies a dominantly oxic environment, 

barite dissolution could feasibly occur in reducing microenvironments within the 

sediment column. However, the dissolved Ba would be expected to diffuse along 

concentration gradients and reprecipitate as barite on contact with sulphate bearing 

porewaters (leading to no net change in the barite content of the sediment). As 

discussed above, the formation of barite occurs in association with the decay of labile 

organic sulphur compounds, thus it is interesting to note a general inverse relationship 

between SQRG and BaoRo ( R = - 0 . 7 4 ) . Furthermore, although less than 1 % of total Mn 

resides in the ORG fraction, a strong correlation is observed between BaoRc and MnoRo 

( R = 0 . 9 9 ) , with a well defined mean (Ba/Mn)oRG of 1 . 0 ± 0 . 2 . These relationships may 

suggest a microbially mediated Fe and Mn (hydr)oxide transformation pathway, where 

Ba rejected from the Fe (hydr)oxide phase is retained and concentrated in the organic 

material (with a small proportion of the Mn) as the Fe is transferred to the goethite pool. 

That the extent of Fe transformation to goethite (see Chapter 5 , Section 5 . 4 . 2 ) is 

relatively high in the two samples displaying high BaoRc supports this hypothesis. 

Following the discussions above, it is assumed that the biogenic barite content of the 

sediment is equal to BaRESex (BawoS, Table 4.2). This third estimate suggests that 

biogenic barite accounts for ~ 0 - 8 2 % of total Ba, or 0 . 0 1 to 0 . 1 7 wt% of the bulk 

sediment (maximum of 2.63 wt% cfb). It is also noted that sedimentary diagenesis may 

be modifying the distribution of Ba in the sediment column, where a significant 

proportion of the sedimentary Ba in two samples appears to be associated with the 

organic fraction. Two potential mechanisms have been identified to account for the 

high BaoRG, either the loss of biogenic barite due to reductive dissolution occurring in 

micro-environments within the sediment column, or the transfer of Fe (hydr)oxide 

associated Ba to the organic fraction due to continued diagenetic formation of barite in 

association with organic matter remineralisation. 

4.4.4 Comparison of approaches and implications for the calculation of Bubw 

Figure 4.3 provides a comparison of the three different estimates of biogenic barite. 

This figure illustrates the high values obtained from the detrital correction (Bayiol = 

Baex), in comparison to approaches where other potential sedimentary Ba inputs are 

considered. Furthermore, a partitioning approach (Babio2 = Baex - Bacarb - Bapiume) 
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Figure 4.1: Sequential extraction data for Ba and Sr. Bulk sediment = turquoise; 

CARB = dark blue; AM = yellow; ORG = green; RES = red. Note that for Sr the AM, 

ORG and RES fractions are plotted on an expanded (xlO) scale. 
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Figure 4.2: Correlations observed between Ba and Sr in the AM, RES and ORG 

sequential extraction fractions from core E12, 0.36Ma site. 
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results in excellent agreement with the barite content of the sediment determined from 

the sequential extraction scheme (Babio3 = BaRESex)- These results confirm that the 

calculation of Baex overestimates the barite content of the sediments, where, in 

agreement with the results of Eagle et al. (2003), this study finds that up to 100% of the 

total sedimentary Ba may be associated with phases other than biogenic barite. This 

study also finds that in carbonate rich sediments with a low detrital input, the correction 

for carbonate-Ba is of more importance than the detrital correction. However, the input 

of Ba in association with hydrothermal plume particles is of most significance, 

accounting for 20-100% of total Ba, and must be corrected for to ensure an accurate 

measure of barite is obtained. Furthermore, as the detrital correction decreases with 

increasing distance from the continental margins, the importance of the hydrothermal 

correction will increase with increasing proximity to the EPR. 
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Figure 4.3: Comparison of three different estimates of biogenic barite in core E12 

sediments, 0.36Ma site. Babwl = excess Ba; Babio2 = excess Ba correctedfor 

carbonate and plume derived Ba based on the three component sediment mixing model 

developed in Chapter 3; BabigS = barite as measured in the basalt corrected RES 

fraction of the sequential extraction of core El 2 sediments. 
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It is noted that the sediments analysed in this study were collected from a near ridge 

crest environment and are correspondingly rich in hydrothermal Fe (hydr)oxides. 

Nevertheless, normative analysis of Nazca Plate sediments has demonstrated that the 

hydrothermal plume component accounts for greater than 20 wt% of the non-carbonate 

sediment over a large area of the Pacific Ocean (Dymond, 1981). Applying a plume Fe 

content of 35.5 wt% (Chapter 3, Section 3.9.4) and a range in estimated (Fe/Ba)piume of 

0.0071 to 0.0130, this corresponds to a plume-Ba contribution of 0.05-0.09 wt% (cfb). 

Although maximum concentrations of 7-9 wt% (cfb) barite have been reported in the 

Eastern Equatorial Pacific (Arrhenius and Bonatti, 1965), the typical barite content of 

oceanic sediments lies in the region of ~1 wt% (or 0.59 wt% Ba). Inclusion of plume-

Ba would therefore translate to an error of -8-16% on the Babio determined from Baex-

Based on the strong covariance between Ba and the terrigenous and Fcex input to 

Equatorial Pacific sediments, Schroeder et al. (1997) suggested that Ba and barite 

signals of marine sediments may be significantly decoupled and that barite itself, as 

opposed to Baex, should be employed as the productivity proxy. The results presented 

here agree with this conclusion. Furthermore, as sequential extraction procedures are 

operationally defined, if barite is to be determined by such a technique a standard 

protocol should be established to ensure comparable data are being produced across the 

international community. The scheme employed in this study was not designed for the 

isolation of barite and thus would not necessarily be the most appropriate. Perhaps 

more applicable would be the specific sequential extraction scheme developed for the 

separation of pure barite to enable analysis of the seawater Sr isotope record over time 

(e.g. Paytan et al., 1993; Eagle et al., 2003). However, the sequential extraction of 

sediments is exceptionally time consuming and therefore is not a particularly attractive 

method by which to determine high-resolution variation in a down-core sediment 

record, as required for paleoceanographic studies. The data presented here suggest that 

in a well-characterised sediment column, a partitioning approach, where all potential Ba 

sources to the sediment are considered, provides a good estimate of the sedimentary 

barite content. An alternative approach may therefore be to define the covariance of Ba 

with the different sediment components based on the sequential extraction of a small 

sample subset, where the observed (Ba/tracer element) ratios are then applied to the 

remainder of the data set. Finally, the large shift in observed Ba/Sr ratios between the 

plume derived and barite components ((Ba/Sr)AM = 6.1±0.7 and (Ba/Sr)RESex = 39.5±2.0 
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respectively, see Figure 4.2) suggests that a dual tracer technique may also provide good 

results, where shifts in the observed Ba/Sr ratio (corrected for past changes in seawater 

concentration) are attributed to shifts in the relative proportion of different sedimentary 

inputs. Due to the low Sr content of the plume derived material and barite with respect 

to calcium carbonate (essentially the AM and RES fractions with respect to the CAE 

fraction; see Figure 4.1); such an approach could only be applied accurately to the non-

carbonate component of the sediment. Nevertheless, the removal of carbonate is a 

simple procedure (10% acetic acid leach), thus this approach may provide an attractive 

alternative to a full sequential extraction procedure. 

4.5 Aluminium in the EXCO Sediments (0.36Ma Site) 

The Al content of sediments from the Equatorial Pacific is thought to consist of both a 

detrital and scavenged component (Murray et al., 1993; Murray and Leinen 1996), 

where the scavenged Al may represent either a tracer of total particle flux (Murray et 

al., 1993; Murray and Leinen 1996), or more specifically, the opaline silica flux 

(Dymond et al., 1997) to the seafloor. The particle reactive nature of Al and Ti suggests 

that the sedimentary Al/Ti ratio, (Al/Ti)buik, may be relatively insensitive to opal 

preservation or other diagenetic processes (Dymond et al., 1997). Although present 

understanding of Al geochemistry suggests that the Al/Ti record may be preserved in 

the sediment column, no studies have yet been conducted to test this hypothesis. Here 

the (Al/Ti)buik ratios are briefly examined before discussion of the sequential extraction 

data. A comparison is then made between the scavenged Al component and the down-

core record of calcium carbonate, barite and opaline silica, and the implications for the 

association and preservation of the sedimentary scavenged Al input are discussed. 

4.5.1 Bulk sediment Al/Ti ratios 

The (Al/Ti)buik data are presented in Table 4.4 and a representative down-core profile is 

shown in Figure 4.5b. Although the (Al/Ti)buik of all samples falls within the range 

observed for altered basalt (10.1±5.1), a distinct profile is observed in all cores, where 

surface sediments display a high (Al/Ti)buik (-12.5), which then decreases over the 

upper 200cm of the core to lower, relatively constant values in the basal section (~7). 

Given that the detrital component, as measured by the Ti content (Figure 4.5a), shows a 

clear increase down-core, whilst the biogenic barite content approaches zero (Figure 
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4 . 2 , B a b i o 2 and B a b i o 3 ) , the (Al/Ti)buik of the basal samples is assumed to approach that 

of the detrital material. Specifically, the (Al/Ti)buik of the basal samples must represent 

the upper limit on the detrital input as an additional A1 source would act to increase the 

observed Al/Ti. The shift toward higher (Al/Ti)buik in surface sediments is thus inferred 

to indicate that these samples incorporate a source of A1 that is non-detrital in origin. 

4.5.2 Fractionation of Al as determined from sequential extraction data 

The sequential extraction data for Al and Ti in core E12 sediments are presented in 

Table 4.2 and Figure 4.4. Ti is found almost exclusively in the RES fraction, 

confirming that this element is dominantly associated with the detrital phase with only 

minor contributions from scavenging or biological incorporation. Conversely, a large 

proportion of the bulk sediment Al is associated with the more labile CAE (10-36%) 

and AM (28-36%) fractions. This is particularly pronounced in the surface of the core 

where only one third of the Al is associated with the RES fraction (29%). 

Figure 4.5b compares (Al/Ti)buik to the Al/Ti of the RES fraction. In contrast to 

(Al/Ti)buik, the observed (Al/Ti)REs is relatively constant, with a mean of 4.8±0.6 (la). 

These data show reasonable agreement with the lower limit on the basalt end-member 

(-5.0), although the somewhat low ratio could reflect either leaching of Al by the 

preceding chemical treatment or basalt weathering occurring in the sediment column, 

where Ti is preferentially retained in a residual phase and Al is lost to a more labile 

phase (i.e. incorporated into Fe (hydr)oxides or adsorbed to the sediment) over time. 

As the Al content of calcium carbonate is negligible, A I C A E represents loosely bound or 

adsorbed Al. A I C A E is significant, accounting for approximately one third of total Al in 

surficial sediments. Two opposing trends in A I C A E are observed, where the absolute 

concentration increases down-core, whilst the relative contribution to A I S U M decreases 

down-core (see Table 4.2). If A I C A E originated from weathering of detrital material, 

then both the concentration and the relative proportion of A I C A E would be expected to 

increase down-core (with increasing detrital content and time). The high proportion of 

A I C A E in surface sediments thus confirms the existence of a non-detrital Al source. 

Around one third of the total Al is associated with the AM fraction throughout core 

El2. There are three potential sources for A I A M - Firstly, Al may be delivered to the 
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Table 4.4: Down-core record of biogenic parameters normalised to Ti 

Sample 
ID 

cmbsf Opal 

wt% 

Opal/Ti 

wt/wt 

CaCOs/TI 

wt/wt x10^ 

barite/Ti 

wt/wt 

Al/Ti 

wt/wt 

Feex/Ti 

wt/wt 

E12#1 4.0 0.40 68 15.5 26.5 12.4 495 

E12#2 19.0 0.59 66 9.1 13.7 10.5 576 

E12#3 34.5 0.54 56 9,2 12.5 10.7 407 

E12#4 63.5 0.46 57 11.6 15.9 11.8 405 

E12#5 82.5 0.30 34 10.6 16.1 10.6 352 

E12#6 118.5 0.23 13 5,2 9.4 7.9 183 

E12#7 165.0 0.00 0.0 3,1 0.3 8.3 585 

E12#8 219.0 0.25 8.0 2.9 3.6 7.5 107 

E12#9 270.5 0.12 3.1 2.2 3.1 8.0 102 

E12#10 325.5 0.00 0.0 1.5 0.7 6.6 95 

E12#11 367.5 0.23 3.1 1.0 0.3 7.3 88 
E12#12 405.0 0.00 0.0 1.3 0.0 7.1 102 

E17#1 3.5 0.42 67 14.6 25.1 12.1 485 

E17#2 19.0 0.61 70 9.7 13.6 10.6 602 

E17#3 50.5 0.51 60 10.5 14.4 11.0 414 

E17#4 94.5 0.42 21 4.3 7.6 7.8 195 

E17#5 148.5 0.12 5.8 3.1 0.6 8.8 594 

E17#6 225.0 0.11 3.5 2.6 2.6 8.1 142 

E17#7 278.5 0.00 0.0 1.6 0.0 7.2 176 

E18#1 5.5 0.44 70 14.2 26.1 12.2 518 

E18#2 17.0 0.70 74 8.6 12.8 10.4 558 

E18#3 52.0 0.57 72 11.1 16.8 11.5 410 

E18#4 90.5 0.57 31 4.8 9.4 8.6 222 

E18#5 141.0 0.29 14 3.2 3.1 9.2 508 

E18#6 180.0 0.63 40 5.4 7.2 9.2 261 

E18#7 237.0 0.31 8.7 2.2 3.5 7.6 145 

E19#1 11.0 0.38 61 14.7 26.8 12.0 507 

E19#2 26.5 0.56 58 8.6 12.3 10.5 511 

E19#3 54.5 0.35 45 11.5 15.7 11.5 408 

E19#4 100.5 0.08 4.1 4.7 7 .3 7.5 162 

E19#5 143.5 0.00 0.0 3.5 0 .0 9.8 652 

E19#6 211.5 0.02 0.4 1.5 1.8 6.4 77 
E19#7 237.0 0.00 0.0 2.3 2.9 8.0 138 

E19#8 299.5 0.08 1.6 1.5 0.7 7.2 119 
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Figure 4.4: Sequential Extraction data for A1 and Ti. Bulk sediment = turquoise; 

CARB = dark blue; AM = yellow; ORG = green; RES = red. 
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sediment in association with the Fe-Mn (hydr)oxide plume material. Secondly, as A1 is 

a particle reactive element, any A1 initially delivered to the sediment in an adsorbed 

phase (AICAE) may transfer to the less labile Fe (hydr)oxide phase over time. Finally, 

in-situ weathering reactions may transfer A 1 from the residual detrital phase (AIRES) to 

the more labile Fe (hydr)oxide phase over time. That A I A M does not simply represent 

plume-AL is supported by the lack of correlation between A1 and Fe (R=0.05) or Mn 

(R=0.24). Furthermore, as the relative contribution of A I C A E decreases down-core, 

whilst A I R E S increases, the more constant A I A M seems likely to incorporate a proportion 

of A1 initially delivered to the sediment in both the adsorbed and detrital phases. 

4.5.3 Comparing Al/Ti to other proxies of productivity 

Determining the amount of A1 delivered to the sediment in the adsorbed, plume derived, 

and detrital phases, is somewhat problematic. The assumption applied previously to 

estimate (X/Fe)piume, that the total amount of an element in the hydrothennal horizon 

can be accounted for by the carbonate, plume derived and detrital inputs, does not 

necessarily hold true for Al. This assumption is based on the lack of evidence for the 

presence of opaline silica, barite and clay material in the XRD pattern obtained from the 

residual material. However, opaline silica may have been present initially and 

subsequently dissolved, where any Al associated with this silica would be expected to 

remain within this horizon and may become associated with either the CAE or the AM 

fraction. Nevertheless, the constancy of (Al/Ti)REs throughout core El2 and the 

constancy of the basal sediment (Al/Ti)buik imply that the Al/Ti ratio of the detrital input 

is also relatively constant. Shifts in (Al/Ti)buik should therefore provide a good record of 

variation in the relative importance of the scavenged Al component. 

To assess whether the scavenged Al component reflects the total particle flux or a 

biogenic particle flux, the sedimentary Al/Ti ratio has been compared to the carbonate, 

biogenic barite, opaline silica and excess Fe (Fe^) contents of the sediments (Table 

4.4). The calculation of carbonate and Fcex were discussed in Chapter 3, and the 

biogenic barite is as estimated from Babio2. Opaline silica has been estimated as 

follows; both sample E12#7 and E12#12 show no evidence for the presence of opaline 

silica (c.f. XRD pattern obtained from RES fractions, see Chapter 3, Figure 3.5) thus all 

Si in these samples is assumed to originate from either the plume derived or detrital 

inputs, giving the following relationships: 
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[Si]buik#7 = [Feex]#7*(Si/Fe)piume + [Ti]#7*(Si/Ti)det [ 4 . 8 ] 

[Si]bulk#12 = [Feex]#12*(Si/Fe)p,un,e + [Ti]#,2*(Si/Ti)de, [ 4 .9 ] 

Solving equations 4.8 and 4.9 as a pair of linear simultaneous equations gives an 

(Si/Fe)piume of 0.095 and an (Si/Ti)det of 30.01 (in good agreement with the mean basalt 

Si/Ti of 29.8). Opaline silica was then calculated from: 

Siopai = Sibuik - Fe»*(Si/Fe)pium= - Ti*(Si /Ti )det [4.10] 

Opal = Siopai*(60.1/28.1) [4.11] 

Where (60.1/28.1) is the mass ratio of silica (SiOo) to silicon (Si). Small negative 

residuals (max 0.08 wt%) were set to zero. All sediment components were normalised 

to Ti in order to enable a direct comparison to Al/Ti. This effectively normalises each 

sample to a constant detrital input and allows for a tme comparison of variability in 

other components beyond changes due to dilution (c.f Murray et al., 2000). 

The down-core records of CaCOs/Ti, barite/Ti, opal/Ti, Al/Ti, and Fcex/Ti, for all cores 

from the 0.36Ma study site are illustrated in Figure 4.6a-d. CaCOs/Ti and barite/Ti co-

vary within each core, decreasing from maximum values in the surface sediments to a 

local minimum at a depth of ~15-30cm, corresponding to a peak in Fcex/Ti. Below this 

point both CaCOs/Ti and barite/Ti increase slightly before decreasing steadily to depths 

of ~ 150-170cm, corresponding to a second peak in Fcex/Ti. Below 170cm both 

parameters maintain generally low values and continue to co-vary, with a peak in core 

E l8 at a depth of 180cm. Opal/Ti displays the same general trend, decreasing from 

maximum values in surface sediments to low and relatively constant values below a 

depth of 150-170cm, with a peak at 180cm in core El8. However, opal/Ti does not 

show a local minimum at a depth of 15-30cm. Fcex/Ti shows a general decrease down-

core from high values in surface sediments to constant values at depths below 170cm, 

where maximum values in all cores are observed in two peaks at 15-30cm and 150-

170cm. In comparison, the Al/Ti profile is more similar to that of the biogenic 

parameters, displaying maximum values in surface sediments, and decreasing to a local 

minimum at depths of 15-30cm. However, the minimum at 15-30cm is less pronounced 

than that for CaCOs/Ti and barite/Ti, whilst at 15 0-170cm there is a slight increase in 

Al/Ti, most evident in core El9, and coincident with the second peak in Fcex/Ti. 
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Based on these observations the following conclusions can be drawn: The relative input 

of both biogenic material and hydrothermal material with respect to detrital material 

increase with increasing distance from the ridge axis (up-core). Given that a local 

minimum is observed in CaCOa/Ti, barite/Ti and Al/Ti at depths of 15-30cm, the lack 

of a minimum in opal/Ti may suggest an underestimation of the plume-Si in this 

horizon. The Al/Ti ratio appears to reflect a scavenged A1 component associated with 

both biogenic and hydrothermal plume particles, however, that a local minimum is 

observed at 15-30cm, whilst only a slight peak is observed at 150-170cm, suggests a 

stronger and dominant association with the biogenic material. As all three of the 

biogenic parameters (CaCOs, barite, opal) show a similar trend, it is not possible to 

determine whether the biologically scavenged A1 reflects an association with the total 

biogenic particle flux or that of opaline silica. Furthermore, that CaCOs/Ti, barite/Ti, 

opal/Ti and Al/Ti all show a similar trend, whilst CaCOs, barite, opal and A1 display 

markedly different chemical properties, strongly argues for good preservation of all 

biological parameters within the EXCO sediments. In turn, this suggests that the 

diagenetic modification of the barite signal (see section 4.4.3 above) may be minor with 

respect to the initial input of biogenic barite. 

4.6 Variation in the Accumulation of Biogenic Barite and Scavenged 

Aluminium across Marine Oxygen Isotope Stages 5 to 10 

Estimates of the variation in the accumulation rate of biogenic barite and scavenged A1 

(Alscav), across the near-axis region of the EXCO study site are presented in Figure 4.7 

and Table 4.5. The data are presented with respect to time over MOIS 5 to 10, where 

the sediment age model is as presented in Chapter 3, Section 3.10. Also shown for 

comparison in Figure 4.7 are the accumulation rates of the bulk sediment, calcium 

carbonate, hydrothermal plume material and detrital material. The barite content of the 

sediment was determined from Babio2. As discussed above, due to the high probability 

of post depositional sink switching it is difficult to determine Alscav from either a 

partitioning approach or the sequential extraction data. Nevertheless, reasonable limits 

on Alscav can be established. Firstly, it is assumed that Alscav is equal to Al^: 

Alscav Alex Albulk Aljet [4.12] 
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The lower limit on Alscav is then given by the upper limit on the detrital Al/Ti ratio, 

(Al/Ti)det, as determined from the mean (Al/Ti)buik of the basal sediments; 

Alscav(low) Albuik ~ Tibulk*(Al/Ti)£jet(high) 13] 

(Al/Ti)det(high) = [(Al/Ti)Ei2#io + (Al/Ti)Ei2# 11 + (Al/Ti)Ei2#i2] / 3 = 7.0 [4.14] 

Similarly, the upper limit on Alscav is given by the lower limit on (Al/Ti)det, as 

determined from (Ai/Ti)REs: 

Alscav(high) Alŷ n^ Tibulk*(Al/Ti)det(low) [4 15] 

(Al/Ti)de,(iow) = (Al/Ti)REs [4.16] 

It can be seen that the accumulation of biogenic barite in the EXCO sediments co-varies 

with that of calcite, with coincident minima and maxima throughout the sediment 

record. This covariance supports the hypothesis that shifts in the accumulation rate of 

calcite primarily reflect changes in surface water productivity, as opposed to variable 

preservation of calcite in the sediment column (Chapter 3, Section 3.10.3). The peaks 

in barite and calcite accumulation at 327 KaBP (MIOS 9), 194 KaBP (MIOS 7), and the 

slight increase at 116 KaBP (MIOS 5), are therefore interpreted to indicate enhanced 

export production from surface waters during interglacial periods. The higher 

accumulation rate of both barite and calcite at 327 KaBP with respect to 194 KaBP, and 

194 KaBP with respect to 116 KaBP, most likely reflects comparatively higher 

biological production focussed along the ridge axis with respect to more distal locations, 

where these horizons correspond to sediments deposited when the site was located at 

2.5km, 12.5km and 18.3km from the ridge axis respectively. The estimated variation in 

Alscav also shows the presence of two maxima at 194 KaBP and 327 KaBP, coincident 

with the maxima in biogenic barite and calcite. That there is an absence of a peak in 

Alscav at 228 KaBP, where a peak in the hydrothermal plume input is apparent, confirms 

that Alscav is primarily associated with the biogenic input. However it is noted that this 

dominant association may simply reflect a co-variance between scavenged A1 and the 

total particle flux (which is essentially controlled by the input of calcite). That 

examination of the variation in Alscav leads to the same conclusions as those based on 

variation in (Al/Ti)buik supports the range in values placed on Alscav, giving confidence 

that the true value of Alscav lies between the limits established here. 
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Figure 4.7: The accumulation of biogenic barite and scavenged aluminium over 

marine oxygen isotope stages 5 to 10,14°S on the East Pacific Rise. All data from 

core E12 sediments, 0.36Ma site. Grey vertical bars indicate glacial periods (even 

numbered isotope stages). 
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Table 4.5: Estimated accumulation rate of barite and scavenged aluminium in the near axis region of the EXCO study 
area, core E12, 0.36 Ma site. Sediment age model, distance from ridge axis, and the bulk sediment accumulation rate are as 
determined in Chapter 3. 

Sample ID Depth In Core 

(cmbsf) 

Age of 
Sediment 

(Ka) 

Distance from 
Ridge Axis 

(km) 

Babio2 

Scavenged A1 Sediment Accumulation Rates 

Sample ID Depth In Core 

(cmbsf) 

Age of 
Sediment 

(Ka) 

Distance from 
Ridge Axis 

(km) 

Babio2 
low high 

ngg'^ 

Bulk sediment 

(mgcm'^Ka"^) 

barite 

(ligcm'^Ka'^) 

Alscav(low) 

(ngcm'^Ka'^) 

Alscav(high) 

(ngcm'^Ka'^) 

E12#1 4 . 0 116 1 8 . 3 9 0 9 3 1 5 4 6 0 7 7 0 1 1 8 9 2 4 2 3 5 4 

E12#2 19 .0 127 17 .4 7 1 7 3 0 7 5 3 2 7 7 0 9 3 8 2 3 6 4 1 0 

E12#3 3 4 . 5 139 16 .6 7 0 4 3 5 2 5 2 4 711 8 5 0 2 5 0 3 7 3 

E12#4 6 3 . 5 161 14 .9 751 3 8 4 481 7 5 6 9 6 5 291 3 6 3 

E12#5 8 2 . 5 175 13 .8 8 4 9 3 2 5 4 3 4 7 8 6 1 1 3 3 2 5 6 341 

E12#6 1 1 8 . 5 194 12 .5 9 7 7 168 6 7 0 1 5 5 8 2 5 8 6 261 1 0 4 4 

E12#7 1 6 5 . 0 2 2 8 9 . 9 3 2 2 5 6 7 3 8 4 5 9 2 5 117 3 3 8 

E12#8 2 1 9 . 0 2 7 6 6.3 6 4 8 160 9 3 6 5 8 6 6 4 5 9 4 5 4 8 

E12#9 2 7 0 . 5 3 2 7 2 . 5 7 2 6 3 9 2 1 3 8 4 3 1 8 8 3931 1251 4 4 1 0 

E12#10 3 2 5 . 5 3 3 6 1 .8 211 -221 1151 3 0 9 9 1111 - 3 5 6 7 

E12#11 3 6 7 . 5 3 4 4 1 .2 124 2 5 5 2 1 5 0 1 7 6 9 3 7 4 4 5 1 3 8 0 4 

E12#12 4 0 5 . 0 3 5 4 0 . 5 3 5 7 1 5 3 0 1 8 8 0 10 1 0 6 2 8 7 6 
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4.7 Summary 

This study has demonstrated that excess barium (Baex) does not provide a reliable proxy 

for biogenic barite, where up to 100% of Baex may be associated with secondary phases 

such as calcium carbonate and hydrothermal plume derived Fe (hydr)oxides. In 

carbonate rich sediments, the Ba content of biogenic calcite (ca. 30-36 ppm) represents 

a significant input of particulate Ba. For example, in sediments with a 'typical' barite 

content of ~1 wt% on a carbonate free basis (cfb), a bulk sediment carbonate content of 

90 wt% would result in an error of - 5 % on the barite content determined from Baex-

However, the input of Ba in association with hydrothermal plume particles is of greater 

significance, and must be corrected for to ensure an accurate measure of barite is 

obtained. A sequential extraction of the sediments demonstrated that plume derived 

amorphous Fe (hydr)oxides are delivered to the sediment with a constant Ba/Fe ratio of 

0.0130±0.0010, corresponding to a plume Ba content of 0.46±0.04 wt% (using a plume 

Fe content of 35.5 wt%). Hydrothermal plume material is a major sedimentary 

component over a large area of the Pacific Ocean, accounting for in excess of 20 wt% of 

the non-carbonate material (Dymond, 1981). Thus in 'typical' Pacific Ocean sediments 

the inclusion of plume-Ba could result in an error in excess of 16% on the barite content 

estimated from Baex. Early diagenetic alteration of the plume derived phase modifies 

the distribution of Ba in the sediment column. As the amorphous Fe (hydr)oxides 

undergo transformation to more crystalline phases (e.g. goethite), Ba is rejected, leading 

to a decrease in the amount of Ba associated with the Fe (hydr)oxide phase as 

transformation progresses over time. The plume-Ba inventory of the sediment thus 

depends on both the initial input of hydrothermal plume material and the extent of 

alteration of that material. To enable the use of barite as a reliable proxy for paleo-

productivity, the input of Ba in association with the carbonate and hydrothermal phases 

must be accounted for. A potential solution to this problem is to carry out a sequential 

extraction that enables the separation of pure barite from the bulk sediment matrix. 

However, sequential extraction techniques are exceptionally labour intensive and thus 

do not provide an attractive method by which to obtain high-resolution down-core 

records. This study has demonstrated that in a well-characterised sediment column, a 

partitioning approach to the bulk sediment data, where all potential Ba sources are 

considered and corrected for, provides an accurate estimate of the barite content in 

excellent agreement with that obtained from a sequential extraction procedure. 
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Furthermore, the large shift in Ba/Sr ratios between the hydrothermal plume material 

(Ba/Sr (wt/wt) = 6.1±0.7) and barite (Ba/Sr (wt/wt) = 39.5±2.0) indicates that a dual 

tracer technique would also provide good results, where shifts in the sedimentary Ba/Sr 

ratio (corrected for past changes in seawater concentration) are attributed to shifts in the 

relative proportion of different sedimentary inputs. Due to the low Sr content of the 

plume derived material and barite with respect to calcium carbonate, such an approach 

could only be applied accurately to the non-carbonate component of the sediment. 

The accumulation rates of calcite and barite at 14°S on the east flank of the southern 

East Pacific Rise co-vary throughout MOIS 5 to 10, from which it was inferred that the 

observed variation in the accumulation rate of calcite primarily reflects changes in 

surface water productivity, as opposed to variable preservation of calcite in the sediment 

column. Two peaks in biogenic barite and calcite accumulation at 194 KaBP (MOIS 7) 

and 327 KaBP (MOIS 9) were therefore interpreted to indicate enhanced export 

production from surface waters during interglacial periods. 

This study has also demonstrated that up to -60% of the total A1 is not associated with 

the detrital input, but represents an additional input of scavenged seawater Al. A1 

should not therefore be employed as a tracer of the detrital input to oceanic sediments. 

A comparison of the input of scavenged Al to the input of calcite, barite, opaline silica, 

and excess iron, over MOIS 5 to 10 indicates that Al is delivered to the sediment 

column in association with both biogenic and hydrothermal plume fall-out material. 

Although a stronger relationship between scavenged Al and the biological parameters 

(with respect to the association with the plume input) is apparent in the data, this may 

simply reflect a co-variance between scavenged Al and the total particle flux (which is 

essentially controlled by the input of calcite). Given the difficulties in estimating the 

flux of scavenged Al (where the detrital correction introduces a high degree of 

uncertainty in sediments with a significant and/or variable detrital input), and that 

scavenged Al does not represent a specific tracer of the biological input, this study 

concludes that scavenged Al is unlikely to provide a reliable tracer of past oceanic 

productivity. However, it is noted that in oceanic regions where other particle inputs are 

known to be low and/or constant, a tracer of the total particle flux would equate to a 

tracer of the biogenic particle flux. 
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Chapter 5 

The EXCO sediments (III): 

Transformation of the hydrothermal plume fall-out material - divalent 

transition metal and oxyanion associations 

5.1 Aims 

This Chapter focuses on the composition and early diagenetic alteration of the 

hydrothermal plume precipitates deposited in the EXCO (EXchange between Crust and 

Ocean) study area at ~14°S on the east flank of the southern East Pacific Rise (SEPR). 

The specific aims of this Chapter are; (i) to identify the dominant mode(s) of alteration 

of hydrothermal plume precipitates during early diagenesis and to obtain estimates of 

the extent and rate of Fe (hydr)oxide alteration; (ii) to examine the sedimentary 

speciation of the divalent transition metals Cu^^, Zn^^, Ni^^, Co^^, and so determine if 

scavenging of seawater transition metals by hydrothermal plume precipitates represents 

a pennanent sink of these metals from the ocean; (iii) to examine the sedimentary 

speciation of the oxyanions HVO/", H P O / ' and HAsO/ ' , and so examine the use of 

scavenged oxyanions as tracers of past seawater composition. The implications for the 

relative importance of hydrothermal plume particulates as a permanent P sink within the 

context of the global oceanic P budget are also examined. 

5.2 Introduction 

Hydrothermal plume fall-out represents the dominant source of Fe and trace elements to 

SEPR sediments (Dymond, 1981). The scavenging of dissolved seawater species by 

hydrothermal particulate Fe is thought to be an important removal mechanism in the 

geochemical cycling of many trace elements (e.g. Trocine and Trefry, 1988; Trefry and 

Metz, 1989; Feely et al., 1990b, 1996; German et al., 1991b; Rudnicki and Elderfield, 

1993). In particular, investigations of particles collected from neutrally buoyant plumes 

indicate positive linear correlations of the oxyanions (e.g. P, V, Cr, As, U) with 

particulate Fe concentrations (Trefry and Metz, 1989; Feely et al., 1990a, b, 1994a, 

1996; German et al., 1991a, b; Metz and Trefry, 1993). Co-precipitation with Fe 

(hydr)oxides has also been observed for a number of divalent transition metals, 

including Mn, Cu, Zn, Ni and Co (Gerth, 1990; Ford et al., 1997, 1999; Martinez and 
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McBride, 1998; Savenko, 2001). Colloidal ferrihydrite (Fe(0H)3), the predominant Fe 

(hydr)oxide mineral formed in the plume (Campbell, 1991; Feely et al., 1994a) acts as 

a highly efficient sink for these metals due to its high specific surface area. Although 

co-precipitation of Mn with Fe (hydr)oxide can occur (Ford et al., 1997), this process is 

of secondary importance to the formation of distinct Mn (hydr)oxide phases (Savenko, 

2001). Amorphous and poorly crystalline Mn (hydr)oxides are thus also available to 

scavenge metals from the plume or entrained seawater. 

Plume particle element/Fe ratios should be recorded in the sediment column, if 

diagenetic processes are not acting to alter that ratio significantly (German et al., 1997; 

Feely et al., 1998; Schaller et al., 2000). However, redox reactions are known to exert a 

strong control on the chemical behaviour of the oxyanions, where under oxygen 

depleted conditions in the sediment column the initial oxyanion signature may not be 

preserved. Under oxygen depleted conditions soluble V(V) and U(VI) are made 

insoluble by reduction to the particle reactive V(IIl) and U(IV), leading to possible 

further enrichment of these elements in the sediment column (e.g. Emerson and 

Huested, 1991; Klinkhammer and Palmer, 1991). Conversely, remobilisation of P is 

common in mildly reducing hemipelagic sediments (Gieskes, 1983). Nevertheless, in 

oxidising plume derived MOR sediments with low amounts of organic matter, redox 

effects on oxyanion distributions should be minimal. 

The hydrothermal precipitates themselves are also subject to diagenetic alteration during 

ageing, both within the neutrally buoyant plume and following delivery and subsequent 

burial in the sediments. Ferrihydrite is metastable compared to goethite or haematite, 

and, under oxic conditions, will ultimately transform to these more crystalline phases 

(Cornell et al., 1989; Schwertmann & Taylor, 1989). Similarly, Mn (hydr)oxides may 

undergo cycles of dissolution and re-precipitation to form more crystalline phases. Fe 

(hydr)oxides can also undergo transformation to nontronitic clays within the sediment 

column, where the formation of nontronite at low temperatures requires the presence of 

reduced Fe(II) in solution (Harder, 1976) and appears to be inhibited in regions of 

carbonate accumulation (Cole, 1985). This latter transformation pathway should 

therefore be of minor importance in the oxic and carbonate rich EXCO sediments. 

Secondary crystalline minerals generally have a lower surface area than the 

corresponding primary amorphous phase, thus transformations of Fe and Mn 

119 



Hydrothermal Plume Material in the EXCO Sediments 

(hydr)oxides may lead to a reduction in the sorption capacity of the sediment and the 

release of sorbed metals to the solution phase. Indeed, rapid alteration of ferrihydrite to 

goethite has been cited as a potential mechanism to explain lower than expected 

oxyanion/Fe ratios in oxic SEPR sediments at 10°S (Schaller et al., 2000). However, 

laboratory experiments have demonstrated that divalent transition metals can become 

incorporated into the goethite structure by isomorphous substitution for Fê "̂  (Gerth 

1990). The alteration of hydrothermal plume precipitates may therefore result in a 

relatively permanent sink for transition metals where goethite dissolution becomes a 

prerequisite for metal release. 

This study focuses on the diagenetic alteration of the hydrotheraial plume material 

deposited in the EXCO sediments. As an extensive survey of hydrothermal plume 

composition across the super fast spreading section of the SEPR (corresponding directly 

to the EXCO study area) has been published (RIDGEFLUX; Feely et al., 1996), initial 

plume element/Fe ratios are well constrained. The lack of evidence for significant 

reductive remobilisation of Mn implies that the EXCO sediments are dominantly oxic 

(see Chapter 3), thus oxyanion distributions should not be affected by either reductive 

enrichment (V) or depletion (P). The oxic nature of these sediments in addition to the 

high carbonate content also suggests that transformation of ferrihydrite to nontronite is 

likely to be of minor importance with respect to the formation of goethite or haematite. 

The EXCO study site thus provides an excellent natural laboratory to investigate the 

role of metal oxides in controlling the distribution of oxyanions and divalent transition 

metals in the sediment column; where this study allows a bridging of the gap between 

laboratory experiments and studies conducted in more complex sedimentary 

environments. 

In this Chapter the potential pathways of Fe and Mn (hydr)oxide alteration are first 

discussed, dominant pathways of alteration are identified, the extent of alteration is 

examined, and preliminary data regarding the rate of transformation are presented. The 

behaviour of divalent transition metal species (Cu, Zn, Ni, Co) and the oxyanions (V, P, 

As) in the EXCO sediments are then examined, with particular emphasis on the role of 

metal oxide transformations in determining the fractionation of these species within the 

sediment and thus the extent of preservation of the initial plume element/Fe signal. 
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5,3 Results 

The bulk composition of the EXCO sediments has been presented and discussed in 

Chapter 3. Table 5.1a and b present a subset of data consisting of Fe, Mn, the transition 

metals (Zn, Cu, Ni, Co) and oxyanions (V, P, As) at the 0.36 and 1.9Ma sites 

respectively. These data are corrected for the detrital basaltic contribution and are 

expressed as excess element concentrations (Xex): 

Xex Xbulk Xdet [^'1] 

Where Xdet refers to the concentration of element X in the detrital phase expressed per g 

of bulk sediment, and is calculated from equation 3.7 (see Chapter 3, Section 3.8.2): 

Xdet = Tibulk*(X/Ti)basalt [3.7] 

Following the discussion in Chapter 3, Section 3.8, the element/Ti ratio in the basaltic 

debris is assumed to be equal to the mean ratio observed in altered bulk rock samples, 

dredged from the young ridge flank region (0-2.7Ma) of the EXCO study area (after 

data of Schramm et al., 2003). The ratios used here are presented in Row 1, Table 5.1. 

The corrected sequential extraction data are presented in Table 5.2. The sequential 

extraction scheme employed separated the sediment into four fractions; (1) carbonate 

and adsorbed or readily exchangeable species (CAE); (2) reducible 'amorphous' Mn 

and Fe (hydr)oxides (AM); (3) organic material (ORG); and (4) residual material 

including crystalline iron oxides (RES). For the purposes of the salt correction it was 

assumed that the porewater contribution was removed in the CAE fraction. For the 

purposes of the detrital correction it was assumed that all detrital material resides in the 

RES fraction. This assumption is supported by the Ti sequential extraction data, which 

demonstrate that Ti occurs almost exclusively in the RES fraction (Chapter 3, Section 

3.8). The RES fraction data are presented here as excess element concentrations: 

XRESBX = TiRES*(X/Ti)basalt [ 5 . 2 ] 

Where the (X/Ti)basai t values used are as stated in Table 5.1. 
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Table 5.1a: The basalt corrected concentrations of Fe, Mn, Cu, Zn, Ni, Co, V, P 

and As in the EXCO sediments at the 0.36Ma study site 

Sample cmbsf Feex Mnex CUex Zriex Niex COex Vex Pex ASex 

ID mg/g mg/g tig/g ^g/g ^g/g i^g/g mg/g ng/g 

basalt X/Ti 10.5 0.19 0.009 0.010 0.017 0.005 0.034 0.076 

E12#1 4.0 28 8 8.94 130 52.5 69.5 18.7 66.4 1.21 32.9 

E12#2 19.0 51.3 15.2 205 82.3 112 22.3 124 2.64 66.7 

E12#3 34.5 39.1 9.43 117 48.1 6&8 15.1 83.1 1.94 54.5 

E12#4 63.5 32.5 8.92 112 44.4 64.8 21.8 71.2 1.34 35.5 

E12#5 82.5 31.4 8.35 113 44.7 68.0 16.5 67.2 1.41 38.2 

E12#6 118.5 32.4 9.12 134 49.2 73.7 18.3 70.1 1.21 33.6 

E12#7 165.0 119 38.4 591 225 189 36.9 365 5.05 185 

E12#8 219.0 32.9 7.85 110 44.1 58.4 15.2 73.3 1.13 35.7 

E12#9 270.5 40.2 12.1 192 6&8 8&8 22.0 108 1.86 53.9 

E12#10 325.5 51.9 15.9 190 92.4 94.0 15.9 159 1.57 69.4 

E12#11 367.5 66.4 13.8 251 114 97.2 11.0 154 2.14 74.9 

E12#12 405.0 59.5 14.5 265 115 115 15.0 161 1.85 74.5 

E17#1 3.5 3&8 9.62 138 65.5 73.0 18.4 71.7 1.23 3 & 7 

E17#2 19.0 52.9 15.7 214 90.2 111 24.4 128 2.41 74.0 

E17#3 50.5 35.0 9.29 126 48.6 71.9 17.7 79.2 1.55 41.4 

E17#4 94.5 3&9 10.5 162 58.3 96.8 20.4 85.7 1.57 40.2 

E17#5 148.5 121 3&6 609 237 202 38.1 371 4.23 175 

E17#6 225.0 45.2 13.6 225 76.9 120 19.1 110 1.34 48.6 

E17#7 278.5 81.6 27.5 428 170 187 24.1 236 2.14 97.6 

E18#1 5.5 32.4 9.89 142 65.9 75.5 10.9 72.7 1.32 4 2 2 

E18#2 17.0 53.0 15.4 208 92.5 110 14.3 129 2.64 82.3 

E18#3 52.0 32.5 8.85 111 51.7 6&2 8.9 70.3 1.31 42.0 

E18#4 90.5 40.3 10.2 155 6 2 6 8&3 11.7 86.5 1.66 49.2 

E18#5 141.0 108 34.0 537 209 194 29.6 314 4.28 160 

E18#6 180.0 41.1 8.83 123 59.5 67.6 9.4 94.6 1.95 56.2 

E18#7 237.0 52.2 16.9 257 96.6 136 13.1 144 2.51 78.0 

E19#1 11.0 31.4 9.71 140 62.1 75.5 13.7 72.9 1.30 36.7 
E19#2 26.5 49.4 13.9 182 82.3 104 15.3 115 2.26 69.6 

E19#3 54.5 32.1 8.66 112 41.7 66.0 11.3 67.1 1.03 27.3 

E19#4 100.5 29.9 8.42 125 43.8 70.2 11.0 62.7 0.81 27.2 
E19#5 143.5 119 38.2 622 234 245 34.9 350 2.69 140 

E19#6 211.5 41.1 10.0 154 62.8 78.4 11.0 78.9 1.21 38.6 

E19#7 237.0 48.3 15.8 242 83.7 128 14.4 123 1.52 51.5 

E19#8 299.5 61.2 17.0 220 99.8 97.4 15.9 165 1.72 71.5 
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Table 5.1b: The basalt corrected concentrations of Fe, Mn, Cu, Zn, Ni, Co, V, P 

and As in the EXCO sediments at the 1.9 Ma study site. 

