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Abstract

Oxygen isotope stratigraphy was established, and various geochemical and mineralogical
investigations were performed on Mid-Atlantic ridge crest sediments at 37-39°N in the vicinity
of the Lucky Strike and Menez Gwen hydrothermal sites, in order to characterize sediment
sources in time and space and to describe and quantify hydrothermal input in sediments.

Multivariate statistical analysis of geochemical data demonstrated that volcaniclastic,
ultramafic, detrital and hydrothermal sediment sources are present in addition to biogenic carbo-
nate, which dominates the chemical composition of most samples. The hydrothermal contribu-
tion includes metals derived from hydrothermal solutions (Fe, Mn, Cu) and ¢lements scavenged
from the water column by hydrothermal oxyhydroxides (P, V, As). The distribution of hydro-
thermal factor scores and the pattern of metal accumulation rates suggest maximum hydrother-
mal input at 37°N south of the Lucky Strike vent field, which may include contributions from
other presently undiscovered vent fields south of the area of the present study. Metal accumu-
lation rates are significantly higher than at abyssal plains remote from the ridge axis, and com-
parable to other hydrothermally influenced environments. While the downcore distribution of
hydrothermal tracers was obviously modified by early diagenetic processes, time-integrated
average fluxes clearly indicate continuous hydrothermal influence in the study area at least down
to 55,000 years B.P. .

Barium appears to be dominantly of hydrothermal origin in sediments on the flanks of
the Lucky Strike seamount, where it may be derived from redeposited hydrothermal precipitates
containing abundant barite. A minor contribution of plume-derived finc-grained sulfides and
possibly barite may be present in distal sediments based on the occurrence of a cubic phase,
probably sphalerite, in gravity concentrates (>3.0g/cm’). However, biogenic sources seem to
predominate in these sediments. Ba maxima, particularly during early Termination I, were
tentatively interpreted as indicators of productivity spikes which could result from a combination
of incursions of cold surface water and enhanced terrigenous input.

An allochthonous chrysotile-dominated serpentine layer is intercalated within pelagic se-
diments in a basin in the central part of the 38°05°N fracture zone. This material was derived
from alteration of ultramafic rocks and may represent a low-temperature hydrothermal deposit
associated with this rock type. It was apparently transported down the walls of the fracture zone
in this area of steep relief. Cr/Ni-ratios suggest an olivine-enriched protolith, which is in accord
with the results of previous petrologic studies of peridotites at the Mid-Atlantic Ridge, and
related to the proximity of the Azores hot spot. The predominance of chrysotile suggests that
serpentinization took place at temperatures <200°C. Smectite/chlorite mixed layer phases and
chlorite formed at the same or slightly higher temperatures. The accessory phases talc and
tremolite indicate greenschist facies conditions, which may have occurred prior to serpentini-
zation during a history of retrograde metamorphosis. Alternatively, talc and tremolite were

derived from another source area on the walls of the fracture zone.




Zusammenfassung

Um die Herkunft der Sedimente in ihrer zeitlichen und ridumlichen Variabilitit zu
charakterisieren und den hydrothermalen Eintrag zu beschreiben und zu quantifizieren, wurden
geochemische und mineralogische Untersuchungen an Kernen vom Mittelatlantischen Riicken
(37-39°N) nahe der Hydrothermalfelder Lucky Strike and Menez Gwen durchgefiihrt und eine
detaillierte 8'*O-Stratigraphie erstellt.

Die multivariate statistische Analyse geochemischer Daten zeigte das Vorkommen von
vulkaniklastischen, ultramafischen, detritischen und hydrothermalen Sedimentquellen, neben
biogenem Karbonat, welches die chemische Zusammensetzung der meisten Proben dominiert.
Metalle aus hydrothermalen Losungen (Fe, Mn, Cu) und Elemente, die in der Wassersaule an
hydrothermalen Oxyhydroxiden adsorbiert wurden (P, V, As), bilden den hydrothermalen
Eintrag im Sediment. Die Verteilung der hydrothermalen Faktorenwerte und der Metallakkumu-
lationsraten zeigt maximalen hydrothermalen EinfluB bei 37°N siidlich des Lucky Strike -
Hydrothermalfeldes; dies konnte hydrothermalen Eintrag von anderen noch unentdeckten
Quellen siidlich des Arbeitsgebietes einschlieBen. Metallakkumulationsraten sind signifikant
héher als in Tiefseebenen abseits des Riickens und vergleichbar mit anderen hydrothermal
beeinfluBten Gebieten. Die Verteilung der hydrothermalen Tracer im Kernprofil wurde durch
friihdiagenetische Prozesse liberpriigt, Mittelwerte der Stofffliisse zeigen jedoch andauernden
hydrothermalen Eintrag zumindest wihrend der letzten 55.000 Jahre.

Barium in Sedimenten am Lucky Strike seamount ist offenbar hydrothermalen Ur-
sprungs und entstammt wahrscheinlich umgelagerten hydrothermalen Prizipitaten. Das Vor-
kommen einer kubischen Phase, vermutlich Sphalerit, in Schwermineralkonzentraten
(>3.0g/cm’) distaler Sedimente konnte auf Eintrag feinkorniger hydrothermaler Sulfide und
moglicherweise Baryt aus plumes in der Wassersiule hinweisen. Barium ist in diesen Sedi-
menten jedoch offenbar tiberwiegend biogenen Ursprungs. Ba-Maxima, vor allem wihrend der
frithen Termination I, zeigen vermutlich Produktivititsmaxima an, die durch Vorstoe kalter
Oberflichenwassermassen und erhohten terrigenen Eintrag bewirkt wurden.

Eine umgelagerte chrysotilreiche Serpentinlage kommt in Sedimenten in einem Becken
im zentralen Bereich der 38°05°N fracture zone vor. Dieses Material ist ein Alterationsprodukt
ultramafischer Gesteine, miglicherweise eine niedrigtemperierte hydrothermale Ablagerung, die
spiter hangabwiirts in den tiefsten Bereich des Beckens transportiert wurde. Cr/Ni-Verhiiltnisse
deuten auf ein olivinreiches Ausgangsmaterial. Dies steht im Einklang mit petrologischen
Untersuchungen an Peridotiten am Mittelatlantischen Riicken und ist auf den EinfluB des Azoren
hot spots zuriickzufiihren. Das Vorkommen von Chrysotil als dominierende Serpentinphase
zeigt Bildungstemperaturen <200°C an. Smektit/Chlorit-Wechsellagerungen und Chlorit wurden
bei ihnlichen oder etwas hoheren Temperaturen gebildet. Die akzessorischen Phasen Talk und
Tremolit zeigen griinschieferfazielle Bedingungen an, die in einem friiheren Stadium retrograder
Metamorphose vorgelegen haben konnten. Talk und Tremolit konnten jedoch auch von einer

anderen Lokation am Hang der fracture zone umgelagert worden sein.






1. Introduction

The objective of the GEOFAR cruise of RV Le Noroit (July/August 1993, Chief
Scientist G.A. Auffret) was to sample pelagic sediments at and adjacent to the ridge axis, in
order to investigate temporal and spatial variability of hydrothermal input. The main study area
is situated at the Mid-Atlantic Ridge south of the Azores (37-39°N); the Lucky Strike and Menez
Gwen hydrothermal sites have been recently discovered in this area (Langmuir et al. 1993,
Fouquet et al. 1994, 1995). A second area of investigation is located in the vicinity of a
seamount at the ridge axis at 20°30°N, hydrothermal nontronite deposits have been found here
on top of the seamount (Auffret et al. 1991).

Sediments have the potential to provide a record of past and present hydrothermal
activity which should leave an imprint on long-term sedimentation. Investigations of hydrother-
mal tracers in sediments can complement studies based on hydrothermal precipitates and hydro-
thermal particle plumes in the water column, notably because longer timescales (on the order of
thousands to millions of years) are involved. Such studies require that sediments were conti-
nuously accumulated and that a detailed stratigraphy can be established.

The hydrothermal fraction in sediments should include metals primarily derived from
hydrothermal solutions and elements scavenged from the water column (P, V, As). In distal
sediments, hydrothermal input is superposed on background pelagic sedimentation with contri-
butions from other sources. In the main study area, biogenic carbonate and opal, volcaniclastic
input derived locally from the Mid-Atlantic Ridge and/or from the volcanic islands of the
Azores, and detrital contributions from the Azores and the nearby continents may all be present.
As some of the tracers may originate from several sources, these have to be separated in order to
evaluate hydrothermal input in sediments. For example, iron may be derived from detntal or
volcariclastic sources in addition to Fe-oxyhydroxides in hydrothermal particle plume fallout
and hydrothermal sulfides. While hydrothermal precipitates at the Lucky Strike and Menez
Gwen fields contain abundant barite, barium has been used as a proxy for paleoproductivity in
various off-axis sediments {e.g. Dymond et al. 1992} and must be at least partially of biogenic
rather than hydrothermal origin in the area of the present study.

Accordingly, the entire sediment system with contributions from various sources has to
be considered rather than discussing the hydrothermal fraction “in isolation®. In addition, sedi-
ment geochemistry is likely to be affected by carly diagenetic remobilization of metals and co-
precipitated elements, and by environmental changes during the depositional history, e.g. the
last glacial cycle. Paleoceanographic parameters affecting sediment geochemistry may include
changing bottom current patterns diverting hydrothermal effluent and productivity fluctuations
which, through changes in the supply of organic carbon, in tumn drive carly diagenetic

processes.
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Hence, the objectives of this study were to

characterize sediment sources in time and space, based on multivariate statistical

analysis of geochemical data, which allowed to determine clement associations of the

hydrothermal sediment source.

e quantify fluxes of potential hydrothermal tracers, bascd on metal accumulation
rates, consider spatial and temporal variability of hydrothermal tracers in the
framework of paleoceanography and early diagenetic processes.

e investigate the origin of barium in ridge-crest sediments, hydrothermal vs.
biogenic, transport mechanisms for hydrothermal barite and possible paleoceanographic
implications of fluctuations of the biogenic component.

e characterize the mineral assemblage, geochemistry and genesis of a sedimentary
serpentine layer at the 38°05°N fracture zone, derived from hydrothermal alteration of

ultramafic rocks.

These objectives were achieved based on a synthesis of stratigraphic, geochemical and
mineralogical data. Stratigraphy and age control is based on oxygen 1sotopes of calcareous fora-
minifera, analogue ages of oxygen isotope events and some absolute "*C-ages by accelerator
mass spectrometry (AMS). Geochemical data include X-ray fluorescence (XRF) analysis of
bulk sediments and selective leaching data (Robbins et al. 1983) which determine the abun-
dance of operationally defined chemical and mineralogical fractions in the bulk scdiments and
which, through analysis of the leachates, provide information about clement partitioning into
various phases. Particularly, Fe- and Mn-oxyhydroxide phases can be detected with this
method. Such phases may be derived from hydrothermal particle plumes and are susceptible to
early diagenetic remobilization. Mineralogical data comprise X-ray diffraction (XRD) of
carbonate-free bulk and clay-size fractions, transmission electron microscopy (TEM) of
serpentine-bearing mineral assemblages, and Mossbaver spectroscopy on selected samples to

characterize chemical forms of iron in sediments.



2. Background information

2.1 Hydrothermal activity in the oceans and related tracers in pelagic sediments

Since the discovery of hot springs on the ocean floor at the Galapagos Rise (Corliss et
al. 1979) and the first observations of high-temperature “black smoker* activity on the East
Pacific Rise (Spiess et al. 1980, Hékinian et al. 1983), hydrothermal activity was docu-
mented in a vanety of geodynamic settings (see reviews by Rona 1988, Fornari & Embley
1995, German et al. 1995, and recent compilations edited by Humphris et al. 1995 and Parson
et al. 1995). Initially, most studies concentrated on fast-spreading ridges such as the East
Pacific Rise, and it was widely predicted that the heat flow on slow-spreading ridges would be
insufficient to support high-temperature hydrothermal activity, However, it is now clear that
hydrothermal activity is also common on slow-spreading ridges such as the Mid-Atlantic Ridge
(MAR): After earlier observations at TAG (26°N) and Snake Pit (23°N) (e.g. Rona et al. 1984,
1986, Karson & Brown 1988, Thompson et al. 1988), the Broken Spur site at 29°N (Murton et
al. 1994, 1995) and the Lucky Strike and Menez Gwen fields south of the Azores (Langmuir et
al. 1993, Fouquet et al. 1994, 1995) were recently discovered. Other settings of hydrothermal
activity include back-arc basins (e.g. Lau Basin; Fouquet et al. 1991 a, b) and intraplate volca-
noes (Loihi Seamount; De Carlo et al. 1983, Karl et al. 1988; Teahitia and Macdonald sea-
mounts; Hoffert et al, 1987, Puteanus et al. 1991).