Sample cmbsf 
ID 

fee mne CUe Zne NU COe ASe 
mg/g mg/g ng/g ng/g fig/g ng/g pg/g mg/g pg/g 

basalt X/Ti 10.5 0.19 0.009 0.010 0.017 0.005 0.034 0.076 

E20#1 
E20#2 
E20#3 
E20#4 
E20#5 
E20#6 
E20#7 
E20#8 
E20#9 
E20#10 
E20#11 
E20#12 

E10#1 
E10#2 
E10#3 
E10#4 
E10#5 
E10#6 
E10#7 
E10#8 
E10#9 
E10#10 
E10#11 
E10#12 

E24#1 
E24#2 
E24#3 
E24#4 
E24#5 
E24#6 
E24#7 
E24#8 
E24#12 

4.5 
19.0 
38.5 
82.5 

142.5 
186.5 
248.5 
322.5 
415.0 
446.0 
520.5 
553.5 

7.0 
19.5 
59.5 

101.5 
145.0 
202.5 
248.0 
308.5 
401.0 
452.5 
503.0 
546.5 

2.5 
14.5 
42.5 
85.5 

133.5 
186.5 
256.5 
318.5 
545.5 

8.42 
9.69 
17.9 
9.59 
16.6 
20.0 

28.6 

19.9 
38.1 
33.8 
45.0 
37.6 

6.36 
7.64 
6.27 
7.42 
22.0 

21.1 
16.8 
20.1 
31.8 
33.0 
21.8 
27.4 

8.25 
13.9 
5.87 
8.44 
17.0 
20.9 
17.0 
20.4 
29.4 

2.85 
3.36 
5.93 
3.37 
5.38 
6.44 
8.40 
6.49 
13.7 
123 
15.8 
11.5 

2.17 
2.74 
2.11 
2.78 
6.93 
6.36 
5.05 
7.76 
11.3 
11.9 
8.22 
10.1 

2.83 
4.78 
1.86 
2.90 
5.64 
10.2 
6.83 
8.59 
10.1 

52.5 
58.5 
89.2 
59.8 
87.1 
97.9 
132 
101 
161 
154 
206 
123 

41.7 
49.5 
34.5 
50.9 
104 
9&8 
69.7 
101 
125 
137 
101 
140 

52.3 
72.7 
32.9 
51.3 
89.0 
92.3 
73.6 
96.4 
126 

21.3 
2&3 
40.4 
22.7 
33.7 
37.8 
51.8 
60.7 
66.2 
64.2 
81.8 
63.7 

31.8 
23.9 
15.6 
19.2 
4&8 
39.4 
37.5 
41.0 
56.5 
58.0 
42.1 
49.6 

3&2 
35.1 
16.1 
25.5 
36.5 
48.1 
36.0 
40.8 
52.7 

30.7 
33 

48.7 
33.1 
49.6 
57.8 
67.0 
52.7 
92.7 
89.8 
117.4 
84.6 

27.7 
27.2 
19.9 
30.5 
60.6 
56.8 
48.3 
65.0 
85.4 
85.0 
70.2 
76.7 

2&9 
38.2 
19.8 
29.5 
60.4 
64.7 
51.2 
55.9 
65.9 

12.6 
13.7 
13.3 
11.9 
11.5 
13.0 
12.4 
10.0 
12.1 
12.8 
24.0 
12.8 

9.70 
10.1 
7,60 
9.38 
12.8 
10.8 
7.36 
9.27 
10.0 
9.49 
8.48 
&26 

21.3 

17.4 
14.3 
13.2 
14.4 
11.2 
11.7 
11.1 

16.9 
20.4 
45.2 
20.0 
36.9 
37.9 
58.3 
47.0 
106 
93.4 
117 
93.5 

11.6 
14.0 
11.1 
13.7 
45.5 
43.5 
36.2 
47.7 
84.2 
88.2 
52.0 
75.4 

16.8 
30.5 
10.0 
15.7 
34.5 
43.8 
36.6 
47.1 
66.5 

0.44 
0.44 
0.58 
0.47 
0.56 
0.69 
0.79 
0.73 
1.06 
1.06 
1.23 
1.27 

0.36 
0.38 
0.35 
0.38 
0.68 
0.68 
0.55 
0.74 
1.07 
0.94 
0.72 
0.82 

0.41 
0.53 
0.38 
0.43 
0.68 

0.73 
0.60 
0.77 
0.93 

6.79 
9.08 
14.8 
9.35 
14.7 
16.2 
23.3 
24.1 
47.6 
37.8 
52.7 
41.1 

4.94 
6.20 
2.89 
4.23 
17.1 
18.0 
15.4 
21.3 
36.0 
37.4 
24.6 
31.7 

5.61 
9.13 
3.96 
5.88 
13.3 
19.3 
14.0 
21.4 
28.1 

123 



Table 5.2: Sequential extraction data for Fe, Mn, Cu, Zn, Ni, Co, V and P, core E12, 0.36Ma site 

Fe M n 

Sample depth CAE AM ORG RESex SUM CAE AM ORG RESex SUM 

cm mg/g (%SUM) mg/g (%SUM) mg/g (%SUM) mg/g (%SUM) mg/g (%Feex) mg/g (%SUM) mg/g (%SUM) mg/g (%SUM) mg/g (%SUM) mg/g (%Mnex) 

E12#1 4.0 4.7 (16) 18.5 0.1 (0) 5.7 29.0 (101) 0.17 (2) 8.9 0.02 (0) 0.01 (0) 9.1 (101) 

E12#2 19.0 5.7 (11) 28.0 (55) 0.0 (0) 16.8 50.5 0.13 (1) 14.6 0.03 (0) 0.04 (0) 14.8 
E12#3 34.5 3,1 (8) 20.6 (54) 0.1 (0) 14.2 38.1 0.11 (1) 9.1 f98; 0.04 (0) 0.03 (0) 9.2 
E12#4 63.5 2.3 (7) 16.0 (51) 0.0 (0) 13.3 31.6 rsT) 0.14 (2) 8.0 0.02 (0) 0.02 (0) 8.2 
E12#5 82.5 1.8 0.1 12.4 0.09 0.03 0.02 
E12#6 118.5 1.7 (6) 14.9 0.0 (0) 14.4 31.0 0.10 (1) 8.2 0.02 (0) 0.01 (0) 8.3 (91) 

E12#7 165.0 2.5 (2) 41.5 0.1 (0) 80.3 124 0.09 (0) 36.8 f99; 0.19 (1) 0.14 (0) 37.2 
E12#9 270.5 1.9 (5) 16.9 0.0 (0) 21.1 (53) 39.9 (99; 0.12 (1) 11.9 0.07 (1) 0.00 (0) 12.0 
E12#12 405.0 1.5 0.2 36.6 0.09 0.12 0.00 

I 
i 

I 

f 

1 
I 

C u Zn 

Sample depth CAE AM ORG RESex SUM CAE AM ORG RESex SUM 

cm M9/g (%SUM) ng/g (%SUM) ^g'g (%SUM) ^g/g (%SUM) ng/g (%CUex) ng/g (%SUM) pg'g (%SUM) ng/g (%SUM) ng/g (%SUM) jig'g (%Zn,x) 

E12#1 4.0 71.3 (56) 45.7 (36) 2.7 (2) 7.7 (6) 127 (98) 36.7 (69) 10.7 (20; 0.6 (1) 5.0 (9) 53.0 (101) 
E12#2 19.0 93.6 (47) 84.9 (43) 3.2 (2) 17.7 (9) 199 f97) 44.3 (51) 33.1 0.8 (1) 9.2 (11) 87.4 (106) 

E12#3 34.5 46.7 (41) 45.9 (40) 2.6 (2) 18.3 (16) 113 (97) 23.1 14.1 (29; 1.7 (3) 9.8 (2o; 48.6 (101) 
E12#4 63.5 43.6 (41) 35.5 1.2 (1) 26.0 (24) 106 (95) 26.2 (49; 11.1 (21) 5.2 (10) 11.3 (21) 53.7 (121) 

E12#5 82.5 39.3 1.8 27.3 20.9 0.8 14.0 
E12#6 118.5 45.9 (36) 39.8 (31) 0.7 (1) 40.5 p z ; 127 (95) 20.8 24.0 (39; 1.9 (3) 14.4 (24) 61.1 (f24; 
E12#7 165.0 110 (19) 190 12.3 (2) 264 (46) 576 f97) 65.7 (27) 88.1 (36; 5.8 (2) 84.8 (35) 244 (109) 

E12#9 270.5 53.5 (30) 55.2 (31) 2.9 (2) 68.1 (38) 180 28.5 (40) 15.1 (21) 3.4 (5) 24.9 (35) 71.9 (103) 

E12#12 405.0 43.3 5.4 121 26.1 3.9 54.4 

n) 
4̂  
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Hydrothermal Plume Material in the EXCO Sediments 

5.4 Transformations of the Plume Derived Fe and Mn (hydr)oxides 

Given the absence of major sulphide and sulphate phases and the relative constancy of 

the Fe/Mn ratio (see Chapter 3) it is reasonable to infer that the hydrothermal 

precipitates in the EXCO sediments represent fall-out from an aged neutrally buoyant 

plume. The dominant mineral phases delivered to the sediments are therefore fully 

hydrated amorphous Fe and Mn (hydr)oxides (e.g. ferrihydrite, lOA manganate), 

although the presence of minor fine-grained sulphide and sulphate phases cannot be 

ruled out. The amorphous Fe and Mn (hydr)oxides are subject to ageing and 

transformation both in the plume and following delivery and subsequent burial in the 

sediment column. Visual inspection under the light microscope, SEM imaging and 

XRD analysis allowed identification of a variety of Fe and Mn (hydr)oxide phases 

present in the sediment (see Chapter 3); 

(i) Amorphous Fe and Mn (hydr)oxides occurring as fine grained discrete particles 

and coatings on foraminifera. 

(ii) Combined ferromanganese phases such as mixed colloidal aggregates, 

infilling of foraminiferal tests, and micro-nodules (<500 jim in diameter). 

(iii) Discrete masses of black Mn (hydr)oxides with no obvious associated Fe. 

(iv) Discrete masses of goethite. 

(v) Minor haematite. 

A schematic diagram illustrating the probable pathways of Fe and Mn (hydr)oxide 

transfonnation based on these observations and current geochemical understanding is 

presented in Figure 5.1. In general, the presence of the various Fe and Mn (hydr)oxide 

phases suggests that early diagenetic alteration of plume material deposited in the 

EXCO sediments is dominated by the transformation of metal (hydr)oxides towards 

structures of higher crystalline orders (i.e. dehydration). The formation of 

ferromanganese phases may occur either through direct transfonnation of amorphous Fe 

and Mn (hydr)oxides that occur in close physical association (i.e. coagulation of 

colloidal aggregates; Halbach et al., 1981) and/or via dissolution and crystallisation 

from the dissolved pool. The coagulation of colloidal particles most likely results in an 

intimate association of hydrous manganates and Fe (hydr)oxides such as ferrihydrite 

(Halbach et al., 1981). Phases formed via precipitation from the dissolved pool may 
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Hydrothermal Plume Material in the EXCO Sediments 

contain akageneite, P-FeO(OH), as the dominant Fe (hydr)oxide (c.f. macronodules; 

Johnston and Glasby, 1982). Alternatively, they may consist of a randomly stacked Fe-

bearing SMnOi mineral. It is unknown whether the ferromanganese concretions 

undergo further alteration to discrete Fe and Mn (hydr)oxide phases. The 

transformation of the Mn (hydr)oxides most likely follows the dehydration sequence 

lOA manganate -> 7A manganate -> SMnOa. For the discrete Fe (hydr)oxide phases, 

the transformation of ferrihydrite to goethite involves dissolution and reprecipitation 

and thus occurs via the dissolved pool, whereas the pathway to haematite formation 

appears to involve internal atomic rearrangement with less dependence on a dissolution 

step (Schwertmann and Murad, 1983). It is assumed here that direct precipitation of 

haematite from the dissolved pool does not occur. 

CRYSTALLINE 
Fe O 

Haematite; Fe20, 

P L U M E INPUT 

AMORPHOUS 
Fe & Mn O.OH 

Ferrihydrite; Fe(OH)} 
Manganates; lOA 

FERROMANGANESE 
PHASES 

Ferrihydrite; FefOH)^ 
Akageneite; P-FeO(OH) 

Manganates; 10A,7A,SMi02 

CRYSTALLINE 
Fe O.OH 

Goethite; FeO(OH) 

MANGANATES 

Manganates; VA.SMnO^ 

Figure 5.1: Potential transformation pathways of Fe and Mn (hydr)oxides in the 

sediment column. 
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5.4.1 Identification of the dominant Fe (hydr)oxide alteration path}vay(s) 

The dominant alteration pathway(s) of the plume derived Fe (hydr)oxides has been 

investigated through examination of the sequential extraction data from core El 2. A 

comparison of the bulk sediment Xex for Fe and Mn and the sum of the detrital corrected 

sequential extraction fractions shows reasonable agreement, with X S U M falling within 

96-104% of Fcex and 91-101% of Mnex respectively (Table 5.2). The generally lower 

recovery of Mn suggests that the low X S U M observed in samples E12#4 and E12#6 is a 

result of sample loss due to the effervescence and spitting observed during the drying 

down of the AM fraction, where this problem caused the loss of all AM material from 

samples E12#5 and E12#12 (see Chapter 2, Section 2.3.3). Given the excellent 

agreement between XEX and X S U M in the remaining samples, X A M was therefore 

determined by difference; 

X A M = XEX - ( X C A E + X Q R G + XRESBX) [ 5 . 3 ] 

The revised data are presented in Table 5.3 and Figure 5.2 (Fe only). Mn occurs almost 

exclusively in the AM fraction (98-99%), whilst a significant amount of Fe is present in 

all fractions, with the exception of FCORG which accounts for less than 0.5% of total Fe. 

FecAE decreases from ~16% of total Fe in surface sediments to - 3 % in the base of the 

core. Similarly, FCAM decreases from -63% at the surface to -35% in the basal sample, 

whereas FcRESex increases down-core, from -20% at the surface to -62% at the base. 

Given the close physical association of carbonate and Fe (hydr)oxides in the EXCO 

sediments (extensive staining of foraminiferal tests), some removal of Fe within the 

CAE fraction was expected. However, Fccae does not correlate to CaCOs (wt%), nor 

does it appear to vary as a function of the extent of Fe-staining (generally increasing 

down-core). Fccae is therefore inferred to represent the most reactive portion of 

amorphous Fe in the sediments, which is likely to consist of colloidal ferrihydrite. That 

FecAE follows the same trend as FBAM (amorphous Fe (hydr)oxides, including 

ferromanganese Fe), and decreases down-core supports this hypothesis. 

That dissolution of the easily reducible amorphous species was complete in the AM 

leach is confirmed by the low Mn contents in the residual material (<1% of M U S U M ) . 

However a significant proportion of the plume derived Fe was not removed in this step. 
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Table 5.3: Sequential extraction data for Fe and Mn (AM fraction determined by 

difference). CAE = carbonate, adsorbed and exchangeable; AM = amorphous acid 

reducible; ORG = organic; RES = residual 

S a m p l e d e p t h FecAE FeAM FeoRG FeRES(ex) Feex 

cm mg/g (%Feex) mg/g (%Feex) mg/g ("/oFeex mg/g (%Feex) mg/g 

E12#1 4.0 4.7 (16) 18.3 (63) 0.13 (0) 5.7 (20) 28.8 

E12#2 19.0 5.7 (11) 28.8 (56) 0.04 (0) 16.8 (33) 51.3 

E 1 2 # 3 34.5 3.1 (8) 21.6 (55) 0.12 (0) 14.2 (36) 39.1 

E 1 2 # 4 63.5 2.3 (7) 16.9 (52) 0.05 (0) 13.3 (41) 32.5 

E 1 2 # 5 82.5 1.8 (6) 17.2 (55) 0.07 (0) 12.4 (39) 31.4 

E 1 2 # 6 118.5 1.7 (5) 16.3 (50) 0.01 (0) 14.4 (44) 32.4 

E 1 2 # 7 165.0 2.5 (2) 36.1 (30) 0.13 (0) 80.3 (67) 119.1 

E12#9 270.5 1.9 (5) 17.2 (43) 0,04 (0) 21.1 (52) 40.2 

E 1 2 # 1 2 405.0 1.5 (3) 21.1 (36) 0.16 (0) 36.6 (62) 59.5 

S a m p l e d e p t h MNCAE MPAM WlnoRG MnRES(ex) MPex 

cm mg/g (%Mnex) mg/g (%Mnex) mg/g (%Mnex mg/g (%Mnex) mg/g 

E12#1 4.0 0.2 (2) 8.7 (98) 0.02 (0) 0.01 (0) 8.9 

E 1 2 # 2 19.0 0.1 (1) 15.0 (99) 0.03 (0) 0.04 (0) 15.2 

E 1 2 # 3 34.5 0.1 (1) 9.3 (98) 0.04 (0) 0.03 (0) 9.4 

E 1 2 # 4 63.5 0.1 (2) 8.7 (98) 0.02 (0) 0.02 (0) 8.9 

E 1 2 # 5 82.5 0.1 (1) 8.2 (98) 0.03 (0) 0.02 (0) 8.3 

E 1 2 # 6 118.5 0.1 (1) 9.0 (99) 0.02 (0) 0.01 (0) 9.1 

E 1 2 # 7 165.0 0.1 (0) 38.0 (99) 0.19 (0) 0.14 (0) 38.4 

E 1 2 # 9 270.5 0.1 (1) 11.9 (98) 0.07 (1) 0.00 (0) 12.1 

E 1 2 # 1 2 405.0 0.1 (1) 14.3 (99) 0.12 (1) 0.00 (0) 14.5 

% 100 (A 
£l 
E 
u 
® 200 
o 
o 
c 
x: 300 
q. 
a> 
q 

400 

0 20 40 60 

% of Fe__ 

• CAE 
O AM 
• ORG 
• RES 

Figure 5.2: The down-core fractionation of Fcex in core E12, 0.36Ma site, as 

determined from a sequential extraction of the sediments. 
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The total amounts of Fe and Mn in sample E12#7 (the most hydrothermal sample) are 

2,2 and 0.7 mmolg"' respectively. Given that 0.75g of sample were used in the 

sequential extraction procedure, 2.7 mmol of electrons would be required for complete 

reduction of Fe^^ to Fe^^ and Mn"̂ ^ to Mn^^. As 15ml of IM hydroxylamine 

hydrochloride were used in this step, the reducing agent was present in excess by a 

factor of 5-6 in even the most Fe rich sample. These data therefore confirm that a 

significant proportion of the plume derived Fe has been transformed to more resistant 

phases such as goethite, haematite, or clay minerals which are not soluble in 

hydroxylamine hydrochloride (Buser and Grutter, 1956). 

Thermal ageing is known to promote the t ransfora t ion of ferrihydrite to goethite or 

haematite (e.g. Martinez and McBride, 1998); thus the sample pre-treatment (drying at 

50°C for 2 days) may have altered the natural distribution of Fe between amorphous 

(FCAM) and crystalline phases (FBRES)- Nevertheless, samples from a sediment core for 

which chemical data were not obtained were air dried at room temperature, where 

examination under the light microscope confirmed the presence of all phases described 

above. As the pre-treatment for all samples subjected to chemical analysis was 

identical, any trend deviating away from a uniform % alteration are likely to be due to 

ageing experienced in the sediment column. That FCRES shows a significant increase 

down-core therefore suggests that the RES fraction is dominated by phases formed in 

the sediment column, rather than during sample pre-treatment. 

The XRD patterns obtained from the RES fraction showed the presence of goethite and 

a general increase in the relative abundance of goethite with depth at the 0.36Ma site 

(see Chapter 3, Figure 3.5). Although minor haematite was observed under the light 

microscope, it was not seen in the XRD patterns, confirming that the abundance of 

haematite in the EXCO sediments is low in comparison to that of goethite (< - 1 % of the 

total crystalline Fe (hydr)oxide). The XRD patterns also indicate the presence of a 

minor clay component, however the clay peaks are generally small or absent except in 

samples 9 and 12, which are known to have a high detrital content. Furthermore, the 

XRD pattern of the most hydrothermal rich sample (E12#7), where the plume Fe 

content is at a maximum and the ratio of detrital to hydrothermal material is at a 

minimum, shows no evidence for the presence of a clay mineral. It is therefore 

concluded that the alteration of Fe (hydr)oxides in the EXCO sediments is dominated by 
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transformation of ferrihydrite to goethite, where the formation of haematite and 

nontronite are of minor significance in comparison to this reaction pathway. 

The high proportion of goethite with respect to haematite observed in this study 

warrants further discussion. Laboratory experiments on the alteration of ferrihydrite 

have shown a strong product dependence on the reaction pH, where haematite is the 

dominant alteration product (haematite / haematite+goethite > 0.5) over the pH range 6-

9 (Schwertmann and Murad, 1983). In the EXCO sediments, the pH of the interstitial 

porewaters lies within this range (7.6-7.8; Mike Mottl, pers. comm.), thus the presence 

of goethite as the major alteration product (haematite / haematite+goethite <0.01) 

suggests that haematite formation is strongly retarded. It is therefore hypothesised that 

some mechanism acts to either inhibit structural rearrangement of ferrihydrite 

(Mechanism A) and/or to promote dissolution of ferrihydrite (Mechanism B); where 

either process would lead to the dominant fonnation of goethite. 

Mechanism A could reflect a purely inorganic process, whereby adsorbed species 

scavenged from seawater during plume dispersal inhibit the structural rearrangement of 

ferrihydrite to haematite. Alternatively, if the alteration of Fe (hydr)oxides were driven 

by bacterial mediated dissimilatory Fe reduction (DFR), this would result in the 

dissolution of bioavailable amorphous Fe and thus promote the formation of goethite 

via Mechanism B. However, DFR occurs under suboxic conditions and leads to the 

production of Fê "̂  (Glasauer et al., 2003). Mechanism B would therefore be expected 

to lead to the separation of Fe and Mn in the sediment column and promote the 

formation of nontronite (see Chapter 3 Section 3.9.2 and Section 5.2 above). Although 

the constancy of the Fegx/Mnex ratio implies a dominantly oxic environment, DFR could 

feasibly occur in reducing micro-environments within the sediment column. Given the 

dominantly oxic conditions, the dissolved Fe^^ (and Mn^^) would be expected to diffuse 

along concentration gradients and re-precipitate as Fê "̂  (and Mn"*"̂ ) on contact with 

oxygen bearing porewaters, resulting in only small scale separation of Fe and Mn as is 

observed in the EXCO sediments (see Chapter 3, Section 3.9.2). A minor clay 

component, which may represent diagenetic nontronite, is also observed in the sediment 

column (Chapter 3, Section 3.8.1), where the lack of large scale nontronite formation 

could be explained by both the micro-environment hypothesis and the high carbonate 

content of the sediments, which is thought to retard nontronite formation (Cole, 1985). 
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5.4.2 The extent and rate of alteration ofplume derived Fe (hydr)oxides 

A measure of the extent of Fe (hydr)oxide transformation (T) can be obtained from the 

ratio of goethite Fe (Fegoet) to X-ray amorphous Fe (Feamorph), where for the purposes of 

this estimate it is assumed that all basalt corrected Feptes can be attributed to Fcgoet and 

that Feamorph IS cqual to the sum of FCCAE and FEAW." 

T Fegoet/FCamorph F6REs/Fe(CAE+AM) l^"^] 

The results of this calculation are shown in Table 5.4 and the observed down-core trend 

is illustrated in Figure 5.3. The results give a range in T values of 0.3 to 2.1 for the 

EXCO sediments at the 0.36Ma site, where the extent of transfonnation shows a general 

increase with depth in the sediment column, with a significant peak in the most 

hydrothermal layer at 165 cmbsf. 

Determining the rate of transfonnation of Fe (hydr)oxides in the EXCO sediments from 

this data set is problematic due to the large range in Fcex, the uncertainty in the estimates 

of T derived from the sequential extraction data, and the inherent complexity of natural 

systems. Nevertheless, the relative simplicity of the EXCO sedimentary system allows 

some preliminary observations to be made. In particular, although the extent of Fe 

(hydr)oxide alteration shows a general increase down-core, that the highest T ratio 

occurs in the hydrothermal rich horizon suggests that the transformation rate may have a 

pseudo second order dependency on the Fe (hydr)oxide concentration. This hypothesis 

is presented based on a reduction of this complex system to the simplest case scenario. 

Firstly, it is assumed that Fe (hydr)oxide alteration can be approximated by a single 

irreversible reaction with rate constant k: 

Amorphous Fe -> Goethite 

k [5.5] 

A ^ G 

Where for each sample: 

At time t = 0: Aq = Fcex [5.6] 

At time t: A t = FCamoiph = Fe(CAE+AM) [5.7] 

Gt = Fcgoet = FeREs [5.8] 
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Table 5.4: Estimated T values (ratio of goethite to X-ray amorphous Fe) for 

sediments from core E12, 0.36Ma site. 

Sample Depth Age Feex Feamorph Fegoet T 
ID cmbsf Ka mg/g mg/g mg/g 

E12#1 4.0 116 28.8 23.0 5.7 0.3 
E12#2 19.0 127 51.3 34.5 16.8 0.5 
E12#3 34.5 139 39.1 24.7 14.2 0.6 
E12#4 63.5 161 32.5 19.2 13.3 0.7 
E12#5 82.5 175 31.4 19.0 12.4 0.6 
E12#6 118.5 194 32.4 18.0 14.4 0.8 
E12#7 165.0 228 119 38.7 80.3 2.1 
E12#9 270.5 327 40.2 19.1 21.1 1.1 
E12#12 405.0 354 59.5 22.7 36.6 1.6 
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Figure 5.3: Down-core variation in the estimated extent of alteration of Fe 

(hydr)oxides (T) in core E12, 0.36Ma site: (a) vertical axis = depth in core (b) 

vertical axis = age of sediment derived from stratigraphy for core E12 (see 

Chapter 3, Section 3.4.4). 
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Gt/At = T [5.9] 

The value of t for each sample is the time since deposition (age of sediment) determined 

from the S'^O stratigraphy for core E12 (see Chapter 3, Section 3.4.4). First and second 

order kinetic control on the rate of Fe (hydr)oxide transformation are then considered. 

Under first order kinetic control the rate of change in A is described by: 

dA/dt = -k*A [5.10] 

Where integrating equation 5.10 gives the concentration of A and G at time t; 

At = Aoe'"̂ ' [5.11] 

Gt = Ao — At [5.12] 

And combining equations 5.11 and 5.12 gives the ratio T: 

T = (1 - e'"') / e-"̂ ' [5.13] 

Thus under first order control, T is dependent on t and k, but does not vary with the 

value of Ao. First order kinetics cannot therefore explain the observed peak in T at mid-

depth in the sediment column. 

Under second order kinetic control the rate of change in A is described by: 

dA/dt = -k*[A]^ [5.14] 

Where integrating equation 5.14 gives the concentration of A and G at time t: 

At = Ao / ( l+k* t*Ao) [5.15] 

Gt — Ao — At [5.16] 

And combining equations 5.15 and 5.16 gives the ratio T: 

T = k*t*Ao [5.17] 

Thus under second order control the ratio T is dependent on t, k and Aq, where at a 

given point in time T scales in direct proportion to Ao. In this case, a plot of T against 

t*Feex should give a straight line with slope k. 
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Figure 5.4 shows a plot of estimated T versus time*Feex for the samples from core E12. 

A type II linear regression through the data gives an excellent fit (R=0.98), supporting 

the hypothesis that the in-situ alteration of ferrihydrite to goethite is governed by pseudo 

second order rate characteristics. Interestingly, this result is in direct contrast to 

laboratory data which show a first order reaction for the transformation of ferrihydrite to 

goethite (e.g. Schwertmann and Murad, 1983). This first order reaction reflects the 

inorganic alteration of ferrihydrite in aqueous suspension, thus if the in-situ alteration of 

Fe (hydr)oxides in the EXCO sediments is dominated by an inorganic process (i.e. 

Mechanism A), then the apparent second order dependency observed in this study may 

result from the profound difference in the physical environment of alteration between Fe 

(hydr)oxide in suspension and Fe (hydr)oxide in the sediment column; where the 

physical properties of the sediment which define the alteration environment (e.g. 

porosity) are in turn dependent on the Fe (hydr)oxide content of the sediment. 

Alternatively, if the rate of Fe (hydr)oxide alteration is controlled by dissimilatory Fe 

reduction (Mechanism B), then the rate of alteration would reflect this bacterially 

mediated pathway and would not be expected to be comparable to the laboratory data. 

10 15 20 

time*Fe„„ 

Figure 5.4: The dependence of the extent of Fe (hydr)oxide transformation (T) on 

the time since deposition (Ma) and the total excess Fe (hydr)oxide content (mgg'^) 

of the sediment. 
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5.5 Divalent Transition Metals in the EXCO sediments: Cu, Zn, Ni and Co 

In this Section, the dominant inputs of the divalent transition metals (TM) Cu^% Zn^^, 

Ni^^ and Co^^, to the EXCO sediments are first identified through examination of the 

bulk sediment data. A more detailed examination of the TM phase associations, and the 

impact of early diagenesis on the sedimentary speciation of these metals, is then made 

through examination of the sequential extraction data (Section 5.6). Representative 

down-core profiles of bulk sediment TMex for the 0.36 and 1.9Ma sites are shown in 

Figures 5.5 and 5.6. Figure 5.7 shows TMex plotted against Feex and Mnex for both 

study sites. The TMex/FCex ratios obtained from type II linear regressions of the data 

(independent x and y variables), and the mean of the hydrothermal rich samples (E12#7, 

E17#5 and E19#5), the 0.36Ma site and the 1.9Ma site are given in Table 5.5. Also 

shown is the hydrothermal end-member for the SEPR reported by Dymond (1981). The 

down-core profiles of Cuex, Znex and Niex closely resemble those of Feex (and thus 

Muex), showing the presence of two distinct peaks at 15-30 and 140-170 cmbsf at the 

0.36Ma site, and a general increase down-core at the 1.9Ma site. Although Coex 

concentrations are generally low and display an almost linear profile at the 1.9Ma site, 

the down-core profile at the 0.36Ma site clearly shows the presence of a peak at 140-

170cm. These trends are discussed below. 

5.5.1 Copper and Zinc 

Both Cuex and Znex display a linear relationship with Fcex and Mnex (Figure 5.7), where 

a good agreement is seen between different estimates of the CUex/FCex and Znex/Fcex 

ratios and the hydrothermal end-member of Dymond (1981) (see Table 5.5), implying a 

strong and constant association of these elements with the hydrothennal plume material. 

Cu and Zn are enriched in hydrothermal fluids with respect to seawater and are 

chalcophile elements that show a primary association with the sulphide phases that 

precipitate within the first few seconds following injection of the hydrothennal fluid 

into ambient bottom water (Feely et al., 1992). If Cu and Zn were delivered to the 

EXCO sediments as sulphides, the Cu and Zn contents of the most hydrothermal 

samples would imply a minor bulk sediment sulphide content of O.I8wt% chalcopyrite 

(CuFeS2) and 0.03wt% sphalerite (ZnS), corresponding to a plume fall-out content of 

ca. 0.52wt% and 0.10wt% respectively. However, the sulphide minerals that carry Cu 
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Table 5,5: The ratios of the transition metals Cu, Zn, Ni and Co to Fe in the 

EXCO sediments (xlO^ wt/wt). 

n C U e x / F S e x Z h e x / F S e x N i e x / F e e x C O e x / F e e x 

xlO ^ (wt/wt) x10"' (wt/wt) xio'^ (wt/wt) xlO"' (wt/wt) 

Type II regression (R) 67 4.9 (0.98) 1.9 (0.98) 1.7 (0.96) 0.3 (0.77) 

HT ratio (±1a) 3 5.1 (0.1) 1.9 (0.0) 1.8 0.3) 0.3 (0.0) 
0.36Ma (±1o) 33 4.1 (0.7) 1.7 ( 0 . 2 ) 2.1 (0.3) 0.4 (0.1) 
1.9IVla (±1o) 34 5.1 (0.9) 2.3 (0.7) 3.0 (0.5) 0.8 (0.7) 

Dymond (1981) 
HT end-member 4.2 1.9 0.9 
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Figure 5.5: Representative down-core profiles of the transition metals Cu, Zn, Ni 

and Co in comparison to Fe, core E12, 0.36Ma site. 
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Figure 5.6: Representative down-core profiles of the transition metals Cu, Zn, Ni 

and Co in comparison to Fe, core E20,1.9Ma site. 
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Figure 5.7: The transition metals (Cu, Zn, Ni, Co) versus Fe and Mn. 
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and Zn in the buoyant and neutrally buoyant plume are subject to oxidative dissolution, 

differential sedimentation, and biological repackaging and precipitation in faecal pellets, 

all of which act to alter the composition of hydrothermal suspended matter and lead to a 

non linear relationship between Cu or Zn and Fe (Feely et al., 1987, 1990b, 1992; 

Trocine and Trefy, 1988; Lilly et a l , 1995). The constancy of the TMex/Fcex ratios 

therefore suggests that sulphides are not the primary Cu and Zn carrying phase. 

Nevertheless, there is sufficient sulphur present for both Cu and Zn to be delivered as 

sulphides. If this were the case, then the constancy of the TMex/Fcex ratios indicate an 

extremely homogenous plume composition, where fine grained sulphide particles are 

not affected by differential sedimentation and oxidative dissolution is compensated for 

by co-precipitation of the released metals with Fe and Mn (hydr)oxides. 

In laboratory based experiments Savenko (2001) has shown a high efficiency of Zn and 

Cu co-precipitation with ferrihydrite, where the element/Fe ratio in the precipitate was 

directly dependent on the element/Fe ratio in the initial solution. The concentration of 

Cu and Zn in deep Pacific water are ca. -200 ng/kg and -600 ng/kg respectively 

(VERTEX data from 2900-3500m, Ocean Station Papa; Martin et al., 1989), thus if Zn 

and Cu were scavenged from seawater, a Cuex/Znex (wt/wt) ratio of -0.3 would be 

expected. That the observed ratio is significantly higher at 2.4±0.3 suggests that co-

precipitation of Zn is retarded under natural conditions and/or that a proportion of the 

Cu is of hydrothermal origin. Although hydrothennal Cu and Zn precipitate dominantly 

as chalcopyrite and sphalerite, given the relatively high solubility products of these 

minerals and the rapid dilution of the emergent plume, it is feasible that hydrothennal 

Cu and Zn are present in solution in the ascending and neutrally buoyant plume and are 

available for incorporation into Fe and Mn (hydr)oxides. This interpretation suggests 

that the hydrothermal material in the EXCO sediments represents fallout from a 

relatively aged neutrally buoyant plume, where the plume particles are dominated by Fe 

and Mn (hydr)oxides, and co-precipitation and sorption reactions have a greater 

influence on particle chemistry. This finding is in agreement with that of Cronan and 

Hodkinson (1997), who observed a strong correlation between Cu and Zn and other 

hydrothermally associated elements in metalliferous sediments of the Lau Basin, 

concluding that these trace elements are principally associated with Fe and Mn 

(hydr)oxides and represent a combination of material precipitated and co-precipitated 

from the venting fluids and scavenged from seawater by the Fe and/or Mn (hydr)oxides. 
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5.5.2 Nickel 

The Niex data also show a strong covariance with both Mnex and Feex, however, some 

departures from the linear trend are seen at high Feex or Muex contents, where these 

samples deviate toward a comparatively low Ni content (Figure 5.7). The data 

presented in Table 5.5 confirm this trend where the mean Niex/Feex in the hydrothermal 

rich horizon at the 0.36Ma site is ca. 1.8x10"^ (wt/wt) compared to a Niex/FCex of ca. 

3.0x10'^ (wt/wt) in the lower Fe content sediments from the 1.9Ma site. The lower Ni 

concentration in the most hydrothermal samples may indicate the presence of an 

additional Ni source in the other samples. Indeed, Dymond (1981) employed Ni as a 

tracer of hydrogenous enrichment, where the Ni that could not be accounted for by the 

hydrothermal component (using a lower Ni/Fe ratio of 0.9x10"^) was assigned to the 

hydrogenous phase. However, extensive hydrogenous enrichment of Ni would be 

highly unlikely to result in a pseudo-linear relationship between Niex and both FCex and 

Mnex (c.f Co data discussed below). Furthermore, the highest degree of scatter in the 

data is observed at the 0.36Ma site, where sedimentation rates are sufficiently high (>1 

cmKa"', see Chapter 3) to preclude a significant hydrogenous component. At the 1.9Ma 

site, where sedimentation rates are sufficiently low (ca. 0.1-0.2 cmKa"') for 

hydrogenous enrichment to occur, the relationship between Niex and Fcex is essentially 

linear indicating that hydrogenous enrichment of Ni is minor in comparison to the 

plume input. It would therefore appear that the Ni content of the hydrothermal plume 

material is variable, where the increase in Niex/Feex at low Fcex can be interpreted as an 

increase in Ni scavenging with increasing distance from the spreading centre. 

5.5.3 Cobalt 

The Co data do not show a strong linear relationship to either Fcex or Muex, although a 

general trend of increasing COgx with increasing FCex and Mnex is observed (Figure 5.7). 

The large degree of scatter in the Coex/Fcex relationship at low Feex concentrations, 

(where all data points fall above the line defined by the most hydrothennal samples, 

Coex/Fcex = 0.3x10"^ (wt/wt)), suggests a significant additional hydrogenous input of Co. 

This is supported by examination of the down-core profile of Coex/Fcex at the 1.9Ma 

site, which shows clear evidence for enhanced Co concentrations with respect to Fe at 

all depths above ca. 150-200 cmbsf (see Figure 5.8). The hydrogenous input of Co at 

the 1.9Ma site suggests that low sedimentation rates on the order of 0.1-0.2 cmKa"' have 
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prevailed at this site for the last ~l-1.5Ma, thus confirming that high sedimentation rates 

on the order of IcmKa"' are confined to the near axis region and do not extend to crust 

aged ~2Ma on the east flank of the SEPR (see Chapter 3). 

In summary, the above data suggests that Cu, Zn, Ni and Co are delivered to the 

sediment with the hydrothermal plume fall-out material, where the concentration in the 

plume material decreases in the order Cu > Zn ~ Ni > Co. Cu and Zn display a 

relatively constant association with the plume material. Conversely, the Ni content of 

the plume material varies, where the observed Niex/Fcex decreases as the Fegx content of 

the sediment increases, suggesting non-conservative enrichment of Ni during plume 

aging (where lower Fcex and higher Niex corresponds to increasing distance from the 

spreading centre and thus plume age). The Coex/Fcex is also variable; however in this 

case the variation reflects an additional hydrogenous input of Co. 

5.6 Speciation of the Divalent Transition Metals: Cu, Zn, Ni and Co 

The sequential extraction data for Cu, Zn, Ni and Co are presented in Table 5.2. The 

data are of excellent quality for both Cu and Ni, with the sum of all fractions giving a 

total metal concentration within ±6% of Cuex, and within +2% of Niex. Given the good 

quality of this data, Cuam and NIam were also determined by difference (see equation 

5.3 above). The data for Zn and Co, although reasonable, give a sum of fractions 

significantly in excess of the Zn^x and Coex for some samples, (> +10%) thus the data 

are not of sufficient quality to justify the calculation of ZnAM or Coam by difference. 

5.6.1 Copper and Zinc 

The down-core distribution of Cu and Zn between the sequential extraction fractions is 

very similar (Figure 5.9). A large proportion of the total Cu (19-56%) and Zn (21-69%) 

were removed in the CAE fraction, where the contribution of this fraction to the total 

TM inventory decreases with increasing depth in core. As the Cu and Zn content of 

calcite is negligible, the CAE fraction gives the concentration of adsorbed or readily 

exchangeable metal. Neither CUCAE nor ZUCAE correlates well with carbonate content, 

Feex or MHex. The best correlations observed are to amorphous Fe (Feamorph = 

Fe(CAE+AM); Figure 5.10a), where the slope of the correlations suggests CucAE/Feamorph 

and ZncAE/Feamorph ratios (wt/wt) on the order of 3.4x10"^ and 2.0x10'^ respectively. 
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Figure 5.8: Down-core profile of Coex/Fegx at the 1.9Ma site, core E20. 
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Figure 5.9: The down-core fractionation of Cu^ and Zn^ in core E12, 0.36Ma site, 

as determined from a sequential extraction of the sediments. CAE = carbonate, 

adsorbed and exchangeable; AM = amorphous acid reducible; ORG = organic; RES = 

residual; the Cu data are expressed as a percentage of Cuex where the Cu am fraction 

was determined by difference. 
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Figure 5.10: Correlations of Cu and Zn with Fe and Mn in the sequential 

extraction sediment fractions from core E12, 0.36Ma site: (a) TMCAE vs Fcamorph (b) 

TMAM v s FCAM (C) TMAM v s MUAM (d) TMRES v s FCRES-
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Both Cuam and Zn^M show no obvious trend with depth and are relatively constant 

down-core. Examination of the AM fraction shows a strong correlation between TMAM 

and MnAM, where the corresponding correlations to Fcam have lower R values and 

larger negative intercepts (Figure 5.1 Ob,c). The generally poorer correlations to Fbam 

may simply be the result of a varying degree of transition metal incorporation into, or 

adsorption on to, the Fe (hydr)oxide structure with varying extent of crystallinity. 

However, the correlations to Muam are particularly convincing, and suggest a stronger 

association of Cu and Zn with Mn (with respect to Fe) in this fraction. 

CuoRG and ZnoRc are both consistently low throughout the core, where the slightly 

higher values of Zuorg seem likely to reflect a contamination issue for Zn at low 

concentrations (the samples with the highest ZnoRo correspond to those samples that 

give a ZnsuM significantly in excess of Zuex; see Table 5.2). 

Cures and Zures show the opposite trend to the CAE fraction and increase down-core 

from ca. 10% of the total TM inventory in surface sediments to ca. 40% at the base of 

the core. Both Cures and Zn^es correlate well to Fcres (see Figure 5.10d), where this 

result confirms that incorporation of Cu and Zn into the lattice structure of goethite 

occurs under natural conditions. The slope of the correlations gives (Cu/Fe)REs and 

(Zn/Fe)REs ratios (wt/wt) on the order of 3.6x10"^ and 1.2x10"^ respectively. That the 

(Cu/Fe)REs and CucAE/Feamorph ratios are directly comparable (3.6x10'^ and 3.4x10"^ 

respectively) suggests that Cu adsorbed to amorphous Fe (hydr)oxide phases is 

incorporated into goethite without discrimination. Although the (Zn/Fe)REs is slightly 

lower than the ZncAe/Feamorph ratio, within the uncertainties of the Zn data, these ratios 

cannot be considered significantly different and it would appear that Zn is also 

incorporated into the goethite structure with little or no discrimination. This conclusion 

is supported by the constancy of the bulk sediment TMex/Fcex and TMex/Mnex ratios 

which precludes the loss of significant quantities of Cu and Zn during alteration. 

5.6.2 Nickel 

The distribution of Ni between the sequential extraction fractions is distinctly different 

to that of Cu and Zn. The vast majority of Ni occurs in the AM and CAE fractions (ca. 

70% and 25% of Niex respectively), where little or no variation in the fractionation of Ni 

is observed with depth in core (see Table 5.6). In the basalt corrected sequential 
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extraction data (Table 5.2), the Nians component is minor and tends toward zero, 

showing no covariance with Feex- However, as the (Ni/Ti)basait is highly variable 

(0.017±0.021, Schramm et al., 2003) this lack of correlation may reflect the poor 

constraint on the basalt correction. Indeed, in the uncorrected Ni data a good correlation 

is observed between NIres and Fcres (with the exception of sample 7 which is depleted 

in Ni with respect to the other samples), giving a (Ni/Fe)REs ratio (wt/wt) of 0.2x10"^ 

(see Table 5.6 and Figure 5.11). 

Given the bulk sediment Ni/Fe ratios at the 0.36Ma site (2.1±0.3xl0'^) it can be inferred 

that Ni has a much stronger affinity for Mn (hydr)oxides than for Fe (hydr)oxides 

and/or that Ni is strongly discriminated against during dissolution and re-crystallisation 

of Fe (hydr)oxides. Laboratory studies have demonstrated that co-precipitation of Ni 

with ferrihydrite leads to the formation of a secondary phase consisting of a Fe-Ni 

ferrihydrite solid solution, as opposed to adsorption of Ni onto the ferrihydrite surface 

(Ford et al., 1999). If Ni rejection during transformation of an Fe-Ni ferrihydrite to Fe-

goethite were occurring, then progressive alteration should result in a concomitant 

increase in (Ni/Fe)amorph, which is not seen in the data. Furthermore, laboratory studies 

on synthetic goethite suggest that the incorporation maximum for Ni may be between 6 

and 7 mol% (Gerth 1990), whereas that seen in the EXCO sediments is considerably 

lower at -0.02 mol%. The constancy of the down-core fractionation of Ni is therefore 

consistent with a dominant association of Ni with Mn (hydr)oxides, where the small 

proportion of Ni in the RES fraction most likely represents Ni initially coprecipitated 

with ferrihydrite and incorporated into the goethite without discrimination. Applying a 

general Ni/Fe-(hydr)oxide ratio (wt/wt) of 0.2x10'^ to the AM fraction implies a Ni/Mn 

(hydr)oxide ratio (wt/wt) on the order of ~5.2±0.8xl0'^ ( la) . 

5.6.3 Cobalt 

As with Ni, the vast majority of Co occurs in the AM fraction, which varies between 95 

and 99% of total Co (see Table 5.2). The remainder of the Co is found in the CAE 

fraction, with zero Co falling in the RES fraction (below the instrument detection 

limits), indicating that Co is not incorporated into the goethite structure during 

crystallisation. As laboratory studies have shown that Co can be incorporated into the 

goethite structure with a similar distribution coefficient to Cu (Gerth 1990), these data 

suggest that all Co in the EXCO sediments is associated with Mn (hydr)oxides. 
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Table 5.6: Sequential extraction data for Ni, core E12, 0.36Ma site. 

The AMfraction has been determined by difference. A basalt correction has not been 

applied to this data. 

N i 

Samp le d e p t h C A E AM O R G R E S e x Nibulk 

c m ^ g / g C%W/buik) n g / g ('%W/bulk) t i g / g f%A//bulk) ^ g / g A// bulk) ^ g / g 

E 1 2 # 1 4.0 17.8 r zs ; 51.1 f z a ; 0.2 (0) 1.4 (2) 70.4 

E 1 2 # 2 19.0 25.6 r23 j 84.6 (75) 0.4 (0) 2.7 (2) 113 

E 1 2 # 3 34.5 13.7 r2o ; 53.3 ( 7 6 ; 0.5 (V 2.8 (4) 70.4 

E 1 2 # 4 63.5 15.5 47 .5 ( 7 2 ; 0.3 (0) 2.9 (4) 66.1 

E 1 2 # 5 82.5 12.8 r f s ; 53.1 (76 ) 0.4 (1) 3.1 (5) 69.5 

E 1 2 # 6 118.5 17.4 f 2 3 ; 55.6 (73) 0.3 (0) 3.3 (4) 76.7 

E 1 2 # 7 165.0 50.5 ( 2 6 ; 133 CGs; 1.1 (1) 7.6 (4) 192 

E 1 2 # 9 270.5 25.5 r27) 62.1 re?) 0.9 (1) 4.7 (5) 93.3 

E 1 2 # 1 2 405.0 33.9 r27) 80.7 res ; 1.4 (1) 8.2 (7) 124.2 
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Figure 5.11: Correlation of Ni with Fe in the residual fraction of sediment, core 

E12, 0.36Ma site. N.B. sample E12#7 is relatively depleted in Ni and was excluded 

from the correlation analysis. 

146 



Hydrothermal Plume Material in the EXCO Sediments 

5.6.4 The dominant phase associations of the divalent transition metals and 

differential incorporation into goethite. 

The sequential extraction data show differing behaviours for the divalent transition 

metals Cu, Zn, Ni, and Co. Both Cu and Zn display a relatively strong association with 

Fe (hydr)oxides, where these elements are incorporated into the lattice structure of 

goethite under natural conditions. However, approximately 30% of the Cuex and Zriex 

inventory in the sediment column may be preferentially associated with Mn 

(hydr)oxides. The transformation of plume derived ferrihydrite to goethite therefore 

represents a relatively permanent sink for up to 70% of the total TMe% for these metals, 

where goethite dissolution becomes a prerequisite for metal release. Ni displays an 

essentially constant down-core fractionation, consistent with a dominant association 

with Mn (hydr)oxides. The low Ni content of the goethite material most likely 

represents Ni co-precipitated as an Ni-Fe ferrihydrite and incorporated into the goethite 

during alteration without discrimination. Applying the mean (Ni/Fe)RES of 0.23 x 10'̂  

(wt/wt) to the total Fee* content of the sediment suggests that Fe-associated Ni accounts 

for only 10% of the total TM inventory, from which it can be inferred that 90% of the 

Ni is associated with Mn (hydr)oxides. Similarly, approximately 95-99% of the Co is 

associated with Mn (hydr)oxides, where the remainder of the Co is adsorbed to the 

sediment. The alteration of ferrihydrite to goethite thus represents a minor sink for total 

plume Ni (maximum 10%), and is not a sink for Co. 

In general the sequential extraction data suggest a strong and relatively constant 

association between the divalent transitions metals and Mn (hydr)oxides (Co > Ni » 

Cu ~ Zn). The strong affinity of the positively charged divalent transition metals for 

Mn (hydr)oxides with respect to Fe (hydr)oxides is a compelling, and perhaps expected, 

result. The scavenging properties of hydrous Fe and Mn phases are expected to differ 

due to the different surface charge characteristics, described by the pzc (pH at point of 

zero charge) of the phase in question (Murray 1979). At a pH above the pzc, the surface 

holds a negative charge and below the pzc it is positively charged. Fe (hydr)oxides 

have a pzc of 7-8, whereas hydrous manganates have a pzc of 2-3, thus under seawater 

conditions the Mn phase will hold a higher density of negative charge and will therefore 

represent a more efficient scavenger of the positively charged transition metals. 
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5.7 Oxyanion Behaviour in the EXCO Sediments: V, P and As 

Based on previous investigations along the SEPR, plume derived Fe (hydr)oxides most 

likely represent the dominant source of the oxyanions (Ox) HV04^", HP04^" and 

HAs04^" to the EXCO sediments (see Section 5.2). This section examines the extent to 

which the Ox plume input signature is preserved in the EXCO sediments. Plots of Oxex 

versus Fcex for the 0.36 and 1.9Ma sites are shown in Figure 5.12a in comparison to the 

mean Ox/Fe ratios determined from plume particles at 13-19°S on the EPR (Feely et al., 

1996). Mean Oxex/Fegx ratios and the slope of type II linear regressions of the data are 

given in Table 5.7, as are the plume ratios (Feely et al., 1996) and previously reported 

values for SEPR sediments (Marchig et al., 1986; Schaller et al., 2000). 

5.7.1 Vanadium/Iron ratios 

Vex covaries linearly with Fcex, where the mean Vex/FCex ratios at both the 0.36Ma site 

(0.0024±0.0003), and the 1.9Ma site (0.0023±0.0003), fall within the range reported for 

plume particulates (Figure 5.12a, Table 5.7). However, these ratios are somewhat lower 

than that of the most hydrothermal samples (0.0030±0.0001) and the mean plume V/Fe 

(0.0027±0.0005). The slope of the Vex versus Fcex plot suggests that the sediments may 

have a higher V/Fe ratio than that indicated by the Vex/Fcex calculation. Alternative 

estimates of the EXCO sediment V/Fe ratio were therefore obtained from type II linear 

regressions of the data (independent x and y variables): 

0.36Ma site: = 0.0033*Feex - 0.0390 (R=0.99) 

1.9Ma site: Vex = 0.0028*Feex - 0.0079 (R=0.99) 

Given that these varying estimates give a mean sediment Vex/Fcex ratio lying in the 

range of 0.0020 to 0.0033, or 0.0027±0.0007, it is concluded that the sediment ratio is 

not significantly different to that of hydrothermal plume particles (0.0027±0.0005). The 

negative intercepts obtained from the linear regressions suggest that a portion of the Fcex 

does not have any associated V. This may result from small scale remobilisation of Fe 

during early diagenesis or an underestimation of the non-hydrothermal Fe contribution 

to the sediments (see Chapter 3), where the latter explanation is consistent with the 

higher V/Fe ratio observed in the hydrothermal rich horizon (XRD analysis has 

demonstrated that the residual material in this horizon is dominated by goethite). 
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Table 5.7: Oxyanion/Fe ratios in the EXCO sediments. 

n V e x / F C e x P o x / F e a x A S o x / F e e x 

THIS STUDY 

Average ratios 
HT (+ 1a) 
0.36Ma (± 1c) 
1.9Ma (± iCT) 

3 
34 
33 

0.0030 
0.0024 
0.0023 

(0.0001) 
(0.0003) 
(0.0003) 

0.033 
0.039 
0.039 

(0.010) 
(0.008) 
(0.010) 

0.0014 
0.0012 

(0.0002) 
(0.0002) 

Type II regressions 
0.36Ma (R) 

19Mb (R) 

34 

33 

0.0033 

0.0028 

(0.99) 

(0.99) 

Group 1 (n=9) 
Group II {n=21) 

0.028 
0,064 
0.024 

(0.96) 
(0.97) 
(0.98) 

0.0014 
0.0020 

(0.97) 
(0.96) 

Feely et al. (1996) 
13-19°S plumes 190 0.0027 (0.0005) 0.100 (0.011) 0.0020 (0.0007) 

Schalier et al. (2000) 
10°S sediment 61 0.0022 (0.0003) 0.049 (0.011) 0.0014 (0.0003) 

Marchig et al. (1986) 
IS.PS sediment 0.055 0.0017 
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Figure 5.12: (a) The oxyanions V, P and As versus Fe at the 0.36 and 1.9Ma sites. 

Solid lines give the mean plume particle ratio, dotted lines are ±7cr (Feely et al, 1996). 

(b) Separation of the data into sub-sets based on differential P behaviour at the 

0.36Ma site. Group III samples identified by core ID. 
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5.7.2 Phosphorus/Iron and Arsenic/Iron ratios 

The Pex/FCex ratio of all samples falls significantly below plume particulate values, 

where Pex exhibits a linear relationship to Feex at the 1.9Ma site, whilst at the 0.36Ma 

site deviations away from a simple linear relationship are observed (Figure 5.12a and 

Table 5.7). The As/Fcex of the EXCO samples (0.36Ma site only) are similar to plume 

particulate values, although a certain degree of scatter is also evident in this data. These 

data are consistent with the previous observations of P and As behaviour in EPR 

metalliferous sediments (see Table 5.7; Marchig et al., 1986; Schaller et al., 2000). 

Closer examination of the Pex/Fcex data suggests that the 0.36Ma samples fall into two 

distinct groups of differing behaviour, those samples where the Pex/FCex is similar to that 

at the 1.9Ma site, and those samples with a higher Pex/Fcex- Considering only the Pex 

data, the samples from the 0.36Ma site have been subdivided into three groups: 

G r o u p I I ( P e x / F e e x ) o . 3 6 M a ~ ( P e x / F C g x ) 1 .9Ma 

Group II* (Pex/Feex)o.36Ma ^ (Pex/FCex) 1.9Ma 

Group III: The hydrothermal rich horizon, E12#7, E17#5, E18#5 and E19#5 

Of the Group III samples, E19#5 appears to fall with Group I whilst the remainder of 

the hydrothermal rich samples fall between the trends seen in Groups I and II. 

The Oxex versus Feex plots for V, P and As are re-presented with the 0.36Ma data 

separated into these groups (Figures 5.12b). It can be seen that Vex/Fcex does not 

display variability between the data subsets. However, As shows a similar behaviour to 

P, where the Group II samples appear to display a higher As/Fcex than the Group I 

samples. The slopes of type II linear regressions of Pex and As versus Fcex for Group I, 

Group II and the 1.9Ma site are presented in Table 5.7. For both P and As, the 

Oxex/Fcex ratio is lower in Group II and at the 1.9Ma site than the Ox/Fe ratio in plume 

particulates, where the difference is more marked for P. The Group I samples also have 

a Pex/Fcex lower than plume particles, although the As/Fcex ratios in high Fcex sediments 

are comparable to plume values. The similar behaviour of P and As implies that the 

variation in Pex/Fcex and Asex/Feex, and thus the underlying mechanisms, are related, 

where this mechanism does not significantly affect the Vex of the sediment. 
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5.7.3 Preservation of the plume particulate oxy anion signature 

The results presented above demonstrate that the Vex/FCex ratios throughout the 

sediment column are consistent with the present SEPR plume signature. Conversely, 

the Pex/Fcex and As/Fcex ratios are both variable throughout the sediment column and 

low with respect to the present SEPR plume signature. Schaller et al. (2000) cited three 

possible reasons for sediments with Ox/Fe ratios lower than present plume values: 

(1) Dilution of Ox/Fe ratios due to deposition of iron sulphides or other non-

hydrothermal iron. 

(2) Variation of element incorporation during Fe (hydr)oxide formation. 

(3) Diagenetic alteration of Fe (hydr)oxides either during transport to the 

sediments or after deposition. 

At the TAG site on the MAR, Metz et al., (1988) attributed sediment V/Fe ratios that 

were significantly lower than local plume particle values to the dilution of the primary 

Fe (hydr)oxide signal by a variable sulphide input with a low V/Fe ratio. Dilution of the 

sediments with non-hydrothemial Fe has been invoked to explain the observed variation 

in both Fcex/Mnex (see Chapter 3) and Vex/Fcex (see above), which could feasibly be 

related to a sulphide component. However, the magnitude of this variation is small, and 

the relative constancy of the FCex/Mnex and Vex/Fcex ratios, the good agreement between 

the sediment and plume V/Fe ratios, the constancy of the TMex/FCex ratios (see section 

5.5), and the very scarce sulphide minerals observed in the visual inspection of the 

EXCO sediments, all argue that the impact of this dilution is minor and cannot account 

for the large discrepancy between observed sediment and plume particle P/Fe or As/Fe. 

Variation in plume particle Ox/Fe ratios has been observed for V, P and As. The low 

plume particle P/Fe ratios observed in the Atlantic Ocean (0.060) with respect to the 

Pacific Ocean (0.100) have been attributed to the inter-ocean differences in dissolved P 

concentrations (Feely et al., 1991, 1994b). Similarly, the variability of the As/Fe ratio 

(0.0020-0.0025) is inferred to reflect variable bottom water concentrations (Feely et al., 

1991; Metz and Trefry, 1993), whilst the lower V/Fe in the Pacific (0.0027) with respect 

to the Atlantic (0.0039) is thought to result from the higher P concentration limiting co-

precipitation of V (Feely et al., 1994b, 1998). Schaller et al. (2000) also argue that 
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incorporation efficiencies may vary depending on the strength of venting or other 

variables in the plume process. However, it seems unlikely that changes in Ox 

incorporation during Fe (hydr)oxide formation due to shifts in seawater Ox 

concentration or unidentified plume processes can explain either the low Ox/Fe or the 

variation in Ox/Fe in the EXCO study area. Firstly, if the lower than expected Pex/Fsex 

ratios reflect lower Pacific ocean dissolved P concentrations in the past, then a 

concomitant increase in Vex/Fcex (with respect to the present plume composition) might 

be expected. Secondly, whilst the variation in Pex/FCex and As/FCex within each core at 

the 0.36Ma site appears to be depth dependent, with basal samples falling in Group I 

and surface samples falling in Group II, when all four cores are considered the boundary 

between Group I and Group II occurs at variable depths and does not correspond to a 

constant sediment horizon (Figure 5.13). Given the style of sedimentation in this 

region, where the sediments are draping basement rather than ponding, and the clear 

correlation in bulk sediment chemistry within any given horizon of the 4 cores (see 

Chapters 3 and 4), if a shift in plume or ocean chemistry were the cause of the shift in 

Ox/Fe ratios, this would be expected to occur within the same horizon in all cores. 

Furthermore, this section of the SEPR is known to be among the most robust and 

magmatically active portions of the world's MOR system (MacDonald, 1989; Detrick et 

al., 1993; Kent et al., 1994), where a relatively constant plume composition, in both 

space and time, has been inferred from the generally uniform composition of 

metalliferous sediments in this region (Dymond, 1981; Ruhlin and Owen, 1986). 

Laboratory studies investigating the short term sorption control on V and As in 

hydrothermal precipitates from the TAG vent site exhibited relatively constant V/Fe 

(±6%) and As/Fe (±12%) over an 80 day period (Metz and Trefry, 1993). Plume 

tracking studies have also demonstrated that off-axis plume particulate Ox/Fe ratios are 

both constant and directly comparable to on-axis Ox/Fe ratios for V, P and As (Feely et 

al., 1992). These data suggest that initial plume particulate Ox/Fe ratios are maintained 

during plume transport. However, Fuller et al. (1993) reported a decrease in the As/Fe 

of Fe (hydr)oxide precipitates due to a release of As during transformation of 

ferrihydrite to more crystalline phases such as goethite. Based on these observations 

Schaller et al. (2000) hypothesised that Ox loss during rapid mineralogic changes in the 

hydrothermal Fe (hydr)oxides may account for the low Ox/Fe ratios observed in 

sediments at 10°S. Examination of Fe speciation in the EXCO sediments has revealed 
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Figure 5.13: Down-core variation in Pex/FCex at the 0.36Ma site. 

Solid vertical lines give the mean Group I Pex/Fcex ratio. Horizontal dotted lines give 

the lower limit on the transition from Group II to Group I behaviour. 
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Figure 5.14: Sequential extraction data for V and P, core E12, 0.36Ma site. 
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that significant alteration of X-ray amorphous Fe (hydr)oxides to more crystalline 

goethite has occurred. This hypothesis may therefore explain the low and variable 

Pex/Feex and As/Feex in the EXCO sediments with respect to EPR plume particles. 

In summary, the Vex/Fcex ratios of the EXCO sediments are consistent with present 

plume particulate V/Fe ratios, leading to the conclusion that the plume particle V 

signature is well preserved and has remained relatively constant over time. Conversely 

the Pex/Fcex ratios of the EXCO sediments, and to a lesser extent the As/Feex ratios, are 

both variable and lower than the present plume particulate signature, where it is 

hypothesised that the low Ox/Fe most likely reflects Ox loss associated with the 

transformation of plume derived Fe (hydr)oxides during early diagenesis. This study 

thus supports the conclusion of Schaller et al. (2000), that sedimentary Pex/Fcex and 

As/Fcex cannot be used as a reliable tracer of past seawater P and As concentrations. 

However, in contrast to the results of Schaller et al. (2000), these data suggest that 

under dominantly oxic conditions, the V/Fe ratio of plume particulates is preserved and 

that the sediment Vex/Feex ratio may provide a good tracer of past seawater V content. 

5.8 Speciation of the Oxyanions: V and P 

In this section the sequential extraction data from core El2 at the 0.36Ma site are 

examined to provide a more detailed understanding of the behaviour of V and P in the 

EXCO sediments during early diagenesis. The Ox contents of the sequential extraction 

fractions are plotted versus Fe in Figure 5.14. Also shown for comparison are the 

plume particle Ox/Fe ratios. For both V and P the majority of the total Ox inventory is 

associated with the AM and RES fractions, where the Ox content of the CARB and 

ORG fractions is minor (Table 5.2, Figure 5.14). The low Ox content of the CAE 

fraction indicates a strong surface complexation of the Ox species to the Fe (hydr)oxide 

surface, such that sorbed species are not removed in this leach (note that adsorption of 

the negatively charged Ox species to the negatively charged Mn (hydr)oxides would not 

be expected). As with the Fe data it is assumed that the CAE fraction also includes 

colloidal ferrihydrite, however the low absolute Ox concentrations in this fraction result 

in large uncertainties in the instrumental measurement. It is therefore assumed here that 

the AM fraction provides a good measure of the Ox/Fe ratio in the amorphous phase. A 

distinct difference is seen in the fractionation of V and P between the AM and RES 

fractions; for V the AM fraction has a higher Ox/Fe ratio than the RES fraction, whilst 
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for P, the converse is true. The data obtained for As followed the same pattern as that 

seen for P (see Appendix Id) but are not shown due to high instrumental errors 

associated with these measurements. The different patterns of behaviour observed for V 

and P most likely reflect the differing behaviour of V and P during early diagenesis and 

are discussed separately below. 

5.8.1 Vanadium behaviour during iron (hydr)oxide alteration 

For V it can be seen that (V/Fe)AM, is significantly higher than the plume particles, 

whilst (V/Fe)RES, is significantly lower (Figure 5.14). These results are in good 

agreement with data published for the hydrothermal sediments from the Lau Basin, 

where the relative proportion of V to Fe in the acid reducible fraction (directly 

comparable to the AM fraction) was significantly higher than that observed in the HCl 

soluble fraction (which includes crystalline Fe oxides) (Cronan and Hodkinson, 1997). 

Considering only sample E12#7, the sediment displays a (v/Fe)AM of 0.0052 and a 

(V/Fe)REs of 0.0020, where the (v/Fe)(AM+RES) is 0.0031, equal to the bulk sediment 

Vex/Feex (0.0031) and directly comparable to plume particle values. The low (V/Fe)REs 

strongly suggests that V is discriminated against during transformation of ferrihydrite to 

goethite. However, the higher (V/Fe)*^ and the agreement between (v/Fe)(AM+RES) and 

plume particle values requires that the rejected V is retained in the sediment column in 

association with the more amorphous Fe and Mn phases. This retention could feasibly 

occur through either strong surface complexation to the remaining untransformed 

ferrihydrite or via incorporation into ferro-manganese phases. If V retention were 

dependent on incorporation into Mn rich phases, then in sediments where Mn 

remobilisation has occurred (or is occurring) the rejected V would not be retained and 

the sediment V/Fe ratios would fall below those of plume particulates. Examination of 

down-core trends in Mn/Fe and V/Fe in the data presented by Schaller et al. (2000) 

from 10°S EPR, reveals a general covariance between these parameters, suggesting that 

the V loss from these sediments may be attributable to the combined effects of V 

rejection during transformation of ferrihydrite to goethite and the remobilisation of Mn. 

Estimating the degree of V discrimination that occurs during alteration of amorphous Fe 

to goethite is difficult given the unknown relative importance of the various Fe 

(hydr)oxide transformation pathways and alteration products. Figure 5.15a presents a 
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conceptual model to illustrate the probable mechanisms controlling the distribution of 

sedimentary V. The degree of discrimination against V is then explored through 

consideration of the simplest case scenario (Figure 5.15b). There are two potential 

'pathways' of goethite formation; either direct transformation of ferrihydrite to goethite 

(pathway 1) or transformation via an intermediate ferromanganese phase (pathway 2). 

It is assumed that in both cases goethite formation proceeds via dissolution and 

crystallisation, where the distribution coefficient for V between goethite and the 

dissolved pool (Dvi= ( V / F e ) g o e t / ( V / F e ) d i s s ) is constant and less than 1. The V content of 

goethite formed at time t is thus dependent on ( V / F e ) d i s s at time t, which is dependent on 

the relative rates of ferrihydrite and ferromanganese dissolution and the V/Fe of these 

phases. The rejected V is retained in the sediment via strong surface complexation or 

incorporation without discrimination into the ferromanganese phase (Dv2 = 1). Loss of 

V from the sediment may therefore occur through saturation of complexation sites 

and/or depletion of the ferromanganese phase through remobilisation of hydrothermal 

Mn. The general pattern of behaviour predicted by this model, that (V/Fe)amorph and 

( V / F e ) g o e t will increase with increasing alteration, is supported by the sequential 

extraction data, where both (V/Fe)AM and (V/Fe)REs are seen to increase with the extent 

of transformation (T) as measured by the ratio of goethite to X-ray amorphous Fe 

(Figure 5.16, Table 5.8). However, in this model ( V / F e ) g o e t is a complex function 

dependent on Dvi, the phase with which rejected V becomes associated, the degree of V 

retention, and the extent of alteration along transformation pathways 1 and 2, where all 

of these parameters are unknown. 

In the simplest case scenario it is assumed that all goethite is formed via pathway 1 (i.e. 

dissolution of ferromanganese phases is zero) and that all rejected V is instantaneously 

incorporated into ferromanganese phases (Figure 5.16b). Under these conditions, 

( V / F e ) f e r r , ( V / F e ) d i s s , and ( V / F e ) g o e t remain constant, (V /Fe )Fe -Mn increases with 

increasing alteration, and Dvi is equal to ( V / F e ) g o e t / ( V / F e ) f e n - . If it is assumed that all 

plume Fe is delivered to the sediment as ferrihydrite and that all plume V is retained in 

the sediment, then ( V / F e ) f e r r is equal to (Vex/FCex), and Dvi can be simply approximated 

from (V/Fe)REs/(Vex/Feex). The resultant estimates of Dvi give a range in value of 0.33-

0.66 (Table 5.8). That the estimated Dvi is not constant across all samples confirms the 

complex nature of V cycling during Fe (hydr)oxide transformation, and demonstrates 

that this complexity cannot be approximated by the simplest case scenario presented 
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(a) Schematic of V cycling during Fe (hydr)oxide transformation (b) Simplest Case: All rejected V is instantaneously 
incorporated into Ferro-manganese phases 
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Hydrothermal Plume Material in the EXCO Sediments 

Table 5.8: Estimates of the distribution coefficient (Dvi) for V incorporation into 

goethite during iron (hydr)oxide alteration. 

Sample T (V/Fe)AM (V/Fe)REs Vex/Ffiex Dvi 
wt/wt wt/wt wt/wt 

E12#1 0.3 0.0035 0.0008 0.0023 0.35 

E12#2 0.5 0.0039 0.0008 0.0024 0.33 

E12#3 0.6 0.0034 0.0009 0.0021 0.40 

E12#5 0.6 0.0009 0.0021 0.41 

E12#4 0.7 0.0035 0.0009 0.0022 0.41 

E12#6 0.8 0.0035 0.0008 0.0022 0.36 

E12#9 1.1 0.0050 0.0009 0.0027 0.33 

E12#12 1.6 0.0015 0.0027 0.56 

E12#7 2.1 0.0052 0.0020 0.0031 0.66 
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Figure 5.16: The increase in (V/Fe)AM and (V/Fe)REs with increasing extent of Fe 

(hydr)oxide transformation as measured by T. 
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above. Nevertheless, the general trend of increasing estimated Dvi with increasing T 

does allow a number of arguments regarding V cycling to be put forward. Firstly, if the 

assumption that Dvi is constant holds true, then the increase in estimated Dvi must 

reflect an increase in the V content of the precursor phase with increasing alteration. 

The high initial Ox loading of plume derived ferrihydrite suggests that surface 

adsorption sites are saturated on delivery to the sediment, i.e. the adsorption of V to the 

ferrihydrite precursor phase is not expected to increase over time. This would suggest 

that V retention occurs via adsorption or incorporation into ferromanganese phases and 

that further alteration of the ferromanganese bound Fe to goethite does occur, where this 

pathway of goethite formation (pathway 2) becomes of increasing significance with 

increasing extent of alteration. Secondly, the initial assumption that Dvi is constant 

may not hold true. It is plausible that Dvi is dependent on the rate of transformation. A 

faster rate of goethite crystallisation could lead to a lower degree of structural order, 

resulting in a correspondingly higher surface area and thus higher incorporation of V. 

As discussed above, the rate of Fe (hydr)oxide transformation shows a pseudo second 

order dependence on the Fe (hydr)oxide concentration, thus under this hypothesis, 

samples with high Fe content would be expected to give a higher estimated Dvi-

Within the confines of this data set it is impossible to detennine the relative importance 

of the various processes controlling the fate of V within the Fe (hydr)oxide sediment. 

However, the uniformity of the estimated Dvi at low T and low Fe concentrations does 

suggest that the early stage of alteration is dominated by transformation of ferrihydrite 

to goethite, where transformation occurs via a dissolution step and the V distribution 

coefficient between goethite and the dissolved pool (Dvi) is ca. 0.3-0.4. Furthennore, if 

it assumed that V association with both ferrihydrite and goethite occurs through surface 

complexation, this range in values of Dvi suggests the transformation of ferrihydrite to 

goethite results in a surface area reduction on the order of 60-70%. 

5.8.2 Phosphorus behaviour during iron (hydr)oxide alteration 

The speciation of sedimentary F is distinctly different to that of V, where P/Fe ratios in 

the RES fraction are significantly higher than those in the AM fraction (Figure 5.14). 

Unfortunately, all samples for which both AM and RES data are available fall into the 

Group II sub-set, thus this data set cannot be used to evaluate any difference in P 

speciation between Group I and Group II samples. In the RES fraction, the (P/Fe)REs of 
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the younger samples (E12#l-3) are directly comparable to the plume ratio, whilst the 

older samples have a (P/Fe)REs lower than the plume ratio. The (P/Fe)AM ratios are 

consistently lower than the plume ratio, although a similar trend is observed, with the 

younger samples exhibiting a higher (P/Fe)AM than deeper, more altered, samples. The 

low (P/Fe)AM are interpreted to indicate loss of P from the amorphous phase. That the 

surface samples display a (P/Fe)REs comparable to the plume particulate P/Fe ratio 

suggests that either P is not discriminated against during crystallisation of goethite, or 

that a second P phase is present in the RES fraction in these samples. If a second P 

phase is not present, then the decrease in (P/Fe)REs with increasing alteration would 

suggest that either the P content of the goethite is dependent on the P/Fe of the 

amorphous precursor, and/or that P is lost from goethite over time. It is thus 

hypothesised that the loss of scavenged P from the sediment column is primarily due to 

desorption of P from Fe (hydr)oxides. 

As discussed above (Section 5.7.3), significant desorption of V and As from plume 

derived Fe (hydr)oxides was not observed over the course of an 80 day experiment 

(Metz and Trefry, 1993), where this finding is in agreement with the constancy of 

plume Ox/Fe ratios across the ridge-crest and ridge-flank regions (Feely et al.,1996). In 

contrast, a study of As sorption onto synthetic ferrihydrite found that the initial rapid 

uptake of As during co-precipitation was followed by slow desorption, where As loss 

occurred over the remaining 31 days of the experiment (Fuller et al., 1993). Similarly, 

an investigation of P adsorption onto synthetic goethite found that initial uptake was 

followed by desorption, where P loss continued over a 2 month period (Anderson et al., 

1985). In both these systems the decrease in Ox/Fe ratio appeared to approach a 

constant value asymptotically (Fuller et al., 1993; Anderson et al., 1985). The 

discrepancy in observed Ox behaviour between plume particle and synthetic systems 

may reflect a difference in the physical structure of the Fe (hydr)oxides formed in these 

systems. Using the reported maximum adsorption of P onto Fe oxides of 2.5-2.8 

|imolm"^, or ca. 80 |J.gm"̂  (Goldberg and Sposito 1984; Pena and Torrent 1984), the 

SEPR plume particulate Fe/P ratio (0.100 wt/wt, Feely et al., 1996) indicates an Fe 

(hydr)oxide surface area on the order of 650 m^g'\ This estimate is in agreement with 

the natural ferrihydrite surface area of 600 m^g"' given by Dzombak and Morel (1990), 

and is significantly higher than that of Fe (hydr)oxides synthesised under natural 

conditions, which typically fall in the range of 100-250 m^g"' (Crosby et al., 1983). The 
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high surface area of plume derived colloidal ferrihydrite most likely reflects a relatively 

porous internal structure, where occupation of internal sorption sites which are not 

readily accessible by the bulk solution could feasibly limit short to medium term 

desorption of the Ox species. The lack of significant desorption over the short time 

scale of plume dispersal does not therefore preclude desorption over longer timescales. 

It is proposed that P loss from the EXCO sediments can be attributed to a decrease in 

available surface adsorption sites with increased aging/alteration of the Fe (hydr)oxide 

precipitates. In general, the adsorption capacity of Fe (hydr)oxides decreases with 

increasing crystallinity. In addition to the overall transformation of ferrihydrite to 

goethite, the down-core decrease in Fccae indicates that the amorphous Fe phases also 

become more structured over time. Ferrihydrite crystallites are similar in structure to 

goethite, consisting of edge and comer sharing Fe(III) octahedra. During plume 

transport, the crystallites aggregate and form gelatinous floes which sediment out of the 

neutrally buoyant plume. Aging of these colloidal floes increases the number of cross 

linked Fe(III) octahedra and average crystallite size, leading to a decrease in the 

disorder of the precipitate (c.f. aging of synthetic ferrihydrite, Waychunas et al., 1993); 

where the concomitant reduction in the number of available surface adsorption sites 

results in the loss of P from the amorphous Fe (hydr)oxide fraction. Interestingly, 

Anderson et al. (1985) reported that P treated goethite results in the formation of larger 

crystallite aggregates than goethite alone. Following co-precipitation, the P bridges 

primary goethite particles, increasing aggregate order and decreasing surface area by ca. 

22%, resulting in the loss of P initially adsorbed to goethite (Anderson et al., 1985). It 

is therefore hypothesised that the decrease in (P/Fe)REs over time can be attributed to 

two mechanisms. Firstly, the decrease in amorphous Fe (hydr)oxide P/Fe with 

increased aging results in a lower P/Fe in the dissolved pool, and thus a lower P/Fe of 

goethite co-precipitated from that pool. Secondly, if the P/Fe of the precipitated 

goethite exceeds the equilibrium P/Fe ratio, then the P/Fe of the goethite will also 

decrease over time due to continued particle ordering. 

5.8.3 Implications for the global oceanic phosphorous budget 

Dissolved P in the oceans is an essential nutrient for phytoplankton growth, thus the 

processes which regulate the oceanic distribution of P (i.e. the source and sink terms) 

are also important regulators of biological processes. A good understanding of P 
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cycling in the oceans is therefore a prerequisite to understanding the global carbon 

cycle. Evaluations of the global oceanic P budget have been presented by a number of 

authors (e.g. Froelich et al., 1982; Wheat et al., 1996; Colman and Holland, 2000; 

Compton et al., 2000); and a thorough review of the literature has recently been 

compiled by Ruttenberg (2004), thus the oceanic P cycle is only briefly summarised 

here (see also Table 5.9). The primary source of P to the oceans is river runoff. Rivers 

carry P to the oceans in both dissolved and particulate forms; where a fraction of the 

particulate P is released to solution upon entering the ocean, thus contributing to the 

total dissolved P flux. The aeolian input of crustal dust is a minor source of soluble P 

equal to ca. 10% of the riverine flux (Duce, 1986). The dominant sink of P from the 

oceans is removal into marine sediments, although crustal uptake during hydrothermal 

circulation may also be significant (e.g. Wheat et al., 1996). The primary carrier of P to 

marine sediments is most likely the deposition of biogenic particles (e.g. Froelich et al., 

1982), where scavenging of P by hydrothennal plume Fe (hydr)oxides may be an 

important secondary sediment sink (e.g. Wheat et al., 1996). 

Although hydrothermal plume scavenging may be a significant sink of P from the 

ocean, this flux is at present poorly constrained, with estimates ranging from 5 to 40% 

of the riverine input (Bemer, 1973; Froelich et al., 1977; Feely et al., 1990a; Kadko et 

al., 1994b; Rudnicki and Elderfield, 1993; Wheat et al., 1996). Two general 

approaches have been taken in quantifying the plume-P sink; either to estimate the flux 

of P out of the plume (Fp(piume); e.g. Rudnicki and Elderfield, 1993; Kadko et al., 1994b; 

Feely et al., 1996; Wheat et al., 1996), or to estimate the accumulation of plume-P in the 

sediment column (Fp(sed); e.g. Bemer, 1973; Froelich et al., 1977). Fp(piume)is estimated 

by multiplying the flux of a tracer out of the neutrally buoyant plume (e.g. Fe, Th, 

plume particles) by the P/tracer ratio. This type of estimate is often determined on a 

segment scale basis, where the flux of P per km of active ridge crest is extrapolated to a 

global flux based on assumptions regarding the distribution of hydrothermal activity 

along the MOR system. Similarly, Fp(sed) is estimated from the P content (or P/Fe ratio) 

of plume derived metalliferous sediments, where extrapolation to a global flux is 

dependent on assumptions regarding the accumulation of metalliferous sediment (or 

plume Fe) along the MOR system. In both cases the extrapolation to a global flux 

carries a large degree of uncertainty due to poor constraints on the magnitude and 

distribution of hydrothermal activity (see Chapter 1). Furthermore, both Fp(piume) and 
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Fp(sed) may significantly over-estimate the net plume-P sink (Fp(net)). Fp(piume) represents a 

gross flux of P to the sediment column, where the return flux of P out of the sediment 

column during early diagenesis (Fp(remob)) is not considered. Similarly, if diagenetic loss 

of P has not ceased in the sampled sediment column, then Fp(sed) will also exceed Fp(net). 

As noted by Feely et al. (1990a), high estimates of Fp(sed) could also result from the 

inclusion of non plume-P (e.g. fish debris). 

The low Pex/Feex of the EXCO sediments with respect to the SEPR plume particle P/Fe 

ratio (Figure 5.12, Table 5.7) indicates that Fp(remob) is large, even under dominantly oxic 

conditions where the reductive loss of P can be assumed to be minimal. This loss of 

plume-P from the sediment column has been attributed to a decrease in available surface 

adsorption sites with increased aging (and thus increased crystallinity) of the Fe 

(hydr)oxide precipitates (see above). The constancy of the sediment Pex/Feex across all 

samples from the 1.9Ma site and Group I samples from the 0.36Ma site (Figure 5.12), 

strongly suggests that a steady state Pex/FCex ratio has been obtained in these sediments, 

i.e. the diagenetic loss of P has ceased. The comparatively high Pex/Fcgx of the Group II 

samples from the 0.36Ma site suggests that either the steady state P/Fe has not been 

reached and/or that an additional non-hydrothermal carrier of P is present. In general, 

the reported range of P/Fe in SEPR sediments shows a high degree of scatter, with 

values falling between an upper limit which is well described by the observed plume 

P/Fe ratio, and a lower limit which is well described by the linear 'steady state' P/Fe 

ratio observed in the EXCO sediments (e.g. Froelich et al., 1977; Marchig et al., 1986; 

Schaller et al., 2000). These observations are used here to place reasonable limits on 

Fp(net), and to estimated the possible magnitude of Fp(remob)-

Wheat et al., (1996) used the average P/Fe ratio of plume particles (equal to the SEPR 

plume ratio of 0.100), and the flux of Fe from ridge-axis hydrothermal systems to the 

P(plume) overlying neutrally buoyant plume (1.7-3.1 x lO'^ gyr"') to determine an Fp(piume) of 

17.0-30.9 X lO'® gyr"'. If it assumed that Fp(remob) is negligible, then Fp(piume) can be 

considered an upper limit on Fp(net). However, the results of this study indicate that 

Fp(remob) is not negligible, and that under oxic alteration conditions in the sediment 

column the P/Fe ratio of plume derived Fe (hydr)oxides will eventually approach a 

'steady state' value of ca. 0.026. Combining this ratio with the flux of plume Fe gives 

an estimated Fp(sed) of 4.4-8.0 x lO'® gyr '. In the absence of additional reductive 

163 



Hydrothermal Plume Material in the EXCO Sediments 

remobilisation of P, it is proposed that this estimate represents the lower limit on Fp(net)-

The difference in plume and sedimentary P/Fe ratios indicates that up to -74% of 

plume-P may be remobilised during diagenesis, where the estimated limits on Fp(net) 

give an upper limit on Fp(remob) of ca. 12.6-22.8 x 10'° gyr"'. The upper and lower limits 

on the magnitude of the hydrothermal plume P sink, and the maximum estimate of the 

remobilised P flux, are presented in Table 5.9 in comparison to the pre-anthropogenic P 

budget of Wheat et al., (1996). Wheat et al., (1996) estimated that approximately 18-

33% of the riverine dissolved P flux (or 7-12% of the total soluble P input) is removed 

from the oceans through scavenging by hydrothermal Fe (hydr)oxides. The data from 

this study suggests that this should be considered a gross flux of plume-P, where 

remobilisation of P during sedimentary diagenesis could result in a significant return 

flux of up to 14-25% of riverine dissolved P (or 5-9% of the total input), reducing the 

net plume-P input to 5-9% of the riverine dissolved flux (or 2-3% of the total input). 

Table 5.9: The pre-anthropogenic oceanic P budget (after Wheat et ai., 1996). 

Phosphorous Flux 
10'° molyr' lo'" gyr' 

Input of P to the Ocean 

Riverine Dissolved' 

Soluble Particulate" 

3 Aeolian' Soluble Particulate 

3.0 

4.8 

0.3 

92 

150 

10 

TOTAL 8.1 252 

Removal of P from the Ocean 

Sedimentary 

Plume 

Particles 

Hydrothermal 

Alteration ^ 

Organic 

Loosely sorbed 

Authigenic 

Upper limit' 

Lower limit^ 

(Maximum remobilisation) 

Ridge-axis 

Ridge-flank 

-4.1 

-1.3 

-2.2 

-0.55 

-0.14 

0.41 

-1.00 

-0.26 

0.74 

-0.01 

-0.65 

-127 

-40 

- 6 8 

-17.0 - -30.9 

-4.4 - -8.0 

726 -

-0.4 

-20 

TOTAL -8.4 - -9.3 - 2 6 0 - - 2 8 6 

'proelich etal, (1982); "Bemerand Rao (1994); 'Ouce (1986); ' 'Ruttenberg (1993); ' w h e a t et al. (1995); ^This work. 
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5.9 Summary 

This study has investigated the composition and alteration of the plume derived 

component of the EXCO sediments through examination of the sediment mineralogy, 

the bulk sediment geochemistry and a four step sequential extraction procedure. 

The alteration of plume derived Fe (hydr)oxides in the EXCO sediments is dominated 

by the transformation of ferrihydrite to goethite. Whilst transformation to goethite is 

consistent with the alteration observed in older sediments to the west of the EPR at 

DSDP site 597 (Kastner, 1986), this finding is in direct contrast to laboratory 

experiments which predict the dominant formation of haematite at circumneutral pH 

(Schwertmann and Murad, 1983). This discrepancy could be explained by inhibition of 

the structural rearrangement of ferrihydrite to haematite due to strong surface adsorption 

of transition metal and oxyanion species under natural conditions. Alternatively, the 

dissolution of ferrihydrite and subsequent crystallisation of goethite from the dissolved 

pool may be promoted by dissimilatory Fe reduction (DFR). To remain consistent with 

the bulk sediment geochemistry at both the EXCO study site and at DSDP site 597, 

where the constancy of the Fe/Mn ratio indicates dominantly oxic conditions, the latter 

hypothesis would require DFR to be occurring within reducing micro-environments in 

the sediment column, thus resulting in only small scale separation of Fe and Mn. The 

extent of transformation of plume derived Fe (hydr)oxides in the EXCO sediments as 

determined from the ratio of X-ray amorphous Fe to goethite ranges from 0.3-2.1, 

where the rate of transformation displays a pseudo second order dependency on the Fe 

(hydr)oxide content of the sediment. The observed second order rate characteristics are 

in contrast to laboratory data which show a first order reaction for the transformation of 

ferrihydrite to goethite (Schwertmann and Murad, 1983). The apparent second order 

dependency observed in this study may reflect the physical properties of the sediment, 

for example the sediment porosity, which are in turn dependent on the Fe (hydr)oxide 

content of the sediment. This hypothesis should be tested by: (i) an examination of 

sediments displaying a wider range in extent of Fe (hydr)oxide alteration, for example 

the older sediments from DSDP site 597, where the ratio of X-ray amorphous Fe to 

goethite ranges from 1.5 to 7.0 (Kastner, 1986); (ii) conducting a series of laboratory 

experiments designed to be more comparable to the natural environment, for example 

with variable solid: liquid ratios corresponding to the expected range in porosity of 
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marine sediments and the variable dilution of Fe (hydr)oxides by a secondary 

sedimentary phase such as calcium carbonate. 

The divalent transition metals Cu, Zn, Ni and Co are delivered to the sediment in 

association with hydrothermal Fe and Mn (hydr)oxides, where the concentration in the 

plume material decreases in the order Cu > Zn = Ni > Co. Hydrothermal plume 

material represents the only significant source of excess (total-detrital) Cu, Zn and Ni. 

An additional hydrogenous input of Co was apparent in surficial sediments at the 1.9Ma 

site, consistent with the slower accumulation of sediments at this site (-0.1-0.2 cmKa"') 

with respect to the 0.36Ma site (>1 cmKa"'). Approximately 70% of excess Cu and Zn 

are associated with Fe (hydr)oxides, with the remaining 30% associated with Mn 

(hydr)oxides. The Fe-associated Cu and Zn are initially adsorbed to the ferrihydrite 

surface and are incorporated without discrimination into the lattice structure of goethite 

during alteration. Approximately 10% of excess Ni is associated with Fe (hydr)oxides, 

with the remaining 90% associated with Mn (hydr)oxides. The Fe-associated Ni most 

likely represents Ni coprecipitated as an Ni-Fe ferrihydrite and incorporated into the 

goethite structure without discrimination during alteration. Approximately 95-99% of 

excess Co is associated with Mn (hydr)oxides, where the remainder is adsorbed to the 

sediment. The transformation of hydrothermal plume material under oxic conditions 

thus represents a relatively permanent sink (where goethite dissolution becomes a 

prerequisite for metal release) for -70% of the plume derived Cu and Zn, 10% of the 

plume derived Ni, and is not a sink for Co. 

The oxyanions V, P and As are all delivered to the EXCO sediment in association with 

plume derived Fe (hydr)oxides. However, these oxyanions display different behaviour 

during early diagenesis. The excess V/excess Fe ratios of the EXCO sediments are 

consistent with present plume particulate V/Fe ratios, indicating that V is not lost from 

the sediment column. However, the goethite V/Fe ratio is significantly lower than the 

plume particulate V/Fe ratio, indicating that V is discriminated against during the 

transformation of ferrihydrite to goethite. Estimates of the extent of V discrimination 

suggest that only 30-40% of ferrihydrite-V is incorporated into goethite. If it is 

assumed that V association with both ferrihydrite and goethite occurs via surface 

complexation, this corresponds to a surface area reduction on the order of 60-70%. The 

high initial oxyanion loading of plume derived ferrihydrite suggests that surface 
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adsorption sites are saturated on delivery to the sediment, thus the rejected V is most 

likely retained in the sediment column via adsorption or incorporation into Mn rich 

phases. The results of this study therefore suggest that under dominantly oxic alteration 

conditions, as are experienced across the EXCO study area, the sedimentary excess 

V/excess Fe ratio may provide a good tracer of past seawater V content. However, the 

V/Fe record in sediments which have undergone remobilisation of hydrothermal Mn is 

likely to be compromised through loss of plume derived V. 

The excess P/excess Fe ratios of the EXCO sediments, and to a lesser extent the 

As/excess Fe ratios, are variable and lower than the present plume particulate signature, 

indicating that P and As are lost from the sediment column during diagenesis. Excess 

P/excess Fe and As/excess Fe cannot therefore be employed as tracers of past seawater 

P and As concentrations, even within an oxic sediment column where the reductive loss 

of P can be assumed to be minimal. The loss of plume-P (and As) from the sediment 

column has been attributed to a decrease in available surface adsorption sites with 

increased aging (and thus increased crystallinity) of the Fe (hydr)oxide precipitates. 

The constancy of the sediment excess P/excess Fe across all samples from the 1.9Ma 

site, and older samples from the 0.36Ma site, suggests that a steady state P/Fe ratio has 

been obtained, i.e. the diagenetic loss of P has ceased. The difference between the 

initial plume particulate P/Fe ratio and the steady state sedimentary excess P/excess Fe 

ratio indicates a decrease in surface adsorption sites on the order of -74%, in good 

agreement with the 60-70% reduction estimated from a comparison of the plume V/Fe 

ratio to the goethite V/Fe ratio. The remobilisation of plume-P from the sediment 

column during early diagenesis impacts the global oceanic phosphorous budget, such 

that the gross flux of plume-P to the sediment column of ca. 12.6-22.8 x 10'° gyr"', or 

18-33% of the riverine dissolved P flux (Wheat et al., 1996), is reduced to a net sink of 

4.4-8.0 X 10'° gyr"', or 5-9% of the riverine dissolved flux. 
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Chapter 6 

A Re-evaluation of the Oceanic Uranium Budget for the Holocene 

As published in Chemical Geology 190 (2002) 45-67. 