Heated seawater reacts with basaltic rocks in hydrothermal convection cells at mid-ocean
ridges under reducing conditions at low pH. Hydrothermal solutions subsequently rise to the
seafloor and discharge both as diffuse flow and focused low- and high-temperature flow.
High-temperature end member solutions have exit temperatures of up to 350°C, and show
distinct chemical differences compared to average seawater. They are more acidic, enriched in
dissolved metals and H,S, and completely depleted in Mg and sulfate. Hydrothermal fluxes
(injection into or removal from the oceans) for some elements are substantial compared to fluvial
input. In particular, the ridge is a major sink for Mg and sulfate, a major source of Li, Rb and
Mn and a significant source of Ca, Si and Ba for the oceans (Edmond et al. 1979, 1982, Von
Damm et al. 1985).

While massive sulfide deposits on the seafloor and unusually dense biologic commu-
nities are restricted to the immediate vicinity of hydrothermal vent sites, hydrothermal input to
the water column is dispersed laterally beyond its source. Hydrothermal plumes can be
detected based on physical (temperature, light attenuation [Nelsen et al. 1986/87]) and chemical
parameters (Mn, Fe, CH,, ‘He, and others [e.g. Weiss et al. 1977, Lupton & Craig 1981,
Klinkhammer et al. 1985, 1986]). Three phases of plume development can be differentiated
(e.g. Rudnicki & Elderfield 1992): Plumes discharge at the vent site, rise through the water
column (buoyant plume), and are subsequently dispersed laterally (neutrally buoyant
plume). The initial rise of the plume is caused by its lower density compared to ambient bottom
water {Converse et al. 1984, Little et al. 1987, Speer & Rona 1989). Turbulent entrainment of




deep-ocean water into the buoyant plume occurs during this phase of plume development,
diluting physical and chemical anomalies and changing the pH and other parameters (Lupton et
al. 1985, Kadko et al. 1990). Density equilibrium with surrounding waters is attained about
100-400 m above the seafloor, and the plume becomes neutrally buoyant and spreads laterally
(e.g. Rona & Speer 1989, Speer & Rona 1989). In the Pacific Ocean, hydrothermal manganese
anomalies in the water column were detected as far away as 2000 km from the ridge axis
(Klinkhammer & Hudson 1986). In contrast, plumes at the Mid-Atlantic Ridge generally remain
trapped within the rift valley, as their maximum height is less than the depth of the axial valley
(Klinkhammer et al. 1985, 1986). Consequently, water column surveys are an cffective tool to
prospect for new sites of hydrothermal activity at the MAR. Particle-rich plumes and elevated
content of various hydrothermal tracers (Mn, He, CH,) in the water column occur at various
locations on the MAR where no active hydrothermal sites on the seafloor have yet been ob-
served (Murton et al. 1994, Bougault et al. 1996, German et al. 1996). The Steinaholl vent-field
at 63°N on the Reykjanes Ridge (German et al. 1994) and the Rainbow site at 36°18'N (German
et al. 1996) were proposed based on the strongest water column signals.

Dispersal and changing composition of hydrothermal particles during all
phases of plume development have been studied by means of theoretical calculations
(Feely et al. 1987, Rudnicki & Elderfield 1993), sediment trap experiments (Dymond & Roth
1988), and water column sampling of buoyant and neutrally buoyant plumes (e.g. Baker &
Massoth 1987, Trocine & Trefry 1988, Walker & Baker 1988, Mottl & McConachy 1990,
Feely et al. 1990, 1992, German et al. 1991). These studies show that the particle composition
is modified by

¢ differential particle settling: Coarse-grained sulfide and sulfate particles enriched in Fe,
Zn, Cu and Cd settle rapidly within a few hundred meters of the vent, whereas fine-grained
(<2um) Fe- and Mn-oxyhydroxides and possibly some fine-grained sulfides are laterally
dispersed in the neutrally buoyant plume (Feely et al. 1987, 1990). At the TAG site, 50% of
total dissolved iron is rapidly removed as sulfides, and the remaining fraction precipitates as
oxyhydroxides (Rudnicki & Elderfield 1993).

* coprecipitation / scavenging of trace elements from seawater: The strong corre-
lation between Fe and P, As and V in hydrothermal particle plumes has been interpreted in
terms of scavenging of these elements from seawater by hydrothermal Fe-oxyhydroxides in
the buoyant plume (Trocine & Trefry 1988, Trefry & Metz 1989, German et al. 1991, Feely
et al. 1991, 1992). The ratios of P, As and V to Fe remain constant during later phases of
plume development, indicating that no further uptake on Fe-oxyhydroxides occurs in the
neutrally buoyant plume. Therefore, Rudnicki & Elderfield (1993) suggested coprecipitation
during rather than scavenging affer particle formation as a more likely process. Coprecipita-
tion or scavenging processes may be significant for the geochemical budget of P, V and As
in the ocean (Trefry & Metz 1989, Kadko 1993, Rudnicki & Elderfield 1993).



¢ differential precipitation of Fe-and Mn-oxyhydroxide phases: Whereas Fe-oxy-
hydroxides precipitate almost quantitatively (>95%) at plume height, Mn remains in solution
(Coale et al. 1991, German et al. 1991, Feely et al. 1992). There is growing evidence for
microbial mediation of manganese scavenging (Cowen et al. 1986, 1990, Mandemack &
Tebo 1993), and Cowen et al. (1990) proposed that elevated levels of dissolved Mn in
proximal parts of the plume may be toxic for metal-depositing bacteria. Thus, bacterial Mn
scavenging would only occur in more distal parts of the plume, with dissolved Mn levels
sufficiently diluted by ambient seawater. On the other hand, manganese scavenging at the
Juan de Fuca Ridge was not significantly affected by poisoning with sodium azide, suggest-
ing that manganese scavenging occurs by an abiological mechanism, such as coprecipitation
with iron oxyhydroxides (Mandemack & Tebo 1993).

The net effect of differential precipitation of Mn vs. Fe is fractionation of these metals in
both hydrothermal particle plumes and underlying metalliferous sediments, with Mn being
deposited in more distal areas. Eventual Mn deposition in sediments may also be facilitated
by metal-depositing bacteria, as manganate-coated bacteria tend to settle out from the vent
plume and accumulate near the bottom (Mandermack & Tebo 1993) and bacterial macroaggre-
gates with high settling velocities in the water column may form (Lavelle et al. 1992).

Fallout from hydrothermal particle plumes is subsequently deposited in underlying sedi-
ments (for a recent review of ridge-crest metalliferous sediment geochemistry, see Mills &
Elderfield 1995). Early observations by Bostrgm and co-workers that sediments on active ridge
crests are enriched in Fe and Mn and depleted in Al already suggested a genetic relationship bet-
ween high heat flow, ocean-floor spreading, and metal-enriched sediments, predating the disco-
very of hot springs on the ocean floor. The ratio of Al/(Al+Fe+Mn) in surface sediments effec-
tively delineates the ocean ridge system (Bostrgm & Peterson 1966, 1969, Bostrgm et al. 1969,
Bostrgm 1973). These authors had proposed that Fe and Mn in ridge-crest sediments are de-
rived from *“mineralizing emanations* ultimately originating in the upper mantle. Further studies
showed that a distinct hydrothermal fraction enriched in Mn, Fe, Zn, Cu, As, V, and P can be
identified in pelagic sediments at and adjacent to the East Pacific Rise (Dymond 1981, Marchig
& Gundlach 1982, Walter & Stoffers 1985, Marchig et al. 1986). At the Mid-Atlantic Ridge,
similar investigations concentrated on the FAMOUS (37°N; Scott et al. 1979) and TAG (26°N;
Shearme et al. 1983, Metz et al. 1988) areas. Later studies at TAG also identified a contribution
from mass wasting of sulfide debris; both plume fallout and sulfide mound debnis arc superim-
posed on background biogenic and detrital sedimentation (German et al. 1993, Mills et al.
1993).

Sediments in the vicinity of active sites have the potential to record temporal varia-
bility of hydrothermal activity, based on the abundance variations or accumulation rates
of hydrothermal tracers. This requires that sediment accumulation was continuous without per-
turbations by major slump events, and that their chronostratigraphy can be established. Further-

more, a suite of cores has to be investigated, as changes in hydrothermal input at a single site



may simply be related to diversion of the hydrothermal effluent by changing bottom current
patterns. On a time scale of millions of years, fluctuations of hydrothermal activity have been
correlated to volcano-tectonic events at the East Pacific Rise (Lyle et al. 1986, 1987) and in the
Lau back-arc basin (Hodkinson & Cronan 1994). Pulsed hydrothermal activity during the last
10,000 years has been observed on the East Pacific Rise (Shimmield & Price 1988).
Radiometric dating of hydrothermal deposits at the TAG field revealed that hydrothermal activity
has been episodic during the last 140,000 years (Lalou et al. 1990, 1993, 1995).

2.1 Geological setting and hydrothermal activity in the Azores study area

The main study area is located at the Mid-Atlantic Ridge south of the Azores in the
vicinity of the triple junction separating the American, Eurasian and African plates (Fig. 2.1).
Detailed multibeam bathymetry data of the Mid-Atlantic Ridge in the study area, collected during
the SIGMA cruise of RV ['Atalante (Needham et al. 1992), are presented in Fig. 2.2. The
generally shallow depth of the ridge axis, with topographic highs in the center of segments
rising up to 700 m water depth, is an effect of the proximity of the Azores hot spot (Detrick et
al. 1995). Second-order ridge segments trending NNE-SSW are separated by right-stepping
non-transform discontinuities forming depressions with maximum water depths exceeding
3000 m. This pattern results in an overall NE-SW orientation of the ridge (Fig. 2.2).
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Fig. 2.1: Plate tectonic setting of study area south of the Azores (redrawn after Fouquet et
al. 1994). Shaded rectangle represents area shown in bathymetric maps (Figs.
2.2 and 2.3). Black dots show location of hydrothermal sites.

Fig. 2.2 (following page): Bathymetry of the Mid-Atlantic Ridge in the Azores study area
(data obtained by D. Needham, IFREMER Brest, during SIGMA cruise of RV
l'Atalante)
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Hydrothermal venting was recently discovered in the study area at the Lucky Strike
and Menez Gwen sites (Langmuir et al. 1993, Fouquet et al. 1994, 1995). Both sites are
located on topographic highs on the ridge axis and are spatially associated with lava lakes, indi-
cating high magmatic budget near the Azores hot spot and proximity to the top of a shallow axial
magma chamber at the center of segments (Fouquet et al. 1995). The Lucky Strike vent field
is located at water depths of 1730 m to 1645 m, in a depression between three cones forming
the summit of a seamount rising 400 m above the rift valley floor to a depth of 1570 m (Lang-
muir et al. 1993, Fouquet et al. 1994). Hydrothermal discharge occurs through high-tempera-
ture (324°C) active black smokers and as low temperature diffuse flow. While the boundaries of
the vent field have not yet been determined, hydrothermal deposits cover a surface area of
| km® (Fouquet et al. 1994, 1995), the association of weathered hydrothermal material with
small black smokers less than 1 m tall suggests long-lived, recently reactivated hydrothermal
activity (Langmuir et al. 1993). On the other hand, fluid compositional data suggest an old and
waning hydrothermal system with extensive zones of subseafloor alteration (Klinkhammer et al.
1995). The dispersed nature of hydrothermal discharge contrasts with focused flow at the TAG
and Snake Pit sites (Langmuir et al. 1993). Methane and temperature anomalies in the water
column occur deeper than the observed vent sites, which suggests the presence of additional

vents, possibly near the base of the seamount (Wilson et al. 1996).

The Menez Gwen segment does not show a central rift. A circular volcano in the central
part of the segment represents the main volcanic center. It has an axial graben at its top, with a
new volcano growing at the northern end of the graben. The Menez Gwen hydrothermal site
is at 800 m water depth near the top of this young volcano. It is a very young, but already very
active site. The first chimneys are just starting to grow on fresh pillows, and only a sparse vent
community is present (Fouquet et al. 1994). The distribution of sulfide in the water column
suggests the presence of a second unidentified hydrothermal site (Radford-Knoery et al. 1994).

Both sites contain abundant barite, which represents the first occurrence of this mineral
at the Mid-Atlantic Ridge. This may be related to the enriched nature of the volcanic substrate,
i.. the higher barium content of underlying basaltic rocks (Humphris et al. 1993, Fouquet et al.
1994). Fluids at Lucky Strike and especially Menez Gwen are gas-enriched and depleted in
metals and chloride, which is caused by phase separation due to the shallow bathymetry, as vent
fluid exit temperatures are close to the boiling point of seawater at the respective water depths
(Fouquet et al. 1994),

During the GEOFAR cruise, gravity cores were retrieved along three E-W transects
across the ridge axis, complemented by cores Ac.KS04 and -KS05 obtained by the hydrogra-
phic service of the French Navy (EPSHOM) ( Fig. 2.3). Other gravity cores and box cores have
been obtained in the vicinity of the Lucky Strike seamount (not shown in Fig. 2.3)

Fig. 2.3 (following page) : Location of GEOFAR sediment cores in the study area south of the
Azores. Bathymetry obtained by D. Needham during SIGMA cruise of RVI'Atalante.
Ridge axis segments and non-transform discontinuities schematically shown by continuous
and broken lines, respectively. For geographic location of study area, refer to Fig. 2.1.
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3. Material and methods

3.1 Lithology, Choice of cores for further study

All gravity cores retrieved at and adjacent to the ridge crest during the GEOFAR cruise
have been split and described at the core repository at I[FREMER Brest by the author. The litho-
logical data set also includes two cores obtained in the Azores study area by the French Navy
(EPSHOM - Etablissement Public Service Hydrographique et Océanographique de la Marine).
Simplified logs of selected cores are shown in Appendix 1. All cores display an oxidized
surface layer with reddish orange to pale yellow sediment colors at the surface, with a
maximum thickness of 60 cm. One or two brown-colored bands with a thickness of 1-5 cm are
present in most cores within or at the base of this layer. Beneath oxidized surface layers, sedi-
ments show a succession of light-colored (white to light gray) and slightly greenish (pale
olive to light olive gray) units, which is most likely due to fluctuations of the carbonate and
biogenic opal content. Some cores have coarse-grained, mostly graded deposits, presumably
turbidites. Four dark olive volcanic ash layers with a thickness of 3-10 ¢cm occur in EPSHOM
core Ac.91KS04.