Abstract 

This Chapter presents a rigorous assessment of the pre-anthropogenic U budget for the 

Holocene Ocean. It is estimated that the gross input of U to the ocean lies in the range 

53±17 Mmolyr'% where the dominant source is river runoff (42.0+14.5 Mmolyr"') and the 

direct discharge of groundwater could represent a significant additional input (9.3+8.7 

Mmolyr''). The soluble U flux associated with the wind blown input of crustal dust is 

minor (1.8±1.1 Mmolyr'') falling well within the errors associated with the riverine flux. 

Removal of U to the organic rich sediments of salt marshes and mangrove swamps during 

river-sea mixing may significantly modify the riverine flux, such that the total net U input 

is reduced to 42+18 Mmolyr"'. Evaluation of the U isotope budget demonstrates that the 

limits established on the U input flux are reasonable and suggests that direct groundwater 

discharge may play a significant role in maintaining the oceanic excess o f T h e total 

sink of U from the ocean lies in the range 47+14 Mmolyf' , where three major processes 

control the magnitude of this flux; (1) removal to oxygen depleted sediments (26.9+12.2 

Mmolyr"'); (2) incorporation into biogenic carbonate (13.3+5.6 Mmolyr"'); and (3) crustal 

sequestration during hydrothermal alteration and seafloor weathering (5.7+3.3 Mmolyr"'). 

The removal of U to opaline silica (0.6+0.3 Mmolyr"') and hydrogenous phases (0.6+0.2 

Mmolyr"') is minimal, falling well within the errors associated with the other sinks. That 

the Holocene input and output fluxes could balance within the calculated errors implies 

that U may be in steady state in the modem ocean. In this case, the input and output 

fluxes most likely lie in the range 34-60 Mmolyr"', giving an oceanic U residence time of 

3.2-5.6 X 10^ yr. However, due to the poor constraint on both fluxes, a net Holocene U 

flux cannot be ruled out. The constancy of the ancient seawater U concentration implies 

that the U budget is in steady state over the long time period of a climate cycle (~10^ yr). 

A net Holocene flux must therefore be offset by an opposing net flux during glacial 

periods or at the interglacial-glacial transition. It is hypothesised that the storage of U in 
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the coastal zone and shallow water carbonates during interglacial periods and the release 

of that U at or following the interglacial-glacial transition could be sufficient to affect the 

short-term stability of the U budget. Providing tighter constraints on U fluxes in the 

modem ocean must be a priority and is a pre-requisite to understanding the U budget on 

the timescale of a glacial-interglacial climate cycle. 

6.1 Introduction 

Geochemical mass balance and the assumption of steady state in the modem ocean have 

been widely used in investigations of the ocean-earth system. The distribution of U in the 

oceans and the source and sink terms are of particular interest due to the extensive use of 

U-series nuclides as tracers and time indices of many oceanographic processes (e.g. Bard 

et al., 1990; Ivanovich et al., 1992; Francois et al., 1993; Sarkar et al., 1993; Edgington et 

al., 1996). Although previous attempts have been made to evaluate the oceanic U budget, 

on thorough examination there are significant problems with the budgets as presented 

(Bloch, 1980; Barnes and Cochran 1990; Klinkhammer and Palmer, 1991; Cochran, 1992; 

Palmer and Edmond, 1993). Of primary concern is the application of simplistic 

approaches that fail to consider all potential source and sink terms and the extrapolation of 

minimal data to global fluxes with little or no consideration of the associated errors. 

Over the past decade a number of advances have been made in the understanding of 

processes occurring at ocean boundaries. Here a re-evaluation of the oceanic U budget is 

presented based on that improved knowledge and the integration of data dispersed widely 

through the literature. The approach taken is to assess each potentially significant flux in 

to and out of the oceans in order to construct a comprehensive pre-anthropogenic U 

budget for the Holocene. New data regarding one of the most poorly constrained sinks to 

date, the cmstal uptake of U during hydrothermal circulation, are also presented and the 

implications for the magnitude of the hydrothermal U sink are discussed. In this 

evaluation an attempt is made to calculate a realistic error associated with the magnitude 

of each flux. For those cases where the uncertainty cannot be robustly determined, an 

error of 50 or 100% is assigned to reflect the degree of confidence in both the available 

data and in our understanding of the processes involved. Isotope constraints are also 

applied to the U input flux to demonstrate that the estimates of the source terms are 
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reasonable. Unless major revision of our understanding of biogeochemical cycling 

occurs, it is considered highly unlikely that the magnitude of each flux will lie outside the 

ranges presented here. 

6.2 Distribution of U in the Oceans 

Under oxic conditions dissolved U in seawater occurs dominantly as the stable uranyl 

carbonate ion U02(C03)3''" (Djogic et al., 1987), and is conservative with a concentration 

([U]sw) of 13.9+0.9 nmolkg"^ at a salinity of 35 (Chen et al., 1986a). This gives an 

oceanic U inventory (Su) of ca. 19 x lO'^ moles, of which more than 99% is ^̂ ^U and less 

than 1% is ^^^U. The third naturally occurring isotope, is a daughter product in the 

^^^U decay series, and is present only in trace amounts. However, due to the preferential 

mobility of in-situ produced this isotope is present in excess of secular equilibrium, 

and the seawater ^ "̂̂ U/'̂ ^U activity ratio (ARsw) is 1.144+0.004 (Chen et al., 1986a). That 

both [U]sw and ARsw are constant demonstrates that the oceans are well mixed with 

respect to U, thereby implying that the residence time of U (xu) is significantly longer than 

the mixing time of the oceans (ca. 10^ yrs). 

Any expectation that the flux of U to the ocean will balance the flux of U from the ocean 

rests on the assumption of steady state. That [U]sw is in steady state has been inferred 

from the constancy of the coralline U/Ca ratio, (U/Ca)c, with time (Bender 1970, 

Broecker 1971). Well preserved aragonitic corals retain their initial trace element 

composition and the distribution coefficient for (U/Ca)c relative to seawater is close to 

unity (Broecker, 1971; Swart and Hubbard, 1982). Thus assuming that [Ca]sw has not 

changed, ancient (U/Ca)c should provide a measure of ancient [U]sw- Although the mean 

(U/Ca)c has remained constant over the long time period of a climate cycle, (U/Ca)c has 

varied by +30% over the last 4 Ma (Bender, 1970), and by ±20% over the last 30 Ka 

(Bard et al., 1990). Although part of this variation may be due to a temperature control on 

U incorporation of ca. -3 to 4% per °C (Min et al., 1995; Shen and Dunbar, 1995), 

fluctuations in [U]sw cannot be ruled out and the timescale on which U is in steady state 

remains unclear. 
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6.3 Inputs of U to the Oceans 

Three transport pathways could supply significant amounts of U to the oceans: river 

runoff, direct groundwater discharge and aeolian crustal dust (Figure 3.1). Previously it 

has been assumed that river runoff is the only significant source of U (e.g. Bloch, 1980; 

Palmer and Edmond, 1993). Although continental runoff does occur predominantly as 

flow in rivers, part of the total water flux is returned to the oceans via direct groundwater 

discharge. As the mean U content of river water and groundwater may be significantly 

different, the corresponding U fluxes are assessed separately. Prior to discussing these 

fluxes, a brief overview of the hydrologic cycle is presented to explain the water fluxes 

adopted in the calculations. 

6.3.1 The water fluxes 

Water runoff from the continents is calculated fl-om a water balance model, where runoff 

is that part of precipitation not returned to the atmosphere by evapotranspiration. 

Published estimates of global runoff are based on long term continental averages and lie in 

the range 38+6 xlO^ kgyr"' (Lvovitch, 1974; Baumgartner and Reichel, 1975; Korzun, 

1978; Zektser and Loaiciga, 1993). Groundwater participates in the hydrologic cycle both 

as the base flow of rivers and as submarine groundwater that bypasses the river network 

and discharges directly to the oceans. Direct groundwater discharge has been estimated at 

6-10% of total continental runoff (Garrels and Mackenzie, 1971; Zektser and Dzhamalov, 

1981; Zektser and Dzhamalov, 1988). As these estimates are not well constrained, a 

direct groundwater discharge of ca. 8+4% of total runoff, or 3+1.5 x lO'^ kgyr"', is used. 

Base flow accounts for about 30 to 35% of the total modem river runoff (35+6 x lO'^ 

kgyf') , although prior to large scale agricultural irrigation and reservoir construction this 

contribution was probably 5-10% lower (Zektser and Loaiciga, 1993). An approximate 

pre-anthropogenic base flow contribution of 25±13%, or 9+4.5 x lO'^ kgyr"', is therefore 

assumed, which gives a surface river runoff of 26±8 x lO'^ kgyr"'. 
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Figure 6.1: Sources and sinks of U to and from the ocean. The area of each flux box is 

proportional to the magnitude of that flux, where the dashed lines indicate the uncertainty 

in the flux. Fluxes are in Mmolyf'. The oceanic inventory is in Mmol. 
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6.3.2 Riverine input 

The riverine input (IR) can be calculated as the product of the river water flux and the 

mean natural U concentration ([U]R) of that water. For an individual river, the natural 

[U]R is determined by the rock types in the drainage basin and the extent of chemical 

weathering (Palmer and Edmond, 1993). In general a positive correlation is observed 

between [U]R and total dissolved solids (TDS) or total cations (E"^, and an inverse 

correlation between [U]R and silicon/total anions, which indicates that the dominant 

control on [U]R is probably the chemical weathering of non-silicates (Borole et al., 1982; 

Sarin et al., 1990; Palmer and Edmond, 1993). There is also a strong correlation between 

[U]R and bicarbonate, which most likely reflects the importance of the stable 1102(003)3'^' 

species in river chemistry (Broecker, 1974; Mangini et al., 1979). 

It is important to ensure that any estimate of the global mean [U]R reflects the natural U 

input, thus the potential anthropogenic impact on the modem [U]R must be considered. 

Although increased agriculture has resulted in higher total weathering rates, the principal 

effect is to have eroded soil, therefore the associated increase in chemical weathering (as 

indicated by the riverine dissolved load) is probably small (Gregor, 1970). Nevertheless 

rivers draining agricultural areas could have elevated [U]R due to the extensive use of 

phosphate fertilisers which have U contents up to 50 ppm (Spalding and Sackett, 1972). 

In particular it is the high [U]R of rivers draining Western Europe (e.g. the Rhine) and the 

Himalayas that have been called into question (Mangini et al., 1979; Pande et al., 1994). 

At present there is no evidence for significant anthropogenic U enrichment in the Rhine 

(Mangini et al., 1979), and the high [U]R in Himalayan river headwaters (minimal 

agricultural influence) suggests that U mobilisation is naturally high and probably related 

to the weathering of U rich black shales (Sarin et al., 1990; Pande et al., 1994). However, 

a study of the Kanovci agricultural area in Eastern Slavonia indicates that high U 

concentrations in surface water and shallow groundwater are caused by phosphate 

fertilizer application (Barisic et al., 1992). Phosphate fertilisers may also affect [U]R via a 

more indirect route. High phosphate levels can lead to eutrophication and an increase in 

the biological breakdown of organic matter, which may result in enhanced U dissolution 

(Lienert et al., 1994). As yet the total impact of human activity on [U]R is poorly 

understood and if any significant perturbation exists it is difficult to quantify. 
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Three different approaches have been taken toward determining the mean natural [U]R. 

The first approach assumes that the Amazon [U]R (0.14-0.17 nmolkg"') is representative 

of the pre-anthropogenic 'global' river (Bloch, 1980). This assumption is not valid as the 

Amazon is a dilute river with a low dissolved load (S^ = 300 ^eqkg'% Gaillardet et al., 

1997) compared to the global average (S^ = 1210 jieqkg"', Meybeck, 1987). The second 

approach uses the observed correlation between [U]R and TDS combined with the mean 

TDS of 100 mgkg"' to estimate a mean [U]R of 1 nmolkg"' (Borole et al., 1982; Figueres et 

al., 1982). However, some data from the Ganga-Brahmaputra and Mackenzie rivers fall 

significantly above this correlation line (Figure 3.2). As these rivers represent the 4"*̂  and 

5''' largest drainage basins in the world and are thought to have a naturally high [U]R 

(Reeder et al., 1972; Sarin et al., 1990), it is difficult to justify their exclusion from any 

calculation of the 'global' mean [U]R. 

The third approach is to calculate a discharge weighted mean [U]R (Borole et al., 1982; 

Sarin et al., 1990; Palmer and Edmond, 1993; Windom et al., 2000). A compilation of 
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Figure 6.2: U concentration versus total dissolved salts for five world rivers. 

Zaire data from Dupre et al. (1996); Narbada and Tapti data from Borole et al. (1982); 

Ganga-Brahmaputra data from Sarin et al (1990); Mackenzie data from Reeder et al. 

(1972). The U-TDS correlation is based on the Zaire, Narbada and Tapti rivers. 
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the available [U]R from 80 rivers ranked according to discharge and accounting for ca. 

60% of the surface runoff is presented in Table 6.1. For rivers with more than one 

published value of [U]R a seasonal average was used if available, otherwise an average of 

all published [U]R was taken. The discharge weighted mean [U]R from this data set is 1.2 

nmolkg"\ slightly lower than the 1.3 nmolkg"' previously calculated from a data set of 43 

rivers (Palmer and Edmond, 1993). Ultimately the accuracy to which the 'global' [U]R 

can be estimated by this method is dependent on both the temporal and spatial extent of 

sampling. The more rivers sampled the more complete the data set will become. 

However, the seasonal and inter-annual variation in river discharge rates places an equal, 

or larger, importance on the temporal scale of sampling. This is illustrated by the 

difference between a single measurement of [U]R in the monsoonal Ganga-Brahmaputra 

river system (16.7 & 7.1 nmolkg"' respectively. Palmer and Edmond, 1993) in comparison 

to seasonally averaged estimates (7.6 and 2.6 nmolkg"', Sarin et al., 1990; 8.4 and 4.2 

nmoikg"', Chabaux et al., 2001). As the [U]R data set is now reasonably comprehensive, 

with seasonally weighted or average [U]R available for the four largest rivers of the world, 

it seems unlikely that the uncertainty in the 'global' mean [U]R will exceed 25%. 

However, this data set is based on surface water sampling and thus does not specifically 

address the base flow component. 

Previous budgets have carried the inherent assumption that either all base flow enters 

streams prior to discharge, or that all base flow has a similar U content to the surface flow 

( [ U ] R B ~ [U]RS). A comparison between the U content of surface waters and adjacent 

shallow groundwaters in the Ganga river drainage basin suggests that [U]RB varies from 

0.4 to 10 times [U]RS, although in the lower reaches of the Ganga main stream the 

assumption that [U]RB ~ [U]RS appears to hold true ([U]RB/[U]RS = 0.9 to 1.3, Sarin et al., 

1990). In the Platte river system [U]RS was typically lower than [U]RB, and locally 

elevated [U]RS were associated with increased groundwater sources during low flow 

periods (Snow and Spalding, 1994). At present, chemical data regarding the basal flow of 

rivers is lacking and it cannot be assumed that [U]RB is as well constrained as [U]RS. TO 

account for this uncertainty, the same mean [U]R is adopted, where a larger error of 50% 

is assigned to the base flow component. Using a [U]RS of 1.2+0.3 nmoikg"' and a [U]RB of 

1.2+0.6 nmoikg"' gives surface and base flow U fluxes of 31.2+12.4 Mmolyr"' and 

10.8+7.6 Mmolyr"', and a total IR of 42.0+14.5 Mmolyr"'. 
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Table 6.1: The uranium concentration of World Rivers. 

River 
W a t e r F l u x 

( l o " kg /yr) 

IUIR 

( n m o l / k g ) 

U F lux 

(10^ mol /yr) 
R e f . River 

W a t e r F lux 

(10*^ kg/yr) 

[UIR 

( n m o l / k g ) 

U H u x 

(10^ mol /yr) 
R e f . 

Amazon 6300 0.14 882.0 *a Tisza 19 1.82 34.6 a 

Zlaire 1250 0.23 284.4 a-d Tap t i 18 1.34 24.1 a, n, 0 

Orinoco 1100 0.10 IIO.O *a Seine 17 2.65 45.1 a 

900 1.90 1710.0 a-d Han-Main Channel 15 0.25 3.8 

Brahmaputra 609 3.40 2070.6 e, f Connecticut 14 O. l l 1.5 m 

Mississpp: 580 2.08 1204.5 a, g, h Mae Klong 13 1.42 18.4 a, m 

Mekong 470 0.27 126.9 a Nan Dong 12 0.29 3.5 m 

La Plata/Parana 470 0.07 32.9 a Hudson 12 0.66 8.0 

St Lawrence 450 1.22 548.3 f Savannah 11 0.29 3.2 *m 

Ganga 393 8.00 3144.0 e, f Orange I I 3 .76 41.3 a, 1 

Mackenzie 306 2.10 642.6 1 Suwannee 11 0.63 6.9 q 

Zhu Jiang (pearl) 302 1.01 305.0 Brazos 10 4.45 44.5 a 

Columbia 2 5 ! 2.10 527.1 j Penobscot 10 0.33 3.3 

Indus 238 10.30 2451.4 k Dela\mre 10 0 .08 0.8 

Zambesi 223 0.67 149.4 1 Potomac 9.2 0.47 4.4 

Danube 206 4.55 937.3 Kennebec 7.9 0.25 2.0 

Yukon 195 2 .28 444.6 Tan Shui 7.0 0.39 2.8 

Pafos Lagoon 126 O.JO 12.2 Cauveri 7.4 2.44 18.0 r 

Fraser 1 12 0.60 67.2 St J o h n 6.9 0.18 1.3 

Rhine 91 1.84 167.4 Pee Dee 6.9 0.27 1.8 

Godavari 84 2.25 189.0 6.8 0.20 1.3 

Krishna 67 4 .87 326.3 Guem 6.4 0.24 1.6 

Mahanadi 67 0.54 36.2 *P James 6.2 0.33 2.0 

Anadyr 60 0.12 7.0 Choi Shui 6.1 0 .59 3.6 

Victoria Nile 54 0.06 3.2 a Limpopo 5.0 11.76 58.8 1 

Rhone 49 4.30 210.7 a. g Rio Grande 3.9 12.80 49.9 s 

Yellow 49 20.40 99&6 Charente 3.0 8.40 25.2 t 

Po 46 0.67 30.8 g Cape Fear 2.9 0.14 0.4 

Kuskokwim 43 1.38 59.3 Lan Yang 2.8 0.20 0.6 

Narbada 41 1.56 64.0 Neuse 2.5 0.30 0.7 

39 1.59 62.0 Rapahannock 2.1 0.05 0.1 

Susquehanna 36 0.38 13.6 Rio Grande 2.0 0.92 1.8 

Vistula 33 2.76 91.1 a Schelde 2.0 3.41 6.8 

Garonne 30 3.15 94.5 f M e d ^ y 1.7 0.08 0.1 

Loire 27 1.55 42.0 f Tungkang 1.1 0.35 0.4 

Senegal 27 0.07 1.9 Linpian 0.9 0.21 0.2 

Wesser 27 2.58 69.7 T a m a 0.6 0.03 0.0 

Elbe 26 8.67 225.4 Erb-Jen 0.5 0.45 0.2 

Stikine 24 0.99 23.8 T a m a r 0.2 0.70 0.1 a 

Chao Phraya 23 1.58 36.3 

Blue Nile 19 0.55 10.5 T O T A L 1 5 7 2 8 1 . 2 0 1 8 8 3 8 

* I n d i c a t e s a s e a s o n a l a v e r a g e ; ( a ) P a l m e r a n d E d m o n d 1993; ( b ) D u p r e e t at. , 1996; (c) M a r t i n e t al., 1978a; ( d ) F i g u e r e s e t al . , 1982; 

( e ) Sa r in e t al . , 1990; ( f ) C h a b a u x e t al. , 2001 ; ( g ) B e r t i n e e t al., 1970; ( h ) M o o r e 1967; (i) R e e d e r e t al. , 1972; (j) M a l l o i y e t al. , 1969; 

(k) P a n d e e t al. , 1994 w i t h [ U ] R r e d u c e d t o 5 0 % o f l o w d i s c h a r g e [ U ] R o n c o m p a r i s o n w i t h G a n g a , B r a h m a p u t r a a n d M a h a n a d i ; 

(I) K r o n f e l d a n d V o g e l 1991; (m) W i n d o m e t al . , 2000; ( n ) B o r o l e e t al . , 1977; ( o ) B o r o l e e t al . , 1982; ( p ) R a y e t al. , 1995; ( q ) S c o t t 1982; 

(r) B h a t a n d K r i s h n a s w a i n y 1969; ( s ) S p a l d i n g a n d S a c k e t t 1972; ( t ) M a r t i n e t al . , 1978b. 
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6.3.3 Direct groundwater input 

Submarine groundwater discharge (SGWD) could constitute a significant input of U to the 

ocean (IQ). SGWD consists of a mixture of fresh groundwater and recycled seawater, 

where the chemistry of the resultant brackish water may not represent simple mixing 

between the two end members (Moore and Church, 1996). Although U enrichment in 

SGWD has been suggested (Church, 1996), at present there is no evidence for U addition 

during recycling of seawater through the continental shelf It is therefore assumed that the 

flux of groundwater delivering 'new' U to the ocean is equal to the fresh water flux of 

3+1.5 X lO'^ kgyr"'. 

The concentration of U in groundwater ([U]G) can vary widely, ranging from less than 1 

nmolkg"' to in excess of 2000 nmolkg"' (e.g. Betcher et al , 1988; Banner et al., 1990; 

Hodge et al., 1996). Unfortunately it is not possible to estimate a discharge weighted 

mean [U]G as the contribution of each groundwater sampled to the total water discharge is 

unknown. However on a global basis [U]G typically lies in the range 0.4-40 nmolkg"', 

with a median value of 4 nmolkg"' (Osmond and Cowart, 1992). Here the mean [U]G of 

SGWD is considered likely to fall within the lower portion of this range, as it is 

groundwaters flowing through deep confined aquifers that discharge directly to the 

oceans. When groundwaters percolate downward they move from oxidising to reducing 

conditions, leading to the reduction of soluble U(VI) to insoluble U(IV). Once 

precipitated in the anoxic environment U remains in the solid state on a geological 

timescale, thus deep groundwaters have a lower [U]G than shallow groundwaters 

(Andrews and Kay, 1982; Osmond and Cowart, 1992). Probable limits on the mean 

SGWD [U]G of 0.4 to 4 nmolkg'' are therefore suggested, giving an IG of 1.2+0.6 to 12+6 

Mmolyr"' (or 9.3±8.7 Mmolyr"'), hence within the present constraints IG may be 

insignificant or may constitute a second major input of U. 

6.3.4 Aeolian input 

To construct a complete assessment of the oceanic U budget, the input of U associated 

with the aeolian flux of mineral dust (9.1 x lO''* gyr"', Duce et al., 1991) must also be 

evaluated. As U is present in mineral aerosols in approximately crustal proportions (Rahn 
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et al., 1979), an upper crust U content of 2.4+0.6 ppm (Taylor and McLennan, 1981) is 

used to estimate a particulate U flux of 9.2±2.3 Mmolyr' . While a dissolved flux of this 

magnitude would be significant, only certain fractions of this particulate U will be labile 

in seawater. At present there is no data pertaining to the solubility of U associated with 

crustal dust. Here it is assumed that the partitioning of U between labile and refractoiy 

phases will fall between that of Fe (-5-10%) and P (-33%) (Chester et al., 1986; Duce et 

al., 1991) and assign a labile U fraction of 20±15%). This gives a soluble U flux (IA) of 

1.8±1.1 Mmolyr"', thus I* falls within the error associated with IR and represents only a 

minor input term. 

6.4 Behaviour of U in the Coastal Zone 

River runoff delivers U to the coastal zone where interactions between dissolved and 

particulate phases can act to remove from, or add to, dissolved U in the water column (e.g. 

Barnes and Cochran, 1993). Here the behaviour of U in estuaries, salt marshes and 

mangrove swamps is reviewed prior to making a first order estimate of the direction and 

magnitude of the coastal zone U flux (Jcz)-

6.4.1 Behaviour of Uin estuaries 

U is seen to behave conservatively across a broad range of estuaries that differ in terms of 

river chemistry, physical classification, and geographic location (e.g. Borole et al., 1977; 

Martin et al., 1978a; Borole et al., 1982; Toole et al., 1987; Sarin and Church, 1994; Ray 

et al., 1995; Windom et al., 2000). Although non-conservative U removal can occur, due 

to either the flocculation of colloidal U or the adsorption and/or reduction of U associated 

with a high organic load, significant U loss is typically associated with pollution (Martin 

et al., 1978a; Maeda and Windom, 1982; Sarin et al., 1985; Toole et al., 1987; Porcelli et 

al., 1997). The data thus indicate dominantly conservative behaviour of U under natural 

conditions, with the possible exception of the unique Amazon Shelf estuary. In this 

dynamic environment the vigorous reworking of shelf sediments can lead to both large-

scale removal and addition of U. On the near shelf the release of porewater Fe and Mn to 

the water column results in colloidal U scavenging (Swarzenski and McKee, 1998), whilst 

on the distal shelf particle disaggregation results in addition of colloidal U (McKee, 1987). 
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Although a significant U input of 5.5 Mmolyr'' has been reported, in subsequent studies a 

net flux of this magnitude was not observed and the impact of the Amazon Shelf on the U 

budget remains unclear (McKee, 1987; Swarzenski et al , 1995; Swarzenski and McKee, 

1 9 9 8 ^ 

6.4.2 Behaviour of U in salt marshes and mangrove swamps 

Two mechanisms can lead to U removal in the organic rich environments of salt marshes 

and mangrove swamps. In the first case water column scavenging in association with Fe 

removal and/or organic matter flocculation delivers U to the sediment (Maeda and 

Windom, 1982; Church et al., 1996). In the second case a diffusive flux of U into the 

sediments is driven by the reduction of soluble U(VI) to insoluble U(IV) at depth (Barnes 

and Cochran 1993), a process probably mediated by Fe(III) reducing bacteria (Lovley et 

ah, 1991). 

Salt marshes constitute strong sinks of U with removal observed at all salinities over 

summer months (Maeda and Windom, 1982; Church et al., 1996). Two estimates of U 

accumulation rates in salt marshes have been reported, 15 pmolm'^yr'' (Canary Creek, 

Church et al., 1996) and 70 jimol m'^yr"' (Savannah, Windom et al., 2000). We consider 

the latter figure an overestimate as year round U removal was assumed despite a lack of 

data from much of the winter months (Windom et al., 2000). In addition, U removal in 

the Savannah may be associated with pollution and therefore should not be used to 

estimate the pre-anthropogenic sink (Maeda and Windom, 1982; Sarin et al., 1985). 

Although U removal to mangrove swamps has not been rigorously documented, data from 

the Ganga-Brahmaputra system suggests that U accumulation occurs at a rate similar to 

that observed in salt marshes (Carroll and Moore, 1993). During the dry season the low 

salinity (<12, PSS 78) region of the Ganga-Brahmaputra mixing zone is located in the 

mangrove swamps of the river delta. A plot of U against salinity shows that extensive U 

removal occurs in this area. Above a salinity of 12, or downstream from the mangrove 

swamps, U is essentially conservative (Figure 3.3; Carroll and Moore, 1993). Linear 

regression of the conservative section of this mixing line gives an effective [U]R of 7 

nmolkg"', a loss of 3.8 nmolkg"' compared to the actual [U]R of 10.8 nmolkg"'. Assuming 

that removal is limited to the dry season (water discharge = 0.14 x lO'^ kgyr"') and 
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dividing by the areal extent of the mangrove swamps (-1.8 x 10'° m"̂ , Eysink, 1983), this 

gives a U accumulation rate of ca. 30 jamol m"^yr"'. As no account is made for the export 

of particulate U, or the possible re-release of U during the wet season, this estimate should 

be considered an upper limit on U accumulation rate in mangrove swamps. 

The inherent variability of coastal systems makes it difficult to extrapolate to the 'global 

estuary' from present data. In particular, the net flux of U across the Amazon Shelf must 

be resolved before Jcz can be determined to any degree of accuracy. Nevertheless, the 

dominant process seems likely to be the removal of U to salt marshes and mangrove 

swamps and a first order estimate of Jcz is made based on this premise. A U removal rate 

of 20±10 |j,mol m'^yr"' is assigned to reflect the uncertainty in both the strength of this flux 

and the behaviour of U in other coastal systems. When combined with the areal extent of 

salt marshes (3.8 x lO" m^, Woodwell et al., 1973) and mangrove swamps (1.8 x lO' 'm", 

Spalding, 1997) this gives a Jcz of 11.2+5.6 Mmolyr"', suggesting that removal of U in the 

coastal zone may significantly reduce the net input of U to the open ocean. 

T 

10 15 20 25 

Salinity (PSS '78) 

Figure 6.3: U concentration versus salinity in the Ganga-Brahmaputra mixing zone 

(after Carroll and Moore, 1993). The solid line is a linear regression through the 

conservative section of the mixing diagram (salinity> 12), giving an effective source [U] 

of 7 nmolkg' compared to the actual riverine [U] of 10.8 nmolkg''. 
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6.5 Isotopic Constraints on the Net Input of U to the Ocean 

Previous work has suggested that the observed ARsw cannot be maintained if the only 

source of excess is the input of dissolved U from the continents (Bhat and 

Krishnaswami, 1969; Ku et al., 1977). However, as with the mass budget, these 

calculations do not explicitly evaluate the groundwater input. A simple isotope budget is 

therefore presented to illustrate the potential importance of groundwater in the 

geochemical cycling of U. 

Assuming that ARsw is in steady state, that continental runoff is the only source of excess 

and that all sinks except Jcz remove U in direct proportion to ARsw, then the 

following relationship between supply and removal of must hold true: 

IR (ARR - ARsw) + IG (ARG - ARsw) = Jcz (ARcz - ARsw) + A.234^u (ARsw - 1 ) [6.1] 

Where ARR, ARG and ARcz are the mean AR associated with the fluxes IR, IQ and Jcz 

respectively, ARsw is 1.144, Su (the oceanic U inventory) is 19 x lO'^mol and X234 (^ '̂'U 

decay constant) is 2.835 x 10"̂  yr. A discussion of the probable limits on ARR, ARQ and 

ARcz is first presented prior to examination of whether or not continental runoff could be 

sufficient to maintain the oceanic excess of 

6.5.1 The activity ratio of the riverine input 

A compilation of data from 39 rivers yields a U flux weighted mean ARR of 1.17 (Table 

6.2 after Chabaux et al., 2001). However, large rivers with low ARR dominate this data 

set, and the base flow contribution, which may have an elevated ARR compared to surface 

flow (Snow and Spalding, 1994), is not accounted for. This estimate is therefore 

considered to represent the lower limit on the true mean ARR. 

Although the ARR of an individual river is unlikely to be controlled by a unique process, a 

primary dependence on the extent of chemical weathering has been suggested, which may 

infer a climatic control on the mean ARR (Umemoto, 1973; Kronfeld and Vogel, 1991; 

Riotte and Chabaux, 1999). Under arid conditions mechanical weathering dominates over 

chemical weathering, thus new crystal surfaces are constantly exposed and continuous 
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preferential leaching of occurs (e.g. South African Rivers, ARR~2.0). Conversely, in 

the humid tropical and monsoonal zones, chemical weathering prevails and ARR rapidly 

approaches that of the mineral particles (e.g. the Amazon, Zaire, Ganga Brahmaputra and 

Indus rivers, ARR -1.1). If the two extreme river types are excluded from the data set, the 

mean temperate ARR increases to ~1.3. Of the total IR, if 1%, 24% and 75% were 

delivered via arid, humid and temperate river systems, the mean ARR would be 1.26. It is 

thus assumed that the mean ARR will lie in the range 1.17 to 1.26. 

Table 6.2: The activity ratio of World Rivers. 

River 

W a t e r Flux 

( lO'^ kgyr" ' ) 

[UlR 

(nmolkg" ' ) 

U Flux 

( l o ' molyr" ' ) 
Activity 

Ratio 

Activity Ratio 

X U Flux 
Ref. 

Amazon 6300 0.14 B K O 1.10 970 a 

Zaire 1250 0.23 284,4 1,09 310 b 

Ganga-Brahmaputra 1000 5.20 5200,0 1,07 5564 c , d 

Miss i s spp i 580 2.08 1204.5 1.31 1578 a 

Mackenzie 306 2.10 642,6 1.40 900 e 

Indus 238 10.30 2451,4 1.09 2672 f 

Zambesi 223 0.67 149.4 1.19 178 g 

Rhine 91 1.84 167,4 1.29 216 h 

Godavari 84 2.25 189,0 138 261 i j 

Krishna 67 4.87 326.3 1.65 538 k 

M a h a n a d i 67 0.54 36,2 1.22 44 1 

Arid S. Afr ican (n=15, range 1.29-2.59) 54 4.92 265.5 2,03 539 g 

Rhone 49 4.30 210.7 1,09 229 c 

Narbada 41 1.56 64.0 1.39 89 j 

S u s q u e h a n n a 36 0.38 13.6 1,31 18 m 

Garonne 30 3.15 94.5 1,16 n o c 

Loire 27 1.55 42,0 1,15 48 c 

Tapt i 18 1.34 24.1 1,26 30 j 

Seine 17 2.65 45,1 1.11 50 c 

Suwannee 11 0.63 6,9 1.90 13 m 

Brazos 10 4.45 44,5 1.22 54 n 

Cauveri 7.4 2.44 18.0 1.28 23 k 

Rio Grande 3.9 12.80 49.9 1.74 87 m 

Charente 3.0 8.40 25.2 1.22 31 0 

T O T A L 12437 1.17 14551 

(a) Moore 1967; (b) Martin et al., 1978a; (c) C h a b a u x e t al., 2001; (d) Sarin et al., 1990; (e) R e e d e r e t al., 1972; (f) Pande et al., 1994; 

(g) Kronfeld and Vogel 1991; (h) Mang in i et al,, 1979; (i) Bhat and Krishnaswamy 1969; (j) Borole et al., 1977; (k) Borole et al., 1982; 

(1) Ray et at., 1995; (m) Scott 1982; (n) Sackett and Cook 1969; (o) Martin et al., 1978b. 
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6.5.2 The activity ratio of the groundwater input 

Groundwaters exhibit much greater variations in AR than surface waters, with ARG 

ranging from about 0.5 to 12 (Osmond and Cowart, 1976; Gascoyne, 1992). As with the 

mean [U]G it is currently difficult to further constrain the mean ARG, although it is 

unlikely to fall toward the extremes of this range. In general, an inverse correlation is 

observed between [U]G and ARG, thus deep reducing groundwaters with low [U]G will 

have a higher ARG than near surface oxic groundwaters with high [U]G (Osmond and 

Cowart, 1976; Osmond and Cowart, 1992; Asikainen, 1981). As it is deep groundwaters 

that constitute SGWD we infer that the mean ARG will be greater than unity and is likely 

to exceed ARR (-1.2). Although groundwaters with an extreme excess of have been 

sampled (ARG>30), the vast majority have an ARG less than five, with most clustered 

between values of one and three (Osmond and Cowart, 1976, Asikainen, 1981). It is 

therefore suggested that the mean ARG will lie between 1.0 and 5.0, and most probably 

fall in the range 1.2 to 3.0. 

6.5.3 The activity ratio of U removed in the coastal zone 

It is assumed that Jcz removes U in direct proportion to the AR of the water column, 

where this AR varies across the removal zone in response to the relative proportion of 

riverine and seawater U. Consideration of a simple box model shows that to a first 

approximation: 

A R c z = (WR [UJRARR + Wsw [UJswARsw) / (WR [U]R + Wsw [U]sw) [6.2] 

Where WR and Wsw denote the fractional volume of river water and seawater in the 

removal zone. To explore the limits on ARcz it is assumed that Wsw ^ 0.5 > WR. The 

upper limit on ARcz is given by the case where WR= WSW in combination with the upper 

bounds on [U]R (1.6 nmolkg"') and ARR (1.26). As WR tends toward zero, ARcz 

approaches the lower limit of ARgw, thus ARcz probably lies in the range 1.144 to 1.156. 
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6.5.4 Balancing the isotope budget 

Equation 6.1 is used to assess the potential role of groundwater in maintaining the oceanic 

excess of^^%. The IQ and ARG required to balance the U isotope budget is illustrated in 

Figure 6.4 (dashed lines), where the centre line corresponds to the mid-range values of IR, 

ARR, JCZ and ARcz (IG*(ARG - 1.144) = 4.842). The upper line constrains the absolute 

upper limit on IG for a given ARQ and vice versa (IG*(ARG - 1.144) < 7.243). Above this 

line the groundwater flux would supply too much to the ocean. The lower line gives 

only the lower limit on IG and ARG necessary for isotopic balance (IG*(ARG - 1.144) > 

1.203). The groundwater characteristics may fall below this line, in which case an 

additional source of is required. Also shown in Figure 3.4 (solid lines) are the 

probable limits on IG (0.6-18 Mmolyr') and ARG (1.2-3.0). That the full range in IG and 

ARG could be consistent with the U isotope budget suggests that these limits are 

reasonable, although for an IG greater than 3.9, ARG must be less than or equal to (7.243 / 

IG)+ 1.144. 

That this analysis demonstrates that the supply of in continental runoff could be 

sufficient to balance the U isotope budget should not be interpreted as an argument against 

the existence of additional sources. There is compelling evidence to support a 

diffusive flux of through porewaters of pelagic sediments (e.g. Ku et al., 1977; 

Cochran and Krishnaswami, 1980). Leaching of ocean crust basalts (see Section 3.7) may 

also result in the supply of excess from the seafloor. However, in the absence of a 

significant groundwater flux, a seafloor input of ca. 265 molyr"', or a mean flux of 

2.4 dpmm'^yr"' would be required. While the available data supports localised fluxes of, 

or indeed exceeding, this magnitude, the extrapolation to a diffusive flux of this order 

across the entire ocean floor is less than convincing. It is therefore hypothesised that the 

groundwater flux may play a significant role in balancing the U isotope budget of the 

oceans. 
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Figure 6.4: Relations between the groundwater activity ratio (ARG) and the 

groundwater flux (IG) as predicted by the steady state distribution (on a ~10^ year 

time scale) of U in the oceans given a total U inventory of 19 xlO^^ mol and a 

234y^238jj ratio of 1.144. The solid lines show the probable range in ARG and IG-

The dashed lines give the ARG and IG required for oceanic isotopic balance given the 

range in the riverine input (IR = 42.0±14.5 Mmolyr') and coastal zone removal flux (Jcz 

= 1I.2±5.6 Mmolyr') and the associated isotopic compositions of these fluxes (ARR = 

1.215^0.045, ARcz = 1.150±0.006) as discussed in the text. The centre line corresponds 

to the mid-range values, the upper line corresponds to the minimum IR and ARR and 

maximum Jcz and ARcz, the lower line corresponds to the maximum IR and ARR and 

minimum Jcz and ARcz-
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6.6 Sinks of U from the Oceans 

Potentially significant sinks of U from the ocean include removal to anoxic and suboxic 

sediments, uptake in biogenic structural material, crustal sequestration during 

hydrothermal circulation and seafloor weathering, and incorporation in hydrogenous 

phases such as metalliferous sediments, iron-manganese nodules and pelagic red-clays 

(Figure 6.1). 

6.6.1 Removal to anoxic and suboxic sediments 

One of the most important sinks of U is removal into oxygen depleted sediments in which 

organic matter diagenesis is occurring. Significant authigenic enrichment of U begins in 

sediments where oxygen penetration (Z02) is less than or equal to 1cm (Morford and 

Emerson, 1999). The reduction of U(V1) to U(1V), and thus removal from porewater to 

sediments, occurs under low Eh conditions, at or below that necessary to reduce Fe(III) 

(Barnes and Cochran, 1990). This removal at depth creates a concentration gradient in 

porewater U and leads to a diffusive flux of seawater U into sediments (Barnes and 

Cochran, 1990; Klinkhainmer and Palmer, 1991). 

Anoxic sediments are typically found in basins with restricted deep-water circulation and 

in near shore regions associated with areas of intense upwelling and high primary 

productivity. The data on U accumulation in these environments is summarised in Table 

3.3 (after Cochran, 1992), where the areal representation of basins and upwelling zones is 

comparable to the global division of anoxic sediments between these two regimes. The U 

accumulation rate calculated from sediment data is typically higher than the purely 

diffusive U flux calculated from porewater profiles (Table 6.3). This discrepancy is 

probably related to additional mechanisms of U removal. In organic rich sediments below 

an anoxic water column further U accumulation can occur via preservation ofnon-

lithogenic particulate U (Zheng, 1999) or U adsorption onto, or complexation with, 

organic matter (Anderson et al., 1989). Sediments underlying upwelling regions can also 

have unusually high U contents associated with the presence of U rich phosphate nodules 

and deposits (Veeh et al., 1974). Considering only the sediment based estimates, the 

mean U accumulation rates still show a high degree of variation, ranging from 5.4 to 46.2 

|j.mol/m^yf', with an area weighted mean of 9.2 |amolm"^yr"V The uncertainty in this tenn 

186 



The Oceanic Uranium Budget (Chemical Geology 190 (2002) 45-67) 

is large and must incorporate the discrepancy between the true mean U accumulation rate 

and the mean of limited data sets. For areas where four or more cores were analysed 

(Walvis Bay, the Black Sea, Saanich Inlet and Gotland Deep), the minimum and 

maximum U accumulation rates typically lie within 50% of the mean. Using a U 

accumulation rate of 9.2+4.6 pmolm'^yr"' therefore seems reasonable. Combining this 

with the area of anoxic sediments (0.35+0.05% of the seafloor or 12.6+1.8 x lO" m^, 

Veeh, 1967), gives an Ra of 11.6+6.0 Mmolyr"\ 

Table 6.3: The accumulation of U in anoxic sediments (after Cochran, 1992). 

Region 
Areal 
Extent 

Sediment 
Accumulation 

Authigenic U 

(ppm) 

U Removal Rate 
(|j,mol/m^/yr) 

(lO" m )̂ (g/mVyr) range mean range mean 

Walvis Bay""'' 0.25 10.0-55.0 9.7-32.1 21.9 
Peru-Chile Shelf'' 1.90 240 6.2-16.5 11.4 6.3 -16.6 11.5 
West Coast Basins" 0^0 9.2 

Santa Barbara 7J0 6.1 - 10.7 

Saanich 950 1.3 - 7.1 4.0 5.2 - 28.3 16.0 

San Clement (PW) (1.0 - 1.5) 

Gulf of California'''' 0.76 630 4.1 10.9 
Black Sea'''' 2.70 2.7 8.4 5.6 
(PW)' (0.8-2.9) ( 1 8 ) 
Sea of Azov'' 0.40 5.4 
Cariaco Trench'"'' 0.09 250 9.0 9.5 
(PW)« ( 2 3 ) 

Baltic Sea 
Gotland Basin'"' 0.07 1100 7.0-16.0 10.0 32.4-73.9 46.2 

Total 7 . 0 4 . 6 - 1 3 . 8 9 . 2 

PW = calculated from pore water profile. Where total U concentrations were given a detrital U content of 3 ppm has 

been assumed, (a) DeMaster 1979; (b) Veeh et al., 1974; (c) Veeh 1967; (d) Zheng 1999; (e) Francois 1988; (f) 

Kolodny and Kaplan 1973; (g) Barnes and Cochran 1990; (h) Nikolaev et al., 1966; (i) Barnes and Cochran 1991; 

(j) Bacon et al., 1980; (k) Anderson 1987; (1) LofVendahl 1987; (m) Baturin 1968. 
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Uranium accumulation rates in oxygen depleted sediments of the continental shelf and 

slope are approximately an order of magnitude lower than those observed for anoxic 

sediments (Table 6.4). However, the spatial extent of such sediments is much greater 

leading to an equally significant U sink (Rg) (Barnes and Cochran, 1990; Klinkhammer 

and Palmer, 1991). In the suboxic environment the diffusive flux of U calculated from 

porewater profiles is typically higher than the U accumulation rate determined from 

sediment data, suggesting considerable post-depositional loss of U from sediments (Table 

6.4; Zheng, 1999). This loss could result from bioturbation which raises deep reducing U-

rich sediments up toward the sediment-water interface where U(IV) is oxidised to U(VI) 

and re-released to the water column (Barnes and Cochran, 1990; Zheng, 1999). 

Considering only the sediment data, the regional mean U accumulation rate lies in the 

range 0.37 to 0.83 )j,molm"^yr"'. The uncertainty in the global mean accumulation rate 

must, at the least, encompass this range, thus a value of 0.6+0.3 |a,molm"^yr'' is assigned. 

Barnes and Cochran (1990) estimated that sub-oxic sediments cover 7-9% of the seafloor. 

More recent model results suggest that sediments with Z02 of 1cm or less cover only 4-6% 

of the seafloor, although this is limited to sediments below 1000m water depth (Morford 

and Emerson, 1999). Here an area of 6+2% of the ocean floor (21.6+7.2 x lO'" m^) is 

used to obtain an Rs of 13.0+7.8 Mmolyf ' . 

Table 6.4: The accumulation of U in suboxic sediments 

U Removal Rate (jamol/m^/yr) 
Region 

Diffusive Flux" Sediment Flux'' 
range mean range mean 

North East Atlantic 0.35-0.40 038 

Mid Atlantic Bight'' 0.84-2.27 1.43 0.80-1.01 0.83 

North West Atlantic'^ 0.00-0.67 0.42 

California Margin ^ 0.84-3.61 1.95 0.08-0.76 0.37 

(a) The diffusive flux is that calculated from a porewater profile; (b) The sediment 

flux is that calculated from the sediment record; (c) Legeleuxet a l , 1994; (d) Zheng 

1999 (core EN187-BC9 excluded due to anomalously high porewater [U] at 1 cm 

depth); (e) Barnes and Cochran 1990. 
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The magnitude of Rs can also be estimated as the product of the mean sediment 

accumulation rate (75 gm'^yr"') and the average U enrichment above detrital levels 

(Morford and Emerson, 1999). Reanalysis of the data of Morford and Emerson (1999) 

and Legeleux et al. (1994) shows that below 15 cm in the sediment the average U 

enrichment above detrital levels (1.5+0.5 ppm) is 150+75%. This gives a U accumulation 

rate of 0.71±0.43 ^molm'^yr'^ and an Rs of 15.3+10.6 MmolyfV Although this shows 

good agreement with the previous estimate, the uncertainty in this flux is large and cannot 

be better constrained until further measurements of hemipelagic U accumulation rates are 

obtained. 

6.6.2 Removal to biogenic deposits 

Removal of U to biogenic deposits occurs principally via uptake by organisms that secrete 

siliceous or calcareous tests. The net biological production of opaline silica (SiOz) in the 

surface ocean is around 7.2 x lO'^ gyr'\ of which only -2.5% survives to accumulate in 

the sediments (Treuger et al., 1995). As this survival rate is not well constrained a value 

of 2.5+1.3% is adopted here. The diatom and diatom-radiolarian oozes that encircle the 

Antarctic have a bulk U content of ~1 ppm (Mo et al., 1973; DeMaster, 1979). On 

average ca. 65% (by weight) of siliceous oozes consist of SiOa (EI Wakeel and Riley, 

1961). Assuming that the remaining 35% consists of detrital sediments with a U content 

of 1.5+0.5 ppm implies a silica U content of 0.75+0.25 ppm and a negligible sink of 

0.6+0.3 Mmolyr"'. 

Previous estimates of the carbonate sink (Rc) were based on an outdated carbonate budget 

and have severely undervalued the importance of this flux (e.g. Cochran 1992). Here the 

Holocene carbonate budget of Milliman (1993) is used where the deep-sea accumulation 

rate is reduced to be consistent with the Ca budget (Stoll and Schrag, 1998). The 

carbonate composition is then broken down into the dominant producer groups and 

combined with the U content of each carbonate type to obtain a mean U content for each 

environment (Tables 6.5 and 6.6). To incorporate the uncertainty in the carbonate flux 

and composition an error of 50% is assigned to the carbonate accumulation rates and an 

error of 50 or 100% to the U content of each carbonate type. This calculation suggests 

that Rc lies in the range 13.3+5.6 Mmolyf' and is dominated by U removal to shallow 

189 



The Oceanic Uranium Budget (Chemical Geology 190 (2002) 45-67) 

water carbonates (Table 6.5). That 90% of the U (c.f 60% of the carbonate) is deposited 

in the shallow water environment reflects the dominance of aragonite producers in these 

regimes, as the distribution coefficient for U/Ca in aragonite (relative to seawater) is 

approximately two orders of magnitude higher than that for calcite (Swart and Hubbard, 

1982; Russel et al 1994). 

Table 6.5: The accumulation of U in calcium carbonate 

CaCOs Accumulation Rate* Composition" U Content USink 

(10 '^g/yr) (%) (ppm) (Mmol/yr) 

Coral Reef 0.7 ± 0.35 ca lcarcous algae 35 2.3 ± 1.3 6.8 ± 5.1 
Complex cora ls 

non- skc lc t a l /misc . 

mol luscs 

bcn th i c f o r a m s 

25 

15 

15 

10 

Banks & 0.2 ± 0.10 non-skc lc ta l /misc . 5 0 1.2 ± 0.9 1.0 ± 0.9 
Embayments molluscs 

bcn th i c f o r a m s 

ca lcarcous algae 

cora l 

3 0 

10 

5 

5 

Shelves 0.4 ± 0.20 molluscs 

b a m a c l c s 

ca lcarcous algae 

b r y o z o a n s 

4 5 

35 

15 

5 

1.0 ± 0.6 1.7 ± 1.3 

Halimeda 

Blolterms 
0.15 ± 0.08 hal imeda 100 3.7 ± 1.9 2.3 ± 1.7 

SHALLOW WATER SUB-TOTAL 11.8 ± 5.6 

Slopes & 0.7 ± 0.35 c o c c o l i t h s 7 0 0.2 ± 0.1 0.6 ± 0.4 
Deep Sea p l a n k t o n i c f o r a m s 

p t c r o p o d s 

25 

5 

Slopes 0.05 ± 0.03 coral reef complex 2.4 ± 1.3 0.5 ± 0.4 
Imported 0.05 ± 0.03 banks & embayments 1.2 ± 1.0 0.3 ± 0.2 

0.1 ± 0.05 shelves (planktonic) 0.2 ± 0.1 O.I ± 0.1 

DEEP WATER SUB-TOTAL 1.5 ± 0.6 

(a) Carbona te accumulat ion rates a f t e r Milliman (1993), with t he exception o f Slopes & D e e p Sea 

which has b e e n r educed f rom 1.5 to 0.7 x lo '^ g/yr; (b) For the Coral Reef C o n p lex a n d Banks & 

Embayments est imates of c o n p o s i t i o n are b a s e d o n da t a p r e s e n t e d in Milliman (1974). 
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Table 6.6: The U content of calcium carbonate 

CaCOs Type 
U Content (ppm) 

reported assigned 

calcareous algae/halimeda" 2.9-4.4 3.70 ± 1.85 
corals'' 2-4 3.00 ± 1.50 
pteropods" 1.6-2.2 1.90 ± 0.95 
non-skeletal/miscellaneous 1.3-1.4 1.35 ± 1.35 
molluscs" 0.5 0.50 ± 0.25 
barnacles^ - 0.50 ± 0.50 
bryozoans" 0.3-0.5 0.40 ± 0.20 
foraminifera 0.025-0.49 0.25 ± 0.25 
coccoliths^ <0.1 0.05 ± 0.05 

(a) Sackett et al., 1993; (b) Broecker 1971; (c) for non-skeletal/ 

miscellaneous we use the U content of oolite; (d) we assume that the 

barnacle U content is comparable to that of molluscs; (e) Ku 1965; (f) 

Delaney and Boyle 1983. 

6.6.3 Removal during hydrothermal circulation and seafloor weathering 

Altered mid-ocean ridge basalts (MORBs) from the upper oceanic crust are often enriched 

in U compared with pristine basalt remnants, suggesting that the sequestration of U during 

hydrothermal circulation and seafloor weathering may represent an important U sink (RB) 

(e.g. MacDougall et al., 1979; Staudigel et al., 1996). 

Removal of seawater U during high temperature on-axis hydrothermal circulation is 

quantitative (Michard and Alberede, 1985; Chen eet al., 1986b) and appears to be virtually 

complete in warm spring fluids of 62-64°C (Mottl et al., 1998). However, the largest 

water flux, and therefore the largest potential geochemical flux, is associated with low-

temperature circulation through the ridge flanks. Although hydrothermal fluids below 62-

64°C have not been analysed for U, basalt analysis suggests that considerable crustal 

uptake of U continues to occur at alteration temperatures as low as 20-30°C (Foulliac and 

Javoy, 1978; Storzer and Selo, 1979). During the oxic alteration phase, U uptake is 

probably slight and associated with the formation of Fe oxyhydroxides (Teagle et al., 

1996). However, as sediment cover thickens with distance from the ridge axis, circulation 

becomes increasingly restricted, leading to reducing conditions and warmer, more altered 

fluids (e.g. Mottl and Wheat, 1996). Under these conditions, U(VI) is inferred to be 

reduced to U(IV) and is incorporated into secondary minerals such as palagonitized 
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glasses, clay infilling material and breccia cements (MacDougall, 1977; Mitchell and 

Aumento, 1977; MacDougall et al., 1979; Storzer and Selo, 1979; Teagle et al , 1996). 

The complex formation and subsequent permeability of ocean crust leads to an extremely 

heterogeneous distribution of alteration assemblages, thus U enrichment can vary greatly 

both within and between sites. 

As the uptake of seawater U as a function of temperature is not known below 62-64°C, it 

is not currently possible to estimate RB from a hydrothermal fluid flow model (cf. Mottl 

and Wheat, 1994; Elderfield and Schultz, 1996). RB must therefore be estimated by 

multiplying the mass of basalt altered annually by the net gain in seawater U ([UB]), 

despite the difficulties associated with constraining these parameters (e.g. Bloch, 1980; 

Hart and Staudigel, 1982; Staudigel et al., 1996). Here, broad constraints are placed on 

the possible magnitude of RB by considering the behaviour of U across three depth zones, 

the upper crust (0-500 m), a transitional zone (500-1000 m), and the lower crust (below 

1000 m). 

Figure 6.5a shows the bulk rock U content of the upper ~ 500 m of crust at a number of 

DSDP/ODP sites. Significant U enrichment persists tliroughout the full depth of these 

cores, although the U content ranges from 10s ppb to over 1 ppm, A mean upper crust U 

uptake as high as 1 ppm per 10 Ma has been suggested (Aumento, 1971). However, this 

estimate was based on dredged basalts, which are likely to show much greater U 

enrichment than the bulk upper crust, and other studies show little evidence for such 

extensive or regular enrichment (Mitchell and Aumento, 1977; MacDougall et al., 1979; 

Laveme et al., 1996). The current best estimate of the altered upper crust U content is 

considered to be that obtained from a composite sample of old crust (>100 Ma), giving a 

U content of 300 ppb (SUPER composite of Staudigel et al., 1996). 

U data is only available from two DSDP/ODP sites that extend beyond ~ 500 m in 

basement, 504B and 735B (Figure 6.5b). These sites are of comparable age but represent 

different tectonic regimes and rock types. The crust at 504B (5.9Ma) was fomied at a fast 

spreading ridge and consists of pillow lavas overlying sheeted dikes, whereas 735B (11 

Ma) is located on a slow spreading ridge and consists of unroofed and uplifted gabbros. 

Both sites exhibit enhanced U concentrations to depths of ~ 600 m. Due to sparse sample 
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Figure 6.5: Bulk rock U content of the ocean crust from ODP drill holes (a) upper 

volcanic section (b) extent of U alteration with depth. 332, 333 and 335 data from 

Mitchell andAumento (1977); 504B data from Zuleger et al. (1996) and Verati and 

Lancelot (1998); 735B data from Hart et al. (1999) and Bach et al. (2001); 417 and 418 

data from Storzer and Selo (1979), composite data from Staudigel et al, (1996). 
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density, the depth to which enrichment persists remains uncertain, although below ~ 1000 

m, U uptake is not observed. 

The low U content of the 504B dikes has been attributed to leaching of U from the lower 

crust (Verati and Lancelot, 1998). Although a low U content may be a primary feature of 

the 504B dike basalt, ophiolite data also suggests that U is labile during alteration. The 

dike complex of the Samail ophiolite is enriched in U, where the U source is inferred to be 

the underlying cumulate gabbroic section (Chen and Pallister, 1981). Similarly, the 

distribution of U in the Pindos ophiolite supports a hypothesis of local mobility, where U 

is leached from the host rock, but is rapidly reprecipitated (Valsami-Jones and 

Ragnasdottir, 1997). 

U isotopes could provide a useful tool to evaluate the mobility of U in the crust. In fresh 

basalt, and are in secular equilibrium, thus if the only process occurring during 

alteration were uptake of seawater U, the AR of altered basalt (ARB) must lie in the range 

1-1.144. However, if U were labile during alteration, preferential leaching of may 

occur. This process could produce a ^ '̂̂ U-depleted basalt (ARB < 1) and ^^'^U-enriched 

fluid (ARF> 1.144), where subsequent uptake from an enriched fluid may then produce a 

basalt ARB greater than 1.144 (Bacon, 1978; MacDougall et al., 1979). While the 

majority of the limited data available fall in the range (1-1.144, two dredged basalts with 

an ARB less than 1 and one with an ARB of 1.19 have been reported (Bacon, 1978; 

MacDougall et al., 1979). Anomalously high sediment ARs have also been explained by 

the advection of ^^"^U-enriched fluids from the crust into the sediment column (Veeh and 

Bostrom, 1971; Rydell et al., 1974; Reyss et al., 1987). The isotope data are, therefore, 

consistent with U mobility during basalt alteration, although the nature of that mobility 

cannot be frilly elucidated at present. 

Throughout the upper 500 m of crust, the dominant process is assumed to be uptake of 

seawater U. The mean U content of fresh MORB is 75 ± 50 ppb, using an altered crust U 

content of 300 ±150 ppb gives a net upper crust [U]B of 225 ±158 ppb. Between 500 and 

1000 m, U enrichment is assumed to decrease with increasing depth. In this transitional 

zone, both uptake of seawater U and reprecipitation of U leached from the lower crust 

may occur. Net U enrichment may therefore be negligible, or on a similar order to the 

upper crust, thus a transitional zone [U]B of 112 ± 112 ppb is assigned. Below 1000 m, it 
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is assumed that net uptake of seawater U does not occur. Using a crustal production rate 

of 3 X 10^ n ^ y f \ a n open void volume of 10 ± 5 % and a basalt density of 2950 kgm'^ 

(Hyndman and Drury, 1977) gives an upper crust and transitional zone U uptake of 3.8 ± 

2.7 and 1.9 ± 1.9 Mmolyf', respectively. Combining these gives an estimated total RB of 

5.7 ± 3.3 Mmolyr"'. 

6.6.4 Removal to metalliferous sediments, iron-manganese nodules, 

and pelagic red clays 

On venting from the sea floor, plumes of warm acidic hydrothermal fluids entrain cold 

alkaline seawater leading to the precipitation and fallout of plume derived particles. The 

resulting metalliferous sediments contain U scavenged from seawater, most probably via 

co-precipiation with Fe oxyhydroxides (Mills and Elderfield, 1995). The low temperature 

circulation of a hydrothermal fluid-seawater mixture through the sediments may then 

result in further U enrichment (this study. Chapter 7; Lalou and Brichet; 1980; Mills et al., 

1996). Research from the TAG hydrothermal field on the MAR has demonstrated that 

sulphide layers within hydrothermal sediment mounds can become enriched in U via the 

microbial reduction of U(VI) to U(IV), with bulk sediment U concentrations of up to 79.4 

|j.molkg"', or 18.9 ppm (Mills et al., 1994). However, this enrichment does not represent 

a permanent U sink. As the mound slumps the sulphide layers are oxidised and the U is 

released back into the water column (Mills et al., 1994). Young sediments from the near 

ridge axis region of the EPR also show evidence of extensive U enrichment, with bulk 

sediment U concentrations of ca. 40 pmolkg ' and concentrations on a carbonate free basis 

ranging up to ca. 850 p,molkg'\ or ~200ppm (Veeh and Bostrom 1971; Rydell et al., 

1974; Lalou and Brichet, 1980; Kadko, 1980; Schaller et al., 2000). However, this level 

of enrichment is not observed in sediments across the older ridge flanks, again suggesting 

that the U enrichment is a transitory feature related to early diagenetic alteration of the 

sediments. In general U/Fe ratios in oxic metalliferous sediments are reasonably constant 

and a value of 4.7 x 10"̂  (mol/mol) is considered representative of the observed range 

(Mills et al., 1994). Combining this ratio with the amount of hydrothermal Fe available 

for oxide precipitation (3.0-5.5 xlO'" molyr"'; Wheat et al., 1996) gives a minor U sink of 

0.20+0.06 Mmolyr"'. 
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Although the inorganic growth of ferro-manganese nodules also acts to concentrate U 

from seawater, due to low accretion rates this represents an insignificant U sink. Nodule 

U concentrations typically lie in the range 5-20 ppm, with a mean of 9-10 ppm (Ku and 

Broecker, 1969; Krishnaswami and Lai, 1972). Using a growth rate of 1-4 x 10"® mmyr"' 

and an in-situ dry bulk density of 2gcm'^ (Cochran, 1992) the U accumulation rate is 7.5-

33.6 X 10"" molm'^yr"\ If nodules cover 5-10% of the ocean floor (18-36 x lO'^ m^), this 

gives a negligible U sink of 0.001-0.012 Mmolyr"\ 

Removal of U via co-precipitation with Fe or Mn may also occur to pelagic red clays, 

however the large detrital U content of these clays makes this removal difficult to 

quantify. An estimate can be made if it is assumed that authigenic precipitation rates on 

pelagic clays and the growing faces of Fe-Mn nodules are comparable (Krishnaswami, 

1976). Using an authigenic U content of 0.4 ppm (Krishnaswami, 1976), an areal extent 

of pelagic red clays of 2.5 x lO'̂ ^m^ and a sediment accumulation rate of 1 gm""yr"' a U 

sink of 0.4 Mmolyf' is estimated. This flux is insignificant in terms of the global U 

budget. 

6.7 The U Budget of the Oceans 

The pre-anthropogenic mass fluxes of U to and from the ocean are summarised in Figure 

6.1 and Table 6.7. Thorough assessment of all potential source terms gives a gross 

Holocene U input of 53±17 Mmolyr"\ where the dominant transport mechanism is 

continental runoff. The majority of this U is supplied by river runoff (1R), although the 

direct discharge of groundwater (IG) may represent a significant additional U input. The 

soluble U flux associated with the aeolian input of crustal dust (U) is minor, falling well 

within the errors associated with the riverine input. River runoff delivers U to the coastal 

zone where interactions between dissolved and particulate phases during river-sea mixing 

could modify the input of U to the open ocean. A flrst order estimate of the coastal zone 

U flux (Jcz) suggests that the dominant process is removal of U to the organic rich 

sediments of salt marshes and mangrove swamps, such that the net input of U (FIN) is 

reduced to 42+18 Mmolyr"'. Consideration of the U isotope budget demonstrates that the 

limits established on IR, IQ and Jcz are internally consistent, suggesting that this estimate 

of FIN is reasonable. This analysis also shows that, within the present constraints, 
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continental runoff could be sufficient to maintain the oceanic excess of This result 

illustrates the potential importance of direct groundwater discharge, in comparison to the 

diffusive flux of through the seafloor, in balancing the U isotope budget. 

Evaluation of all potential removal mechanisms gives a total Holocene U sink (Four) of 

47±14 M m o l y f T h r e e major processes control the magnitude of this flux: (1) removal to 

anoxic (RA) and suboxic (Rs) sediments; (2) incorporation into biogenic carbonate (Rc); 

and (3) crustal sequestration during hydrothermal circulation and seafloor weathering 

(RB). The removal of U to opaline silica and hydrogenous phases is minimal, falling well 

within the errors associated with the other sinks. 

Table 6.7: The pre-anthropogenic oceanic U budget. 

Flux (Mmol/yr) 

Input of U to the Ocean 

Major Riverine (surface + base flow) 42.0 ± 14.5 

SGWD 9.3 ± 8.7 

Minor Aeolian 1.8 ± 1.1 

Coastal Zone Retention - 11.2 ± 5.6 

TOTAL 41.9 ± 17.8 

Removal of U from the Ocean 

Major Anoxic Sediments 11.6 ± 6.0 

Suboxic Sediments 15.3 ± 10.6 

Biogenic Carbonate 13.3 ± 5.6 

Basalt Alteration 5.7 ± 3.3 

Minor Opaline Silica 0.6 ± 0.3 

Pelagic Clay 0.4 ± 0.2 

Metalliferous Sediment 0.2 ± 0.1 

TOTAL 47.1 ± 13.8 
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That the Holocene Fin and Four show good agreement and could balance within the 

calculated errors suggests that U may be in steady state in the modem ocean. If this is the 

case then FIN and FQUT most likely lie in the range 34-60 Mmolyr"', implying a XU of 3.2-

5.6 X 10̂  yr, consistent with the observation that the oceans are well mixed with respect to 

U. Nevertheless, given the large uncertainty in both Fin and Four, a net Holocene U flux 

cannot be ruled out at present. 

The constancy of the mean ancient [U]sw implies that U is in steady state, at least over the 

long time period of a climate cycle (-10^ yr). However, both FIN and Four are subject to 

change over the course of that cycle. Fin would vary in response to the shift in global 

climate and weathering patterns. In particular, the direct discharge of groundwater and the 

aeolian flux of crustal dust may have been higher during glacial periods (Milliman, 1993; 

Watson et al., 2000), suggesting that Ig and U were more significant relative to Ir. 

Furthermore, Jcz cannot be considered a sink on this timescale. Sea-level regiession 

would expose the U rich sediments of salt marshes and mangrove swamps to oxidation 

and erosion, thereby releasing large amounts of U back to the ocean. Of the major 

processes controlling FQUT, two may have been substantially different in the glacial ocean. 

The area covered by suboxic sediments, and thus Rg, may have doubled during glacial 

periods in response to increased oceanic export production (Emerson and Huested, 1991; 

Rosenthal et al., 1995). Conversely, shallow water carbonate deposition would decrease 

as sea level falls and the areal extent of this environment is reduced. Glacial carbonate 

accumulation rates on the continental shelf were probably restricted to no more than 27% 

of modem rates (Kleypass, 1997), suggesting that Rc could fall to 35% of its interglacial 

value. In addition, the re-crystallisation (from aragonite to calcite) and dissolution of 

exposed shelf carbonate could deliver a large pulse of U to the ocean at the interglacial-

glacial transition {c.f. Sr, Stoll and Schrag 1998). 

If the Holocene U budget is considered representative of the interglacial ocean and is in 

steady state, it can be inferred that Fin and Four must also balance under glacial 

conditions. Conversely, if the interglacial FIN and Four do not balance, the net flux must 

be offset by an opposing net flux during glacial periods or at the interglacial/glacial 

transition. That xu is somewhat longer than a climate cycle has lead to the conclusion that 

a glacial-interglacial shift in the chemical composition of the ocean is unlikely to be 
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recorded by U (Broecker, 1971; Richter and Turekian 1993). However, changes in [U]sw 

and ARsw could occur despite the long xu, if Fin or Four, or their isotopic composition, 

were to change dramatically (Richter and Turekian 1993). It is suggested that the storage 

of U in the coastal zone and shallow water carbonate deposits during interglacial periods, 

and the re-release of that U at or following the glacial-interglacial transition, could be of 

sufficient magnitude to affect [U]sw and the short-term stability of the U budget. 

This review highlights the lack of constraint on all aspects of the Holocene U budget, with 

possible exception to the riverine input. Providing tighter constraints on U fluxes in the 

Holocene ocean is essential in determining whether or not the U budget is in short term 

steady state and is thus a prerequisite to understanding the geochemical cycling of U on 

the timescale of a glacial-interglacial climate cycle. In particular, the groundwater U input 

flux, the behaviour of U in the costal zone, the removal of U to oxygen depleted sediments 

and the uptake of U during low temperature reaction with basalt must be better 

constrained before it can be ascertained if the U budget is in short-term steady state. The 

behaviour of U over climate cycles also needs to be investigated using a combination of 

modelling, sensitivity analysis and evaluation of any temporal variability in the 

sedimentary record. 
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Chapter 7 

The Geochemical Cycling of U in a Young Ridge Flank Setting: 

Sedimentary U behaviour during early diagenesis and the use of U as a 

tracer of low temperature hydrothermal fluid flow. 

7.1 Aims 

This Chapter comprises a detailed study of U behaviour in the sediments and porewaters 

of a low temperature hydrothermal system, the EXCO (EXchange between Crust and 

Ocean) study area, at ~14°S on the east flank of the southern East Pacific Rise (SEPR). 

The specific aims of this Chapter are: (i) to elucidate the nature of the sedimentary U 

enrichment observed in near rise-crest and ridge flank sediments; (ii) to evaluate the 

potential use of porewater U as a tracer of low temperature hydrothermal circulation. 

7.2 Introduction 

The magnitude and locus of hydrothermal circulation remains one of the largest 

uncertainties in global biogeochemical budgets. In particular, a potentially large and 

poorly constrained chemical flux may be associated with low temperature fluid flow 

through the MOR flanks (see Chapter 1 and references therein). To employ an element 

as a valuable tracer of low temperature hydrothermal fluid flow, that element must 

display a significant concentration (or isotope) anomaly at low temperatures. Various 

lines of geochemical evidence suggest that uranium may meet this requirement. 

Removal of U from seawater is quantitative during on-axis high temperature 

hydrothermal circulation (Michard and Albarede, 1985; Chen et al., 1986b) and appears 

to be virtually complete in warm spring fluids of 62-64°C (MottI et al., 1998). 

Estimates of the on-axis high temperature (~350°C) hydrothermal water flux fall in the 

range 0.2-0.9 x lO'̂  kgyr"' (see Chapter 1, Section 1.4.3), whilst Mg budget constraints 

suggest that the maximum volume of mid temperature (60°C) fluids circulating through 

the ridge flanks is on the order of lO'* kgyr"' (Wheat and Mottl, 2000). If complete 

removal of seawater U ([U]sw = 3.3 pgkg ' or 13.9 nmolkg"') is assumed, then 

maximum flow at mid to high temperatures would sequester on the order of 3.6 x 10^ g 

of seawater U per year (-1.5 Mmolyr"'). However, an estimate of the hydrothermal U 
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sink based on the observed crustal uptake of U (see Chapter 6, Section 6.6.3) suggests 

an annual sink on the order of 13.6±7.9 x 10̂  gyr'' (5.7±3.3 Mmol/yr). Thus even if the 

true U sink falls toward the lower limit on this range, the total U flux from seawater to 

the crust cannot be accounted for by consideration of mid to high temperature fluid flow 

only. It can therefore be inferred that U removal must occur during low temperature 

hydrothermal circulation and seafloor weathering. This inference is supported by basalt 

data which indicate a significant U uptake associated with oxic circulation through the 

young ridge flanks (see Chapter 6, Section 6.6.3) and suggest that considerable crustal 

uptake of U continues to occur at alteration temperatures as low as 20-30°C (Fouillac 

and Javoy, 1978; Storzer and Selo, 1979). 

To infer basement fluid composition, trace fluid flow paths and determine fluid flow 

velocities within the sediment column from porewater profiles of a given element, then 

the behaviour of that element in the sediment column must also be well defined and any 

reaction occurring within the sediment column identified (e.g. Elderfield et al., 1999). 

Metalliferous hydrothermal sediments contain a significant amount of U, with typical U 

concentrations in near field sediments of ca. 10 |J.gg"' (40 |imolkg'') and concentrations 

on a carbonate free basis ranging up to ca. 200 |J.gg'' (850 fimolkg"') (Veeh and Bostrom 

1971; Rydell et al., 1974; Kadko, 1980; Lalou and Brichet, 1980; Mills et al., 1994; 

Schaller et al., 2000). Hydrothermal plume particles are known to scavenge U from the 

water column, most likely via co-precipitation with Fe (hydr)oxides, and appear to 

exhibit a linear relationship between U and Fe with a U/Fe ratio (wt/wt) of ca. 1.8x10"^ 

(German et al., 1991a). However, the observed sediment U/Fe ratios are significantly 

higher than those reported for plume particulates, indicating a secondary mechanism of 

U enrichment (e.g. Dymond and Veeh, 1975; Scott et al., 1979; Kadko, 1980; Mills et 

al., 1994; Schaller et al,, 2000). Furthermore, in both near-field hydrothermal mound 

deposits on the MAR and rise crest sediments on the EPR, observed U/Fe (wt/wt) ratios 

are not constant but show a high degree of scatter, ranging from ca. 20 xlO^ to in excess 

of 400 xlO"® (Mills et al., 1994; Schaller et al., 2000). Conversely, older sediments (e.g. 

fully oxidised mound debris on the MAR or far field ridge flank sediments on the EPR), 

whilst maintaining a high U/Fe ratio with respect to plume particulates, display a 

generally lower U concentration and a relatively constant U/Fe ratio on the order of 20 x 

10"®, suggesting that at least part of the observed U enrichment is a transitory feature 

(e.g. Bender et al., 1971; Dekov and Kupstov, 1992; Mills et al., 1994). The reported 
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234y^238y ratios of these U enriched sediments indicate an intermediate position between 

typical pelagic clays (close to or less than unity) and seawater (1.144), suggesting that 

seawater is the source of most of the U (Bender et al., 1971; Veeh and Bostrom 1971; 

Mills et al., 1994). The higher U/Fe ratios with respect to plume particles may result 

from continued scavenging of U by Fe (hydr)oxides from a seawater-hydrothermal fluid 

mixture circulating through the sediments (Lalou and Brichet; 1980; Mills et al., 1996). 

This hypothesis is supported by observations from the TAG hydrothermal field where 

the U/Fe ratio was constant between sediments containing primary (plume derived) and 

secondary (derived from oxidation of sulphides) Fe (hydr)oxides (Mills et al., 1994). 

Although such a mechanism may well explain the uniform U/Fe ratios observed in older 

sediments, the transient 'excess' U enrichment in younger sediments requires further 

explanation. 

A detailed study on the 'excess' U enrichment in the TAG hydrothermal field on the 

MAR identified that sulphide layers within hydrothermal sediment mounds can become 

enriched in U via the microbial reduction of U(VI) to U(IV) (Mills et al., 1994). As the 

mound slumps the sulphide layers are oxidised and U is released back into the water 

column (Mills et al., 1994). However, the geochemical composition of EPR sediments 

differs markedly to that of the TAG field hydrothermal mounds, where hydrothermal 

plume derived precipitates are dominated by primary Fe and Mn (hydr)oxides and 

significant inputs of hydrothermal sulphides are not generally observed (e.g. Dymond et 

al., 1981; Chapter 3). Despite many studies observing the phenomenon of enhanced U 

concentrations in EPR rise crest sediments, the mechanism through which U becomes 

enriched in these sediments remains uncertain (e.g. Veeh and Bostrom 1971; Rydell et 

al., 1974; Kadko, 1980; Schaller et al., 2000). Reductive enrichment of U has been 

invoked to explain high U concentrations in a near ridge-crest core at 8°45'N (Kadko, 

1980). However, this site is both metalliferous and hemi-pelagic in nature, where both 

sediment and porewater profiles provide evidence for significant reductive 

remobilisation of Mn and the onset of the U peak occurs immediately below the zone of 

Fe(III) reduction, consistent with the reductive enrichment of U as observed in sub-oxic 

hemipelagic sediments (e.g. Barnes and Cochran, 1990; see Chapter 6, Section 6.6.1). 

Due to the increased distance from the South American Continent, the sediments on the 

southern section of the EPR differ markedly to those to the north, and are pelagic, rather 

than hemi-pelagic, in nature. For example, a study on an 8.5m core collected from an 
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abyssal hill top on the rise crest at 15°S on the SEPR observed anomalously high U 

concentrations (averaging about 10 /igg"' with a maximum of 41.5 jugg"' at 5m depth) in 

sediments with relatively uniform Fe/Mn ratios, indicating that significant reductive 

remobilisation of Mn had not occurred, and leading the authors to conclude that a 

general reducing mechanism could not explain the observed U enrichment (Rydell et al., 

1974). Within the large U peak at 5m depth, a significant deficit of ^̂ "Xh (̂ '̂̂ Th/̂ '̂̂ U = 

0.66, -34%) was observed, whereas toward the base of the core sediments displayed an 

excess of^^°Th (̂ °̂Th/̂ ^̂ U = 1.10-1.12, +10-12%). Rydell et al. (1974) postulated that 

a post-depositional injection of a high U concentration fluid was the cause of these 

anomalies, where the excess of ^̂ °Th in deeper samples was inferred to indicate the later 

loss of U. Schaller et al. (2000) recently invoked this putative mechanism to explain the 

high U concentrations observed in a sediment core at 10°S on the EPR, again on the 

basis that the relatively constant sediment Fe/Mn ratios argued against a reductive 

enrichment of U. A similar mechanism of U rich hydrothennal fluids debouching at the 

sediment water interface has also been proposed to explain anomalously high U 

concentrations at the Galapagos hydrothermal mounds, where in this instance a 

reductive mechanism was ruled out due to the presence of benthic foraminifera within 

the U rich deposit, signally that conditions were oxic at the time of foraiation (Lalou 

and Brichet, 1980). 

The behaviour of U in metalliferous sediments appears particularly complex and is at 

present poorly understood. Combining sediment and porewater U concentration data, 

together with other geochemical lines of evidence, are much needed to test the various 

hypotheses regarding the nature of the U enrichment. Although it would appear that 

significant reaction of U can occur in MOR sediments near the ridge crest, if these 

processes were well described, then systematic variations away from the expected 

diagenetic profile of porewater U may still be utilised to constrain low temperature fluid 

flow through the sedimentary system. Furthermore, the available data suggests that the 

'excess' U enrichment is a transitory feature, thus pore-water profiles of U in older 

sediments on the ridge flanks may not be complicated by diagenetic reaction. 

The EXCO study area represents the ideal location within which to examine both the 

sedimentary geochemistry of U and test for the inferred depletion of U in low 

temperature hydrothermal fluids. 
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Firstly, the EXCO study area is located at 14°14'S on the SEPR, where rise-crest 

sediments to both the south (15°S, Rydell et al., 1974), and the north (10°S, Schaller et 

al., 2000) display a significant excess U enrichment (defined as a U concentration in 

excess of the relatively constant U/Fcex ratio of older sediments), thus young sediments 

from the EXCO study area might also be expected to display an 'excess' U enrichment. 

The collection of sediment cores in a transect perpendicular to the spreading axis over 

crustal ages of 0.36, 1.9 and 4.6Ma, and the sampling of these cores for both sediments 

and porewaters, allows the nature of the U enrichment, the putative existence of a U rich 

fluid, and the inferred transient nature of the U enrichment, to be thoroughly tested. 

Secondly, the bathymetric and heat flow surveys conducted during the EXCOI and 

EXCOII cruises has demonstrated that the circulation of fluids in this region is 

controlled by the basement topography, where in general basement highs are associated 

with high heat flow, while graben structures are associated with low heat flow 

(Grevemeyer et al., 1999; Grevemeyer et al., 2002; Villinger et al., 2002), This allowed 

a targeted sampling strategy within each study site (0.36Ma, 1.9Ma and 4.6Ma), where 

sediment cores were collected from basement highs and lows over which detailed heat 

flow surveys had been carried out, thus maximising the possibility of sampling 

upwelling (or downwelling) fluids. 

Finally, a number of cores appear to have collected the entire sediment column, as 

evidenced by bottoming out traces on the core barrel and the presence of basalt 

fragments in the core-catcher and basal sediments. In the absence of reaction between 

the porewater and sediment, this allows the composition of basement fluids to be 

inferred from basal porewater samples, whether or not significant upward advection 

through the sediment column is occurring. 

This Chapter first addresses the formation of U rich sediments along the EPR rise crest 

and the subsequent loss of U as the sediment ages and moves away from the ridge axis. 

The potential use of porewater U as a tracer of low temperature hydrothermal 

circulation is then examined through evaluation of the extent of U depletion in low 

temperature fluids. Finally, pore fluid advection velocities are estimated from the 

observed curvature in porewater profiles of dissolved U. 
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7.3 Results 

Figure 7.1 shows the location of the sediment cores within the EXCO study area in 

relation to measured heat flow values. Tables 7.1 and 7.2 present the calcium carbonate 

content, excess iron (FCex; assumed to be equal to the Fe input from hydrothermal plume 

fall-out material, see Chapter 3) and bulk sediment U data for the near-axis (0.36Ma 

study site) and ridge flank (1.9Ma and 4.6Ma) regions of the EXCO study area 

respectively. The EXCO basalt U/Ti ratio (wt/wt) calculated from the same basalt data 

set as discussed in Chapter 3 (Schramm et al., 2003) is 0.00001±0.00001, thus the 

detrital correction accounts for approximately 0.1 to 0.2% of the total U and is assumed 

to be negligible. Table 7.3 presents the sequential extraction data for U from core El2. 

The porewater U (this study), and Mg (data of M. Mottl, University of Hawaii and G. 

Wheat, Fairbanks University, Alaska) concentrations for the 0.36, 1.9 and 4.6Ma study 

sites are presented in Appendices If, Ild, and Ille, respectively. 

7.3.1 Porewater Uranium: potential analytical and/or sampling artefacts 

The porewater data for near surface sediments (0-10 cmbsf) consistently display U 

concentrations ([U]PW) lower than seawater values ( [U]sw = 13.9±0.9 nmolkg"'), with 

[U]pw(surface) lying in the range 6.6 to 12.1 nmolkg"'. The lower than expected U 

concentrations could be attributed to a number of different factors. 

Firstly, there may be a systematic error in the analytical method itself. The U 

concentrations were measured by isotope dilution ('̂ ®U) inductively coupled plasma 

mass spectrometry (see Chapter 2, Section 2.7), thus any matrix effect should affect the 

spike ^̂ ®U to the same extent as the sample ^̂ Û and should not affect the measured U 

content. Nevertheless, there is some indication that the ^̂ Û concentration determined 

may have been dependent on instrument sensitivity, which varied on a run to run basis. 

An attempt to use an autosampler for sample injection resulted in a substantial decrease 

in instrument sensitivity over the course of the analytical run. When the samples were 

re-measured manually, the concentrations determined were on average 10% higher. 

Later re-analysis of various samples also led to shifts of up to ±10% in the ^̂ Û content 

determined (examples shown in Figure 7.2). The diluted spiked solutions were 

acidified and stored under refngerated conditions thus these shifts in concentration are 

unlikely to be related to either adsorption or evaporative loss. Furthermore, adsorption 
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would be expected to deplete the U in solution and introduce a constant negative shift, 

whilst evaporative loss would be expected to concentrate the U in solution and 

introduce a constant positive shift. As no clear relationship between the measured 

and instrument sensitivity was determined, this variation cannot be corrected for. 

Nevertheless, the observed shift was both relatively small and roughly constant over the 

course of an analytical run, where the shape of the down-core profile obtained did not 

change (see Figure 7.2). All results presented here are thus average values, where it is 

assumed that the shape of the profile reflects the true profile of the sample solutions (not 

taking into account possible sampling artefacts, see below), the error quoted is the 

standard deviation of the replicate measurements only, and it is noted that the absolute 

concentration may carry an error in the region of ±10%. 

That near [U]sw concentrations were recorded toward the surface of some cores whilst 

run to run analytical variability did not exceed 10% lead to the conclusion that an 

analytical error alone could not account for the low near-surface [U]pw- The possibility 

that the low [U]pw may relate to a sampling artefact was therefore explored. 

The porewater samples were collected and stored unacidified, which may have resulted 

in loss of U due to adsorption to the sample bottle walls. To test for possible 

adsorption, samples from one core (E19, 0.36Ma study site) were analysed following 

the procedure used for all samples (where a 0.5g aliquot of unacidified sample was 

transferred prior to acidification, dilution and spiking with ^̂ Û). These samples were 

then acidified in the original sample bottle and allowed to stand for 1 week prior to 

reanalysis. The U concentrations determined in the second analysis were ca. 4-9% 

lower than those obtained from the first analysis (see Appendix If). 

If adsorption of U were a significant effect, then an equilibrium position (between U in 

solution and U adsorbed to the sample bottle) would be expected to have been reached 

prior to the first analysis (the time between sample collection and the initial analysis 

was approximately 1 year). Additional adsorption leading to further loss of U from 

solution between the first and second analyses therefore seems highly unlikely. 

Furthermore, the acidification of the sample should have promoted desorption of U 

from the sample bottle thus increasing the U concentration in solution. The lower [U]pw 

determined in the second analysis is therefore attributed to the analytical uncertainties 

described above. This conclusion is supported by the analysis of a Pacific Ocean 
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surface water sample within the sample batch, which gave a U concentration of 12.7 

nmolkg"' (data not shown), approximately 10% lower than the expected [U]sw. This 

test thus provided little information regarding the possible loss of U due to adsorption. 

However, that relatively high, near-[U]sw concentrations were measured in a number of 

samples, where all samples were collected, stored and prepared in the same manner, 

suggests that adsorptive loss has not contributed significantly to the measured U 

concentrations and cannot account for the very low [U]pw observed in some near 

surface samples. 

The depletion of deep sea porewater U concentrations at the sediment-water interface in 

oxic, carbonate rich, sediments has been previously reported, and attributed to a loss of 

U due to precipitation of calcium carbonate during core decompression (Toole et al., 

1984). If the significant U depletion observed in this study with respect to the expected 

[U]sw (ca. 1.8 to 7.3 nmolkg"') were due to precipitation of calcium carbonate, a 

minimum porewater Ca loss on the order of 1-5 mmolkg"' would be predicted for a 

maximised U/Ca distribution coefficient of unity (aragonite). Given that the U/Ca 

distribution coefficient for calcite is approximately two orders of magnitude lower than 

that for aragonite, and that near-surface samples display a maximum Ca depletion 

relative to bottom water of 0.6 mmolkg"' (unpublished data of M. Mottl, University of 

Hawaii), the observed porewater U depletions cannot be explained by this mechanism. 

Alternatively, as all sediment cores were collected by gravity corer, a process which can 

lead to loss of core top material, surface sediments displaying near [U]sw concentrations 

may simply be missing from the EXCO sample suite. Gariepy et al. (1994) also 

reported low near-surface porewater U concentrations, concluding that the U depletion 

was a primary feature and could not be accounted for by either the precipitation of 

calcium carbonate during core decompression of the loss of core top material during 

sampling. Here it is assumed that the local bottom [U]sw is unlikely to vary across the 

spatial scale of the EXCO study area, thus the minimum [U]sw is assumed to be equal to 

the maximum porewater concentration recorded in near sediment-seawater interface 

samples of 12.7 nmolkg"' (core E26, 4.6Ma site), where this value falls within 10% of 

the expected [U]sw of 13.9 nmolkg"'. Decreases away from this value in other sediment 

cores are assumed to be due to either the absence of core tops and/or loss of U during 

core decompression and/or analytical uncertainties. 
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Table 7.2: The calcium carbonate, excess iron and uranium contents, and the U/Fe 

ratio, of EXCO sediments from the 1.9 and 4.6Ma study sites. 

Sample ID depth in co re CaCOa Feex Ubulk U/Fe 

cmbs f w t % mgg"' M g g ' w t /w t xlO'^ 

E20#1 4 . 5 96 .0 8.4 0 .28 0 .0336 

E20#2 19.0 98 .4 9 .7 0 .29 0 .0300 

E20#3 38 .5 88 .9 17.9 0 .48 0 .0269 

E20#4 82 .5 98.6 9 .6 0 .30 0 .0308 

E20#5 142,5 90 .4 16.6 0 .44 0 .0265 

E20#6 186.5 92.7 20 .0 0 .47 0 .0235 

E20#7 248 .5 92 .0 28 .6 0 .66 0 .0230 

E20#8 322 .5 94 .2 19.9 0 .62 0 .0314 

E20#9 415 .0 84 .9 38.1 1.27 0 .0333 

E20#10 446 .0 92 .9 3 & 8 1.07 0 .0317 

E20#11 520 .5 83.1 45 .0 1.42 0 .0314 

E20#12 553 .5 87 .2 37 .6 1.27 0 .0337 

E10#1 7 .0 90 .8 6.4 0 .23 0 .0355 

E10#2 19.5 91.7 7.6 0 .25 0.0321 

E10#3 59.5 93.8 6.3 0 .22 0 .0348 

E10#4 101.5 95 .3 7 .4 0 .24 0 .0320 

E10#5 145.0 94 .3 22 .0 0.41 0 .0187 

E10#6 202 .5 88.6 21.1 0 .43 0 .0203 

E10#7 248.0 8 & 3 1 6 8 0.41 0 .0246 

E10#8 308 .5 8&3 20.1 0.61 0.0301 

E10#9 401 .0 85.1 31 .8 1,08 0 .0338 

E10#10 4 5 2 . 5 85.1 33 .0 1,09 0.0331 

E10#11 503 .0 85.7 21 .8 0 ,74 0 .0338 

E10#12 546 .5 70.1 27 .4 1,02 0 .0372 

E24#1 2 .5 96.6 8.2 0,23 0 .0279 

E24#2 14.5 96 .5 13.9 0 ,28 0.0201 

E24#3 42 .5 99 .4 5.9 0 ,19 0 .0318 

E24#4 85.5 96 .4 8.4 0 ,22 0 .0262 

E24#5 133.5 92.7 17.0 0,31 0 .0185 

E24#6 186.5 92 .0 20 .9 0 ,47 0 .0225 

E24#7 256 .5 90.2 17.0 0 ,42 0 .0246 

E24#8 318 .5 93.1 20 .4 0 ,46 0 .0227 

E24#12 545 .5 89.6 29 ,4 0 ,67 0 .0226 

E7#1 9.0 99.6 5.8 0 ,24 0 .0412 

E7#2 19 99.1 4 ,9 0 ,25 0 .0513 

E7#3 33 93.7 9,7 0 ,33 0 .0340 

E7#4 62.5 97.1 8,6 0 ,33 0 .0388 

E7#5 74 .5 100.0 7 ,4 0 ,35 0 .0468 

E7#6 109.5 91 .0 12,0 0 ,36 0 . 0 3 0 3 

E7#7 159 97.4 3,8 0 .18 0 .0472 

E7#8 207 96.3 6 ,4 0 .24 0 .0373 

E7#9 270 93.9 9,1 0.31 0 .0336 

E7#10 310 .5 99.7 10,5 0 .36 0 .0344 

E7#11 364 93.8 23 ,6 0 .62 0 .0263 

E7#12 412 .5 85.6 31 .3 0 .78 0 .0250 

E7#13 4 7 1 . 5 93.6 15.6 0 .48 0 .0310 

E7#14 515 .5 97 .4 12.9 0 .49 0 .0380 

E7#15 552 97 .4 14.6 0 .49 0 .0335 
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Table 7.3: Sequential extraction data for core El2, 0.36Ma site (Fe and U). 