Based on visual core descriptions, pelagic sediments in the Azores study area have been
tentatively correlated along three E-W transects across the ridge axis (Fig. 3.1). Sedimentation
rates are apparently highly variable, which should be related to the steep and irregular topo-
graphy at the ridge axis (cf. Background information, Figs. 2.2 and 2.3). Cores with coarse
-grained redeposited units (Ac.KS05, KF03, KF05) were not considered for further study, as it
would be difficult, if not impossible, to establish a detailed and reliable stratigraphy. However,
most of the GEOFAR cores contain stratified, continuously accumulated deposits with the
potential to record spatial and temporal variability of sedimentary fluxes. Cores KF09, KF13
and KF16 seem to carry the most complete record in each E-W transect and were selected for
stratigraphic, geochemical and mineralogical analysis. Core Ac.91KS04 (EPSHOM) had been
previously studied geochemically (Richter 1992), an extended interpretation of these data in the
context of the newly acquired oxygen isotope stratigraphy is presented in this study.

Sediments on the flanks of the Lucky Strike seamount contain numerous coarse-grained,
frequently graded deposits with abundant volcanic glass. As expected in this area of steep relief,
sedimentation processes are largely influenced by slumping events and probably by sediment
redistribution through bottom currents (B. Dennielou, pers. comm.). In four cores sampled
during the GEOFAR cruise at 20°30’N on the MAR, reddish-orange colors indicating oxic con-
ditions persist throughout the penetrated sediment section (130 - 500 ¢cm). Core KS03 additio-
nally contains several brown to grayish brown intervals in the first core section; some samples

from this core have been analyzed geochemically for comparative purposes.

Fig. 3.1 (following page) : Lithological correlation of sediments in the MAR study area. For
core locations, refer to Fig. 2.3. Cores KF09, KF13, KF16 and Ac.KS04 (bold
letters) were selected for further study. “Mixed unit* (cores KF06 and KF13)
refers to rapid alternation of light- and greenish-colored sediments on a dm-scale.
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3.2 Methods

3.2.1 Stratigraphy

Sediment samples of known volume (8-10 cm’) were weighed and freeze-dricd in order
to determine water content and dry bulk density. Subsequently, they were wet-sieved through a
63 um-sieve and dry-sieved through sieves of 400, 315 and 250 pm. For stable isotope mea-
surements, approximately 20 specimens of G.ruber (white) were hand-picked from the fraction
250-315 pm, approximately 20 specimens of G.inflata from the fraction 315-400 pm (cores
Ac.91KS04 and KF16), and 5-12 specimens of C.wuellerstorfi from the fraction 315-400 um.
In some cases of low species abundance, measurements were based on only two or three
specimens of C.wuellerstorfi, or as few as six individuals of G.ruber in some samples of core
Ac.91 KS04, in which the sand-size fraction was dominantly composed of volcanic ash. In
some cases, insufficient specimens were available for analysis.

Samples for stable isotope measurements were cleaned in an ultrasonic bath, crushed
manually in ethanol, and adhering sediment grains were separated. Isotope measurements were
performed at the Leibniz Laboratory, University of Kiel, and at the Geological Institute,
University of Erlangen (core KF(09). Both laboratories use a Finnigan MAT 251 mass spectro-
meter in conjunction with an automated Carbo-Kiel preparation line in which acid is added to
individual samples. Analytical reproducibility is £0.07%. for 8O and £0.04%o for 8'’C. Both
laboratories calibrate to the National Bureau of Standards (NBS) 19 standard.

Concentrations of G.ruber and G.bulloides during Holocene, Termination I and stage 2
were determined in cores KF09 and KF13. An average of 1000 grains was counted in the
fraction 250-400 pm; the relative abundances (% of total grains in this size fraction) was multi-
plied with the weight percentage of the sand-size fraction to estimate bulk concentrations. AMS
age dating was performed on abundance maxima which contain sufficient material of the
selected species and are least affected by bioturbational mixing. 8-10 mg CaCQ,, representing
I mg carbon, were collected from each sample; this corresponds to approximately 1200
individuals. Ages were determined at the AMS facility of the Leibniz Labor fiir Altersbestim-
mung und Isotopenforschung at Kiel University. This facility is based on a 3MV Tandetron
(High Voltage Engineering Europe / HVEE) with a single cesium sputter ion source and a
separator/recombinator magnet system permitting simultaneous measurement of the three carbon
isotopes "°C, "'C and "C. Foraminiferal carbonate samples are converted into CO, by addition
of 100% H,PO, at 50°C, as for stable isotope measurements. CO, is subsequently reduced with
H, over an Fe catalyst at 625°C to graphite, on which measurements are performed.
Instrumental background corresponds to an apparent age of 75,000 years (Nadeau et al. 1996).
Errors quoted represent total analytical errors, including uncertainties due to counting statistics
and internal reproducibility based on six measurements of the same sample (P.M. Grootes,

pers. comm. 1996).
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3.2.2 Geochemistry

Two sets of calcium carbonate and organic carbon determinations were run on a
Carlo Erba CHN Analyzer and a LECO carbonate/organic carbon analyzer, respectively, on
separate sample sets. Results obtained by both methods are directly comparable with each other.
Sea salts were removed by repeated treatment with distilled water, and samples were oven-dried
at 60°C and pulverized. Samples of known weight (approximately 5 mg) were analyzed for total
carbon and organic carbon, following dissolution of carbonates with excess hydrochloric acid.
Carbonate carbon was calculated by difference between total and organic carbon, and recalcu-
lated as CaCOQ,. Results are based on the average of duplicate measurements, which agree
within 2% absolute (1% in most samples) for CaCO,, and generally within $0.05% absolute
for organic carbon.

Bulk chemistry was determined by X-ray fluorescence (XRF) on fused beads. Salt-
free, oven-dried samples were pulverized in an agate mortar, dried again at 110°C to remove any
atmospheric water that may have been absorbed during sample processing, and stored in an
exsiccator prior to preparation of fused beads. Some analysis were performed on samples that
had not been washed with distilled water to remove sea salts. Loss on ignition (L.O.1.) at
1050°C was determined separately with a Rosemount CWA 5003 Analyzer, the gas released
upon heating was analyzed with a BINOS® infrared gas analyzer for CO, and H,0. Standards
used were basalt BM for H,0 and limestone KH2 for CO,. For preparation of fused beads,
600 + 0.5 mg sample powder was thoroughly mixed with 3600 * 0.5 mg of Spectrofiux 100
(lithium-tetraborate Li,B,0;), and a small quantity of ammonium nitrate (NH,NQO,) was added
as oxidizing agent. The mixture was melt at about 1000°C in an automated preparation line, the
melt was then cast into a preheated mould and slowly cooled to avoid shattering due to thermal
stress. A Philips X’Unique X-ray spectrometer was used for XRF analysis.

Accuracy was tested by comparison of results obtained on intemational standard
reference rocks with certified literature data (Govindaraju 1994). Results are shown in Appen-
dix 3. Relative accuracy is +5% or better for all major and minor element oxides excluding
Na,O (£20%) and +2% or better for Si0,, AL,O,, Fe,0,, and CaO. For trace elements, accuracy
is better than 5% rel. for Cr, Sr and Ba, +10% rel. or better for V, Zn, Rb and Y, and
1+20% rel. or better for Sc (at concentrations >10 ppm), Ni, Zr and Pb. Precision, estimated
based on duplicate analysis of standards during two runs in December 1994 and Apnil 1996, is
12% rel. for major elements, and +2-12% rel. for the trace elements mentioned above.
Accuracy and precision of As data could not be precisely evaluated as most standards used have
As concentrations close to or below the detection limit of 12 ppm. Other trace element data on
fused beads are semi-quantitative as some outliers occurred in the data set on standard rocks and

precision is less than 20%.
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Various selective leaching techniques were applied to determine element partitioning
between operationally defined chemical and mineralogical fractions in sediments (e.g. Chester &
Hughes 1967, Tessier et al. 1979, Robbins et al. 1984, Fitzgerald et al. 1987). The method of
Robbins et al, (1984) used in the present study accounts for carbonate/sorbed, organic-bound,
and oxhydroxide fractions in marine sediments, and a residual fraction insoluble in three

successive leaches:

e Carbonate, sorbed cations, and sea salts are dissolved with acetic acid buffered with

sodium acetate to a pH of 5.0.

e “Labile*“ organic matter and organic-bound cations are extracted with sodium
dodecyl sulfate (1%W/V) buffered with sodium bicarbonate (NaHCO,) at pH=8.8 and
T=80°C.

¢ Fe- and Mn- oxyhydroxides are removed with hydroxylamine-hydrochloride (NH,OHe
HCI) buffered with Na-citrate at pH=5.0.

The residual fraction should be dominantly composed of clay minerals and detrital and volca-

nic aluminosilicate phases.

All leach solutions are strongly buffered at the respective pH values, as the leaching
behavior of trace metals may vary as a function of pH (Trefry & Metz 1984). 0.5xxx g of
freeze-dried sediment were transferred into 50 ml centrifuge tubes, grinding was avoided as it
may affect mineral structures and thus change the leaching behavior. Each extraction was
repeated five times to ensure complete dissolution of the respective fraction, individual extrac-
tion steps consisted of
(1) addition of 20 ml of the respective leach solution
(2) vortex mixing of sample and leach (10 min.}

(3) disaggregation of sample in an ultrasonic bath (10 min.)

(4) centrifugation (10 min. at 4,000 G) to separate sample and leach

(5) pipetting off the supernate, and transferring it to 100 ml plastic bottles. Supernates from

five repeated treatments were combined to yield 100 m! of leach solution.

Between leaching steps, samples were washed with deionized (Milli-Q) water to minimize

carry-over of the leachant, dried overnight at 60°C and weighed to determine the weight loss

associated with each leaching step.

Iron and manganese were analyzed spectrophotometrically in the carbonate and oxyhy-
droxide leach solutions. Iron was determined with Merck Spectroquant® Eisen as a violet
bipyridine complex at 565 nm, manganese with Merck Spectroquant®14770 as reddish-brown
formaldoxime complex at 445 nm. Standard solutions to obtain calibration lines were prepared
from the respective leach solutions. As the manganese analysis by the formaldoxime method
may be affected by iron interferences (Chiswell et al. 1990, McArthur & Osborn 1989), such
interferences were largely eliminated by masking of iron at alkalic pH and selective destruction
of iron complexes with a reducing Titriplex” solution, and separate calibration lines for Mn
determinations were established at 0, 1, 2, and 3 mg/l Fe. Leach solutions were diluted by [:10
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or 1:50, as required 1o obtain concentrations in the range of linear extinction (0.05 - 2.5 mg/l Fe
and 0.06 - 6 mg/l Mn). Reproducibility based on duplicate measurements is £10% for iron in
the carbonate leach, £3% (mostly £1%) for Fe in the oxyhydroxide leach, and £6% (mostly
*3%) and £4% for manganese in the carbonate and oxyhydroxide leach, respectively. Chloride

in the carbonate leach was determined on selected samples by titration with AgNO,.

3.2.3 Mineralogy

Bulk and carbonate-free mineralogy were determined by X-ray diffraction (XRD).
A Phillips diffractometer with Co radiation was used, pulverized samples were scanned from
2-75° 20 with a scanning speed of 0.05° 20/s. Carbonate was removed with 20% acetic acid.
The MacDiff 3.0 software written by R. Petschick (University of Frankfurt/Main) installed on a
Macintosh Power PC was used for graphic presentation, determination of peak positions and
mineral identification.

For determination of clay mineralogy, the fraction <2um was separated in a settling
tube (Atterberg method) in a room held at constant temperature. 10 ml 25% ammonia per 100 |
deionized water were used as a dispersing agent, resulting in a pH of 9-10. Magnesium chloride
(MgCl,»2H,0) was added to allow for settling of the separated clay fraction in plastic beakers.
Briefly, subsequent treatment of the clay fraction included removal of MgCl,#2H,O by repeated
washing with distilled water followed by centrifugation, dissolution of carbonate with acetic
acid, removal of organic matter with 30% H,0,, removal of biogenic opal with Na,CO,, and
Mg-saturation of clay minerals by adding a 50% MgCl,»2H,0 solution. Subsequently, excess
chloride was removed by repeated washing with distilled water followed by centrifugation.
Finally, 3 ml of a freshly dispersed 15 ml-suspension were pipetted onto a cellulose filter and
filtrated to obtain an oriented sample of the clay fraction. Both untreated and ethylene-glycol
solvated oriented samples were analyzed by XRD. Ethylene-glycol solvation was used to
identify expandable (smectite) components, samples were exposed to an ethylene-glycol
saturated atmospherc in an exsiccator for 24h. Randomly oriented powder samples were
scanned from 70-75° 20 for identification of 060 reflections.

Selected samples of the clay-size fraction of a serpentine-bearing mineral assemblage
were studied by transmission electron microscopy (TEM) to identify the serpentine
polytype present. EDAX qualitative chemical analysis was used to estimate the chemical compo-
sition of amphiboles. The transmission electron microscope at the Institute of Mineralogy and
Petrography, Kiel University, was operated by M. Czank. A suspension in ethanol was pipetted
onto object trays, the liquid subsequently evaporated.

Selected samples were studied by Mdssbauer spectroscopy by M. Drodt (Institute
of Nuclear Physics, University of Liibeck) to give clues on chemical forms of iron. Oven-dried,
pulverized samples were investigated at 77K in transmisston geometry with a sample thickness
of approximately 1-2 mm; one sample was also analyzed at 4.2K for a more detailed study of

the magnetic component.
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4. Stable isotope stratigraphy, age control, and sedimentation rates

4.1 Introduction

The alternation of light-colored and greenish-gray units in MAR sediments (cf. Chapter
3.1) indicates fluctuations in biogenic and detrital input and suggests variable sedimentation
rates during the last glacial cycle. Determination of metal accumulation rates and hence quantifi-
cation of fluxes of potential hydrothermal tracers has to be based on a detailed chronostrati-
graphy, which was primarily derived from planktonic and benthic oxygen isotope records,
supported by carbon isotope data. Oxygen isotopes of calcareous foraminifera are now
well established as the standard stratigraphic tool in carbonate-rich marine sediments; the global
sequence of oxygen isotope events has been defined in the 1980°s (Imbrie et al. 1984, Pisias et
al. 1984, Prell et al. 1986, Martinson et al. 1987).

Age control is based on

¢ analogue ages of oxygen isotope events during the last 30,000 years, according to the

8'%0 stratigraphy and chronology of Winn et al. (1991)
e the chronostratigraphy of Martinson et al. (1987) obtained by orbital tuning of

oxygen isotope records (prior to 30,000 years)

o absolute ages obtained by “C accelerator mass spectrometry (AMS) in cores
KF13 and KF09. A detailed age profile in core KF13 allows to test the age interpretations of
oxygen isotope data and helps investigating short-term variability of sedimentation rates
during the last glacial stage and across Termination L.

Sedimentation rates were calculated by linear interpolation between stratigraphic datums, after

conversion of "C years into calendar years (Table 1).

4.2 Choice of foraminiferal species for 5"°0 stratigraphy and AMS ages

The planktonic species Globigerinoides ruber (white) and Globorotalia inflata and the
benthic species Cibicidoides wuellerstorfi were selected for oxygen and carbon isotopic
analyses; AMS ages were obtained from G. ruber (for Holocene samples) and Globigerina
bulloides (in glacial sections).

The isotopic composition of planktonic foraminifera is affected by their depth habitat in
the surface ocean. Planktonic foraminifera are vertically stratified according to temperature pre-
ferences (Deuser et al. 1981, Fairbanks et al. 1980, 1982, Curry et al. 1983). Globigerinoides
ruber was selected for isotopic analysis because it calcifies in the surface mixed layer, and
therefore its isotope values are most representative of surface water conditions. A systematic
study of various planktonic foraminifera in surface sediments and plankton tows at the
Northeast African margin demonstrated that 8'°O values of G.ruber delineate patterns of sea-
surface temperature (SST) during summer (Ganssen & Sarnthein 1983). The carbon isotopic
composition of this species can be interpreted in terms of the nutrient content in surface waters.

In this study, the white variety was analyzed, because pink tests show up to 0.5%0 lighter $"*0
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and up to 1%e heavier carbon isotope values than white ones (Deuser et al. 1981, Ganssen &
Sarnthein 1983). Globorotalia inflata is living throughout the upper 200 m of the water column
above the thermocline and documenting SST of the winter season (lit. cit.). This species was
analyzed in addition to G. ruber in cores Ac.91 KS04 and KF16, where specimens of G. ruber
were insufficient for isotope analysis in some samples.

Since G.ruber calcifies near the surface of the mixed layer, analysis of this species
would also yield the most authentic absolute ages, since no “old” carbon was used at calcifica-
tion. However, sufficient quantities of G.ruber were present only in Holocene samples. For
samples from Termination I and Isotope Stage 2, G. bulloides was analyzed; this species was
found to be present in sufficient and fairly constant amounts throughout the sections investi-
gated, hence minimizing the effects of bioturbational mixing. This species occupies a deeper
depth habitat; therefore, absolute ages could be biased towards slightly older values.

The benthic foraminifera C.wuellerstorfi was chosen for isotope analysis, because this
species colonizes an epibenthic habitat up to 14 cm above the seafloor (Corliss 1985, Lutze &
Thiel 1989, Linke & Lutze 1993); the carbon isotope composition of its tests reliably records
ambient bottom water chemistry. In contrast, many other benthic species such as Uvigerina
peregrina live in (mostly) infaunal and epifaunal habitats, depending on food supply. Their
carbon isotopic composition is thus influenced, to a varying extent, by the local pore water com-
position and closely, but not linearly, correlated with the accumulation rate of organic carbon
(e.g. Graham et al. 1981, Zahn et al. 1986, McCorkle et al. 1990).

4.3 Results and Discussion

4.3.1 Oxygen isotope records and AMS age data

Stable isotope records and AMS age data are shown in Figs. 4.1-4.4, numerical data are
tabulated in the appendix. If possible, the definition of oxygen isotopic events is based on
epibenthic records of C.wuellerstorfi . However, this species was frequently rare or absent,
particularly during glacial times. No continuous benthic record is available for core KF16, and
only few benthic isotope data are available for core KF09, so that the stratigraphy was entirely
based on the planktonic record.

Core Ac.91 KS04 best displays the standard sequence of oxygen isotope events down
to isotope stage 5.1, also used to age calibrate the other isotope records. Stratigraphy of the
benthic record is almost continuous, excluding Termination 1 that is defined by just a few data
points. In the lower portion of Termination I, the planktonic record seems to be affected by
downcore bioturbation. While no detailed abundance counts were performed on this core,
G.ruber is more abundant in the Holocene. The core top has an apparent age of 9,800 years
(oxygen isotope event 1.1); however, the oxidized surface layer is preserved. It is therefore
improbable that a sizable Holocene sediment section had originally been present and was
completely lost by coring. It seems more reasonable that little or no material was deposited at

this site during the Holocene.



18

Ac.91 KS04 (EPSHOM)

G. ruber
-1 1
1.1 513C
8 ~
- ¥
© 9w
=5 - O
& 8
a)
2 1 1 1 = 1
0 100 200 300 400
Depth (cm)
Ac.91 KS04 (EPSHOM)
C.wuellerstorfi
|
o ~
o& f &
© @ Y w
o 2 o
£ 8
b)
4 T T T -1
0 100 200 300 400
Depth (cm)

Fig. 4.1: a) planktonic, b) benthic stable isotope records of core Ac.91 KS04 (EPSHOM)
(38°05.45 N 30°35.84 W / 2184 m water depth)
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Fig. 4.2: a) concentrations of G.bulloides and G.ruber in core GEOFAR KF13 (37°34.698 N
31°50.53 W/ 2690 m water depth). Filled squares indicate samples selected for
AMS "C age dating.
b) planktonic, ¢) benthic stable isotope records. Holocene AMS ages (bold italic)
based on G.ruber, other ages based on G.bulloides. All ages are in conventional
"C kyears corrected for the reservoir effect of the ocean (-400 years).
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Fig. 4.3: a) planktonic, b) benthic stable isotope records of core GEOFAR KF16
(37°59.94 N 31°07.70 W / 3050 m water depth). (Ages assigned by analogy)
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Fig. 4.4: a) concentrations of G.bulloides and G.ruber in core GEOFAR KF09 (37°06.680 N
32°17.208 W / 2655 m water depth). Filled squares indicate samples selected for
AMS "'C age dating.
b) planktonic, ¢) benthic stable isotope records. AMS '“C ages (based on G.
bulloides) in conventional kyears corrected for the reservoir effect of the ocean
(-400 years). Other ages assigned by analogy.
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In core KF13, detailed AMS ages are available down to 240 cm. While the planktonic
isotope record is based on G.ruber, most '“C ages were obtained on G.bulloides because of
insufficient specimens of G.ruber during Isotope Stage 2 and Termination I. Hence, the two
data sets are likely to be differently biased by the effects of bioturbation: All absolute ages
appear slightly too young during late stage 2 and across Termination I as compared to the plank-
tonic 8'°0 record of G.ruber. Alternatively, oxygen isotope values are too heavy and thus “too
old*, implying that the 8O signal of G.ruber was affected by dominantly upcore bioturbational
mixing. For two reasons, the latter hypothesis is preferred, and the absolute ages are retained

for the age interpretation

e The AMS age data are in excellent agreement with the benthic oxygen isotope record, which,
in spite of its low resolution, clearly depicts the oxygen isotope event 2.2 at 150 cm core

depth.

e Frequency curves of G.ruber and G.bulloides (Fig. 2 a) allow to assess possible bioturba-
tional bias. The abundance of G.ruber decreases steadily upcore during late stage 2, mini-
mum values are observed near the end of the Last Glacial Maximum and early during Termi-
nation la. Thus it is likely that G.ruber specimens were displaced upwards by bioturbational
mixing, which would indeed yield apparently “too old“ §'*O-values near the top of the LGM.
On the other hand, abundance maxima of G.bulloides have been selected for AMS dating
wherever possible. Some bioturbational mixing cannot be ruled out in three AMS samples
just prior to isotope event 2.2, which were taken from local abundance maxima; however,
since G.bulloides is equally more abundant in both younger and older sediments, the effects
of upward and downward bioturbation on the obtained age would tend to cancel each other.

Below 240 cm, i.e. prior to 25,000 calendar years B.P., heavy oxygen isotope values

(8”0 >1%c) of G.ruber, typical of isotope stage 2, generally persist down to 320 c¢m core

depth. Isotope event 3.1 was identified at a minor peak in the benthic record at 320 cm, coincid-

ing with a benthic 8"°C minimum which generally occurs at the stage 3/2 transition (Sarnthein et
al. 1994). This interpretation is supported by distinctly higher benthic §"C-values below

320 cm (isotope stage 3), as compared to data from stage 2 above, in accord with results from

core Ac.91KS04 and other cores in the vicinity of the study area (V30-97, 41°N 33°W; Mix &

Fairbanks 1985 / CHN82-24, 42°N 33°W; Boyle & Keigwin 1985/86). Several §'*O-maxima

occur in the planktonic record, frequently defined by a single data point, possibly indicating the

arrival of colder surface water masses at this site. By contrast, the “isotope valley*” centered at

560 cm is characterized by the most positive isotope value, slightly heavier than at the Last

Glacial Maximum, and clearly defined by several data points. This should correspond to isotope

event 4.22 (60.4 ky). Accordingly, isotope event 3.31 was fixed at the lightest 3'*O-values in

the planktonic record, just subsequent to the ascent from heavy values of stage 4, and
coinciding with a 3'*O-minimum in the benthic record. C.wuellerstorfi specimens are absent

near the base of the core, hence isotope stage 4 is not depicted in the benthic record.
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The other two cores, KF09 and KF16, have only fragmentary benthic 3'°O records. In
core KF16, G.ruber is also practically absent during the Younger/Older Dryas interval, and rare
in the vicinity of the Last Glacial Maximum (LGM). In some cases, analysis had to be based on
as few as six specimens of G.ruber. This might explain the seemingly disordered nature of its
isotope record, as data derived from such small samples are more likely to be affected by ana-
lytical error or bioturbational mixing. Stratigraphy was based on the planktonic records in both
cores down to the isotope event 2.2. Benthic records depict the upper Holocene, and some data
points indicate Termination I. AMS ages in core KF09 demonstrate that the core does not pene-
trate down to stage 3. While concentrations of G.ruber are decreasing during Isotope Stage 2,
this pattern is less pronounced than in core KF13, which is presumably related to the more
southern location of core KF09. Therefore the planktonic isotope record may be less affected by
bioturbational mixing, aside from probable downward mixing during Termination Ib. In core
KF16, the age of the base of the core cannot be determined, since the low foraminiferal abun-
dance would not permit AMS dating; however, the heavy isotope values suggest that the base
may still lie within stage 2.