Fe 

Sample depth CAE AM ORG RES SUM 
cm mg/g (%SUM) mg/g (%SUM) mg/g (%SUM) mg/g (%SUM) mg/g (%Fe„) 

E12#1 4.0 4.7 18.5 0.1 (0) 5.7 29.5 (101) 
E12#2 19.0 5.7 (11) 28.0 (55) 0.0 (0) 16.8 (34) 51.4 (99) 
E12#3 34.5 3.1 (8) 20.6 (53) 0.1 (0) 14.2 (39) 39.1 m 
E12#4 63.5 2.3 (7) 16.0 0.0 (0) 13.3 32.4 (97) 

E12#5 82.5 1.8 0.1 12.4 
E12#6 118.5 1.7 (5) 14.9 (45) 0.0 (0) 14.4 32.8 (96) 
E12#7 165.0 2.5 (2) 41.5 0,1 (0) 80.3 res; 126.7 (104) 

E12#9 270.5 1.9 (4) 16.9 ras; 0.0 (0) 21.1 (57) 43.9 (99) 
E12#12 405.0 1.5 0.2 36.6 

u 

Sample depth CAE AM ORG RES SUM 
cm ng/g (%SUM) Mg/g (%SUM) ng/g (%SUM) ng/g (%SUM) Mg/g (%bulk) 

E12#1 4.0 2.8 U7) 0.6 (17) 0.08 (2) 0.2 (4) 3.7 (101) 
E12#2 19.0 8.9 fTz; 1.9 (16) 0.06 (V 1.5 (12) 12.4 (100) 
E12#3 34.5 8.1 (71) 2.1 (18) 0.22 (2) 1.0 (9) 11.4 (103) 
E12#4 63.5 9.8 (78) 1.8 (15) 0.09 (V 0.8 (S) 12.5 (100) 
E12#5 82.5 8.4 0.19 0.8 
E12#6 118.5 4.9 (80) 0.8 rM) 0.02 (0) 0.4 (6) 6.1 (101) 
E12#7 165.0 7.2 (82) 0.7 (8) 0.03 (0) 0.8 (10) 8.7 (100) 
E12#9 270.5 1.8 0.2 (9) 0.01 (1) 0.2 (8) 2.1 (104) 
E12#12 405.0 1.4 0.02 0.1 

E14 [U] nmolkg" 

3 6 9 12 15 18 21 0 

Run 1 
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• Seawater 
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3 6 9 12 15 0 
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Figure 7.2: Porewater uranium concentrations determined from ID-ICP-MS -

examples of run to run variability. (Core El 4, Run 2 > Run 1; Core E23 Run 2 < Run 

1; Core E24 Run 2 = Run 1) 
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7.4 Uranium in the EXCO Sediments 

Uranium in the EXCO sediments displays a different behaviour in the Ridge-Crest and 

Ridge-Flank environments. In the Ridge-Flank environment (the 1.9 and 4.6Ma study 

sites, Table 7.2), the U content of the sediment is low, ranging from 0.2 to 1.4 |J.gg"', 

and the U/FCex ratio is relatively constant (-0.03 xlO^ (wt/wt)). Conversely, in the 

Ridge-Crest region (the 0.3 6Ma site), the U content of the sediment reaches values in 

excess of 10 |igg"\ with a maximum U content of 200 }igg"' on a carbonate free basis, 

and displays a wide range in U/FCex (up to -0.38 x 10'̂  (wt/wt)). These results are 

consistent with previous observations of U behaviour in metalliferous sediments along 

the global MOR system (e.g. Dymond and Veeh, 1975; Scott et al., 1979; Kadko, 1980; 

Mills et al., 1994; Schaller et al., 2000). In this section the behaviour of U in the EXCO 

sediments is examined, with particular emphasis on the observed variation in U/Fcex. 

The sequential extraction data and porewater data for the 0.36Ma site are then discussed 

prior to an exploration of the geochemical cycling of U in EPR sediments. 

7.4.1 Uranium/Iron ratios in the EXCO sediments 

Plots of versus Fcex for the 0.36Ma, 1.9Ma, and 4.6Ma sites are shown in Figure 7.3. 

Also shown for comparison is the U/Fe ratio determined from plume particles at the 

TAG vent site, 2&TN on the MAR (German et al., 1991a) and in fully oxidised 

sediments from the TAG site (Mills et al., 1994). The U/Fcex ratios observed at all sites 

in the EXCO study area are significantly higher than plume particulate ratios, consistent 

with previous observations of the U/Fe ratio in metalliferous sediments (e.g. Mills et al., 

1994; Schaller et al., 2000). In the Ridge-Flank region, U shows a simple linear 

relationship to Fcex, with U/Fcex ratios comparable to previously reported values for 

metalliferous sediments (Mills et al., 1994). The mean U/Fcgx (wt/wt) ratio of the 

Ridge-Flank sediments is 0.0310±0.0072 xlO^ (la; n=48); in excellent agreement with 

a type II linear regression (independent x and y variables) of this data set; 

U (xlO-^) = 0.0310*Feex - 0.0244 (R=0.94) 

Examination of the down-core profile of U/Feex at both the 1.9 and 4.6Ma site also 

demonstrates that the U/Fcex is essentially constant throughout the sediment column 

showing no significant variation either with depth or between cores (Figure 7.4). 
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In the Ridge-Crest region, a wide range in U/Feex ratios are observed, with a maximum 

value of-0 .38 xlO"̂ , indicating that U is further enriched by up to an order of 

magnitude with respect to the 'background' U/FCex ratio of older sediments. Figure 7.3b 

shows the 0.36Ma data separated into the sub-sets previously identified on the basis of 

differential oxyanion/Fcex ratios, where samples falling in Group I display the same 

Pex/FCex (and As/FCex) as that observed at the 1.9Ma site, whilst Group II samples 

display a Pex/Fcex (and As/FCex) in excess of that observed at the 1.9Ma site (Figure 7.3c 

and d; see also Chapter 5, Section 5.7.2). It can be seen that U, another oxyanion (Ox), 

shows a similar behaviour to P and As, where the Group I samples display a U/FCex 

similar to that observed in the older sediments, whilst Group II describes those samples 

with anomalously high U/Fcex ratios (Figure 7.3b). That P, As, and U, all show the 

same distribution pattern in the EXCO sediments strongly suggests a singular 

mechanism is controlling the observed distribution of these oxyanions. However, it is 

noted that the relative extent of U enrichment over the background Ox/Fcex both 

exceeds and shows more variability than that observed for either Pex and As. 

Figure 7.5 presents the down-core variation observed in U/Fcex at the 0.36Ma site, 

where the mean (±1CT) U/Feex observed at the older sites is shown for comparison. As 

previously noted for Pex/Fcex (Chapter 5, Section 5.7), those samples with U/Fcex similar 

to the older sediments are found toward the base of the cores, although the transition 

from background U/Fegx ratios to higher excess U occurs at different depths in each 

core. The contribution of both the biogenic and hydrothermal plume inputs to the bulk 

sediment composition increases with respect to the detrital input toward the surface of 

these cores (see Chapters 3 and 4), although the maximum relative input of plume 

material occurs at mid depths of ca. 140-160cm. That the excess Ox peaks are confined 

to the upper portion of the core and do not peak at 140-160 cm may therefore indicate 

an association with the biogenic input. However, other than the Ox/Fcex ratios, all other 

parameters measured in these sediments demonstrate a similar profile across all 4 cores 

from the 0.36Ma site; for example the calcium carbonate, detrital material, 

hydrothermal plume material, (see Chapter 3), barite and opaline silica (see Chapter 4) 

contents. That the transition to excess Ox/Fcex occurs at variable depths between the 

four cores suggests that either the Ox species are strongly associated with a minor 

sedimentary phase with a heterogenous input pattern, and/or that post depositional 

processes are responsible for the observed distribution of Pex/Fcex, As/FCex and U/Fcex. 
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Figure 7.3: Uranium versus iron in the EXCO sediments (a) U versus Feex (b) U 

versus Feex with the 0.36Ma data separated into sub-sets based on differential 

Pex/Fex ratios (c) Pex versus Fe^ (d) As versus Feex. The dotted line is the MAR plume 

particle U/Fe ratio (German et al., 1991a); the dashed line is the mean ratio for fully 

oxidised metalliferous sediments at TAG, MAR (Mills et al., 1994); the hydrothermal 

rich samples are identified by core ID. 
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Figure 7.4: Down-core profiles of U/Fcex across the Ridge-Flank region of the 

EXCO study area, the 1.9Ma (open triangles) and 4.6Ma (open squares) sites. 

Vertical lines indicate the mean (±lo) U/Fe ex across both sites. 

E12 U/Fe x10"̂  (wt/wt) E19 U/Fe x10"̂  (wt/wt) El 7 U/Fe x10"̂  (wt/wt) E18 U/Fe xlÔ  (wt/wt) 
0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 

u 200 

Group I I 
Group I 

5 0 0 Li 

- a 
Group^n 
Group I 

. * 

Group I I 
Group I 

Group I I 
200 a. 

5 0 0 

Figure 7.5: Down-core profiles of U/Fce* in the Ridge-Crest region of the EXCO 

study area, the 0.36Ma site. Vertical lines indicate the mean (^Icr) U/Feex across the 

1.9Ma and 4.6Ma sites). Horizontal lines indicate the Group I/Group II transition 

based on the shift in Pex/Fe^x (see Chapter 5, Figure 5.13). 
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7.4.2 Fractionation of sedimentary Uranium at the 0.3 6Ma site 

The sequential extraction data for U in core E12 (0.36Ma site) are presented in Table 

7.3 and Figure 7.6. The majority of U was extracted in the CAE fraction (ca. 70-80%). 

The carbonate material in the EXCO sediments is dominated by calcite (foraminifera 

and coccoliths), which has an intrinsically low U content (see Chapter 6, Table 6.6). 

The CAE fraction thus represents loosely bound or adsorbed U, although given the 

propensity of U(VI) to form soluble carbonate complexes (e.g. U02(C03)2^" and 

1102(003)3'̂ ") in concentrated carbonate solutions, this fraction may also include soluble 

U(VI) compounds. Approximately 10-20% of the U resides in the AM fraction, 

however no correlation exists between UAM and FCAM (R=-0.02), or MUAM (-0.26). Less 

than 2% of the U occurs in the ORG fraction, whilst around 5-10% is found in the RES 

fraction, where, as with the AM fraction, no correlations are observed between U and 

any other element residing in these fractions. 

The same down-core trend is clearly seen across all fractions, where the highest U 

concentration is found in those sediments displaying the highest bulk U content (Figure 

7.6). These data suggest a pervasive enrichment of U, as opposed to a specific 

mineralogical association. This hypothesis is supported by the energy dispersive X-ray 

analysis conducted on the SEM images from the sieved fractions of core El2, which 

also indicated a generalised U enrichment disseminated throughout the sediment 

material (data not shown). An association of U with biogenic material may account for 

the observed U distribution, where U could be associated with both relatively refractory 

material such as fish bone debris (e.g. apatite, which would also explain the association 

between high P/Feex and those sediments displaying excess U) and also adsorbed to 

biogenic material, possibly through surface complexation with organic coatings on 

foraminifera. Alternatively, the U enrichment could occur following deposition, where 

U is scavenged from seawater, either from fluids circulating through the sediment 

column or via diffusive transport into the sediment column. This hypothesis is explored 

by examination of the porewater profiles from this study site. 
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7.4.3 Uraniumporewaterprofiles at the 0.36Ma site 

Figure 7.8 shows the down-core profiles of [U]pw at the 0.36Ma site. A large variation 

is seen in both the shapes of the profiles and the concentrations measured. Given the 

analytical uncertainties and the possibility of significant sampling artefacts (see Section 

7.2), these issues are addressed first. 

The observed variation in [U]pw greatly exceeds the analytical uncertainty of 10%, 

where the maximum [U]PW measured in each core ranges from 9.6 to 29.1 nmolkg"' 

(El3 and E12 respectively). Analytical error cannot therefore account for the observed 

core to core variation. Secondly, with respect to sampling artefacts, the rapid desorption 

or oxidation (with subsequent release to the fluid phase) of sedimentary U is a known 

potential sampling artefact (e.g. Anderson et al., 1989). High [U]PW at depth in 

sediment cores has also been attributed to the transfer of U bearing sediment particles 

across a 0.45 pm filter. If either of these artefacts were the cause of the high [U]PW 

observed in this study, then the greatest effect would be expected in those samples with 

the highest Ubuik and UCAE in the corresponding sediments. Conversely, the minimum 

[U]pw is often observed toward the surface of the core, corresponding to the zone of 

highest Ubuik or UCAE (e.g. sample E12#2 at a depth of 19 cmbsf), whereas the 

maximum [U]pw are typically observed at mid to low depths, corresponding to samples 

with lower Ubuik, where the U/FCex is tending toward the 'background' U/Fcex (e.g. 

sample E12#7 at a depth of 165cm). It would therefore appear that these profiles reflect 

the true distribution of [U]pw in the sediment coluinn. 

The same general profile of [U]PW is seen in the majority of the cores, where [U]PW 

decreases from the most surficial sample to a local minimum at relatively shallow 

depths (ca. 20-50cm) prior to increasing to a mid-depth U peak (ca. 150cm or deeper). 

However, significant core to core differences are observed. In core E12, [U]pw 

decreases from a surface value of 9.1 nmolkg'' to a local minimum of 8.2 nmolkg"' 

before increasing to a maximum of 29.1 nmolkg"', or approximately three times [U]sw, 

at a depth of 165cm. Below this large peak, [U]pw decreases to the base of the core, 

where a concentration of 10.9 nmolkg"' was measured. In core El8, the maximum 

[U]pw (20.1 nmolkg'') reached is lower than that in core E12, and [U]pw does not 

decrease toward the base of the core, however the entire sediment profile was not 
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sampled (i.e. the core did not reach basement). In core E14, below the mid-depth U 

peak (17.2 nmolkg"'), [U]pw decreases to 5.8 nmolkg"' (E14#7) before increasing again 

to 15.0 nmolkg"' (E14#8). Bottoming out traces on the core barrel indicated that this 

core reached basement. However, this decrease to a minimum value followed by an 

increase to high [U]pw in basal samples is not observed in the other cores which reached 

basement (without evidence of a double penetration, i.e. cores E12 and E19 only). That 

the low [U]pw of sample E14#7 is directly comparable to that observed in the local 

surface minimum, whilst the [U]pw of E14#8 is directly comparable to that measured in 

the mid-depth U peak, suggests that a double penetration during coring is the most 

likely explanation of this feature. In cores El 1 and El 7, the U peak is reduced in 

magnitude (12.7 and 12.6 nmolkg"' respectively) and is approximately equal to [U]sw-

Although core El7 reached basement, the sediment analysis strongly suggested that a 

double penetration may have occurred during sampling (see Chapter 3, Table 3.4), thus 

the deepest porewater sample was rejected and the data are not shown. For core El9, 

whilst the decrease to a local minimum in the surficial sediments is apparent, only a 

slight increase in [U]pw is observed at mid-depths. As with core E12, core E19 reached 

basement (with no evidence of a double penetration) and the [U]pw of the basal samples 

in these cores are directly comparable at 10.9 and 10.8 nmolkg"' respectively. Core E13 

displays a markedly different profile to all other cores from this site, where [U]pw 

decreases in an approximately linear fashion from a surface concentration of 9.6 

nmolkg"' to a concentration of 7.6 nmolkg"' at a depth of 255CITI. 

The general decrease observed from the surface sample [U]pw to a local minimum at 

relatively shallow depths indicates that a diffusive flux of seawater U into the sediment 

column is occurring. The driving force for this diffusive flux has to be removal of U to 

the solid phase at the point of minimum [U]PW- Given present understanding of U 

geochemistry, the mechanism of U removal seems likely to be reduction of U(VI) to 

U(IV) under suboxic conditions (with the consequent transfer of dissolved U to the solid 

phase). However, the Fcex/Mnex ratios of these sediments are relatively constant (see 

Chapter 3, Section 3.9), and fall well within the range that have led other authors to 

conclude that a general reducing mechanism cannot explain the extent of U enrichment 

(e.g. Schaller et al., 2000). Furthermore, it would be difficult to resolve the constancy 

of the Fe/transition metal ratios (Chapter 5, Section 5.5), and in particular the Fe/V 

ratios (Chapter 5, Section 5.7.1), observed throughout all the sediment cores with a 
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general reducing mechanism. Nevertheless, it is possible that microbially mediated U 

reduction is occurring in highly localised micro-environments associated with the small 

organic matter content of the sediment. Alternatively, given the high affinity of U for 

adsorption to both organic material and Fe (hydr)oxides (e.g. Jenne, 1977; Duff et al., 

2002), this diffusive flux may be driven by adsorption and complexation of U, rather 

than a reductive process. 

Regardless of the driving force, a diffusive flux of seawater U into the sediment column 

is apparent in all cores (with the exception of core El 3, which may reflect the upwelling 

of a low U concentration fluid from basement), where this influx seems a plausible 

explanation for the high U/FCex ratios with respect to plume particle values observed in 

all sediment cores analysed (although an input of U in association with phosphate rich 

material such as skeletal fish debris also seems likely). It then remains to explain the 

variation observed in the U/Feex ratio, i.e. the differing degree to which high levels of 

excess U are observed at the 0.36Ma site, and the constancy of the U/Fcex ratios 

observed at the 1.9Ma site and 4.6Ma site. 

7.4.4 Controls on the distribution of sedimentary Uranium observed in near rise-

crest sediments from the southern East Pacific Rise 

The uniformity of the U/Fcex ratio across all samples from the 1.9 and 4.6Ma sites 

(Table 7.2 and Figure 7.4), in addition to the basal samples from the 0.36Ma sites 

(Table 7.1 and Figure 7.5), suggests a constant association between U and Fe. Although 

only 1 sample in the sequential extraction scheme corresponds to a sample displaying 

the final U/Fcex ratio (E12#12), approximately 80-90% of the bulk sediment U in this 

sample was removed in the CAE fraction, implying that the U is dominantly adsorbed to 

the Fe (hydr)oxide surface as opposed to incorporated into the crystalline structure. 

This fi-action of U, once fixed through adsorption, is assumed to be permanently 

associated with the Fe, where the (U/Feex)finai ratio represents saturation of surface 

adsorption sites for U. The excess U inventory (Ubuik - Feex*(U/Feex)fmai) is assumed to 

be labile and subject to further diagenetic reaction, ultimately leading to loss from the 

sediment column and a whole core profile displaying a constant (U/Feex)finai ratio. 

To explore the potential mechanism(s) controlling the excess U enrichment observed at 

the 0.36Ma site, two cores are considered, E12 and El9. These cores are located in 
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close proximity to each other (see Figure 7.1), and both reached basement, thus the 

entire sediment profile was sampled. Furthermore, they represent the two end-member 

cases in both the porewater and sediment U profiles observed. The U/Fcex ratios in the 

base of both core E12 and core El 9 are directly comparable to the (U/Feex)finai observed 

at the 1.9 and 4.6Ma sites, implying that diagenetic reaction of U is not occurring at this 

level in the sediment column. In core El9 the observed excess U enrichment is 

confined to the horizon in which the diffusive influx of seawater U is being removed 

from solution and a significant mid-depth porewater U peak is not observed. 

Conversely, in core E12, the excess sedimentary U enrichment extends to depths of ca. 

300cm, where the trailing base of the sediment U/Fcex peak corresponds directly to the 

base of the mid-depth porewater peak (see Figure 7.8 below). 
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Shipboard analysis of the basal porewaters from these cores indicated the presence of an 

oxic basement fluid with a composition similar to seawater (Devey et al, 2000). It is 

therefore suggested that the mid-depth porewater peak is a result of U bum-up, where U 

profiles are controlled by a mechanism analogous to the bum-down of sedimentary U in 

turbidite sediments (Colley and Thomson, 1985), but where the source of the mobilising 

fluid is from basement rather than the sediment-water interface, i.e. the basement fluid 

represents a source of oxygen to the base of the sediment column, where either upward 

diffusion of oxygen, or upward advection of the oxygenated fluid, results in U release 

from the solid phase and transfer to the porewater phase. It is noted that the supply of 

oxygen from the base of the core would only affect the U concentration of the sediment 

if the U is immobilised via a reductive mechanism. However, if the U is immobilised 

via adsorption or complexation, the basement fluid could also represent a source of 

ligands with a high affinity for U which would act to stabilise U in solution. The 

dissolved U then diffuses down concentration gradients, both up and downcore. In the 

downcore direction the U is moving into oxygenated conditions with a low comparative 

biogenic component (see Chapter 5) and is thus not fixed in the sediment, either through 

reduction or adsorption, resulting in the establishment of a linear diffusive profile 

between the base of the sedimentary excess U peak (the point where U/Feex is equal to 

the U/Feex of older sediments, ca. SOOcmbsf) and basement. In an upward direction, the 

dissolved U migrates into the zone of U fixation and is retained in the sediment column. 

The net result is the upward transfer of sedimentary U over time, where the rate at 

which U is transferred upwards through the sediment column reflects the influence of 

the basement fluid, i.e. the faster the basement fluid is upwelling, the more rapidly the U 

is removed from lower levels in the sediment. If this hypothesis is correct, then 

examination of the sediment U profiles suggests that basement fluids have interacted 

most strongly with El 9, resulting in the stripping of excess U from all lower levels in 

the core and the concentration of the excess U within the surface sediment layer. 

Conversely, core El8 displays a relatively uniform U/Fcex, with little evidence of 

stripping of U from the lower levels, or concentration of U in the upper levels, 

suggesting the least interaction with the basement fluid, although the high U 

concentration in the lower porewaters implies that the process of U remobilisation has 

started. As the sediments move off axis, the input of hydrothermal material rapidly 

decreases with increasing distance from the spreading centre and subsidence of the 

seafloor moves the sediments to greater depths leading to enhanced calcite dissolution 
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(see Chapter 4). Both of these processes act to increase the ventilation of the surface 

sediments, i.e. the amount of time organic matter deposited in the sediments is exposed 

to corrosive oxygen rich bottom waters. Under these conditions bum down will also 

occur, and eventually all excess U will be released back to the water column, leaving a 

sediment with a uniform (U/Feex)finai-

This hypothesis is consistent with the build up of porewater U to concentrations 

significantly in excess of [U]sw in those cores where the dissolved U profile is 

dominantly controlled by diffusive processes; e.g. Mangini et al, 2001). Furthermore, 

if it is assumed that the time elapsed since the initial enrichment of U and the later 

remobilisation of U is sufficient to allow secular equilibrium to establish between 

and ^ °̂Th, then the subsequent remobilisation of U from lower levels in the core would 

create an apparent ^̂ T̂h excess, whilst the deposition of U in the upper portion of the 

core would create a ^̂ °Th deficit. This hypothesis is thus also consistent with the 

anomalous ratios reported by Rydell et al. (1974). 

7.5 Uranium as a Tracer of Low Temperature Hydrothermal Circulation 

The low temperature hydrothemial water flux through the flanks of the MOR system is 

at present poorly constrained, where the lack of constraint reflects difficulties associated 

with both obtaining a representative sample of the spatially extensive ridge flank 

system, and in identifying and resolving slow fluid advection (on the order of a few mm 

to cm per year) through that system (see Chapter 1, Section 1.3). To improve 

knowledge of ridge flank circulation, and thus improve constraints on the ridge-flank 

hydrothermal water flux, it is necessary to develop new methods capable of tracing the 

slow advection of low temperature fluids that may be only marginally altered from 

seawater. Thus, for an element to be employed as a valuable tracer of low temperature 

hydrothermal circulation, that element must exhibit a large concentration or isotope 

anomaly at low alteration temperatures, where U may meet these requirements (see 

Section 7.2). In this section, an assessment is first made of the extent of U depletion in 

low temperature basement fluids. As the diagenetic reaction of U has ceased in the 

older sediments from the Ridge-Flank region of the EXCO study area (Section 7.4), an 

assessment is then made of whether systematic variations in the concentration of 

porewater U may be used as a tracer of fluid advection through the sediment column. 
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7.5.1 Temperature in basement across the EXCO study area 

The temperature at the sediment-basement interface (Tsed-sase) was estimated for each 

site under the assumption of a uniform thermal conductivity of k = 1 Wm"' K"\' 

Tsed-Base = To + (q/k)d (7.1] 

where To is the bottom water temperature (1.83°C), q is the heat flow in Wm' ,̂ and d is 

the sediment thickness in metres. The best measure of sediment thickness within each 

study area was obtained from the recovery of those cores which struck basement. Due 

to possible loss of core-top material during sample collection by gravity corer, estimates 

based on the actual core recovery represent lower limits on the true Tsed-Base, where 

upper limits were determined assuming a maximum loss of 2m of core-top sediment. 

At the 0.36Ma site, cores El 9 and E12 struck basement with no evidence of a double 

penetration. These cores are located on an abyssal hill ridge crest in close proximity to 

one another (see Figure 7.1a). Combining the measured core recoveries (3.28 and 

4.30m respectively, see Appendix la) with the corresponding heat flow measurement 

(248 mWm"', see Figure 7.1a) gives an estimated Tsed-sase of 2.6-2.9°C, where a core 

loss of 2m would increase these estimates to 3.1-3.4°C. 

At the 1.9Ma site, cores E20 and E24 struck basement, with a core recovery of 5.75m 

(see Appendix Ila). Core E20 is located on the lower flanks of an abyssal hill ridge, 

with a corresponding measured heat flow of 282mWm" ,̂ (see Figure 7.1b), giving an 

estimated Tsed-Base of 3.5°C. Core E24 is located to the northeast of core E20 on the 

abyssal hill ridge crest, where the correspondingly higher measured heat flow (331 

mWm" ;̂ see Figure 7.1b) gives an estimated Tsed-Base of 3.7°C. A core loss of 2m would 

increase these estimates to 4.0 and 4.4°C respectively. 

At the 4.6Ma site, cores E28 and E26 struck basement. Both these cores are situated on 

the steep flanks of the large seamount located to the northeast of this study site. 

Combining the measured core depths (5.75 and 1.50m respectively, see Appendix Ilia), 

with the corresponding heat flow measurements (153 and 618mWm'^ respectively, see 

Figure 7.1c), gives an estimated Tsed-Base of 2.7-2.8°C, where a core loss of 2m would 

increase these estimates to 3.0-4.0°C respectively. 
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7.5.2 Uranium content of low temperature hydrothermal fluids 

All sediments from the 1.9 and 4.6Ma sites display a uniform U/Feex ratio, implying that 

diagenetic reaction of U is not occurring at in these sediments. Although variable 

sediment U/Fcex were observed at the 0.36Ma site, the basal samples in cores E12 and 

El9 exhibited a U/Feex directly comparable to that at the older sites, from which it can 

be inferred that diagenetic reaction of U is not occurring at depth. In the absence of 

reaction, it can be assumed that the basal porewater samples reflect the basement fluid 

composition (e.g. Elderfield et al., 1999). 

At the 0.36Ma site, the basal porefluids are oxic with near seawater nitrate 

concentration and zero Mn in solution (Devey et al., 2000). The U concentration of 

basal porewaters in both cores E12 and E19 show good agreement at 10.9±0.3 nmolkg"' 

and 10.8±0.4 nmolkg"' respectively. 

At the 1.9Ma site two different basal porewater compositions were sampled. In core 

E20, located on the lower flanks of the abyssal hill ridge, the basal porewaters have an 

oxic composition similar to that observed at the 0.36Ma site, with zero Mn and near 

seawater nitrate concentrations (Devey et al., 2000). The U concentration in this 

slightly warmer fluid is 8.3±0.2 nmolkg"', marginally lower than that observed at the 

0.36Ma site. In core E24, located on a basement high and with high heat flow, basal 

porewaters have a reducing composition, with zero nitrate and Mn present in solution 

(Devey et al., 2000). The U concentration measured in this reducing fluid was 4.3±0.1 

nmolkg"', significantly lower than that measured in the oxic fluid sampled at this site. 

At the 4.6Ma site, basement temperatures are more similar to those observed at the 

0.36Ma site and basement fluids are oxic, with near seawater nitrate concentrations and 

zero Mn in solution. The measured U concentration in the basal samples of cores E26 

and E28 agree within errors at 11.7±0.2 nmolkg"' and 11.3±0.4 nmolkg'' respectively, 

giving a mean of 11.5 nmolkg"'. 

The fluid characteristics, basal [U]pw, and the U depletion with respect to seawater are 

summarised in Table 7.4. Also shown for comparison are the basal porewater Mg 

concentrations ([Mg]pw), and the shift in Mg concentration with respect to seawater 

(AMg). Mg is a valuable tracer of mid to high temperature hydrothermal circulation, 

where basement fluid Mg concentrations have been employed to trace fluid flow paths, 
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and Mg budget constraints have been used to place limits on the hydrothermal water 

flux (e.g. Mottl and Wheat, 1994; Elderfield et al., 1999). Although Mg is 

quantitatively removed from seawater during hydrothermal circulation at temperatures 

down to ~60°C, and is significantly depleted in lower temperature fluids of ~20°C 

(Mottl et al., 1998; Elderfield et al., 1999; Wheat and Mottl, 2000), it can be seen that in 

the very low temperature basement fluids sampled in the EXCO study area, AMg is 

small and variable, ranging from -1.1% to +1.0% (ca. ±0.5 mmolkg"'). Whilst a AMg of 

this magnitude could be significant in terms of the oceanic Mg budget (dependent on 

the volume of the low temperature hydrothermal water flux, see Chapter 1, Section 

1.4.2), that porewater profiles are essentially linear (data not shown), whilst AMg is 

comparable to the analytical uncertainty on the [Mg]pw measurement, renders Mg 

unsuitable as a tracer of very low temperature fluid flow. In contrast, the data indicate 

that very low temperature basement fluids can become significantly depleted in U, 

suggesting that U may prove a valuable tracer of low temperature fluid flow. 

The extent of U depletion estimated at both the 0.36 and 4.6Ma sites, where basement 

fluids are oxic with a temperature of ca. 3.0-3.4°C, is comparable, with an estimated 

depletion in the region of 10-20%. At the 1.9Ma site, where fluids are slightly wanner 

at 4.0°C, the extent of U depletion is comparatively higher, with an estimated removal 

of 35-40% in oxic fluids, and 66-69% in reducing fluids. That the extent of U removal 

increases with temperature and is greater in reducing fluids with respect to oxic fluids is 

consistent with expectations. The presence of warmer, more altered fluids at the 

intermediate age site is also to be expected. At the 0.36Ma site sediment cover is thin 

and patchy, with a relatively high porosity, thus basement is open to seawater access. 

Similarly, at the 4.6Ma site, the sediment cover on the flanks of the seamount is also 

thin, presumably with significant areas where no sediment cover has developed (c.f. 

large failure rate of heat flow measurements due to patchy sediment cover, Villinger et 

al., 2002). Conversely, at the 1.9Ma site, continued sedimentation and a thicker 

sediment cover with respect to the 0.36Ma site, and the absence of seamounts with 

respect to the 4.6Ma site, suggests that although basement cannot be described as 

sealed, seawater access is comparatively restricted, leading to less vigorous circulation 

and allowing the evolution of basement fluids with slightly elevated temperatures and 

the development of reducing conditions. 
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7.5.3 The 1-dimensional advection-diffusion equation 

Porewater advection velocities can be estimated by fitting profiles of a porewater solute 

to models derived from the standard one dimensional diagenetic advection-diffusion-

reaction equation (Bemer, 1980): 

dt dz 

d(j)vC 

dz 
+ (^R [7.2] 

Where C represents the concentration of a porewater solute, (j) is the porosity, t is time, z 

is depth (zero at the sediment-water interface and becoming positive toward basement), 

Ds is the whole sediment diffusion coefficient for the relevant solute species, u is the 

advective porewater velocity (upwelling is negative) and ER represents the sum of the 

reaction terms. It is assumed that the reaction term for U is negligible at the 1.9 and 

4.6Ma sites, where this assumption is supported by the lack of evidence for significant 

reductive remoblisation of Mn (see Chapter 3) and the constant U/Fcex ratios observed 

throughout the sediment column (see Figure 7.4). Equation 7.2 thus simplifies to: 

dt OZ J 

d(poC 

dz 

[7.3] 

Applying the following boundary conditions: 

C(2=o) — Co 

C ( z = z B A S E ) - C B A S E 

[7.4] 

[7.5] 

The solution to equation 7.3 is: 

= Cg + A 
/ \ \ vz 

A = 

exp 

C -C 
^BASE 

- 1 

V J 

exp 
vz 

\ J 

[7.6] 

The whole sediment diffusion coefficient (Ds) was determined by correcting the 

coefficient of diffusion at infinite dilution (D") for temperature (which affects fluid 

viscosity) and sediment tortuosity (a measure of the deviation from a linear diffusion 
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path due to the presence of sediment particles). Given the small temperature gradient 

from the sediment-ocean interface ( T s e d - O c e a n ) to the sediment-basement interface ( T s e d -

B a s e ) , the sediment temperature was assumed to be constant and equal to the temperature 

at mid-depth in the core ( T m i d - d e p t h ) : 

T m i d - d e p t h ( T s e d - O c e a n T s e d . B a s e ) / 2 [ 7 . 7 ] 

Where Tsed-ocean is equal to the bottom water temperature (1.83°C) and Tsed-Sase is 

assumed equal to the median Tsed-Base for each age site (see Table 7.4). The diffusivity 

of U at Tmid-depth was estimated from the diffusivity at 25°C (4.26 x 10"̂  cm^s'% Li and 

Gregory, 1974) and the Stokes-Einstein diffusion coefficient temperature dependence 

relationship (as discussed by Li and Gregory, 1974): 

D° 
- ^ = 2.19 [7.8] 
^O'C 

Which, given the linear temperature dependence of D®, gives the following relationship: 

rp f nO A 
nO ^ mid-depth 

' inul-tL-pih 25 
nO ^25'C 

V y 

D° 
+ [7.9] 

2.19 

Applying the correction for sediment tortuosity (9), Ds is related to D° by: 

D , r = [7.10] 
^' mhl - depth 0 2 

Where 6^ was estimated from the sediment porosity ((j), see Chapter 3, Section 3.4.1) 

(Boudreau, 1997): 

0^ = 1 - ln((t)̂ ) [7.11] 

The values of T m i d - d e p t h , 4), 6 ,̂ and the resultant estimates of Ds,T„idj,p,h, for the L9 and 

4.6Ma study sites are given in Table 7.5. 
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Table 7.4: U depletion in basement fluids as inferred from basal porewaters. 

Tsed-Base M the temperature at the sediment-basement interface; Fluid characteristics 

were determined on the basis of porewater nitrate and manganese concentrations; 

[U]pw is the U concentration in the basal porewater sample; AU was calculated as 

IOO*([U]pw-[U]sw)/[U]swwith respect to the inferred minimum seawater concentration 

of 12.7 nmolkg'' and the expected seawater concentration of 13.9 nmolkg''; [Mgjpw is 

the Mg concentration in the basal porewater sample (data of M. Mottl, University of 

Hawaii, and G. Wheat, Fairbanks University, Alaska); AMg is calculated as 

100*([Mg]pw -[Mg]sw)/[Mg]swwith respect to the measured bottom water [Mg]sw of 

52.4 mmolkg''. ForAU and AMg negative values indicate depletion, and positive values 

indicate enrichment, with respect to seawater. 

Site Core ID Tsed-Base 

(°C) 

Fluid Charac te r i s t i cs [U]pw 

(nmolkg"') 

AU 
{%) 

[Mg]pw 

(mmolkg"') 

AMg 

(%) 

0.36Ma E12 
E19 
(Site median) 

2 . 9 - 3 . 4 

2 . 6 - 3 . 1 

(3.0; 

oxic 
0X1 c 

1 0 . 9 

1 0 . 8 

- 1 4 

- 1 5 

- - 2 2 

- - 2 2 

5 2 . 5 

5 2 . 4 

- 0 . 2 

+ 0 . 0 

1.9Ma E20 
E24 
(Site mecfian) 

3 . 5 - 4 . 0 

3 . 7 - 4 . 4 

oxic 
reducing 

8 . 3 

4 . 3 

- 3 5 

- 6 6 

- - 4 0 

- - 6 9 

5 3 . 0 

5 1 . 9 

- 1 . 1 

+ 1 . 0 

4.6Ma E26 
E28 
(Site median) 

2 . 8 - 4 . 0 

2 . 7 - 3 . 0 

P . 4 

oxic 
oxic 

1 1 . 7 

1 1 . 3 

- 8 

- 1 1 

- - 1 6 

- - 1 9 

5 2 . 7 

5 2 . 3 

- 0 . 6 

+ 0 . 2 

Table 7.5: Fluid upwelling velocities (-u) estimated from porewater U profiles. 

Tmid-depth is the temperature at mid-depth in the sediment column; (j) is sediment porosity; 

§ is sediment tortuosity; Ds,t,m,.,i, is the whole sediment diffusion coefficient for U at 

Tmid-depiu; Zofjiel is the estimated loss of core-top material; -u is the estimated upwelling 

velocity; X^inimum is a measure offit between the theoretical and observed porewater U 

profile, where low values of X correspond to a goodfit (see text for details). 

Site Core ID Tmid-depth •l" Ds,Tmld<d.pfi Z o f f s e t - I ) ^ m i n i m u m 

CC) (x10'° cm ŝ'̂ ) (cm) (mmyr"') (nmolkg'V 

1.9Ma E10 2 . 9 0 . 7 2 1 .66 1 .33 6 9 8 . 4 0 . 6 0 

E23 2 0 0 2 . 7 0 . 1 9 

E24 160 3 . 9 0 . 0 7 

4.6Ma E4 2 . 6 0 . 6 4 1 .89 1 .15 1 8 2 3 . 0 0 . 4 4 

E26 12.5 7 . 3 0 . 0 4 

E27 0 . 0 4 . 8 0 . 0 4 
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7.5.4 Fitting observed porewater uranium profiles to the theoretical 1-dimensional 

advection-diffusion equation. 

The porewater advection velocity (o) in each core was estimated by fitting a theoretical 

advective-diffusive profile to the observed porewater profile, where the best-fit solution 

was obtained by minimizing the sum of the squares of the residual concentration 

difference between the observed and theoretical [ U ] p w , (X), across all samples: 

^BASE ^ 
X = ^ ( [ ^ ] " \J-^^PW Jheoretica! ) [7.12] 

Where [Ujpw.theoreticai for each sample depth (zsampie) was determined from equation 7.6: 

\-^'\pW,lheorelicaI " ^ 

^sample exp - 1 [7.13] 

A = 

exp 
\ J 

- 1 

Where [ U ] B A S E was assumed equal to the basal [ U ] P W ; [ U ] O was assumed equal to the 

expected [U]sw of 13.9 nmolkg"'; o was treated as a free parameter; and Zsampie was 

assumed equal to the measured sample depth (Zmeasured) plus a constant offset (Zoffset) to 

account for the absence of core-tops, where Zoffset was allowed to vary from 0 to 2m: 

Zsampie ~ Zineasured Zoffset [7.14] 

An iterative approach was then taken to find the Zoffset and u resulting in the minimum 

value of X for each core. Unique solutions (where the minimum X corresponds to a 

single combination of Zoffset and u) were found for those cores displaying a marked 

curvature in [ U ] P W , namely cores ElO, E23 and E24 from the 1.9Ma site, and cores E4, 

E26 and E27 from the 4.6Ma site (see Table 7.5 and Figure 7.9). For those cores 

displaying essentially linear profiles in [ U ] P W , a unique best-fit solution does not exist. 

For example, the minimum X for core E20 is both comparatively high (2.74), and can 

be obtained by applying a range in Zoffset of 20 to 200cm, with a corresponding range in 

u of-100 to -12 mmyr"'. 
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Figure 7.9: A comparison between the observed curvature in porewater U and 

that predicted from a l-dimensional advection-diffusion model at (a) the 1.9Ma 

site and (b) the 4.6Ma site in the EXCO study area. Expected seawater U 

concentration = closed circles and error bars. Porewater data = crossed error bars. 

Predicted porewater profdes = dashed lines. 
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Figure 7.9 illustrates the good agreement found between the observed and theoretical 

[U]pw profiles for those cores displaying a distinct curvature in [U]PW- At the 1.9Ma 

site, cores E23, ElO and E24 are situated along the crest of a local abyssal hill ridge 

(water depth of ~3200m), and show evidence of a fluid upwelling through the sediment 

column at a rate of ca. 3-8 mmyr"'. This observation is consistent with the general 

pattern of heat flow observed in this area, where basement highs are associated with 

high heat flow values, while graben structures display low values (Grevemeyer et al., 

1999). It is noted that the location of core E23 corresponds to an anomalously low heat 

flow value (102 mWm"^; see Figure 7.1), which had previously been interpreted as 

possible evidence for the downwelling of fluids through a high penTieability conduit 

(Grevemeyer et al., 1999). However, the heat flow data at this site were collected 

during EXCOI (1995), approximately 5 years prior to the collection of sediments during 

EXCOII (2000). Furthennore, although DGPS was available during EXCOII, providing 

a positional accuracy of ca. 10m, only GPS was available during EXCOI, resulting in a 

positional accuracy of ca. 100m. This discrepancy may therefore be explained by 

either; (i) a shift in circulation patterns due to the sealing of a high permeability conduit, 

or; (ii) uncertainties in positioning, such that core E23 does not correspond directly to 

the location of the low heat flow anomaly. 

At the 4.6Ma site, the porewater profiles for core E27, E4, and E26, located in a transect 

toward a seamount, also indicate the presence of fluids advecting upwards through the 

sediment column at a rate of 4-8 mmyr"'. The highest upwelling velocity of 8 mmyr' 

was observed in core E26, which is situated on the steep flanks of the seamount and 

corresponds to the highest heat flow measurement made throughout the EXCOII 

geophysical survey (Villinger et al., 2002). That this core also provides the highest 

upwelling velocity is thus consistent with the heat flow data. 

7.5.5 Implications for the use of Uranium as a tracer of low temperature 

hydrothermal circulation 

Given the uncertainty in the porewater data (see Section 7.3.1) it is difficult to draw 

absolute conclusions based on these data. Nevertheless, it would appear that a real 

difference has been recorded between seawater and basal porewater concentrations. 

Given that the sediment data indicate that uptake of U is not occurring it therefore 

seems reasonable to conclude that this difference reflects a low U concentration fluid in 
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basement, and that the observed curvature in porewater U is due to the slow upwelling 

of this low U content fluid. These data therefore suggest that U could provide a good 

tracer of both low temperature (AT < 5°C) and low velocity fluid advection (|u| < 10 

mmyr""). As a comparison, nutrient profiles become unreliable at advection velocities 

less than a few to tens of centimetres per year due to uncertain reaction rates (Wheat and 

McDuff, 1995). Furthermore, whilst U displayed a significant concentration anomaly in 

the very low temperature basement fluids collected from the EXCO study area, the Mg 

data showed a minimal concentration difference of ca. 1% between the surface and base 

of the cores, where this difference falls within the uncertainty on the measurement 

(Devey et al., 2000). In this respect, the further development of U would provide an 

extremely valuable asset in the range of porewater solute tracers currently in use for 

determining porewater advection velocites. It is noted that a unique solution to the 

theoretical advection-diffusion equation could not be found for a number of cores due to 

the absence of curvature in porewater U. However, this most likely resulted from the 

loss of core-top material and the coarse spatial resolution of the porewater samples. 

These problems would be largely overcome by using an alternative coring technique, 

(e.g. box coring), and by increasing sample resolution, particularly over the upper and 

lower sections of the core where curvature due to fluid advection would be expected. 

The extent of U depletion observed in basement fluids from the EXCO study site varied 

from ca. 10-40% in oxic fluids, and ca. 65-70% in reducing fluids. If all low 

temperature fluid flow (ca. 500-1750 xlO'^ kgyr'', see Chapter 1, Table 1.2) were 

assumed to remove a similar amount of U, a dominantly oxic flow regime would result 

in a U sink of-1.6-23 xlO^ gyr"' (7-97 Mmolyr"'), whilst a dominantly reducing flow 

regime would result in a U sink of-11-40 xlO^ gyr"' (45-170 Mmolyr''). The lower 

limit on the hydrothermal U sink determined from the fluid data is broadly consistent 

with that estimated from evaluation of basalt alteration data (1.4±0.8 xlO^ gyr"' or 

5.7±3.3 Mmolyr"'), whereas the upper limit both greatly exceeds the basalt alteration 

sink and is inconsistent with the current evaluation of the oceanic U budget (see Chapter 

6). It is therefore concluded that fluids with a U content similar to the more depleted 

fluids sampled in the EXCO study area can only represent a minor proportion of the low 

temperature hydrothermal fluid flow regime. This conclusion is internally consistent 

with the observations made within the EXCO study area, where a strongly U depleted 

fluid was only sampled in 3 cores from the 1.9Ma site. 
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7.6 Summary 

This study has investigated the behaviour of U in a Mid-Ocean Ridge-Flank 

environment through a detailed examination of both sedimentary and porewater U data. 

The U/Feex ratios observed at all sites in the EXCO study area (U/FCex (wt/wt) >3.1 

xlO'^) are significantly higher than hydro thermal plume particulate U/Fe ratios (U/Fe 

(wt/wt) =1.8 xlO"^), indicating a secondary and dominant mechanism of U delivery to 

the sediment column. This secondary U input occurs rapidly in near rise-crest 

sediments, and is spatially heterogeneous, where U can be enriched by a factor of up to 

-200 (U/Feex (wt/wt) = 3.8x10'"^) with respect to the initial plume particulate U/Fe ratio. 