4.3.2 Epibenthic 5"°C minima: Reduction in deep water ventilation

Short-lived epibenthic 5*C minima are a conspicuous feature in all cores. These
deepwater ventilation minima are present throughout the Atlantic Ocean and were interpreted in
terms of temporary shutdowns or reductions in North Atlantic Deep Water
(NADW) production induced by major meltwater incursions (Sarnthein et al. 1994).
The most prominent minimum occurs early during Termination I and is present in all cores,
even at the shallowest site (2184 m) of core Ac.91KS04. This event was age calibrated at
13.4-13.6 "'C ky B.P., corresponding to 16.9-17.1 ky cal. (Sarnthein et al. 1994). Another
3"'C minimum occurs at the transition from stage 4 to stage 3 in cores Ac.91KS04 and probably
KF13; this minimum may represent a similar event at approximately 55 Ky (Sarnthein,
unpublished data). Evidence for other events is restricted to cores from >2600 m water depth.
Further 3"’C minima are present during the stage 3/2 transition and in early stage 2 in core
KF13, near the end of and immediately subsequent to the Younger Dryas in cores KF09 and
KF13, apparently corresponding to a general 8'°C minimum near 9.5-10.2 "*C ky B.P. (Sarnt-
hein et al. 1994) and during the early Holocene at approximately 7,000 "*C years in KF09,
KF13 and KF16.
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4.3.3 Temporal and spatial variability of sedimentation rates

Sedimentation rates in all cores are based on analogue ages of oxygen isotope events and
available AMS ages, as presented in Table 4.1. During the last 30,000 years, "“C ages do not
correspond to true (calendar) ages, which is demonstrated by discrepancies between radiocar-
bon ages and ages obtained by other methods including annual chronologies, based on tree-
rings (e.g. Stuiver et al. 1986, Becker & Kromer 1993) or varved sediments (e.g. Lotter et al.
1992), and U-Th ages (Bard et al. 1990). Mostly, '*C ages are systematically younger, with a
maximum difference of 3,500 years prior to 13,200 "“C yrs. B.P. (Bard et al. 1990). Changes
in the production of "C in the atmosphere caused by variations of the geomagnetic field strength
appear to be the dominant controlling factor to account for these differences (Stuiver et al. 1991,
Mazaud et al. 1992), besides changes in the CO, exchange between the ocean and the
atmosphere (Sarnthein et al. 1994). The relationship between "‘C ages and calendar years is
telescopic and partly non-linear due to the presence of major “'“C plateaus"; therefore sedimen-
tation rates were calculated in the domain of calendar years only. '*C ages were converted into
calendar years according to Stuiver & Braziunas (1993), following the tree-ring chronology of
Stuiver et al. (1991) and Becker & Kromer (1993) for the Holocene and the U/Th datings of
Bard et al. (1990, 1993) for Termination I and oxygen isotope stage 2.

Sedimentation rates are consistently high (3-30 cm/ky) in the studied cores close to the
ridge axis, compared to a regional average of 1.6 cm/ky (G.A. Auffret, written comm. 1995).
This may be due to local sediment ponding and may also include the effects of enhanced
biogenic productivity and/or preservation and of higher detrital input derived locally from the
ridge axis. Among the four cores studied, lowest rates occur in core Ac.91KS04, which is
situated in a small basin just outside the MAR rift valley. Higher rates occur inside the rift valley
in cores KF13 and KF09, more elevated rates in the latter core are consistent with the regional
pattern of higher rates in the southern part of the study area (B.Dennielou, pers. comm.). Very
high sedimentation rates in core KF16, which are an order of magnitude higher than in the other
cores, are related to the particular core location in the deepest part of a basin in the central area of
the 38°05°N fracture zone. This basin appears to act as a sediment trap, implying significant
lateral sediment supply at this core site, e.g. including a fine-grained layer with abundant
serpentine, which is inferred to be of allochthonous origin (cf. Chapter 9).

Sedimentation rates are higher during isotope stage 2 and the early Termination I than in
the Holocene. This assumption may be valid even though some loss of surface sediment is
typical of box cores and has certainly occurred in cores KF13 and Ac.91KS04. However, it is
rather improbable that a substantial Holocene sediment section has been entirely lost during the
coring process in core Ac.91KS04, since the oxidized surface layer is well preserved. For
calculation of accumulation rates near the surface of core KF13, constant sedimentation rates of
6.6 cm/ky were assumed for the late Holocene in core KF13. This would imply a loss of 27 cm
at the core surface, which is still reasonable for box cores.
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Ac.91 KS04 (38°05.45N 30°35.84W / 2183 m water depth)
Event Depth (cm) Age (ky cal.) Sed.rate (cm/ky)
1.1 4 9.8
2.2 (LGM) 82 18.3 9.2
3.1 175 29.5 8.3
3:31 263 50.2 4.3 (3.8%)

.33 278 53.5 2.8
4.2 334 65.2 59 (5.2%)
5l 377 79.25 3.0 (2.4%

* excluding volcanic ash
layers

GEOFAR KF13 (37°34.698N 31°50.53W / 2690 m water depth)

Event foraminiferal | Depth “C-Age Age Sed.rate
species (cm) (ky) (ky cal.) (ecm/ky)

AMS-Age G.ruber 22 6.99+80 7.43
AMS-Age G.ruber 30 8.21+80 8.64 6.6+1.0
1.1 + AMS-Age | G.ruber 40 9.01+90 9.62 10.2+3 .4
Younger Dryas 60 10.4 12.4 Tkl g
AMS-Age G.bulloides 73 12.23+130 14.2 7.240.5
AMS-Age G.bulloides 100 13.03£140 15.0 33.848.6
AMS-Age G.bulloides 110 13.52+160 16.75 5.7+£0.9
AMS-Age G.bulloides 130 14.16+160 17.66 31.3£10.5
2.2 (LGM) 150 14.8 18.3 31.346.3
AMS-Age G.bulloides 170 16.16+210 19.66 14.7+2.7
AMS-Age G.bulloides 200 18.69+290 22.19 11.9+£2.9
AMS-Age G.bulloides 220 20.20+340 23.7 13.2+3.9
AMS-Age G.bulloides 240 21.73+430 K, 13.1+4.4
3.1 320? 26.00 29.5 19.0£1.7
3.3 510 50.2 9.2
4.22 560 60.4 4.9
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GEOFAR KF16 (37°59.94N 31°07.70W / 3050 m water depth)

Event Depth (cm) Age (ky cal.) Sed.rate (cm/ky)
1.1 200 9.8 20.4 (18.7 *)

YD 250 12.4 19.2

End Term. Ia | 420 17.1 36.2

2.2 490 18.3 58.3

3.1 >800 29.5 >28.6

* excluding allochtho-
nous serpentine layer

GEOFAR KF09 (37°06.680N 32°17.208W / 2655 m water depth)

Event foraminiferal | Depth “C-Age Age Sed.rate
species (em) (ky) (ky cal.) |[(em/ky)

1.1 80 9.0 9.8 8.9

YD 130 10.3 12.4 19.2

End Term. Ia 200 13.6 17.1 14.9

2.2 230 14.8 18.3 25.0

AMS-Age G.bulloides 320 17.91£260 21.41 28.94+2.2

AMS-Age G.bulloides 380 20.95+380 2445 19.7+£3.4

AMS-Age G.bulloides 420 22.15+430 25.65 33.3+13.4

Sl >470 26.00 29.5 >13.0

Table 4.1: Summary of age data for cores GEOFAR KF13, Ac.91 KS04, GEOFAR KF16
and GEOFAR KF09. Age control based on analogue ages of oxygen isotope events, and
AMS "C ages in cores KF13 and KF09. Surface sedimentation rates in cores
Ac.91KS04 and KF13 not indicated, as some surface sediment was certainly lost during
the coring process.

The detailed AMS age profile in core KF13 allows to deduce short-term variability
of sedimentation rates during Termination I. Between 13.0 and 13.5 "*C kyrs. B.P.,
the capacity of such investigations is limited by potential artifacts of the conversion from "*C
years into calendar years, because the non-linear relationship between the two timescales is
particularly pronounced in this time interval, and the extent of "*C plateaus is yet unknown. A

pulse of very high sedimentation rates occurs immediately subsequent to the Last Glacial
Maximum. AMS ages of 13,520 and 14,160 "*C yrs. B.P. indicate that this interval is coeval to
Heinrich layer 1, which was AMS-dated at 13,490-14,590 "“C yrs. B.P. at DSDP Site 609
(Bond et al. 1992). No ice-rafted detritus was observed in the coarse fraction, which is not
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surprising because this core is located slightly south of the main IRD belt from 40-55°N in the
Atlantic Ocean (Ruddiman 1977, Grousset et al. 1993). Based on geochemical data it is
suggested that this interval was characterized by enhanced continentally-derived detrital input
and possibly by higher productivity (cf. Chapter 8). The rapid drop in sedimentation rates above
(100-110 ¢cm) may be at least partially an artifact of the conversion from '“C- into calendar
years. Therefore, the ,amplitude” of a second sedimentation pulse which apparently occurred
between 12.2 and 13.0 "*C yrs. B.P. cannot be ascertained. For Isotope Stage 2, sedimentation
rates are remarkably constant in core KF13, aside from higher rates in the early part of this
stage; on the other hand, the AMS age data indicate highly variable rates in core KF09. Prior to
stage 2, sedimentation rates drop in cores Ac.91KS04 and KF13 and rise slightly during stage 4

in the first core.

4.4 Conclusion

Generally, the nature of the isotope records indicates that continuous accumulation
of pelagic sediments was perturbed by major turbidites and/or hiatuses. Thus the cores
selected for geochemical analysis should provide a reliable record of sedimentary fluxes
during the last 30,000 to 80,000 years.
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5. Sediment facies

5.1 Introduction

As discussed above (Chapter 3.1), most box cores in the study area are characterized by
a succession of white to light gray and pale olive to light olive gray oozes; this pattern was used
to tentatively correlate cores (cf. Fig. 3.1). Based on the oxygen isotope data discussed in
Chapter 4, light-colored units generally correspond to Holocene, moderately warm isotope stage
3 and interglacial stage 5 periods, whereas pale olive to light olive gray units correspond to the
Younger Dryas cold event and glacial stages 2 and 4. This demonstrates that correlations solely
based on visual core descriptions contain at least preliminary stratigraphic information.

In the following section, distributions of calcium carbonate and organic carbon are pre-
sented in order to provide background information about the sediment material on which geo-
chemical and mineralogical analysis, discussed in later sections, were performed. It will be
demonstrated that sediments in the study area are dominantly carbonate-rich pelagic oozes;
hydrothermal input would thus be superimposed on continuous pelagic sedimentation. The
lithology of rapidly accumulating sediments in core GEOFAR KF16 will be discussed in more
detail, and related to its location in a restricted basin in the central part of the 38°05’N fracture

Zone.

5.2 Results: Distribution of carbonate and organic carbon

Plots of CaCO, and organic carbon vs. depth are shown in Figs. 5.1 and 5.2. The depth
distribution of CaCO, generally follows the well-known “Atlantic-type” pattern with higher
values in interglacial and lower values in glacial periods (e.g. Kennett 1982).

Ac.91KS04 (EPSHOM)

¥ 100
) —— d1B0 (C.wuellerst.) T
0 . . ....,—... ..... A - 80
2
n: 1 B R B T . 4 - 60 Q
4 ; 8
: 2
& oh 8 orlle FRE-
[=] }
] i
= ;
4 T *r T 0
0 100 200 300 400

Fig. 5.1: Distribution of CaCO, vs. depth. Data for core Ac.91 KS04 (above) measured by
A. Boelaert (IFREMER Brest, France).
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In core Ac.91KS04, a carbonate maximum around 60 c¢cm occurs in a sandy layer
interpreted as a calcareous turbidite. As the sand-size fraction in this layer dominantly contains
shallow-water carbonate, mostly shell debris, presumably derived from the Azores platform, the
foraminifera at this level could possibly be autochthonous, and the heavy oxygen isotope values
of G.ruber might still correctly indicate the Younger Dryas cold spell. In the lower part of this
core, CaCO,-content is primarily controlled by the abundance of volcanic glass and no longer
correlated with late Quaternary climatic cycles. Similar carbonate minima in core KF16 are
related to an allochthonous serpentine layer (cf. Chapter 9) and a diatom bloom (cf. below).
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Fig. 5.2: Distribution of organic carbon vs. depth
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Organic carbon content (Fig. 5.2) is also generally correlated with climatic cycles, with
higher values occurring during glacial periods. Only scarce data are available for core
Ac.91KS04, which still clearly depict maximum concentrations in the vicinity of the Last
Glacial Maximum, typical of sediments in the Atlantic Ocean (Coppedge & Balsam 1992). The
other cores show roughly similar patterns, with maximum values in Isotope Stage 2. Slight
earlier maxima occur during the Younger Dryas event. In core KF13, organic carbon is highly
variable, but concentrations are again generally lower in Stage 3 and decrease to very low values

<0.1% near the base of the core.
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On a carbonate-free basis, the mineralogy of most samples is dominated by varying
amounts of quartz and plagioclase and generally minor pyroxene. Quartz is likely to be of conti-
nental, presumably eolian origin, whereas plagioclase and pyroxene are derived from volcanic
rocks at the Azores and/or the Mid-Atlantic Ridge.

Sediments in core GEOFAR KS03 at 20°30’N on the Mid-Atlantic Ridge have been
investigated in less detail. These sediments do not show such color variations between light
gray and pale olive, as reddish-orange colors indicative of oxic conditions prevail throughout
the sediment section. Based on nannoplankton biostratigraphy (Miiller 1996), sedimentation
rates (0.5-0.9 cm/ky down to 270,000 years B.P.) are distinctly lower compared to the Azores
region of the MAR. The sampling resolution of the CaCO, and organic carbon profiles
(Fig. 5.3) is thus insufficient for correlation with climatic cycles. Calcium carbonate content is
lower (<70%) compared to the Azores area in most parts of the sediment section, with maxi-
mum values at the sediment surface and in an interval near the base of the core. Minima at 42
and 85 cm occur in indurated brownish layers interpreted as strongly altered volcanic ash layers
(cf. below). The low organic carbon content, which is generally <0.2%, may explain the oxic
character of the sediment column down to the base of the core at 455 cm.

GEOFAR KS03 GEOFAR KS03
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Fig. 5.3: Distribution of a) CaCO;and b) C_ vs. depth in core GEOFAR KS03 (20°30'N
region at the Mid-Atlantic Ridge)

In several cores, background pelagic sedimentation is disrupted by allochthonous layers
with low calcium carbonate content. A greenish-gray fine-grained, poorly consolidated serpen-
tine-bearing layer with a sharp base and gradational contact at the top is present from 69-85 cm
in core GEOFAR KF16 (discussed in detail in Chapter 9). Dark olive coarse-grained volcanic
ash layers with sharp top and basal contacts are intercalated within pelagic sediments in core
Ac.91KS04. Brown to grayish brown indurated layers in core GEOFAR KSO03 are interpreted
as strongly altered volcanic ash layers, based on the abundance of smectite and plagioclase, and
the chemical composition, notably the high Mg content. Coarse-grained black to dark olive
volcanic ash layers in core Ac.92KS04 (EPSHOM) studied for comparative purposes are fre-
quently normally graded and represent turbidites derived from the island of Flores or from a
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nearby seamount (B.Dennielou, written comm. 1995). They are overlain by olive to dark gray
fine-grained indurated levels interpreted as alteration products of volcanic ash, similar to those
observed at 20°30’N.

Major volcanic input is restricted to discrete layers in most parts of the study area, but
volcanic glass is frequently observed as a minor component in the coarse fraction. At the Lucky
Strike seamount, volcanic glass constitutes a more significant contribution, decreasing the
CaCO, content of surface sediments. Samples KF7-S, KF10-S and KG18-S have 55-65%
CaCO,, compared to >80% CaCO, in surface sediments in other parts of the study area. Nearly
pure volcanic ash has been found in the lower part of box core KG18 retrieved on the southern
flank of the seamount.

It can be concluded that sediments from the investigated cores in the main study area
south of the Azores are dominantly carbonate-rich pelagic oozes whose lithology and variations
of sediment color beneath oxidized surface layers is generally controlled by late Quaternary
climatic cycles. Allochthonous layers, mostly of volcanic origin, occasionally disrupt this pat-
tern of continuous pelagic sedimentation. Hydrothermal input in sediments generally cannot be
discerned based on visual core descriptions, it should represent a minor contribution compared
to background pelagic sedimentation of carbonate oozes. A notable exception is the allochtho-
nous serpentine layer in core KF16.

5.3 Discussion: Ponded sediments in a restricted basin at the 38°05’N fracture
zone (core GEOFAR KF16)

The lithology of core KF16 differs in various ways from other sediments in the study area:

¢ Sedimentation rates are an order of magnitude higher (cf. stratigraphy section) and
reach 58 cm/ky during Termination Ia.

¢ Sediments are very fine-grained, the sand-size fraction accounts for approximately 3% of

total sediment compared to about 10% in the other cores.

¢ Organic carbon content is up to twice as high, maximum values during Oxygen

Isotope Stage 2 reach 1.2%.

e Carbonate content is generally lower than in the other cores (mostly less than 70%
during Stage 2).
» Two diatom layers occur at 324-327 cm and 330-336 cm, which possibly corresponds to

the Older Dryas event (cf. stratigraphy section). These layers have an olive to olive gray
color, a low CaCO, content (33.17%), a strong odor of H,S, and a matted texture.

e Hydrogen sulfide is present in porewaters in the lower part of the core below 400
cm, as indicated by the yellowish-brownish color of extracted porewaters. X-ray diffraction
reveals abundant opal and pyrite in these sediments.

e Various bluish green and olive laminations are present in sediments from these sections,
olive laminations have a particularly strong smell of H,S.
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Fig. 5.4: Location of core GEOFAR KF16 (black dot) in the deepest part of a small basin in
the central area of the 38°05°N fracture zone. Gray shading marks deepest area of
the basin, which is elongated WSW-ENE parallel to the trend of the fracture zone.

These observations can be related to the particular location of this core (Fig. 5.4). It was
retrieved in the deepest part of a small basin in the central area of the 38°05°N fracture zone, in
3050 m water depth. This basin apparently acted as a sediment trap, so that high accumula-
tion rates of fine-grained sediments are found here. In this restricted setting, enhanced supply of
organic carbon during glacial periods at high sedimentation rates could have resulted in complete
oxygen consumption at shallow depths below the sediment surface and thus explain the
presence of hydrogen sulfide and the preservation of sedimentary laminations.

DSDP Site 520 drilled near the axis of a small narrow basin in the South Atlantic
Ocean (Leg 73 Scientific Party 1984) represents another example of ponded sediments in a
silled basin generated at the Mid-Atlantic Ridge. An interval with extremely high sedimentation
rates (44 cm/Ky) at this site was attributed to slumping from the flanks of the basin. While such
resedimented oozes could not always be distinguished from pelagic oozes, slumping was
confirmed by the presence of exotic basaltic pebbles within nannofossil oozes. Laminated
diatom oozes and diatomites have also been observed at this site, which is unusual for the open
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ocean environment distant from high-productivity areas. Preservation of diatom-rich sediments
was ascribed to stagnant, CO,-rich and oxygen-depleted bottom waters, and was further en-
hanced by rapid burial at the prevailing high sedimentation rates of redeposited sediments. Evi-
dence for stagnant bottom water conditions is also based on the absence of burrows and benthic
fossils and the abundance of pyrite in diatom-rich sediments (Gombos 1984). While organic
carbon content of diatomites and associated sediments is fairly low (0.14-0.36%), indicating
oxidization of most of the organic material in the water column, it is still an order of magnitude
higher than in oxic sediments at other sites of DSDP Leg 73 (0.026-0.052%), which suggests
that organic material reaching the ocean floor has largely been preserved (Leg 73 Scientific Party
1984).
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Fig. 5.5: X-ray diffractogram of diatom layer KF16-332 (carbonate dissolved with acetic acid)

Laminated diatom oozes composed of near monospecific assemblages of Thalassiotrix
have also been observed in Neogene sediments during ODP Leg 138 in the equatorial Pacific
Ocean (Kemp & Baldauf 1993, Kemp et al. 1995). Diatom mats occurred in packets 10-20m
thick, were rapidly deposited at rates exceeding 10 cm/ky, and could be correlated for distances
of more than 2,000 km. In this case, diatom laminae were preserved in oxic sediments. This
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was related to the vast scale of the deposits and the strength of the mats, such that the benthic
community could not penetrate into the diatom meshwork, and laminations were preserved by
physical means.

In the study area, diatom layers are a unique feature in core KF16. This would either
imply that diatom blooms only occurred on a local scale, or that diatom layers have not been
preserved at other locations. As the scale of the deposits is much smaller compared to the
Neogene Pacific Ocean, preservation of diatom laminae by physical means may not have
occurred. Accordingly, preservation at the site of core KF16 may be related to suppression of
benthic activity by oxygen deficiency in bottom waters. This is suggested by the presence of
H,S and pyrite (Fig. 5.5) in diatom-rich sediments.

5.4 Conclusions

Sediments in the Mid-Atlantic Ridge study area are dominantly carbonate-rich pelagic oozes;
volcaniclastic input is present in discrete allochthonous layers and appears to be more common
on the flanks of the Lucky Strike seamount. Rapidly accumulating sediments in core GEOFAR
KF16 result from sediment ponding in a basin at the 38°05’N fracture zone. Sediment ponding

in silled basins may be an important aspect of the sediment budget at mid-oceanic ridges.
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6. Factor analysis of sediment geochemical data: Element associa-
tions and relative importance of sediment sources

6.1 Introduction

Pelagic sediments represent a mixture of various sources, which may include detrital,
biogenic, hydrothermal and other contributions. Factor analysis is a multivariate statisti-
cal technique commonly used to resolve complex associations between variables in large data
sets. Various studies have applied this technique to geochemical data of marine sediments,
including hydrothermally influenced environments (e.g. Leinen & Pisias 1984, Hodkinson &
Cronan 1991, McMurtry et al. 1991, Lackschewitz et al. 1994). Factor loadings indicate the ele-
ments associated with each factor, and factor scores the relative importance of each “end
member* factor in individual samples. Element associations can be interpreted in terms of geolo-
gically reasonable sediment sources. As the extracted “factors* represent variance vectors, they
do not reflect concentrations of each element in corresponding end members. A major short-
coming of the factor analysis technique is that it cannot fully discriminate between two end-
members, if their variance is somewhat correlated in the data set, even though there is no genetic
relationship (Leinen & Pisias 1984). On the other hand, an essential advantage is that it is an
objective technique, because no assumptions about end member compositions are required
prior to analysis.

This contrasts to other techniques commonly used to partition elements between various
sources and to estimate the importance of sources in individual samples (cf. Leinen 1987):
Normative analysis (e.g. Heath & Dymond 1977) is based on element ratios in the data set,
normalizing to a key element. For example, Al was considered to be exclusively of detrital
origin, and element/Al-ratios were used to define the composition of the detrital end-member.
Linear programming (Dymond 1981) relies on “externally defined” end member compositions
that have to be specified before the model is run. Model results may be biased by the choice of
end members, and the implicit assumption that end member compositions are constant in time
and space may not be valid.

Q-mode factor analysis has been applied to geochemical data from sediments in the area

of the present study. The objectives were to
e determine the types of sediment sources
o identify the elements associated with each source, and to

» investigate downcore variability of sediment sources.

More specifically, the aim was to test for the presence of a hydrothermal contribution, and to
determine the corresponding element association which may include elements primarily supplied
from hydrothermal sources and elements scavenged by hydrothermal oxyhydroxide particles
from the water column. Subsequent to the presentation and interpretation of the results of factor
analysis, volcanic and detrital contributions are compared to the composition of potential
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sources including MORB-type basalts, volcanic rocks of the Azores Islands, and average

continental crust, in order to substantiate previous conclusions. In later chapters, other element

associations and corresponding sediment sources will be related to stratigraphical and mineralo-

gical data, including

e quantification of hydrothermal fluxes based on metal accumulation rates,
comparison to literature data from other hydrothermally influenced environments, and a
discussion of the diagenetic modification of primary fluxes (Chapter 7)

¢ description of the barium distribution in ridge-crest sediments, and implications on
the hydrothermal and/or biogenic origin of Ba (Chapter 8)

e detailed mineralogical investigations on an allochthonous serpentine layer (core KF16,
38°05’'N fracture zone), and interpretation in terms of the genesis and conditions of
formation of this layer (Chapter 9).

Accordingly, this section serves as a general introduction to topics adressed subsequently in

more detail.

6.2 Choice of elements and sample sets for factor analysis

Biogenic carbonate is the dominant sediment source in time and space (most of the
samples contain >60% [biogenic] CaCO,). Figure 6.1 shows scatter plots of CaCO, vs. Ca and
Sr, respectively (this does not include data from core Ac.91KS04, because no independent
CaCO, measurements are available on these samples). While the non-zero y-axis intercepts of
regression lines indicate that other sources of Ca and Sr do exist, these are certainly of minor
importance. The “excess* Ca content of samples from the vicinity of the Lucky Strike seamount

suggests a volcaniclastic Ca contribution.
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Fig. 6.1: Scatter plots of CaCO, vs. Ca and Sr. The excellent correlations indicate that these
elements are dominantly associated with a biogenic carbonate source. Excess Ca in
sediments from the vicinity of the Lucky Strike seamount is probably derived from
volcaniclastic sources.
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Preliminary factor analysis calculations showed that this biogenic contribution explains only a
small proportion of total variance, as only two elements are associated with this source. As the
CaCO, content can be directly determined, total Ca and Sr have been omitted from the factor
analysis data set, which facilitated the identification of sediment sources that cannot be discerned
and quantified with other methods, and the assessment of their element associations and relative
importance. This ignores a possible contribution of non-carbonate Ca.