Porewater profiles indicated a diffusive influx of seawater U, driven by the removal of 

porewater U to the solid phase in the upper sediment column. However, the oxic nature 

of the EXCO sediments (as evidenced by the uniformity of the Fcex/Mnex ratio) is 

inconsistent with a reducing U enrichment mechanism, where removal of porewater U 

to the solid phase would occur via reduction of U(VI) to U(IV) under suboxic 

conditions. It was therefore hypothesised that the diffusive influx of U may be driven 

by adsorption of U to Fe (hydr)oxides and/or biogenic material, possibly through 

surface complexation of U with organic coatings on foraminifera, although the reductive 

removal of U in highly localised microenvironments within the sediment column cannot 

be ruled out. A further input of solid phase U in association with phosphate rich 

material such as skeletal fish debris also seems likely. These mechanisms of U 

enrichment are consistent with a sequential extraction of the sediment and energy 

dispersive X-ray analysis, which both indicated a generalised U enrichment 

disseminated throughout the sediment material, as opposed to an association of U with a 

specific sediment fraction or mineral. 

A fraction of the secondary U enrichment is a transitory feature, where excess U is 

gradually lost from the sediment column during diagenesis, such that by 1.9Ma 

sediment U/FCex ratios are constant (U/Fegx (wt/wt) = 3.1 xlO"^) and directly comparable 

to previously reported values for fully oxidised metalliferous sediments (Mills et al., 

1994). It is hypothesised that U remobilisation occurs via a bum-up mechanism, 

analogous to the bum-down of solid phase U in turbidite sediments (Colley and 

Thompson, 1985), but where loss of U from the sediment column is dominantly driven 

by the upward advection/diffusion of a U mobilising agent from basement, as opposed 
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to the down-ward diffusion of oxygen from the sediment-water interface. The 

mechanism of U mobilisation is dependent on the initial nature of the U fixation; i.e. U 

release could occur either through the supply of ligands with a high affinity for U, 

which would act to stabilise U in solution, or the supply of oxygen, which would 

oxidise U(IV) to U(VI). The remobilisation of sedimentary U occurs at the base of the 

sedimentary U/Feex peak and leads to the formation of pore fluids which can become 

significantly enriched in U with respect to the seawater concentration of 13.9 nmolkg"'. 

The dissolved U then diffuses down concentration gradients. In an upward direction, 

the dissolved U migrates into the zone of U fixation and is retained in the sediment 

column. The net result is the upward transfer of sedimentary U over time, where the 

rate at which U is transferred reflects the influence of the basement fluid, i.e. the faster 

the basement fluid is upwelling, the more rapidly the U is removed from lower levels in 

the sediment. The uniformity of the U/Feex ratio in basal sediments from the rise-crest 

region and in older sediments from the ridge-flank region, indicates a constant 

association between U and Fe, where the sequential extraction data indicates that this U 

is dominantly adsorbed to the Fe (hydr)oxide surface. It was therefore concluded that 

the final U content of the sediment is defined by the adsorption capacity of the plume 

derived Fe (hydr)oxide material. 

The concentration of U in basal porewaters indicates that basement fluids can become 

significantly depleted in U (ca. 10-70%), even at very low alteration temperatures 

(<5°C). The extent of U depletion estimated at both the 0.36 and 4.6Ma sites, where 

basement fluids are oxic with a temperature of ca. 3.0-3.4°C, is comparable, with an 

estimated depletion in the region of 10-20%. At the 1.9Ma site, where fluids are 

slightly warmer at 4.0°C, the extent of U depletion is comparatively higher, with an 

estimated removal of 35-40% in oxic fluids, and 65-70% in reducing fluids. The fitting 

of a 1 dimensional advection-diffusion model to the porewater U data confirms that 

fluids are upwelling along an abyssal hill ridge crest at the 1.9Ma site and on the steep 

flanks of the seamount at the 4.6Ma site at rates of ca. 3-8 mmyr"'. These data suggest 

that U could provide an exceptionally valuable tracer of both low temperature and low 

velocity fluid flow. However, sampling and analytical issues must be overcome before 

porewater U data can be interpreted with confidence. 
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Chapter 8 

Summary 

Sedimentation, early sedimentary diagenesis, and low temperature 

hydrothermal fluid flow in a young Mid-Ocean Ridge-Flank setting. 

This study has presented a detailed analysis of sedimentation, early sedimentary 

diagenesis, and hydrothennal fluid flow, across crust aged 0-4.6Ma in the EXCO study 

area at ~14°S on the east flank of the south East Pacific Rise (SEPR). This Chapter 

provides a synthesis of the major findings of this study, and identifies potential future 

avenues of research, within the context of the following subject categories: 

(i) Sedimentation patterns across the EXCO study area. 

(ii) Early diagenesis of the hydrothermal plume precipitates. 

(iii) Implications arising from this study for the use of individual elements as 

tracers of a range of oceanographic and sedimentary processes. 

8.1 Sedimentation in the EXCO Study Area 

A schematic diagram illustrating general sedimentation patterns across the EXCO study 

area is presented in Figure 8.1. 

8.1.1 The geological setting of the EXCO study area 

Figure 8.1 depicts the eastern region of the EXCO study area extending from the ridge 

axis at 14°14'S to crust aged 5Ma, corresponding to a distance of-400km. The ridge 

morphology is characterised by a blocky axial crest ca. 300m high and 10km wide, with 

a relatively flat summit at a depth of -2600m (Hauschild et al., 2003). Seismic 

reflection imaging provides evidence for an underlying axial magma chamber (AMC), 

where the blocky ridge crest and prominent AMC reflector are consistent with a robust 

magmatically active ridge segment (MacDonald 1998; Sheirer and MacDonald 1993; 

Detrick et al., 1993; Kent et al., 1994). Away from the rise crest, the ridge flanks are 

relatively smooth, where the seafloor has subsided to depths of ca. 3600m by 4.6Ma. 

Over the last 2.7Ma (0-200km), the spreading system has been similar to the present 
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configuration of the ridge, where the seafloor fabric consists of abyssall hills and 

intervening valleys striking parallel to the ridge axis (013°) and magnetic data indicates 

a half spreading rate of 75mmyr"' (Grevemeyer et al , 1997; Grevemeyer et al., 2002). 

Prior to 2.7Ma (+200 km), the seafloor is rougher, with more abundant seamounts, and 

magnetic data indicate a faster half spreading rate of 86 mmyr"', where both the change 

in seafloor fabric and spreading rate have been attributed to the eastward migration of 

over lapping spreading centres resulting in the transfer of Pacific crust to the Nazca 

plate (Grevemeyer et al., 1997; Grevemeyer et al 2002). The thickness of extruded 

basalt doubles within l-2km of the ridge axis from 200-250m to 500-600m and remains 

nearly constant off-axis, which argues for only minor changes in melt supply over the 

last 9.3Ma (Kent et al., 1994; Grevemeyer et al., 1998). 

8.1.2 Sedimentation patterns in the EXCO study area 

This study investigated sedimentation across the EXCO region through examination of 

the sediment mineralogy, the bulk sediment geochemistry, and a four-step sequential 

extraction procedure. Sediments were collected from three sites overlying crust aged 

0.36Ma, 1.9Ma, and 4.6Ma (Figure 3.2 and Figure 8.1). Sediment accumulation rates 

were estimated based on an assumption of linear sedimentation over time (for those 

cores that reached basement) and oxygen isotope dating constraints. A comparison of 

the sediment records obtained (both within and between sites), allowed evaluation of the 

general style of sedimentation, and the pattern of sedimentation across the ridge flanks. 

A detailed examination of 1 core from the 0.36Ma site allowed evaluation of sediments 

deposited within 20km of the ridge axis over crust aged 0-0.24Ma, corresponding to 

sedimentation over Marine Oxygen Isotope Stages (MOIS) 5 to 10 (-110-360 KaBP). 

• The general style of sedimentation 

Over the young ridge flank region (0.36 and 1.9Ma sites), where the seafloor 

morphology is relatively smooth, the close within-site agreement of both the thickness 

of the sediment column, and the down-core variation in sediment composition, across 

cores collected from local bathymetric highs and lows (the crest of abyssal hills and the 

adjacent valleys) indicates that sediments are settling locally from suspension and drape 

basement, where significant sediment ponding does not occur. In contrast, across the 

older ridge flank (4.6Ma site), the presence of seamounts leads to sediment focussing 
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and significant post-depositional sediment redistribution due to down-slope gravity 

transport of material initially deposited on the steep seamount flanks. For example, in 

core E7, located almost equidistant between two large seamounts (Figure 3.2 and Figure 

8.1), the occurrence of distinct graded beds within the sediment column indicates that at 

least one sixth of the sediment consists of redistributed material. 

• Sources of sediment to the EXCO study area 

The sediments in the EXCO study area are lithologically simple, where the bulk 

composition can be well described by a three component mixing model consisting of 

biogenous carbonates, hydrothermal plume precipitates, and locally sourced basaltic 

debris. The relative contribution of the major components to the bulk sediment 

composition decreases in the order carbonate (64-100 wt%) > hydrothermal (1.1-34 

wt%) > detrital (0.4-8.5 wt%). Additional minor phases (0-1 wt% in total) are biogenic 

barite, opaline silica, and a clay material, with trace amounts of metal sulphides present. 

The carbonate material consists of biogenous calcite, comprising planktonic 

coccolithophores and foraminifera, with the rare presence of benthic foraminifera. In 

young sediments deposited near the ridge axis (0-17.4 km, corresponding to 

sedimentation over 0-0.23Ma crust), preservation of the nanno-fossil assemblage is 

good. However, as the seafloor subsides and approaches the depth of the calcite 

saturation horizon, nanno-fossil dissolution commences, such that -18km from the ridge 

axis (sedimentation over 0.24Ma crust), the coccolithophores show evidence of 

significant dissolution. Below the calcite saturation horizon, extensive dissolution 

occurs, such that by 1.9Ma the coccolithophore assemblage is generally absent. 

The hydrothermal plume material is sourced from active high temperature venting at the 

ridge axis (Feely et al., 1996). Prevailing ocean currents are thought to transport the 

plume material dominantly westward (Hauschild et al., 2003), however the expression 

of a ^He anomaly to the east of the rise crest (WOCE/JGOFS PI 8 transect), and the 

composition of the sediments from the eastern flank of the EXCO study area, indicates 

that plume material is also transported to the east of the rise crest in this region. The 

sediments sampled in this study reflect deposition from a neutrally buoyant plume, 

where the particle composition is dominated by amorphous Fe and Mn (hydr)oxides, 

and particle chemistry is dominated by co-precipitation and sorption reactions. The 

241 



Summaiy 

mean Feex/Mnex of the EXCO data set is 3.1±0.6 (Icr), showing excellent agreement 

with previously observed values from 18.5°S (3.3+0.5; Marchig et al., 1986) and 20°S 

(3.1±0.3; Shimmield and Price, 1988). The Feex/Mnex ratio decreases significantly 

across the ridge flank from 3.6±0.4 at the 0.36Ma site, to 2.5±0.3 at the 4.6Ma site, 

reflecting a decrease in the Fe/Mn of the plume particle input, (Fe/Mn)piume, with 

increasing plume age due to the slower oxidation kinetics of Mn̂ "̂  with respect to Fê "̂  

(Klinkhammer and Hudson, 1986; Cowen et al., 1986, 1990). 

The EXCO region is located at a significant distance from continental landmasses, thus 

the input of detrital material derived from continental weathering is negligible. 

However, there is a significant input of locally sourced basaltic debris in areas located 

in close proximity to exposed basement, thus the input of detrital material is greatest 

near the ridge axis (0.36Ma site), and in the vicinity of seamounts (4.6Ma site). 

• Sediment accumulation - variation across the ridge flank 

The accumulation rate of calcium carbonate decreases with increasing distance from the 

spreading centre, from -1375-2700 mgcm'^Ka"' in the axial region (0-3km), to -700 

mgcm'^Ka"' by 0.24Ma (18.3km), and -210 mgcm'^Ka"' by 1.9Ma (142.5km). This 

decrease in accumulation can be partially attributed to the generation of particles at the 

ridge axis (biological productivity focussed over the spreading centre), and the 

westward transport of this material by prevailing mid-depth ocean currents (Hauschild 

et al., 2003). However, the results of this study suggest that decreasing preservation of 

calcite as the seafloor subsides and moves beneath the calcite saturation horizon also 

contributes to the decrease in accumulation rate (Figure 8.1). In the vicinity of 

seamounts the pattern of decreasing accumulation is overlaid by increased 

sedimentation due to sediment focussing and down-slope gravity transport, where the 

enhanced delivery results in rapid burial of the calcite, thus also limiting dissolution. 

For example, at the point equidistant between two large seamounts in the 4.6Ma site, the 

calcite accumulation rate is -2090 gmcm'^Ka"', or approximately 10 times that observed 

at the 1.9Ma site. 

The input of hydrothermal plume precipitates decreases rapidly with increasing distance 

from the axis, from -230-430 mgcm'^Ka"' in the axial region, to -60 mgcm'^Ka"' by 

0.24Ma, and -10-20 mgcm"^Ka-l by 1.9Ma. At the 4.6Ma site, the accumulation rate of 
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plume material is -30-35 mgcm'^Ka"', or -2-3 times that at the 1.9Ma site. However, 

both the contribution of the plume material to the bulk sediment composition, and the 

Feex/Muex ratio (1.6 wt% and 2.5±0.3 respectively), are significantly lower than that at 

the 1.9Ma site (2.3% and 2.9±0.3), indicating that the enhanced accumulation is due to 

sediment focussing and redistribution as opposed to a local source of hydrothennal 

precipitates associated with off-axis venting. 

The input of detrital material decreases rapidly from -140-160 mgcm"^Ka"' in the axial 

region, to - 5 mgcm'^Ka"' by 0.24Ma, and - 1 mgcm'^Ka"' by 1.9Ma. At the 4.6Ma site, 

the input of detrital material is elevated, at -35-40 mgcm'^Ka"'. In this instance, the 

percent contribution of detrital material is higher than that observed at the 1.9Ma site 

(1.9 wt% with respect to 0.5 wt%), indicating a local supply of basaltic debris from the 

exposed basement on the steep flanks of the seamounts. 

• Sediment accumulation - variation over MOIS 5-10 

A detailed study on one core from the 0.36Ma site revealed periods of increased 

accumulation of biogenic calcite and hydrothennal plume precipitates overlying the 

general trend of decreasing sedimentation with increasing distance from the ridge axis. 

Variation in the accumulation rate of calcite can be attributed to changing productivity, 

sediment redistribution, or variable preservation. As discussed above, sediment 

redistribution is not occurring in this region of the EXCO study area. Furthermore, the 

accumulation rate of calcite was observed to co-vary with that of biogenic barite 

throughout MOIS 5-10. It was therefore concluded that changes in the accumulation 

rate of calcite, over and above the general trend of decreasing calcite accumulation with 

distance from the ridge axis, reflect variation in export production from surface waters. 

Two peaks in calcite and biogenic barite accumulation at 194 KaBP (MOIS 7) and 327 

KaBP (MOIS 9) were therefore interpreted to indicate enhanced export production from 

surface waters during interglacial periods. The periods of enhanced hydro thermal 

accumulation correlate to deglacial periods and most likely reflect increased delivery of 

hydrothermal precipitates to this region due to changes in prevailing oceanic currents 

associated with the glacial-interglacial transition. 
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8.1.3 Future Research 

The results of this study suggest that the input of hydro thermal plume particulates to the 

sediment column may provide a valuable tracer of changes in mid-depth ocean 

circulation patterns. Given the constant half spreading rate over the last 2.7Ma, and 

evidence for a relatively constant magma source over the last 9.3Ma, it might also be 

reasonable to suppose that hydrothermal activity at the ridge crest, and thus the supply 

of plume particulates to the overlying water column, has also remained relatively 

constant over time. Variations in the accumulation of hydrothermal plume particulates 

(corrected for changes in accumulation rate due to distance from the spreading centre) 

could then be employed to track changes in mid-depth oceanic circulation patterns 

during times of climatic change. In particular, the finding that increased accumulation 

of hydrothermal plume material occurred during deglaciation, whilst increased 

accumulation of calcite and biogenic barite occurred during interglacial periods, 

suggests that changes in surface water productivity associated with climate change may 

significantly lag shifts in mid-depth circulation patterns, and warrants further study. 

Due to a relatively coarse sample resolution, the dating constraints on the samples 

studied carry a large inherent error, therefore the precise timing & magnitude of the 

shift in accumulation rates remains unknown. Improved dating of existing samples (e.g. 

'"'C measurements) should be carried out to confirm the findings of this research. 

However it would be of most benefit to obtain a high-resolution down-core profile 

through the sediment column in this region. Given that the true mean sediment 

accumulation rates will not vary from the estimated mean accumulation rates, a time 

record with a resolution of 0.2-2.0Ka could be obtained from sediment sampling at 1-

2cm intervals. Such a record would provide valuable information on the timing, extent, 

and duration, of periods of enhanced sediment accumulation. 

8.2 Early Diagenesis of the Hydrothermal Plume Precipitates 

This study has evaluated the diagenetic alteration of hydrothermal plume precipitates in 

young ridge flank sediments (the 0.36Ma and 1.9Ma sites) from the EXCO study area, 

based on analysis of sediment mineralogy, bulk chemistry, and a four step sequential 

extraction procedure. As the sediments in this region are both lithologically simple and 

oxic, this site provides an excellent natural laboratory to investigate the role of Fe and 

Mn (hydr)oxides in controlling the fate of divalent transition metals (Cu, Zn, Ni, Co) 
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and oxyanions (V, P, As, U) in the sediment column, where this study bridges the gap 

between laboratory experiments and studies conducted in more complex environments. 

8.2.1 The alteration of plume derived Fe (hydr)oxides 

The alteration of plume derived Fe (hydr)oxides in the oxic EXCO sediments is 

dominated by the transformation of ferrihydrite to goethite, where the extent of 

alteration (goethite-Fe/X-ray amorphous Fe) ranges from 0.3-2.1. Whilst the formation 

of goethite is consistent with alteration observed in older sediments to the west of the 

EPR (Kastner, 1986), this finding is in direct contrast to laboratory experiments that 

predict the dominant formation of haematite at circumneutral pH (Schwertmann and 

Murad, 1983). It was hypothesised that the strong surface adsorption of scavenged 

seawater species inhibits the structural rearrangement of ferrihydrite to hematite under 

natural conditions. A preliminary kinetic analysis suggested that the rate of 

transformation to goethite displays a pseudo second order dependency on the total Fe 

(hydr)oxide content, also in contrast to laboratory data which indicate a first order 

reaction for the alteration of ferrihydrite to goethite (Schwertmann and Murad, 1983). 

This discrepancy may reflect reaction conditions in the sediment column, which are in 

turn dependent on the Fe (hydr)oxide content of the sediment (e.g. porosity). 

8.2.2 Transition metal behaviour in the EXCO sediments 

Cu, Zn, Ni and Co are delivered to the sediment in association with hydrothermal Fe 

and Mn (hydr)oxides, where the concentration in the plume material decreases in the 

order Cu > Zn ~ Ni > Co. An additional hydrogenous input of Co was apparent in 

surficial sediments at the 1.9Ma site, consistent with the slower accumulation of 

sediments at this site with respect to the 0.36Ma site. Approximately 70% of Cu and 

Zn, and 10% of Ni are associated with Fe (hydr)oxides, whilst Co is almost exclusively 

associated with Mn (hydr)oxides. The Fe-associated Cu and Zn are initially adsorbed to 

the ferrihydrite surface and are incorporated into the lattice structure of goethite during 

alteration. The Fe-associated Ni most likely represents Ni coprecipitated as an Ni-Fe 

ferrihydrite and incorporated into the goethite structure during alteration. The 

transformation of hydrothermal plume material under oxic conditions thus represents a 

relatively permanent sink (where goethite dissolution becomes a prerequisite for metal 

release) for -70% of plume-Cu and Zn, -10% of plume-Ni, and is not a sink for Co. 
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8.2.3 Oxyanion behaviour in the EXCO sediments 

V, P, As, and U, are delivered to the sediment in association with plume derived Fe 

(hydr)oxides. However, these oxyanion species (Ox) display significantly different 

behaviour during early sedimentary digenesis. 

The bulk sediment Vex/Fcex ratios are consistent with the plume signature, (V/Fe)piume-

However, only -30-40% of plume-V is incorporated into goethite during alteration, 

where the rejected V is retained in the sediment, most likely in association with Mn-rich 

phases. This retention of rejected V in the sediment column suggests that under oxic 

conditions Vex/Fcex could provide a good tracer of past seawater V content. 

The bulk sediment Pex/FCgx and As/Fcex are consistently lower than the plume particle 

signature, indicating that P and As are lost from the sediment during diagenesis. The 

loss of P and As was attributed to a decrease in surface adsorption sites with increased 

alteration of the Fe (hydr)oxide precipitates. The constancy of the Pex/FCex and As/Fcex 

at the 1.9Ma site, and in older sediments from the 0.36Ma site, suggests that loss 

continues until a steady state Ox/Fe, (Ox/Fe)ss, is obtained. The comparatively high 

Ox/Fe ratios in younger sediments from the 0.36Ma site was inferred to indicate that 

either (Ox/Fe)ss has not yet been reached and/or the presence of an additional Ox input. 

If it is assumed that Ox association with ferrihydrite and goethite occurs via surface 

complexation, the extent of V rejection indicates a decrease in surface adsorption sites 

of -60-70%, in excellent agreement with the decrease of -74% estimated from the 

difference between (P/Fe)piume and (P/Fe)ss- The alteration of Fe-(hydr)oxides thus 

leads to a significant remobilisation of plume-P, such that the net plume sink is reduced 

by -74% to 4.4-8.0 x 10'° gyr'\ or -5-9% of the dissolved river input. 

The bulk sediment U/Fcex ratios are consistently higher than (U/Fe)piume, indicating a 

secondary and dominant mechanism of U delivery to the sediment column. This 

additional U enrichment occurs rapidly in near rise-crest sediments, and is spatially 

heterogeneous, where U can become enriched by a factor of -200 with respect to 

(U/Fe)piume- A fraction of the secondary U enrichment is a transitory feature, where U is 

then lost from the sediment column, such that at the 1.9Ma site, and in older sediments at 

the 0.36Ma site, U/Feex ratios are constant, suggesting a steady state (U/Fe)ss has been 

obtained, where (U/Fe)ss remains significantly higher than (U/Fe)piume-
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That the transition from the higher Ox/Fe of surficial sediments at the 0.36Ma site, to the 

lower (Ox/Fe)ss in basal sediments, occurs at the same depth for P, As and U, leads to the 

conclusion that the same mechanism(s) is/are responsible for the observed variations in 

Ox/Fe. Furthermore, that the transition to (Ox/Fe)ss occurs at variable depths in cores 

located in close proximity to one another suggests that either the Ox species are strongly 

associated with a minor sedimentary phase with a heterogenous input pattern, and/or that 

post depositional processes are responsible for the observed distribution of Ox/Fe. 

Porewater U profiles indicate a diffusive influx of seawater U, driven by removal of 

dissolved U to the solid phase in the upper sediment column. As the oxic nature of the 

EXCO sediments is inconsistent with a reductive U enrichment mechanism, it was 

hypothesised that U uptake may occur via adsorption to Fe (hydr)oxides and/or biogenic 

material, although the reductive removal of U in highly localised microenvironments 

within the sediment column cannot be ruled out. A further input of solid phase U in 

association with phosphate rich material such as skeletal fish debris also seems likely. 

Remobilisation of the excess U enrichment is thought to occur via a bum-up mechanism, 

where loss of U is dominantly driven by the upward advection/diffusion of a U mobilising 

agent from basement, where the mechanism of U release is dependent on the nature of U 

fixation, i.e. either through the supply of ligands with a high affinity for U, which would 

act to stabilise U in solution, or the supply of oxygen, which would oxidise U(IV) to 

U(VI). The remobilisation of U leads to the formation of pore fluids that are significantly 

enriched in U with respect to the seawater concentration of 13.9 nmolkg"'. In an upward 

direction, the dissolved U migrates into the zone of U fixation and is retained in the 

sediment column, resulting in the net upward transfer of sedimentary U over time. It also 

seems reasonable to suppose that the interaction of this U enriched fluid with plume 

precipitates in the sediment column establishes a new equilibrium between U and the Fe 

(hydr)oxides, resulting in a final (U/Fe)ss in excess of the initial (U/Fe)piume- Furthermore, 

the extent of upward transfer of sedimentary U, and thus the boundary between (Ox/Fe)ss 

and the elevated Ox/Fe ratios observed in the upper sediment column, directly reflects the 

influence of the basement fluid, i.e., the faster the basement fluid is upwelling, the higher 

the water/sediment ratio, and the more rapidly the excess Ox are removed from lower 

levels in the sediment. 
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8.2.4 Future Research 

An interesting finding of this study is the apparent second order dependency of the 

alteration of amorphous plume particles to goethite on the total Fe (hydr)oxide content 

of the sediment. However, it is noted that the preliminary kinetic analysis presented 

here, whilst a compelling result, was based on a limited data set. Furthermore, the 

apparent second order reaction may reflect a dependency on reaction conditions in the 

sediment column, such as the porosity (and thus the water/sediment ratio), which 

(within the EXCO study area) essentially reflects the relative proportion of carbonate 

and hydrothermal material in the sediment. It is therefore suggested that this hypothesis 

should be tested both in the field and the laboratory by: (i) an examination of sediments 

displaying a wider range in extent of Fe (hydr)oxide alteration, for example the older 

sediments from DSDP site 597, where the ratio of X-ray amorphous Fe to goethite 

ranges from 1.5 to 7.0 (Kastner, 1986); (ii) conducting a series of laboratory 

experiments designed to be more comparable to the natural environment, for example 

with variable soIid:Iiquid ratios corresponding to the expected range in porosity of 

marine sediments and the variable dilution of Fe (hydr)oxides by a secondary 

sedimentary phase such as calcium carbonate. 

A major finding of this research was evidence for the fonnation of U enriched pore-

fluids during early diagenesis, where these fluids provide tangible evidence for the 

remobilisation of excess sedimentary U, and provide a feasible mechanism through 

which the sedimentary U/Fe ratio becomes enriched with respect to the initial plume 

particle U/Fe ratio. However, although evidence for the diffusive influx of seawater U 

into the sediment column was also obtained, the precise mechanism by which the 

dominantly oxic sediments initially becomes enriched in U remains unclear, as it has for 

the past 30 years. The lack of correlation between sedimentary U and all other 

parameters measured in this study would appear to reflect the remobilisation of the 

initial U enrichment, and suggests that continued searching for correlations between U 

and other tracer elements would prove a fruitless endeavour. It is therefore suggested 

that a more complex sequential extraction should be carried out on sediments from this 

region of the EPR, where the scheme employed should include removal of adsorbed 

species prior to dissolution of carbonate (which creates a solution rich in U stabilising 

ligands), and also allow a differentiation between U(IV) and U(VI) compounds. 
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8.3 Elemental Tracers of Sedimentary and Oceanographic Processes 

8.3.1 Sources of Ba to the EXCO sediments - implications for the use of excess Ba 

as a tracer of biogenic barite 

This study has demonstrated that excess barium (Baex) does not provide a reliable proxy 

for biogenic barite; where up to 100% of Baex is associated with secondary phases such 

as biogenic calcite and hydro thermal plume precipitates. Consider a typical Pacific 

Ocean sediment with a barite content of ~1 wt% (cfb). In carbonate rich sediments (e.g. 

90 wt%), the Ba content of biogenic calcite (ca. 30-36 ppm) would result in an error of 

-5% on the barite content determined from Bagx- However, of greater significance is 

the input of plume-Ba. Hydrothermal plume material is a major sedimentary 

component over a large area of the Pacific Ocean, accounting for in excess of 20 wt% of 

the non-carbonate material (Dymond, 1981), where this material has a Ba content of 

-0.46 wt%. The inclusion of plume-Ba could therefore result in an en or in excess of 

16% on the barite content estimated from Baex- To enable the use of barite as a reliable 

proxy for paleo-productivity, the input of Ba in association with secondary phases must 

be accounted for. A potential approach is to carry out a sequential extraction that 

enables the separation of pure barite from the bulk sediment matrix. However, this 

study has also demonstrated that in a well-characterised sediment column, a partitioning 

approach, where all potential Ba sources are considered and corrected for, provides an 

accurate estimate of the barite content in excellent agreement with that obtained from a 

sequential extraction. Furthermore, the large shift in Ba/Sr between the hydrothermal 

plume material (Ba/Sr (wt/wt) = 6.1±0.7) and barite (Ba/Sr (wt/wt) = 39.5±2.0) 

indicates that a dual tracer technique would also provide good results, where shifts in 

the sedimentary Ba/Sr ratio (corrected for past changes in seawater concentration) are 

attributed to shifts in the relative proportion of different sedimentary inputs. Due to the 

low Sr content of the plume derived material and barite with respect to calcium 

carbonate, such an approach could only be applied accurately to the non-carbonate 

component of the sediment. 

8.3.2 Al in the EXCO sediments - what can (and can't) it tell us? 

A1 has been extensively employed as a tracer of the detrital input to oceanic sediments. 

However, up to -60% of the total sediment Al is not associated with detrital material, 
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but represents an additional input of scavenged sea water Al. A comparison of the input 

of scavenged Al to the input of calcite, barite, opaline silica, and excess Fe, over MOIS 

5-10 indicates that Al is delivered to the sediment column in association with both 

biogenic and hydrothermal plume-fall out material. Although a stronger relationship 

between scavenged Al and the biological parameters (with respect to the association 

with the plume input) is apparent in the data, this may simply reflect a co-variance 

between scavenged Al and the total particle flux (which is essentially dependent on the 

flux of calcite to the sediment column). Given the difficulties in estimating the input of 

scavenged Al (where the detrital correction introduces a high degree of uncertainty in 

sediments with a significant and/or variable detrital input), and that scavenged Al does 

not represent a specific tracer of the biological input, this study concludes that 

scavenged Al is unlikely to provide a reliable tracer of past oceanic productivity. 

However, it is noted that in oceanic regions where other particle inputs are known to be 

low and/or constant, a tracer of the total particle flux would equate to a tracer of the 

biogenic particle flux. 

8.3.3 Porewater U - a tracer of hydrothermal fluid flow 

This study has demonstrated that very low temperature basement fluids (<5°C) can 

become significantly depleted in dissolved U (ca. 10-70%), thus systematic variations in 

porewater U profiles can be employed as a tracer of diffuse low temperature fluid flow 

through the sediment column. The extent of U depletion observed in oxic basement 

fluids with a temperature of ~3.0-3.4°C was ~10-20%. In slightly warmer fluids of 

~4.0°C, the extent of U depletion was comparatively higher, with an estimated removal 

of 35-40% in oxic fluids, and 65-70% in reducing fluids. The fitting of a 1 dimensional 

advection-diffusion model to the porewater U data confirms that fluids are upwelling 

along an abyssal hill ridge crest at the 1.9Ma site and on the steep flanks of the 

seamount at the 4.6Ma site at rates of ca. 3-8 mmyr"'. These data suggest that U could 

provide an exceptionally valuable tracer of both low temperature and low velocity fluid 

flow. However, sampling and analytical issues must be overcome before porewater U 

data can be interpreted with confidence. 
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8.3.4 Future Research 

Although this study has demonstrated the successful application of partitioning analysis 

in determining the biogenic barite content of a sediment, it is noted that such an 

approach may fail in more complex sedimentary environments. As sequential 

extraction techniques are exceptionally labour intensive, they do not provide an 

attractive means through which to determine the high-resolution variation of biogenic 

barite in a down-core sediment record, as required for paleoceanographic studies. It 

would therefore be of value to test the hypothesis that a dual tracer technique employing 

Sr/Ba ratios would provide an accurate measure of the barite content of the sediment. 

This hypothesis should be tested by comparing the barite content determined from a 

partitioning approach, to that calculated from analysis of the Ba and Sr content of the 

non-carbonate material, and that determined from a sequential extraction scheme, where 

the sample group under analysis is large, and represents sedimentation in a wide range 

of different oceanographic regimes. 

The results of this study suggest scavenged A1 is delivered to the sediment column in 

association with multiple phase carriers. However, due to the general co-variance of all 

sedimentary parameters in the EXCO region, where the carbonate, hydrothermal, and 

detrital inputs all decrease with increasing distance from the spreading centre, the 

samples from this region do not provide the optimum data set from which to determine 

the dominant phase associations of scavenged Al. Further investigation of the phase 

associations of scavenged Al should be directed toward a sediment record where the 

input of the different phases does not co-vary and, preferably, where the input of each 

individual phase displays a high degree of variation. 

Porewater U has been successfully employed as a tracer of low temperature 

hydrothermal fluid flow. However, there are difficulties associated with the collection 

of porewater samples for U analysis, where it would appear that significant artefacts are 

incurred during sampling, most likely due to depressurisation during core collection. 

Until the mechanism by which these artefacts are incurred is better understood, the 

application of porewater U as a tracer of hydrothermal flow will remain limited. 

Nevertheless, it would appear that U represents a valuable new tool through which to 

track fluid flow paths through the sediment column, where this finding should be tested 

by examination of the behaviour of U in different ridge flank hydrothermal regimes. 
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Crustal Age Core ID Station # Latitude (S) Longitude (W) Water depth Core Recovery # samples Basement' 
(Ma) degrees minutes degrees minutes (m) (cm) porewater porosity 

E11 14SL 14 1 6 . 8 2 1 1 2 2 0 . 0 9 3 1 6 4 5 4 7 12 12 

E12 15SL 14 1 6 . 4 8 1 1 2 1 9 . 3 8 3 0 4 7 4 3 0 12 11 Y 

E13 1 6 S L 14 1 6 . 7 2 1 1 2 2 0 . 3 6 3 1 0 0 2 7 5 8 8 

0.36 E14 17SL 14 1 6 . 9 4 1 1 2 2 0 . 4 1 3 1 0 0 3 6 5 8 8 Y 

E17 2 5 S L 14 1 6 . 8 8 1 1 2 1 9 . 8 4 3 0 8 9 3 8 2 8 8 Y 

E18 2 6 S L 14 1 6 . 7 3 1 1 2 1 9 . 4 4 3 0 6 1 4 6 8 8 8 

E19 2 7 S L 14 1 6 . 5 4 1 1 2 1 9 . 4 4 3 0 4 3 3 2 8 8 8 Y 

(a) indicates those cores that displayed evidence of the core barrel striking basennent either through severe indentation or the presence of basalt fragments in the core catcher. 
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Appendix I: The 0.36Ma Site 

Appendix lb: Porosity, wet bulk density and dry bulk density. 

Sample porosity wet bulif density dry buil< density 

ID cm (±1) gcm^ gcm"̂  

E11#P1 24 0.78 1.32 0.52 

E11#P2 43 0.76 1.38 0.61 

E11#P3 92 0.69 1.29 0.58 

E11#P4 127 0.76 1.35 0.57 

E11#P5 159 0.81 1.28 0.45 
E11#P6 181 0.66 1.44 0.77 

E11#P7 244 0.76 1.35 0.57 

E11#P8 323 0.78 1.31 0.52 
E11#P9 371 0.79 1.29 0.48 

E11#P10 419 0.80 1.33 0.50 

E11#P11 494 0.78 1.30 0.50 

E11#P12 518 0.77 1.34 0.55 

E12#P1 
E12#P2 11 0.73 1.33 0.58 

E12#P3 29 0.77 1.33 0.54 

E12#P4 67 0.75 1.34 0.57 
E12#P5 87 0.74 1.35 0.59 
E12#P6 125 0.76 1.35 0.57 

E12#P7 170 0.81 1.28 0.45 

E12#P8 222 0.73 1.33 0.58 

E12#P9 276 0.78 1.34 0.55 
E12#P10 329 0.77 1.32 0.53 
E12#P11 374 0.76 1.26 0.48 

E12#P12 409 0.77 1.29 0.51 

E13#P1 14 0.72 1.38 0.64 
E13#P2 44 0.73 1.29 0.54 
E13#P3 86 0.70 1.25 0.53 
E13#P4 122 0.67 1.26 0.57 
E13#P5 171 0.74 1.30 0.55 
E13#P6 206 0.74 1.31 0.55 
E13#P7 233 0.75 1.30 0.53 
E13#P8 258 0.75 1.36 0.60 
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Appendix 1: The 0.36Ma Site 

Appendix lb cont.: Porosity, wet bulk density and dry bulk density. 

Sample porosity wet bulk density dry bulk density 

ID cm (±1) gcm'̂  gcm'̂  

E14#P1 10 0.72 1.31 0.58 
E14#P2 25 0.79 1.34 0.54 
E14#P3 101 0.70 1.28 0.56 
E14#P4 147 0.81 1.32 0.49 
E14#P5 191 0.81 1.43 0.60 
E14#P6 245 0.80 1.33 0.50 
E14#P7 301 0.81 1.46 0.63 
E14#P8 346 0.78 1.30 0.50 

E17#P1 12 0.73 1.34 0.60 
E17#P2 25 0.78 1.33 0.53 
E17#P3 53 0.74 1.31 0.55 
E17#P4 101 0.78 1.38 0.59 
E17#P5 153 0.79 1.27 0.46 
E17#P6 230 0.78 1.31 0.52 
E17#P7 285 0.76 1.33 0.56 
E17#P8 376 0.76 1.35 0.57 

E18#P1 7 0.76 1.35 0.58 
E18#P2 21 0.76 1.31 0.53 
E18#P3 59 0.75 1.38 0.61 
E18#P4 93 0.74 1.27 0.52 
E18#P5 147 0.81 1.28 0.46 
E18#P6 186 0.75 1.37 0.61 
E18#P7 243 0.77 1.30 0.51 
E18#P8 336 0.74 1.39 0.63 

E19#P1 13 0.74 1.35 0.59 
E19#P2 30 0.74 1.32 0.55 
E19#P3 58 0.74 1.36 0.60 
E19#P4 105 0.73 1.36 0.62 
E19#P5 150 0.79 1.31 0.50 
E19#P6 215 0.77 1.33 0.54 
E19#P7 243 0.74 1.29 0.54 
E19#P8 305 0.77 1.26 0.48 
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Appendix Ic: Salt corrected bulk sediment chemical data. 
Unless otherwise stated element concentrations were determined by ICP-AES. 
S data is not salt corrected. 

ID 
Sample 

cmbsf ± 

Al Ti Ca Mg Sr Ba Fe Mn 

mg/g jjg/g mg/g mg/g mg/g mg/g mg/g mg/g 

Si(XRF) TOC(LECO) 

mg/g wt% 

E12#1 
E12#2 
E12#3 
E12#4 
E12#5 
E12#6 
E12#7 
E12#8 
E12#9 
E12#10 
E12#11 
E12#12 

E17#1 
E17#2 
E17#3 
E17#4 
E17#5 
E17#6 
E17#7 
E17#8 

E18#1 
E18#2 
E18#3 
E18#4 
E18#5 
E18#6 
E18#7 
E18#8 

E19#1 
E19#2 
E19#3 
E19#4 
E19#5 
E19#6 
E19#7 
E19#8 

4 .0 

19.0 

34 .5 

63 .5 

82 .5 

118.5 

165.0 

2 1 9 . 0 

2 7 0 . 5 

325 .5 

367 .5 

4 0 5 . 0 

3 .5 
19.0 
50 .5 
94 .5 

148.5 
225 .0 
2 7 8 . 5 
372 .0 

5 .5 
17.0 
52 .0 
90 .5 

141.0 
180.0 
237 .0 
330 .5 

11.0 
26 .5 
54 .5 

100.5 
143.5 
211 .5 
2 3 7 . 0 
299 .5 

2.0 
2.0 
2 .5 

2 .5 

2 .5 

2 .5 

3 .0 

3 .0 

2 . 5 

2 .5 

2 .5 

2.0 

2 .5 
4 .0 
3 .5 
3 .5 
2 .5 
3 .0 
2 .5 
2.0 

2 .5 
3 .0 
4 .0 
3 .5 
3 .0 
3 .0 
3 .0 
3 .5 

3 .0 
2 .5 
2 .5 
2 .5 
2 .5 
2 .5 
3 .0 
3 .5 

0 .72 

0 .93 

1.02 
0 .95 

0 .95 

1.41 

1.68 
2.31 

3 .14 

3 .59 

5 .52 

4 . 1 5 

0 .77 
0 .93 
0 .93 

1.56 
1.79 

2 .57 
3 .33 
0 .85 

0 .76 
0 .99 
0 .92 
1.56 
1.96 
1.45 
2 .76 
0 .92 

0 .75 
1.02 
0.91 
1.38 
1.79 

3 .42 
2.82 
3 .70 

58 .2 

89 .0 

96 .0 

80 .4 

89 .4 

177 

204 

308 

3 9 3 

545 

752 

585 

63 .5 
8A9 
84.5 
199 
2 0 4 
318 
4 6 5 
76 .7 

62 .5 
95 .0 
79 .4 
181 
212 
157 
361 
80.0 

62.0 
96.7 
78 .7 
185 
183 
531 
350 
5 1 4 

362 

3 2 7 

357 

3 7 4 

3 8 0 

369 

2 5 9 

3 5 7 

346 

324 

296 

318 

3 7 3 
340 
357 

347 
258 
340 
2 9 3 
355 

3 5 7 
329 

355 

348 
270 
344 
321 

356 

364 
333 
361 
351 
258 
332 
331 
3 2 3 

1.34 

2 . 3 7 

1 .63 

1.64 

1.62 
2 .05 

4 .10 

2.60 
3 .00 

4.21 

5 .26 

4.11 

1.41 
2.16 
1.82 
2.21 
4 .55 
2.91 
4 .28 
1.86 

1.46 
2.20 
1.78 
2 .25 

3 .79 
2.66 

3.47 
1.91 

1.57 
1.98 
1.64 
1 .83 
4 .59 
3 ,33 
3 . 2 3 
4 . 3 6 

1.36 

1.31 

1.30 

1.35 

1.36 

1 .33 

1.22 
1.29 

1.26 
1.15 

1 .13 

1.13 

1.44 
1.37 
1.34 

1.31 
1 .23 

1.29 
1.15 
1.40 

1.40 

1.35 
1.35 
1.35 

1.30 

1.31 

1 .32 

1.35 

1.41 

1.31 

1.34 

1.27 

1.18 
1.25 

1.28 
1.18 

1.14 

1.11 
1.01 
1.01 
1.10 
1,24 

0 .90 

0.91 

1.04 

0.61 
0.62 
0 .45 

1.19 
1.11 
0 .99 

1.20 
0 .95 
0 .83 
0 .56 
1.16 

1.22 
1.12 
1.04 
1.31 
1.18 
0 .99 
1 .13 
1.02 

1.23 
1.08 
0 .98 
1.04 
0 .78 
0.88 
0 .96 
0.66 

29 .5 

5 2 . 2 

40.1 

33 .4 

32 .4 

34 .3 

121 
36.2 

4 4 . 3 

57 .6 

74 .3 

65 .6 

31 .4 
538 
35.9 
41 .0 
123 

48.6 
86 .4 
43 .4 

33 .0 
54 .0 
334 
42 .2 
110 

4 2 . 7 
56 .0 
33 .2 

32.1 

50 .4 

32 .9 

31 .8 
121 

46 .7 
52 .0 
66.6 

8 .96 

15.2 

9 .45 

8 .94 

8 .36 

9 .16 

38 .4 

7 .90 

12.2 
16.0 
14.0 

14.6 

9 .63 

15.7 

9.31 

10.5 

38 .6 

13.7 

27 .6 

12.9 

9 .90 

15.4 

8 .9 

10.3 

34.1 
8.86 
17.0 
8 .75 

9 .72 
13.9 
8 .67 

8 .46 
38 .3 

10.1 
15.9 
17.1 

8 . 8 3 

14.1 

12,6 
10.6 
9 .08 

11.2 
18.5 

15,5 

17.7 

21 .7 

33 .0 

24 .5 

9 .46 
14.5 
11,5 

14.5 

19.9 

15.8 

21 .9 

12.2 

9 .74 

15.7 

11.7 

15.7 
20 .7 
15.6 
20.0 
11.5 

9 .03 

13.8 
9.31 
9 .54 

17.5 

21.1 
15.6 
23 .4 

0.28 

0.08 

0.18 

0.12 
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Appendix I: The 0.3 6Ma Site 

Appendix Ic cont: Salt corrected bulk sediment chemical data. 
Unless otherwise stated element concentrations were determined by ICP-AES. 
S data is not salt corrected. 