Twenty-one elements (Si, Al, K, Ti, Mg, Fe, Mn, P, Rb, Cr, Ni, Co, Ba, Zn, Cu, Nb,
Pb, V.Y, As) were included in the data set for factor analysis. Analysis were done on bulk geo-
chemical data of the entire data set (157 samples) to assess the importance of various sediment
sources on the entire sediment budget and the bulk chemical composition. Subsequently, data
recalculated on a carbonate-free basis (CFB) were used as input to factor analysis to eliminate
the variable diluting effect of biogenic carbonate. The entire data set was found to be strongly
influenced by few samples of volcaniclastic origin or derived from alteration of ultramafic
rocks. A second set of analysis on a bulk and carbonate-free basis was performed based on data
from cores KF13 and KF09 (43 samples), which do not include such samples with extreme
chemical composition.

6.3 Results
6.3.1 Entire data set, bulk composition

Results of factor analysis on the entire bulk geochemical data set are shown in Fig. 6.2.
Factor 1 (44.3 % of the variance) has high loadings on Si, Al, Fe and V, and slightly lower
loadings on Zn, Nb, Sc and Cr. These elements are commonly associated with a volcanic
sediment source. This interpretation is confirmed by highest factor scores occurring on volcanic
ash layers of core Ac.91 KS04 (EPSHOM), smectite-rich layers in cores GEOFAR KS03 and
Ac.92 KS04 (EPSHOM) inferred to be alteration products of volcanic ashes, and samples from
the Lucky Strike seamount containing abundant volcanic glass. Positive loadings occur on most
elements of the data set, because samples with major volcanic input have little or no biogenic
carbonate, which dilutes bulk concentrations of all “lithogenic* elements in surrounding pelagic
sediments. Distinctly lower factor loadings on Ti and especially K are compatible with a mid-
ocean ridge basalt composition of the associated volcanic rocks.

Factor 2, explaining 16.5% of the variance, has highest loadings on Mn and P, and
lower loadings on As, V, Fe and Cu. This element association suggests a hydrothermal sedi-
ment source, including metals which may be derived from hydrothermal solutions (Mn, Fe, Cu)
and elements scavenged by hydrothermal oxyhydroxides in the water column (As, P, V). The
fairly low loading on Fe can be explained by the fact that iron is also derived from volcanic
sources and therefore primarily associated with Factor 1. Highest scores on Factor 2 occur for
samples from oxidized surface layers, indicating downcore diagenetic remobilization of metals
and coprecipitated elements and reprecipitation under oxidizing conditions. Highest scores for
core KF09 suggest maximum hydrothermal influence to the south of the Lucky Strike segment.
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Fig.6.2: Factor analysis (entire data set, bulk concentrations)

A high score occurs also for the surface sample of core KG18, located in the immediate vicinity
of the Lucky Strike seamount, indicating some hydrothermal influence at this site, which is
superposed on predominating volcanic input.

Factor 3 explains 11.6% of the total variance. It has high loadings on K and Y, and
lower loadings on Ba, Zn, Rb and Pb. Generally, samples from glacial periods have higher
scores on this factor; highest scores occur consistently during Termination I and are associated
with carbonate minima. This factor is interpreted to represent continentally-derived detrital
input, since detritus derived from local basalt alteration is characterized by low K. Rb is
primarily adsorbed on K-bearing detrital phases such as illite and orthoclase (Wedepohl 1969).
For sediments of the North Atlantic and the Norwegian-Greenland Sea, various authors showed
that an “acidic* lithogenic component enriched in Si, K, Rb and Y can be distinguished from a
basic component enriched in Fe, Ti and Mg (Grousset et al. 1982, Lackschewitz 1991, Paetsch
1991, Lackschewitz et al. 1994). Mineralogically, the acidic component is characterized by
quartz and the clay minerals illite, kaolinite and chlorite, and the basic component by plagio-

clase, pyroxenes, amphiboles and montmorillionite (Grousset et al. 1982).
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Factor 4 (9.3% variance) is characterized by high loadings on Mg, Cr and Ni. These
are elements typical of ultramafic rocks; highest scores occur for samples from the serpentine
layer of core KF16 derived from alteration of a marine ultramafic protolith (discussed in detail in
Chapter 9). Lower, but still significantly positive scores also occur for samples with high scores
on Factor 1; while volcanic ash layers also have elevated contents of Mg and Cr, concentrations
of these elements are an order of magnitude lower than for serpentine layer samples.

6.3.2 Entire data set, carbonate-free composition

A second factor analysis has been performed on the entire data set recalculated on a car-
bonate-free basis, in order to eliminate the effects of variable dilution by biogenic carbonate
(Fig. 6.3). The inferred sediment sources and the distribution of factor scores corresponding to
each source are fairly similar; however, the amount of variance explained by each factor and
some of the element associations have changed:

The hydrothermal/diagenetic factor now explains 38.5% of the total variance; it is
characterized by high loadings on Fe, P, As, V and Cu. Notably, Fe and V are dominantly
associated with this factor after recalculation on a carbonate-free basis. In oxidized surface
layers, carbonate-free element abundances of 11-22% Fe, 1-8% Mn and 200-500 ppm As repre-
sent significant enrichments compared to average pelagic clay (6.5% Fe, 0.67% Mn, 13 ppm
As; Turekian & Wedepohl 1961). While this evidently includes the effects of diagenetic remo-
bilization, a hydrothermal origin for the element association of this factor is further substantiated
by metal accumulation rates comparable to values observed in other hydrothermally influenced
mid-ocean ridge and back-arc basin environments (cf. Chapter 7), and by documented hydro-
thermal activity in the study area. The distribution of factor scores is similar to the distribution
described above for bulk Factor 2; furthermore, positive scores occur close to the base of core
GEOFAR KF13 suggesting slightly higher relative hydrothermal influence.

The ultramafic factor explains 19.3% of the total variance, it has yet higher loadings
on Mg, Cr and Ni with a factor score distribution as described above (bulk Factor 4). The third
factor (13.4% var.) has high loadings on Nb and Y, and somewhat lower loadings on Pb, Zn
and Co. This may represent a detrital component enriched in these trace elements. Highest
scores occur during the Holocene; high scores also occur during Isotope Stage 3 in core KF13.
Only Al and Ti have high loadings on the fourth factor (8.5% var.) considered to represent a
detrital/volcanic contribution. In addition to high scores on samples with obvious volcanic
influence (cf. above), elevated scores on all samples from core GEOFAR KS03 and on some
samples of Holocene age in cores KF16 and KF09 suggest that this source is sporadically but
repeatedly present in carbonate-rich “background™ sediments; this is in accord with minor
amounts of volcanic glass fragments frequently observed in the coarse fraction.

Finally, the terrigenous factor explains 7.4% of the total variance. It has a high
loading on K and lower loadings on Si and Ba. Factor loadings are generally elevated during
Termination I and Isotopic Stage 2 compared to Holocene values; no distinct peaks occur during
Termination I in the carbonate-free data set. This suggests that the composition of detritus
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Fig. 6.3: Factor analysis (all data, carbonate-free basis)

derived from surrounding continents has remained fairly constant throughout the glacial period.
The ,.spikes* during Termination I visible in the bulk data set might rather represent a change in
the amount of detritus diluting the prevailing input of biogenic carbonate. The presence of Si
and Ba in this factor could represent enhanced biogenic productivity during glacial
periods.
6.3.3 Data from cores KF09 and KF13

In the entire data set (bulk and carbonate-free), comparatively few samples with major
volcanic or ultramafic input account for a large proportion of total variance. One consequence is
that a number of elements have fairly low communalities, since their variance is not linked to the

principal factors that have been extracted. In order to further elucidate the variability that is

associated with detrital input and diagenetic processes, separate factor analysis (bulk and
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carbonate-free) have been performed on samples from cores KF13 and KF09 (total of 43
samples), which lack lithologic layers strongly influenced by volcanic or ultramafic input
(Figs. 6.4 and 6.5).
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Fig. 6.4: Factor analysis (samples from KF09 and KF13, bulk composition)

In the bulk data set (Fig. 6.4), 83.1% of the total variance is associated with four
factors. The first two factors are similar to the ones derived above: Factor 1 (44.7% var., high
loadings on Ba, Al, Rb, Si, K and Mg; lower loadings on Y, Zn and Cr) represents an
“acidic* terrigenous detrital component, with highest scores occurring during Termina-
tion L. In the absence of volcanic and ultramafic input, Mg and Cr are also primarily associated
with this source, since their concentrations are elevated compared to “average™ pelagic sediment
with higher CaCO, content. The second factor (19.4% var.) has high loadings on metals
presumably derived from a hydrothermal source (Fe, Cu) and coprecipitated elements (V, P,
As), and distinctly lower loadings on Mn and Ni. As described above, high factor scores for
samples from the oxic surface layer indicate diagenetic remobilization of metals and coprecipi-
tated elements. Factor scores are two- to three times higher for samples from core KF09, indi-
cating that the influence of this hydrothermal-diagenetic source is more important south of
the Lucky Strike segment. Factor 3 (10.0% var.) has high loadings on Mn, Ni and Co, and
lower loadings on Cu and Fe. High scores on this factor are restricted to samples from dark
brown layers within the surficial reddish-orange to yellow oxidized zone. The differing
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diagenetic behavior of Mn, Ni and Co will be discussed in detail in the section on metal
accumulation rates (Chapter 7). The fourth factor has high loadings on Nb and Ti and lower
loadings on Cr and Mg. It is considered to represent a basic detrital component. Highest
factor scores occur for Holocene samples beneath the oxidized surface layer; factor scores are
inversely correlated with scores on Factor 1.

Factor analysis on the same data set recalculated on a carbonate-free basis (Fig. 6.5)
yields similar results, but with differing percentages of variance associated with each factor and
somewhat different element associations in detrital factors. The hydrothermal-diagenetic factor
now explains most (43.0%) of the total variance, followed by a factor with high loadings on
Pb. Y and Zn, and lower loadings on Sc and Cr (16.0% var.) interpreted to represent an acidic
detrital contribution enriched in these trace elements. The third factor (14.1% var.) has high
loadings on Al, Ti, Cr and Mg, elements consistent with a basic detrital component. The
“brown layer* factor explains 9.3% of the total variance, and 5.8% is associated with a factor
with high loadings on Nb and Ti, which might represent a basic component with high Nb
content, possibly differentiated volcanic rocks of the Azores islands (cf. below).
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Fig. 6.5: Factor analysis (cores KF09 and KF13, carbonate-free composition)
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6.3.4 Summary

In summary, factor analysis reveals that the following sources and processes influence
sediment geochemistry: Volcanic and ultramafic input is significant in some samples from
allochthonous layers intercalated within pelagic sediments. Detrital sources are more wide-
spread, it is possible to distinguish at least one basic and one acidic component (similar to the
ones that have been observed in North Atlantic and Norwegian-Greenland Sea). The basic com-
ponent is more important during Holocene and interglacial periods, and the acidic one during
glacial periods, which causes a negative correlation between scores on the respective factors.
Finally, hydrothermal input is present and most abundant south of the Lucky Strike segment
(core KF09). Metals likely to be derived from hydrothermal solutions (Fe, Mn, Cu, Zn) are
diagenetically enriched in oxidized surface layers; they are associated with elements
scavenged from the water column (P, V, As), and with metals showing similar diagenetic
behavior (Ni, Co). The various sources and processes are discussed in detail below.

6.4 Discussion: Volcaniclastic and detrital sediment sources

6.4.1 Compositional variability and sources of volcaniclastic input

The volcanic ash layers occurring in the area could be derived from two sources: the
Mid-Atlantic Ridge and/or the Azores islands. It is well established that the Azores hot spot
influences the isotopic composition and rare-earth and incompatible element chemistry of MAR
basalts in the vicinity of the islands (e.g. Schilling 1975, Sun et al. 1979, Wood et al. 1979,
Bougault & Treuil 1980, Schilling et al. 1983), where E-type (“enriched”) MOR basalts occur.
For the purpose of the present study, it is noteworthy that EEMORB can be distinguished from
N-type (“normal*) MORB by means of its higher content of K, Ba, Zr and Nb, and lower
Zr/Nb-ratios. Variations on a small scale may occur, however, which invoke a locally heteroge-
neous mantle source: In DSDP sites 558 (37°46’N) and 561 (34°47’N), both E-type MORB (7-
21 ppm Nb, Zr/Nb = 4.5-9.6) and N-type MORB (2-3 ppm Nb, Zr/Nb > 20) have been found
in the same hole (Weaver et al. 1985). In contrast, only N-type MORB was observed in DSDP
sites 562, 563 and 564 at 33°N, south of the Hayes Fracture zone (Weaver et al. 1985).