10 
Sample 

cmbsf ± 

E12#1 
E12#2 
E12#3 
E12#4 
E12#5 
E12#6 
E12#7 
E12#8 
E12#9 
E12#10 
E12#11 
E12#12 

E17#1 
E17#2 
E17#3 
E17#4 
E17#5 
E17#6 
E17#7 
E17#8 

E18#1 
E18#2 
E18#3 
E18#4 
E18#5 
E18#6 
E18#7 
E18#8 

E19#1 
E19#2 
E19#3 
E19#4 
E19#5 
E19#6 
E19#7 
E19#8 

4 .0 
19.0 
34 .5 
63 .5 
82 .5 

118.5 
165.0 
2 1 9 . 0 
270 .5 
325 .5 
367 .5 
405 .0 

3.5 
19.0 
50 .5 
94 .5 

148.5 
225 .0 
278 .5 
372 .0 

5 .5 
17.0 
52 .0 
90 .5 

141.0 
180.0 
237 .0 
330 .5 

11.0 
26 .5 
54 .5 

100.5 
143.5 
211 .5 
237 .0 
299 .5 

Co Ni Cu Zn P V As S U (ICP-MS) 

(jg/g |jg/g pg/g pg/g mg/g (jg/g pg/g mg/g fig/g 

2 .0 19.0 70 ,4 130 53.1 1.21 68 .4 32 .9 1.80 

2 .0 22 .8 113 2 0 6 83 .2 2 .65 127 66.7 2 .07 

2 .5 15.6 70 ,4 117 49 .0 1.95 86 .4 54 .5 1.89 

2 .5 22 .2 66.1 112 4 5 . 2 1 .34 73 .9 35 .5 1.82 

2 . 5 17.0 69 .5 114 45 .7 1.41 70 .3 38.2 1.75 

2 .5 19.3 76 .7 136 51 .0 1.22 76 .2 33.6 1.98 

3 .0 38 .0 192 593 2 2 7 5 .07 372 185 2.21 
3 .0 16.8 63 .5 112 4 7 , 2 1,16 83 .8 35,7 1.79 

2 .5 24 .2 S&3 195 73 .8 1.89 122 53 .9 1.97 

2 .5 18.8 103 195 97 .9 1,61 177 69 .4 2 .23 

2 .5 15.1 110 258 122 2 ,20 180 74 .9 2 .13 

2 .0 18.2 124 271 121 1.89 181 74 .5 1.85 

2 .5 18.8 74.1 139 66 .2 1.23 73 .8 38.7 1.81 

4 .0 24 ,8 112 215 91.1 2.41 131 74.0 2 .14 
3 .5 18.1 73 .3 127 49 .5 1.55 82.1 41 .4 1.97 

3 .5 21 .5 100 163 60 .3 1.58 92 .5 4 0 . 2 1.96 

2 .5 3&3 205 611 239 4 .24 378 175 2 .56 
3 .0 20 .9 125 228 80.1 1.36 121 48 .6 1.95 

2 .5 26.6 195 4 3 2 175 2 .17 252 97.6 2 .06 

2 . 0 21 .3 95.6 183 85 .8 1.79 102 60 .6 2 .02 

2 .5 11.3 76 .5 142 66 .5 1.33 74 .8 42 .2 1.91 
3.0 14.8 112 209 93 .5 2 .65 133 82 .3 2.11 
4 .0 9 .3 64.5 112 52 .5 1.31 73 .0 42 .0 1.87 
3 .5 12,7 89 .3 157 64 .5 1.67 92.7 49 .2 2 .02 

3 .0 30.7 197 539 211 4 .29 321 160 2 .34 

3 .0 10.2 70 .2 125 61.1 1.96 99 .9 56 .2 1 .93 
3 .0 15,1 142 260 100 2 .54 156 78 .0 2.21 
3 .5 10,1 64 .3 109 52 .4 1.31 72 .0 41.1 1.88 

3 .0 14,0 76 .6 140 62.7 1.31 75 .0 36.7 2 .02 
2 .5 15,8 105 183 8&3 2.27 118 69.6 1.97 

2 .5 11.7 67 .3 112 42 .5 1.04 69 .8 27 .3 1.82 
2 .5 12,0 73 .3 127 45 .6 0 .83 69 .0 27 .2 1.78 
2 .5 35 ,9 248 623 2 3 6 2 .70 357 140 2 .32 
2 .5 13,9 87 .2 158 68.1 1.25 97.1 38.6 1 .93 
3 .0 16,3 134 245 87 .3 1.55 135 51 .5 2.01 
3 .5 18.7 106 224 105 1.76 182 71 .5 2.22 

3.61 
12.4 
11.0 
12.4 
10 .9 
5 .98 
8 .76 
1.54 
2 .04 
2 . 2 5 

1.56 

1.57 

3 .07 

9 .18 
5 .10 
6 .15 
3 .64 
1 .33 
2 .27 

5 .39 

3 .53 

8 .19 
4 . 7 3 
5 .63 
7 .86 
3 .84 

5 .94 
5 .24 

3 .50 
13.0 

3 .40 
0 .76 

2 .95 
1.12 
1.71 
1 .98 
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Cu Zn 

Sample CAE AM ORG RES SUM CAE AM ORG RES SUM 

ID cmbs f n9/g (%SUM) M9/g (%SUM) ng/g (%SUM) Mg/g (%SUM) i^g/g (%bulk) | jg/g (%SUM) ^9/g (%SUM) Mg/g (%SUM) ng/g (%SUM) ng/g (%bulk) 

E12#1 4.0 71.3 45.7 r369 2.73 (2) 8.11 (6) 128 fSQI 36.7 fGs; 10.7 rzqi 0.56 (V 5.50 (10) 53.5 (101) 

E12#2 19.0 93.6 84.9 (42) 3.18 (2) 18.5 (9) 200 f97) 44.3 (50) 33.1 (37) 0.81 (V 10.1 (11) 88.3 (106) 

E12#3 34.5 46.7 (41) 45.9 (40) 2.55 (2) 19.1 (17) 114 f97; 23.1 14.1 f28; 1.68 (3) 10.7 (22) 49.6 (101) 

E12#4 63,5 43.6 (41) 35.5 1.17 (1) 26.7 (25) 107 26.2 11.1 5.18 (9) 12.1 ^22; 54.5 
E12#5 82.5 39.3 1.79 28.0 20.9 0.83 14.8 
E12#6 118.5 45.9 39.8 (31) 0.70 (1) 42.0 f33; 128 20.8 24.0 1.91 (3) 16.2 f26j 62.8 (123) 

E12#7 165.0 110 190 12.31 (2) 266 (46) 578 rsT) 65.7 f27) 88.1 5.79 (2) 87.0 246 r / w ; 
E12#9 270.5 53.5 f29; 55.2 2.86 (2) 71.4 f39; 183 28.5 f38; 15.1 3.43 (5) 28.7 75.7 (103) 

E12#12 405.0 43.3 5.41 126 26.1 3.92 60.4 

C o Ni 

Sample CAE AM ORG RES SUM CAE AM ORG RES SUM 

ID cmbsf ng/g (%SUM) ng/g (%SUM) ug/g (%SUM) Hg/g (%SUM) Mg/g (%bulk) f jg/g (%SUM) Mg/g (%SUM) (%SUM} t ig/g (%SUM) ng/g (%bulk) 

E12#1 4.0 1.01 (5) 19.2 (95) 0.03 (0) (0) 20.2 (106) 17.8 (25; 52,5 f73; 0.21 (0) 1.35 (2) 71.9 (102) 
E12#2 19.0 0.30 (V 24.8 (99) 0.02 (0) (0) 25.1 (110) 25.6 f22) 87.1 (75; 0.37 (0) 2.70 (2) 116 (102) 
E12#3 34.5 0.60 (4) 15.3 (96) 0.04 (0) (0) 16.0 13.7 (19) 53.4 0.47 (V 2.84 (4) 70.5 (100) 
E12#4 63.5 1.12 (S) 20.1 (95) 0.03 (0) (0) 21.2 f9G; 15.5 f23; 48.3 (72) 0.28 (0) 2.92 (4) 67.0 (101) 
E12#5 82.5 0.73 0.10 12.8 0.42 3.15 
E12#6 118.5 0.82 (4) 18.9 (96) 0.02 (0) (0) 19.8 (103) 17.4 r23; 53.9 ( 7 ^ 0.30 (0) 3.34 (4) 75.0 
E12#7 165.0 0.26 (V 41.6 (99) 0.19 (0) (0) 42.1 (111) 50.5 (26; 134 1.13 (V 7.62 (4) 194 (101) 
E12#9 270.5 0.63 (3) 24.1 (97) 0.16 (1) (0) 24.9 (103) 25.5 (28) 61.5 (66) 0.89 (V 4.74 (5) 92.6 (99) 
E12#12 405.0 0.17 0.18 33,9 1.38 8.17 
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Appendix I: The 0.3 6Ma Site 

Appendix Id cont.: Salt corrected sequential extraction data. 
Unless otherwise stated element concentrations were determined by ICP-AES. 
S data is not salt corrected. 
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Appendix I: The 0.36Ma Site 

Appendix If: Porewater uranium concentrations. U data only: For samples 
analysed in duplicate or triplicate the mean concentration is given. All samples from 
core E19 were re-analysedfollowing acidification, where the results are presented as 
E19a#X. The Mg data are presented courtesy of M. Mottl, University of Hawaii and G. 
Wheat, Fairbanks University, Alaska. 

Sample Depth in Core 

ngg^ 

[U] [Mg] 

ID cmbsf ± ngg^ nmolkg"^ %RSD (1ct) mmolkg"^ 

E11#1 8.5 2.5 2.0 8.2 3.3 53.4 

E11#2 22.5 2.5 1.4 5.8 2.2 52.7 

E11#3 37.5 2.5 1.1 4.6 1.7 53.6 
E11#4(n=3) 86.5 2.5 1.1 4.7 1.6 53.2 
E11#5 123.0 2.0 1.3 5.4 2.7 53.4 

E11#6 173.5 2.5 1.8 7.5 3.0 52.9 
E11#7 239.0 2.0 1.9 8.2 2.2 54.1 
E11#8 (n=3) 317.0 3.0 2.4 10.1 1.8 53.0 

E11#9 366.0 2.0 3.0 12.7 2.2 54.5 
E11#10 416.0 3.0 2.7 11.3 2.2 53.1 
E11#11 489.0 2.0 2.5 10.3 1.6 52.4 
E11#12(n=3) 512.5 1.5 2.5 10.4 1.3 54.4 

E12#1 (n=3) 4.0 2.0 2.2 9.1 1.1 52.2 
E12#2(n=3) 19.0 2.0 2.0 8.2 0.9 52.3 
E12#3 34.5 2.5 2.8 11.7 1.7 52.3 
E12#4 6&5 2.5 4.4 18.3 2.1 52.2 
E12#5 82.5 2.5 5.2 21.7 2.4 52.4 
E12#6 118.5 2.5 6.9 28.9 2.4 52.6 
E12#7 165.0 3.0 6.9 29.1 2.7 52.4 
E12#8 219.0 3.0 4.7 19.9 1.0 52.6 
E12#9 270.5 2.5 3.5 14.9 2.8 52.4 
E12#10 325.5 2.5 3.2 13.3 2.8 52.4 
E12#11 367.5 2.5 2.8 11.8 3.5 52.5 
E12#12 405.0 2.0 2.6 10.9 2.4 52.5 

E13#1 7.5 2.5 2.3 9.6 1.0 52.3 
E13#2 37.5 2.5 2.1 8.8 2.4 52.5 
E13#3 81.5 2.5 2.1 8.9 1.0 52.3 
E13#4 114.0 3.0 2.1 8.8 1.8 53.0 
E13#5 167.5 2.5 1.9 8.0 2.5 52.5 
E13#6 202.0 3.0 1.7 7.2 2.3 52.4 
E13#7 229.5 2.5 1.7 7.3 0.6 52.8 
E13#8 255.0 3.0 1.8 7.6 1.7 52.4 

E14#1 4.5 2.5 1.8 7.7 3.8 52.2 
E14#2 (n=2) 19.0 3.0 1.2 5.2 8.0 52.3 
E14#3 97.0 3.0 2.1 8.8 2.4 52.3 
E14#4 (n=2) 141.0 3.0 4.0 17.0 5.2 52.0 
E14#5 185.5 2.5 4.1 17.2 3.5 52.5 
E14#6 (n=2) 239.0 3.0 3.6 14.9 6.0 52.6 
E14#7(n=2) 297.0 3.0 1.4 5.8 11.9 52.4 
E14#8 339.0 2.0 3.6 15.0 1.9 52.2 
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Appendix I: The 0.36Ma Site 

Appendix I f cont.: Porewater uranium concentrations. U data only: For samples 

analysed in duplicate or triplicate the mean concentration is given. All samples from 
core E19 were re-analysedfollowing acidification, where the results are presented as 
E19a#X. The Mg data are presented courtesy of M. Mottl, University of Hawaii and G. 
Wheat, Fairbanks University, Alaska. 

Sample Depth in Core 

ngg^ 

Porewater [U] [Mg] 

ID cmbsf ± ngg^ nmolkg" %RSD (1ct) mmoikg'^ 

E17#1 3.5 2.5 2.2 9.2 2.6 52.2 

E17#2 19.0 4.0 1.6 6.5 2.0 52.1 

E17#3 50.5 3.5 1.2 5.2 2.2 52.5 
E17#4 94.5 3.5 2.0 8.4 1.8 52.2 
E17#5 148.5 2.5 3.0 12.6 2.4 52.2 

E17#6 225.0 3.0 2.8 11.9 2.5 52.5 

E17#7 278.5 2.5 2.8 11.8 3.4 52.5 

E18#1 5.5 2.5 1.6 6.6 2.6 52.57 
E18#2 17.0 3.0 1.1 4.6 3.0 52.60 
E18#3 52.0 4.0 1.0 4.2 3.5 52.68 
E18#4 90.5 3.5 1.6 6.9 2.7 52.68 
E18#5 141.0 3.0 3.6 15.0 2.2 52.53 
E18#6 180.0 3.0 4.8 20.1 1.9 52.65 
E18#7 237.0 3.0 4.6 19.3 3.2 52.61 

E19#1 11.0 3.0 2.7 11.2 2.8 52.7 
E19#2 26.5 2.5 2.7 11.5 3.4 52.5 
E19#3 54.5 2.5 2.2 9.4 1.7 52.8 
E19#4 100.5 2.5 2.3 9.5 2.6 52.5 
E19#5 143.5 2.5 2.9 12.1 2.2 52.6 
E19#6 211.5 2.5 2.5 10.4 2.6 52.8 
E19#7 237.0 3.0 2.6 10.7 2.6 52.3 
E19#8 299.5 3.5 2.6 10.8 3.8 52.4 

E19a#1 11.0 3.0 2.5 10.6 2.2 
E19a#2 26.5 2.5 2.5 10.5 1.9 
E19a#3 54.5 2.5 2.1 9.0 2.2 
E19a#4 100.5 2.5 2.1 8.6 2.0 
E19a#5 143.5 2.5 2.7 11.3 1.2 
E19a#6 211.5 2.5 2.3 9.7 2.0 
E19a#7 237.0 3.0 2.5 10.4 1.9 
E19a#8 299.5 3.5 2.4 10.2 1.9 
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Appendix II: The 1.9Ma Site 

Appendix II: The 1.9Ma Site 

Ila Core location, water depth and core recovery 266 

l ib Porosity, wet bulk density and dry bulk density 267 

l ie Salt corrected bulk sediment chemical data 269 

Ild Porewater uranium concentrations 271 
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Crustal Age 
(Ma) 

Core ID Station # Latitude (S) 
degrees minutes 

Longitude (W) 
degrees minutes 

Water depth 
(m) 

Core Recovery 
(cm) 

# samples 
porewater porosity 

Basement^ 

E10 11SL 14 3 3 . 6 7 111 1 5 . 2 0 3 1 9 0 5 7 5 12 12 

E20 3 0 S L 14 3 4 . 3 0 111 1 7 . 1 0 3 2 3 9 5 7 5 12 12 Y 

1.9 E21 3 1 S L 14 3 4 . 4 2 111 1 6 . 5 6 3 2 0 9 5 7 5 12 12 

E23 3 3 S L 14 3 4 . 6 6 111 1 5 . 4 7 3 2 1 1 5 7 5 12 12 

E24 3 4 S L 14 3 3 . 7 5 111 14 .79 3 1 8 4 5 7 5 12 12 Y 

(a) indicates those cores that displayed evidence of the core barrel striking basement either through severe indentation or the presence of basalt fragments in the core catcher. 
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Appendix II: The 1.9Ma Site 

Appendix lib: Porosity, wet bulk density and dry bulk density. 

Sample porosity wet bull< density dry bulk density 

ID cm (±1) gcm'̂  gem"' 

E10#P1 10 0.68 1.44 0.74 
E10#P2 22 0.76 1.60 0.82 
E10#P3 64 0.66 1.40 0.72 
E10#P4 104 0.69 1.46 0.75 
E10#P5 148 0.67 1.49 0.80 
E10#P6 205 0.74 1.56 0.79 
E10#P7 251 0.69 1.47 0.77 
E10#P8 324 0.70 1.43 0.72 
E10#P9 405 0.69 1.44 0.73 
E10#P10 456 0.73 1.45 0.71 
E10#P11 509 0.73 1.44 0.70 
E10#P12 551 0.78 1.53 0.74 

E20#P1 9 0.72 1.49 0.75 
E20#P2 25 0.70 1.46 0.75 
E20#P3 45 0.73 1.48 0.73 
E20#P4 89 0.72 1.50 0.77 
E20#P5 149 0.69 1.56 0.86 
E20#P6 193 0.71 1.64 0.92 
E20#P7 253 0.69 1.58 0.88 
E20#P8 328 0.69 1.45 0.74 
E20#P9 421 0.72 1.40 0.66 
E20#P10 451 0.73 1.44 0.70 
E20#P11 524 0.78 1.49 0.69 
E20#P12 557 0.77 1.46 0.66 

E21#P1 11 0.70 1.40 0.68 
E21#P2 28 0.73 1.50 0.75 
E21#P3 46 0.71 1.40 0.67 
E21#P4 99 0.69 1.46 0.76 
E21#P5 145 0.68 1.49 0.79 
E21#P6 197 0.73 1.49 0.74 
E21#P7 262 0.72 1.57 0.83 
E21#P8 329 0.73 1.48 0.73 
E21#P9 391 0.70 1.42 0.70 
E21#P10 453 0.77 1.53 0.74 
E21#P11 502 0.73 1.47 0.72 
E21#P12 558 0.72 1.41 0.67 
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Appendix II: The 1.9Ma Site 

Appendix lib cont.: Porosity, wet bulk density and dry bulk density. 

Sample porosity wet bulk density dry bulk density 

ID cm (±1) gcm'̂  gcm'̂  

E23#P1 12 0.63 1.42 0.77 
E23#P2 32 0.62 1.38 0.75 
E23#P3 52 0.67 1.44 0.75 
E23#P4 111 0.68 1.55 0.85 
E23#P5 169 0.73 1.55 0.80 
E23#P6 212 0.68 1.44 0.74 
E23#P7 268 0.72 1.47 0.73 
E23#P8 354 0.70 1.44 0.73 
E23#P9 424 0.73 1.40 0.65 
E23#P10 467 0.70 1.37 0.66 
E23#P11 518 0.73 1.42 0.67 
E23#P12 557 0.74 1.36 0.61 

E24#P1 7 0.74 1.46 0.70 
E24#P2 24 0.72 1.41 0.67 
E24#P3 47 0.63 1.40 0.75 
E24#P4 91 0.76 1.57 0.80 
E24#P5 139 0.66 1.46 0.78 
E24#P6 191 0.68 1.42 0.72 
E24#P7 263 0.75 1.55 0.78 
E24#P8 326 0.69 1.40 0.70 
E24#P9 397 0.73 1.47 0.72 
E24#P10 467 0.79 1.55 0.74 
E24#P11 507 0.75 1.53 0.77 
E24#P12 551 0.74 1.42 0.66 
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Appendix II: The 1.9Ma Site 

Appendix lie: Salt corrected bulk sediment chemical data. 
Unless otherwise stated element concentrations were determined by ICP-AES. 

ID 
Sample 

cmbsf ± 

A! Ti Ca Mg Sr Ba Fe Mn 

mg/g pg/g mg/g mg/g mg/g mg/g mg/g mg/g 

E10#1 
E10#2 
E10#3 
E10#4 
E10#5 
E10#6 
E10#7 
E10#8 
E10#9 
E10#10 
E10#11 
E10#12 

E20#1 
E20#2 
E20#3 
E20#4 
E20#5 
E20#6 
E20#7 
E20#8 
E20#9 
E20#10 
E20#11 
E20#12 

E24#1 
E24#2 
E24#3 
E24#4 
E24#5 
E24#6 
E24#7 
E24#8 
E24#12 

7.0 
19.5 
59.5 

101.5 
145.0 
202.5 
248.0 
308.5 
401.0 
452.5 
503.0 
546.5 

4.5 
19.0 
38.5 
82.5 

142.5 
186.5 
248.5 
322.5 
415.0 
446.0 
520.5 
553.5 

2.5 
14.5 
42.5 
85.5 

133.5 
186.5 
256.5 
318.5 
545.5 

3.0 
2.5 
2.5 
2.5 
3.0 
2.5 
3.0 
2.5 
3.0 
2.5 
3.0 
2.5 

2.5 
3.0 
3.5 
2.5 
2.5 
2.5 
2.5 
2.5 
3.0 
3.0 
2.5 
3.5 

2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 

0.79 
0.80 

0.68 

0.67 
1.27 
1.22 
0.72 
0.86 

0.82 

0.76 
0.75 
0.80 

0.94 
0.85 
0.78 
0.80 

0.92 
1.30 
1.21 
0.81 
0.72 
0.77 
1.16 
0.93 

0.76 
0.72 
0.75 
0.64 
1.17 
1.03 
0.72 
0.76 
0.70 

44.1 
46.4 
39.7 
39.4 
69.2 
68.1 
47.9 
56.4 
59.7 
55.9 
48.0 
60.2 

53.8 
49.1 
48.2 
45.9 
52.4 
72.6 
71.1 
51.5 
54.3 
55.1 
8&8 
65.6 

42.0 
43.8 
40.0 
37.2 
66.5 
58.1 
45.4 
49.6 
47.2 

364 
368 
376 
382 
378 
355 
358 
354 
341 
341 
344 
281 

385 
395 
356 
396 
362 
372 
369 
378 
341 
372 
334 
350 

387 
387 
399 
386 
372 
369 
362 
373 
359 

1.02 
0.91 
0.89 
0.96 
1.77 
1.53 
1.40 
1.54 
1.61 
1.63 
1.39 
1.15 

0.68 
0.81 
1.32 
0.82 
0.80 
1.18 
1.50 
1.14 
2.12 
1.92 
2.49 
2.44 

0.75 
1.17 
0.87 
0.94 
1.08 
1.67 
1.19 
1.32 
1.81 

1.33 
1.33 
1.29 
1.40 
1.50 
1.49 
1.41 
133 
1.34 
1.32 
1.32 
1.19 

1.39 
1.44 
1.28 
1.48 
1.49 
1.59 
1.54 
1.46 
1.30 
1.41 
1.28 
1.23 

1.37 
1.39 
1.37 
1.38 
1.50 
1.50 
1.42 
1.41 
1.40 

1.44 
1.46 
1.03 
1.42 
1.56 
1.34 
0.69 
1.06 
1.02 
0.79 
1.16 
1.09 

1.64 
1.65 
1.11 
1.54 
1.28 
1.57 
1.23 
1.37 
0.85 
1.16 
1.39 
0.96 

1.47 
1.36 
1.10 
1.27 
1.59 
1.19 
0.79 
1.04 
0.91 

6.82 

8.13 
6.69 
7.83 
22.7 
21.8 
17.3 
20.7 
32.5 
33.6 
22.3 
28.1 

8.99 
10.2 
18.4 
10.1 
17.2 
20.7 
29.3 
20.4 
38.6 
34.3 
45.9 
38.3 

8.69 
14.4 
6.29 
8.83 
17.7 
21.6 
17.5 
20.9 
29.9 

2.18 
2.75 
2.12 
2.79 
6.94 
6.37 
5.06 
7.77 
11.3 
11.9 
8.23 
10.2 

2.86 
3.37 
5.94 
3.38 
5.39 
6.46 
8.42 
6.50 
13.7 
12.3 
15.8 
11.5 

2.84 
4.79 
1.87 
2.90 
5.65 
10.2 
6.83 
8.60 
10.1 
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Appendix II: The 1.9Ma Site 

Appendix l ie cont.: Salt corrected bulk sediment chemical data. 
Unless otherwise stated element concentrations were determined by ICP-AES. 

Sample Co Ni Cu Zn P V U (ICP-MS) 

ID cmbsf ± Mg/g Mg/g jjg/g jjg/g mg/g pg/g Mg/g 

E10#1 7.0 3.0 9.94 28.5 42.1 32.2 0.36 13.1 0.23 
E10#2 19.5 2.5 10.3 28.0 49.9 24.3 0.38 15.6 0.25 
E10#3 59.5 2.5 7.82 20.6 34.9 16.0 0.35 12.4 0.22 
E10#4 101.5 2.5 9.60 31.1 51.3 19.6 0.38 15.0 0.24 
E10#5 145.0 3.0 13.2 61.8 105 44.5 0.68 47.9 0.41 
E10#6 202.5 2.5 11.1 57.9 99.4 40.1 0.69 45.8 0.43 
E10#7 248.0 3.0 7.62 49.1 70.2 38.0 0.56 37.9 0.41 
E10#8 308.5 2.5 9.58 65.9 102 41.6 0.75 49.6 0.61 
E10#9 401.0 3.0 10.4 86.4 125 57.1 1.07 86.3 1.08 
E10#10 452.5 2.5 9.79 85.9 137 58.6 0.95 90.2 1.09 
E10#11 503.0 3.0 8.75 71.0 101 42.6 0.72 53.7 0.74 
E10#12 546.5 2.5 9.59 77.7 140 50.2 0.82 77.4 1.02 

E20#1 4.5 2.5 12.9 31.6 529 21.9 0.45 18.8 0.28 
E20#2 19.0 3.0 14.0 33.7 58.9 23.8 0.44 22.1 0.29 
E20#3 38.5 3.5 13.5 49.5 89.7 40.9 0.58 46.8 0.48 
E20#4 82.5 2.5 12.1 3&9 60.2 23.2 0.47 21.6 0.30 
E20#5 142.5 2.5 11.8 50.5 87.6 34.2 0.57 38.7 0.44 
E20#6 186.5 2.5 13.4 59.0 98.5 38.5 0.70 40.4 0.47 
E20#7 248.5 2.5 12.8 68.2 132 52.5 0.79 60.8 0.66 
E20#8 322.5 2.5 10.3 53.6 102 61.2 0.74 48.8 0.62 
E20#9 415.0 3.0 12.4 93.6 162 66.7 1.07 107.7 1.27 
E20#10 446.0 3.0 13.1 90.8 155 64.7 1.06 95.3 1.07 
E20#11 520.5 2.5 24.5 118.9 207 82.7 1.24 120.1 1.42 
E20#12 553.5 3.5 13.1 85.7 124 64.4 1.27 95.7 1.27 

E24#1 2.5 2.5 21.5 30.6 52.7 33.6 0.41 18.2 0.23 
E24#2 14.5 2.5 39.0 73.0 35.5 0.54 32.0 0.28 
E24#3 42.5 2.5 17.6 20.5 33.3 16.5 0.38 11.4 0.19 
E24#4 85.5 2.5 14.5 30.1 51.6 25.9 0.44 17.0 0.22 
E24#5 133.5 2.5 13.5 61.5 89.6 37.1 0.69 36.8 0.31 
E24#6 186.5 2.5 14.7 65.7 92.8 48.6 0.73 45.8 0.47 
E24#7 256.5 2.5 11.4 51.9 74.0 36.5 0.60 38.1 0.42 
E24#8 318.5 2.5 12.0 56.7 96.8 41.3 0.77 48.8 0.46 
E24#12 545.5 2.5 11.4 66.7 126 53.2 0.93 68.1 0.67 
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Appendix II: The 1.9Ma Site 

Appendix lid: Porewater uranium concentrations. U data only: For samples 
analysed in duplicate or triplicate the mean concentration is given. The Mg and NOs' 
data are presented courtesy of M. Mottl, University of Hawaii and G. Wheat, Fairbanks 
University, Alaska. 

Sample Depth in Core [U] [Mg] ^ 

ID cmbsf ± ngg^ nmolkg"^ %RSD (1oj mmoikg" 

E10#1 (n=2) 7.0 3.0 1.9 7.9 1.3 52.3 
E10#2 (n=2) 19.5 2.5 1.7 7.3 6.3 52.4 
E10#3 (n=3) 59.5 2.5 1.7 6.9 1.4 52.4 
E10#4 101.5 2.5 1.6 6.7 3.6 52.5 
E10#5 (n=2) 145.0 3.0 1.4 5.9 5.3 52.6 
E10#6 202.5 2.5 1.4 6.0 2.0 52.6 
E10#7 248.0 3.0 1.5 6.3 2.6 52.7 
E10#8 (n=2) 308.5 2.5 1.4 5.9 0.1 52.6 
E10#9 (n=2) 401.0 3.0 1.4 5.8 2.2 52.7 
E10#10 {n=2) 452.5 2.5 1.4 5.9 3.1 52.5 
E10#11 (n=2) 503.0 3.0 1.4 6.0 0.9 52.7 
E10#12 (n=2) 546.5 2.5 1.5 6.2 1.1 52.8 

E20#1 4.5 2.5 2.2 9.4 2.0 52.2 
E20#2 19.0 3.0 2.2 9.2 1.1 52.5 
E20#3 38.5 3.5 2.1 9.0 2.5 52.2 
E20#4 82.5 2.5 2.1 8.9 2.6 52.6 
E20#5 142.5 2.5 2.1 8.8 1.9 52.9 
E20#6 186.5 2.5 2.1 9.0 3.2 53.5 
E20#7 248.5 2.5 2.1 8.7 1.7 54.4 
E20#8 322.5 2.5 2.1 8.9 2.1 53.5 
E20#9 (n=2) 415.0 3.0 2.1 8.7 1.8 54.1 
E20#10 446.0 3.0 2.0 8.3 0.7 53.5 
E20#11 {n=2) 520.5 2.5 2.1 8.7 0.5 53.7 
E20#12 553.5 3.5 2.0 8.3 2.1 53.0 

E21#1 6.5 2.5 2.3 9.8 2.0 52.3 
E21#2 22.5 3.5 2.3 9.8 2.8 52.9 
E21#3 43.5 2.5 2.3 9.7 2.1 52.7 
E21#4 90.5 2.5 2.3 9.5 4.3 52.8 
E21#5 140.5 2.5 2.1 8.9 2.6 53.0 
E21#6 189.5 2.5 2.1 9.0 3.4 52.9 
E21#7 257.5 2.5 2.1 9.0 3.1 53.0 
E21#8 (n=3) 322.5 2.5 2.2 9.3 0.4 52.9 
E21#9 384.5 2.5 2.1 9.0 4.2 52.9 
E21#10 449.5 2.5 2.0 8.5 2.7 52.9 
E21#11 497.5 2.5 2.0 8.5 3.2 52.8 
E21#12 552.5 2.5 2.0 8.6 1.7 52.8 
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Appendix II: The 1.9Ma Site 

Appendix l id cont.: Porewater uranium concentrations. U data only: For samples 
analysed in duplicate or triplicate the mean concentration is given. The Mg and NOf 
data are presented courtesy of M. Mottl, University of Hawaii and G. Wheat, Fairbanks 
University, Alaska. 

Sample Depth in Core 

ngg'^ 
Porewater [U] [Mg] ^ 

ID cmbsf ± ngg'^ nmolkg" %RSD ( la) mmolkg'^ 

E12#1 6.5 2 52.2 
E23#2 28.0 2.0 1.9 8.1 2.9 52.2 
E23#3 (n=2) 46.5 2.5 1.9 7.9 1.4 52.1 
E23#4 106.5 2.5 1.7 7.2 2.0 52.0 
E23#5 (n=2) 164.5 2.5 1.7 7.0 0,8 52.1 
E23#6 207.5 2.5 1.7 7.0 2.2 51.9 
E23#7 263.5 2.5 1.6 6.7 1.8 51.9 
E23#8 349.5 2.5 1.5 6.5 2.5 51.9 
E23#9 418.5 2.5 1.6 6.6 3.2 51.8 
E23#10 462.5 2.5 1.5 6.5 1.8 52.1 
E23#11 513.5 2.5 1.6 6.6 3.3 51.8 
E23#12 554.5 2.5 1.4 6.0 4.0 52.0 

E24#1 2.5 2.5 1.6 6.7 5.2 51.7 
E24#2 14.5 2.5 1.5 6.3 4.2 51.7 
E24#3 42.5 2.5 1.4 5.9 4.6 51.7 
E24#4 85.5 2.5 1.3 5.5 3.8 51.6 
E24#5 133.5 2.5 1.2 5.1 3.8 51.7 
E24#6 186.5 2.5 1.1 4.8 2.2 51.7 
E24#7 256.5 2.5 1.1 4.5 4.6 51.9 
E24#8 (n=2) 318.5 2.5 1.1 4.7 1.6 51.8 
E24#9 387.5 2.5 1.1 4.5 2.6 51.9 
E24#10 (n=2) 462.5 2.5 1.1 4.5 1.3 51.9 
E24#11 (n=2) 502.5 2.5 1.1 4.4 1.3 51.8 
E24#12 545.5 2.5 1.0 4.3 2.7 51.9 
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Appendix 111: The 4.6Ma Site 

Appendix III: The 4.6Ma Site 

Ilia Core location, water depth and core recovery 274 

Illb Porosity, wet bulk density and dry bulk density 275 

IIIc Salt corrected bulk sediment chemical data 277 

Hid Bulk carbonate oxygen isotope data, core E7 278 

l l le Porewater uranium concentrations 279 
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re 

Crustal Age 
(Ma) 

Core ID Station # Latitude (8) 
degrees minutes 

Longitude (W) 
degrees minutes 

Water depth 
(m) 

Core Recovery 
(cm) 

# samples 
porewater porosity 

Basement' 

E 4 SSL 14 55.86 109 10.91 3633 430 13 12 
E 6 7SL 14 55.21 109 10.32 3486 490 14 14 
E 7 SSL 14 58.29 109 12.90 3733 570 15 15 

4 . 6 E 2 5 37SL 14 56.61 109 11.51 3089 574 12 10 
E 2 6 38SL 14 54.94 109 10.73 3061 150 6 6 Y 
E 2 7 39SL 14 56.24 109 11.17 3675 575 12 12 
E 2 8 40SL 14 55.52 109 10.65 3582 575 12 12 Y 

(a) indicates those cores that displayed evidence of the core barrel striking basement either through severe indentation or the presence of basalt fragments in the core catcher. 
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Appendix III: The 4.6Ma Site 

Appendix Illb: Porosity, wet bulk density and dry bulk density. 

Sample porosity wet bulk density dry bulk density 

ID cm (±1) 
- 3 

gem gcm'̂  

E4#P1 17 0.65 1.51 0.84 
E4#P2 38 0.66 1.49 0.81 . 
E4#P3 61 0.65 1.48 0.82 
E4#P4 77 0.68 1.67 0.97 
E4#P5 91 0.65 1.53 0.86 
E4#P6 137 0.72 1.57 0.83 
E4#P7 184 0.65 1.57 0.91 
E4#P8 233 0.66 1.64 0.97 
E4#P9 283 0.62 1.62 0.98 
E4#P10 333 0.60 1.62 1.01 
E4#P11 372 0.62 1.66 1.02 
E4#P12 398 0.64 1.65 0.99 

E6#P1 1 0.65 1.75 1.09 
E6#P2 11 0.64 1.57 0.91 
E6#P3 24 0.60 1.59 0.97 
E6#P4 40 0.63 1.62 0.98 
E6#P5 69 0.60 1.48 0.87 
E6#P6 105 0.61 1.56 0.94 
E6#P7 129 0.63 1.55 0.91 
E6#P8 165 0.60 1,50 0.88 
E6#P9 217 0.67 1.58 0.90 
E6#P10 264 0.64 1,60 0.95 
E6#P11 317 0.62 1.57 0.94 
E6#P12 368 0.61 1,48 0.86 
E6#P13 416 0.62 1.44 0.80 
E6#P14 462 0.67 1.43 0.74 

E7#P1 9 0.66 1.56 0.87 
E7#P2 19 0.65 1.54 0.88 
E7#P3 34 0.69 1.53 0.82 
E7#P4 64 0.66 1.59 0.91 
E7#P5 74 0.63 1.55 0.90 
E7#P6 110 0.71 1.64 0.91 
E7#P7 159 0.63 1.51 0.86 
E7#P8 207 0.71 1.57 0.84 
E7#P9 270 0.64 1.57 0.91 
E7#P10 309 0.62 1.54 0.91 
E7#P11 362 0.66 1.57 0.89 
E7#P12 411 0.65 1.56 0.90 
E7#P13 470 0,73 1.78 1.03 
E7#P14 514 0.65 1.66 0.99 
E7#P15 552 0.63 1.63 0.99 
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Sample Al Ti Ca Mg Sr Ba Fe Mn Co Ni Cu Zn P V U (ICP-MS) 

ID cmbsf ± mg/g Mg/g mg/g mg/g mg/g mg/g mg/g mg/g Mg/g Mg/g Mg/g Mg/g mg/g Mg/g Mg/g 

E7#1 9.0 2.0 2.55 140 400 1.11 1.55 3.42 7.31 2.96 2&3 57.6 69.6 18.8 0.72 12.2 0.24 
E7#2 19.0 2.0 2.21 120 399 1.09 1.59 2.84 6.18 2.54 2&3 49.7 63.0 16.6 0.63 10.2 0.25 
E7#3 33.0 2.0 3.79 205 378 1.59 1.55 4.56 11.9 4.68 41.6 923 110 29.1 1.09 19.6 0.33 
E7#4 62.5 2.5 2.38 131 390 1.48 1.58 2.89 10.0 3.59 2 3 2 62.4 85.1 23.4 0.72 18.7 0.33 
E7#5 74.5 2.5 1.81 104 403 1.31 1.54 2.20 8.47 3.04 19.5 52.9 71.3 20.8 0.61 17.8 0.35 
E7#6 109.5 2.5 4.01 209 367 1.80 1.51 4.26 14.2 5.30 42.1 87.8 132 33.7 1.28 22.6 0.36 
E7#7 159.0 3.0 1.34 64.8 391 1.10 1.51 1.65 4.45 1.44 22.5 24.5 57.3 12.9 0.36 6.0 0.18 
E7#8 207.0 3.0 2.11 103 387 1.36 1.43 2.24 7.49 2.62 21.9 66.9 73.8 0.54 12.4 0.24 
E7#9 270.0 3.0 2.60 136 378 1.27 1.47 2.90 10.5 3.54 26.4 59.1 89.4 22.8 0.83 18.6 0.31 
E7#10 310.5 2.5 1.80 98.4 400 1.24 1.55 2.03 11.5 3.76 31.9 62.1 96.0 25.5 0.66 25.2 0.36 
E7#11 364.0 3.0 2.16 171 378 1.68 1.55 2.78 25.3 8.88 35.8 184 196 63.0 1.18 61.8 0.62 
E7#12 412.5 2.5 2.99 232 346 2.04 1.49 3.58 s i a 11.7 46.5 231 260 81.0 1.77 81.7 0.78 
E7#13 471.5 2.0 1.77 112 376 1.36 1.54 2.68 16.8 5.89 29.0 115 145 45.5 0.97 36.5 0.48 
E7#14 515.5 2.5 1.25 83.2 391 1.21 1.46 1.98 13.8 4.83 2&8 62.1 99.9 3&2 0.76 31.0 0.49 
E7#15 552.0 2.0 1.34 87.1 391 1.30 1.49 1.90 15.5 5.54 31.7 82.7 119 39.9 0.89 35.7 0.49 
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Appendix III: The 4.6Ma Site 

Appendix Ille: Porewater uranium concentrations. U data only: For samples 
analysed in duplicate or triplicate the mean concentration is given. The Mg data are 
presented courtesy of M. Mottl, University of Hawaii and G. Wheat, Fairbanks 
University, Alaska. 

Sample Depth in Core 

ngg^ 

[U] [Mg] 

ID cmbsf ± ngg^ nmolkg'^ %RSD (1(7) mmolkg"^ 

E4#1 12.5 2.5 2.4 10.0 1.3 52.6 

E4#2 23.0 3.0 2.4 10.1 1.6 52.6 

E4#3 33.0 3.0 2.4 9.9 1.8 52.7 
E4#4 64.0 4.0 2.4 9.9 3.4 52.5 
E4#5 79.5 3.5 2.3 9.6 3.2 53.1 
E4#6 94.5 3.5 2,3 9.5 2.2 52.9 
E4#7 131.0 4.0 2.2 9.4 0.8 53.2 
E4#8 178.5 3.5 2.2 9.2 2.0 53.5 
E4#9 229.5 3.5 2.2 9.1 1.2 53.2 
E4#10 280.0 3.0 2.3 9.5 1.3 53.3 
E4#11 328.0 3.0 2.2 9.2 1.5 53.3 
E4#12 365.0 6.0 2.2 9.2 1.8 53.2 
E4#13 394.0 2.0 2.1 9.0 3.0 53.8 

E6#1 4.5 2.5 2.4 9.9 2.7 52.7 
E6#2 17.0 2.0 2.2 9.1 3.5 52.7 
E6#3 31.0 3.0 2.3 9.7 4.0 52.3 
E6#4 44.5 2.5 2.4 10.1 2.9 52.4 
E6#5 84.0 2.0 2.5 10.4 3.8 52.6 
E6#6 107.5 2.5 2.4 10,0 3.5 52.4 
E6#7 132.5 2.5 2.3 9.7 4.0 52.6 
E6#8 170.0 3.0 2.3 9.8 3.0 52.7 
E6#9 220.0 5.0 2.2 9.3 2.8 52.4 
E6#10 267.0 3.0 2.1 8.9 3.6 52.6 
E6#11 319.5 3.5 2.3 9.6 3.2 52.5 
E6#12 370.0 3.0 2.3 9.6 2.8 52.5 
E6#13 420.0 3.0 2.3 9.5 2.9 52.6 
E6#14 467.0 5.0 2.4 10.1 2.7 52.6 

E7#1 4.0 2.0 2.4 10.1 3.8 52.5 
E7#2 14.0 2.0 2.3 9.7 3.9 52.9 
E7#3 28.0 2.0 2.4 10.0 3.4 52.8 
E7#4 57.5 2.5 2.3 9.6 3.3 52.9 
E7#5 69.5 2.5 2.2 9.2 4.2 52.8 
E7#6 104.5 2.5 2.3 9.6 2.9 52.9 
E7#7 154.0 3.0 2.2 9.2 4.3 53.0 
E7#8 202.0 3.0 2.3 9.8 3.2 53.2 
E7#9 265.0 3.0 2.1 8.9 3.6 52.9 
E7#10 305.5 2.5 2.2 9.2 3.4 52.9 
E7#11 359.0 3.0 2.2 9.3 3.8 52.9 
E7#12 407.5 2.5 2.0 8.4 4.5 52.9 
E7#13 467.0 2.0 2.2 9.1 3.9 53.0 
E7#14 510.5 2.5 2.1 8.9 3.4 53.2 
E7#15 547.0 2.0 2.2 9.3 2.5 52.9 
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Appendix III: The 4.6Ma Site 

Appendix Ille cont.: Porewater uranium concentrations. U data only: For samples 
analysed in duplicate or triplicate the mean concentration is given. The Mg data are 
presented courtesy of M. Mottl, University of Hawaii and G. Wheat, Fairbanks 
University, Alaska. 

Sample Depth in Core [U] [Mg] 

ID cmbsf ± ngg^ nmolkg'^ %RSD ( id) mmolkg"^ 

E25#1 5.5 2.5 2.9 12.1 3.2 52.6 
E25#2 25.5 2.5 2.7 11.5 3.9 52.7 
E25#3 51.5 2.5 3.0 12.7 3.1 52.5 
E25#4 118.5 2.5 2.7 11.5 1.8 52.7 
E25#5 164.5 2.5 2.6 11.1 4.8 53.4 
E25#6 202.5 2.5 2.7 11.2 4.6 53.2 
E25#7 261.5 2.5 2.7 11.3 1.1 53.4 
E25#8 333.5 2.5 2.4 10.2 2.6 53.2 
E25#9 413.5 2.5 2.5 10.7 1.0 52.8 
E25#10 460.5 2.5 2.5 10.7 1.5 53.0 
E25#11 512.5 2.5 2.6 10.8 1.7 53.2 
E25#12 552.5 2.5 2.6 11.0 3.2 53.0 

E26#1 30.5 2.5 3.0 12.7 2.7 52.5 
E26#2 57.5 2.5 2.9 12.0 1.8 52.6 
E26#3 71.5 2.5 2.9 12.1 3.3 52.4 
E26#4 90.5 2.5 2.8 11.9 1.2 52.5 
E26#5 116.5 2.5 2.8 11.8 2.9 52.9 
E26#6 143.5 2.5 2.8 11.7 1.8 52.7 

E27#1 7.0 2.0 2.8 11.7 1.2 52.8 
E27#2 23.5 2.5 2.7 11.3 3.3 52.5 
E27#3 52.0 3.0 2.9 12.1 0.8 52.6 
E27#4 64.0 3.0 2.8 11.8 1.7 52.6 
E27#5 113.5 2.5 2.7 11.2 2.1 52.9 
E27#6 205.5 3.5 2.5 10.5 2.3 52.9 
E27#7 288.5 3.5 2.5 10.6 2.9 52.6 
E27#8 362.5 2.5 2.6 10.7 2.1 52.7 
E27#9 418.5 2.5 2.6 10.7 2.3 52.7 
E27#10 467.5 2.5 2.5 10.6 3.0 52.4 
E27#11 517.5 2.5 2.2 9.1 3.5 52.0 
E27#12 554.5 2.5 2.4 10.1 2.2 51.8 

E28#1 27.5 2.5 2.9 12.0 4.4 
E28#2 38.5 2.5 2.9 12.1 4.3 52.5 
E28#3 61.0 1.0 2.9 12.2 2.6 52.8 
E28#4 78.5 2.5 2.9 12.1 3.1 52.4 
E28#5 132.5 2.5 2.8 11.9 2.5 52.5 
E28#6 186.5 2.5 2.8 11.6 1.4 52.6 
E28#7 269.5 2.5 2.8 11.9 3.0 52.4 
E28#8 334.5 2.5 2.9 12.0 1.8 52.8 
E28#9 393.5 2.5 2.6 11.1 1.9 52.2 
E28#10 456.5 2.5 2.5 10.5 4.9 52.1 
E28#11 525.5 2.5 2.6 11.0 2.6 52.4 
E28#12 554.5 2.5 2.7 11.3 3.8 52.3 
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