The Azores Islands are characterized by mafic-felsic bimodal volcanism, i.e. alkali
basalts and trachytic and peralkaline rhyolitic rocks (comendites and pantellerites), with only
few volcanic rocks falling in a compositional gap between 54-65% SiO, (White et al. 1979,
Davies et al. 1989, Storey et al. 1989, Widom et al. 1992, Mungall & Martin 1995). Compared
to tholeiitic MAR basalts, alkali basalts from the Azores are characterized by higher contents of
Ti, K and of the trace elements Zr, Ba and Nb. Major differences exist both between islands and
within individual islands; for example, Sao Miguel is more “potassic* than the other Azores
islands (Schmincke 1973, White et al. 1979). A detailed discussion of these variations is

beyond the scope of this study.
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Locations of cores containing volcaniclastic layers are summarized in Table 6.1. Sample
Noratlante KS12-S, included for comparison, was taken from the surface of a sediment core in
a basin just to the west of the island of Sao Miguel, remote from the MAR axis; the other cores
are located close to the ridge axis at various distances from the Azores islands. Two of the nor-
mally graded ash turbidites in core Ac.92KS04 are overlain by indurated fine-grained layers
with elevated H,0" content (1.8-2.7%) which contain abundant smectite-like clay minerals (cf.
Chapter 9); a third fine-grained layer (Ac.92KS04-237) of similar chemical and mineralogical
composition has an erosive base (B.Dennielou, written comm. 1994). These fine-grained layers
most probably represent alteration products of volcanic material; the direct spatial association
with their supposed precursor rocks allows to investigate the effects of alteration on chemical
composition. Samples from core GEOFAR KSO03 also show evidence of alteration, namely
elevated H,0" content (4-5%) and abundant smectite-like clay minerals.

Sediment core | Core location | Water depth | Remarks

Ac.91KS04 [38°05N 30°36W | 2183 m basinal setting immediately E of ridge axis

Ac.91KS06 38°20N 29°58W | 2500 m »

Ac.92KS04 38°31N 30°54W [ 1820 m NE-trending slope, 20 km NNW of a
seamount culminating at 500 m water depth
at the ridge axis, with documented submarine
explosive volcanism (Ondréas et al. 1995)

[GEOFAR KGI8|37 17N 32°16W [ 1690 m flank of Lucky Strike seamount

[GEOFAR KS03 [ 20°26N 45°40W | 3940 m vicinity of 20°30'N seamount

oratlante 38°N 26°W 2500 m basinal setting, W of the island of Sao Miguel
(remote from Mid-Atlantic Ridge axis)

Table 6.1: Locations of cores with volcaniclastic layers

Table 6.2 compares diagnostic elements in volcaniclastic sediments at the MAR with
representative data on volcanic rocks from the Mid-Atlantic Ridge (28-45°N) and the Azores
islands. The following discussion is based on bulk data recalculated on a carbonate-free basis;
sediment samples contain between 0 and 40% biogenic CaCO,. The composition of volcani-
clastic sediments may be influenced by minor amounts of contaminating phases such as bioge-
nic opal or detrital quartz. Furthermore, submarine alteration (seafloor weathering) may increase
the concentrations of K, Ba and possibly Ti, which is obvious from a comparison between
ashes from core Ac.92KS04 and their overlying alteration products.

Compared to all other sedimentary samples, sample Noratlante KS12-S has a distinctly
higher SiO,, TiO, and K,O and lower MgO content. Since the other major element data also
indicate an evolved volcanic rock, the higher SiO, concentrations cannot be explained simply as
a result of contamination by biogenic opal or detrital quartz. Aside from a lower K,O content,
the composition of this particular sample is similar to basalt hybrids (cf. Table 6.2) that occur in
the Agua de Pau magmatic system on the island of Sao Miguel (Storey et al. 1989).
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Si0, | TiO, | MgO | K,O | Zr | Ba | Nb | Rerf.
(%) (%) (%) (%) | opm) | (ppm) | (ppm)

Volcaniclastic sediments:

Noratlante KS12-S 56.90 2.47 4.23 2.2 - - - 2
Ac.91KS04-280 51.48 152 5.90 | 0.60 180 - 36 P>
Ac.91KS04-238 49.20 1.59 7.18 0.67 130 230 34 ) e
Ac.91KS04-310 50.69 1.62 6.43 0.65 146 335 i
Ac.91KS04-353 50.48 1.69 6.80 | 0.61 154 323 34 !

Ac. 91KS06-S 50.48 1.59 8.34 | 0.64 150 310 26 7,
Average 4992 | 1.61 | 7.19 | 0.64 | 145 | 288 32

Ac.92 KS04-115 * 48.48 1.64 6.29 | 0.99 71 473 33 7

Ac.92 KS04-237 * 49,12 1.97 5.81 1.21 94 305 42 ]

Ac.92 KS04-254 * 47.64 1.99 5.33 1.06 118 487 41 '

Average * 48.41 1.87 5.81 1.09 94 452 39
Ac.92 KS04-122 48.29 [.56 6.28 0.72 96 263 28 7
Ac.92 KS04-180 48.90 1.67 6.47 0.64 111 235 24 i
Ac.92 KS04-265 47.63 1.86 5.76 | 0.90 132 301 33 ]
Average 48.27 1.70 6.17 | 0.75 | 113 266 28
GEOFAR KGI8-13 48.10 1.14 8.03 | 0.41 7 144 19 # ]
GEOFAR KS03-42 * 47.67 §.22 8.11 0.86 79 168 10 # ]
GEOFAR KS03-85 * 48.63 1.20 8.47 0.65 97 80 13 # ]
Azores volcanic rocks:
Alkal1 basalts 46.63 3.51 8.06 1.45 234 462 59 3.4,6
Mugearites 52.80 | 2.71 3.38 1.88 414 566 75 5
Basalt hybrids 55.67 2.01 3.73 | 4.86 319 1073 T2 4
Trachytes 62.16 | 0.71 0.66 | 5.87 | 1015 | 228 196 5,6
Comenditic trachytes 65.87 | 0.58 0.24 | 3.86 764 1444 127 6
Comendites 67.90 0.40 0.06 4.51 1197 426 186 6
Pantellerites 66.47 0.54 0.13 4.64 1488 185 267 6
MAR basalts:

Plume MORB (Azores) 49.72 1.46 7.90 | 0.50 oo 150 = 7
Trans. MORB (34-38°N) | 50.30 1.21 i) 0.20 - 40 — 7
Normal MORB (28-34°N) | 48.77 115 0.67 0.08 ke 4.2 - 7
DSDP Site 558 E-MORB | 49.33 1.38 7.83 0.41 90 55 14.4 8
DSDP Site 561 N-MORB | 48.08 | 0.94 7.39 0.28 32 8 2.3 8

Table 6.2: Diagnostic element abundances in volcaniclastic sediments [corrected for minor
biogenic carbonate] compared to Mid-Atlantic Ridge basalts and representative volcanic
rocks of the Azores islands (averages of published analytical data).
Sediment samples with evidence of major alteration (elevated H20" content, abundant
smectite) marked by an asterisk (*).
# semi-quantitative X-ray fluorescence (fused beads) data
Data from: 1)this study, 2)Richter 1992, 3) Davies et al. 1989, 4) Storey et al. 1989,
5) Widom et al. 1992, 6)Mungall & Martin 1995, 7) Schilling et al. 1983, 8) Weaver et

al. 1985.

All the other samples have a basaltic composition. The volcanic ash layers east of the

ridge axis at 38°N all have a fairly uniform composition, even though sample Ac.91 KS04-280
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has a higher SiO, and Zr, and lower MgO content. Unaltered samples from core Ac.92 KS04
are compositionally similar, but have lower SiO,, Zr and Ba. All samples have slightly higher
Si0,, higher TiO,, K,O, Zr, Ba and Nb and generally lower MgO than samples farther from the
south. The higher K,O content is not entirely related to alteration, because all of these samples
contain abundant fresh volcanic glass. The trace element content may indicate that these layers
are derived from the Azores islands, the TiO, and K,O content suggests a local enriched MORB
material. In any case, the composition of the 38°N samples indicates that they are derived from
evolved volcanic rocks, whose source is supposedly related to the influence of the Azores hot
spot. Sample KGI8-13 taken on Lucky Strike seamount definitively has an
E-MORB type composition. The very fresh appearance of this sample and a low H,0" content
preclude that the K,O content is influenced by alteration. - The Nb data on this sample and on
two samples from core KS03 located close to the 20°30’N seamount have to be considered with
caution, since a comparison of Nb data obtained on rock standards with their certified reference
composition reveals that analytical errors of Nb can reach 40% of the absolute certified value at
low Nb-concentrations (<20ppm) for X-ray fluorescence data on fused beads. If the Nb content
of sample KG18-13 were overestimated by 40%, its actual Nb content would be 13.6 ppm,
which is a value typical of E-type MORB (Weaver et al. 1985). While this interpretation is evi-
dently speculative, it would be consistent with the other trace element data.

At the 20°30°’N seamount location, a N-MORB type source would be expected. The
high K,O- and Ba-content is probably due to alteration. The Zr content appears elevated
compared to “typical* N-MORB (Table 1); however, Weaver et al. (1985) have classified some
samples with 290 ppm Zr as N-type MORB based on high Zr/Nb ratios and other criteria such
as isotopic composition and REE patterns.

It can be concluded that the chemical composition of the studied samples reflects an
increasing influence of the Azores hot spot with proximity to the Azores islands. The N-S
gradient in Nb concentrations, with decreasing concentrations reflecting decreasing influence of
the Azores hot spot, should be correct and significant in spite of analytical uncertainties.
Volcanic input at the Lucky Strike seamount is certainly derived from local E-MORB type
sources. At 38°N, it may also include material from the Azores islands. Differentiated volcanic
products have not been observed in the main study area adjacent to the ridge axis.

6.4.2 Composition, temporal and spatial variability of detrital sources

Factor analysis reveals that at least two different sources of detritus are present in the
study area: basic detritus enriched in Ti and Mg which may be derived locally from the ridge
axis or from basaltic rocks of the Azores islands, and acidic detritus enriched in K which is
presumably of continental origin. The ratios K/Al, Si/Al and Ti/Al have been used to distinguish
between these two components (Paetsch 1991). Fig. 6.6 a-c demonstrates that there are
significant variations in element ratios, which can be correlated spatially and/or temporally and

which are interpreted in terms of several mixing trends.
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The Ti/Al-ratio (Fig. 6.6a) shows evidence of separate mixing trends for Holocene
samples and samples from glacial periods. Holocene samples have higher Ti/Al-ratios, mostly
between 0.13 and 0.17, and show an excellent correlation between Ti and Al (r=0.94). Ti/Al-
ratios of samples from glacial periods are generally lower than 0.10, with considerably more
scatter in the data (r=0.83). Ti/Al-ratios for samples from core KS03 from the vicinity of the
20°30°N seamount at the Mid-Atlantic Ridge fall on the lower limit of samples from glacial
periods, absolute carbonate-free concentrations of both elements are higher. Ti concentrations of
volcaniclastic sediments are highly variable, while Al shows comparatively less fluctuations.
This variability of Ti content follows a clear geographic pattern: Ti content increases with
proximity to the Azores hot spot (cf. above). The group of samples with 0.5-0.75% Ti is
derived from the vicinity of the 20°30’N seamount and from the Lucky Strike seamount (37°N).
Samples with 0.9-1.01% Ti occur at 38°N; finally, three samples from core Ac.92 KS04,
located NW of the ridge axis at 38°N, have still higher Ti contents of 1.13-1.21%.

Sample Noratlante KS12-S, whose composition is similar to differentiated volcanic
rocks from the Azores islands (cf. above), may be representative of the end member for Holo-
cene samples. Alternatively, Ti/Al-ratios of 0.13-0.17 could be obtained by mixing between
basaltic or mugearitic rocks from the Azores islands with Ti/Al = 0.27 or 0.20, respectively
(Davies et al. 1989, Storey et al. 1989, Widom et al. 1992, Mungall & Martin 1995), and MAR
basalts whose Ti/Al-ratio is approximately 0.10 (e.g. Wilson 1989). In any case, the Holocene
“basic end member* necessarily includes a contribution derived from basic volcanic rocks of the
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Azores islands. This might explain why core GEOFAR KS03, which is located at 20°30’N
south of the main study area and presumably receives no detrital input from the Azores islands,
has consistently lower Ti/Al-ratios in the range of average mid-ocean ridge basalts.

In the other cores, the lower Ti/Al-ratios of samples from glacial periods could
theoretically also be explained by absence of detrital input from the islands, resulting in MORB-
type element ratios. Two arguments can be invoked against this explanation: Lower or even zero
erosion rates on the islands during glacial periods are hardly conceivable; furthermore, Ti/Al-
ratios in a number of samples are lower than corresponding ratios of E-type MORB of the same
latitude. Therefore it is more likely that the lower ratios represent mixing between basic detritus
derived from the Azores and/or locally from the Mid-Atlantic Ridge with an increased portion of
continentally derived detritus, since average upper crust has a much lower Ti/Al-ratio of 0.037
(Taylor & McLennan 1985).

This interpretation is further supported by a plot of K against Al (Fig. 6.6b). In
GEOFAR sediments, K and Al are positively correlated with considerable scatter in the data
(r=0.62); the diatom layer of core GEOFAR KF16, which is the single sample with low con-
centrations of both elements, has been omitted from the data set used to calculate the correlation
coefficient in order to avoid a correlation which has been artificially induced or enhanced by a
single outlier. The plot of K vs. Al may be tentatively interpreted in terms of two bounding
mixing lines, with average upper continental crust and sample Noratlante KS12-S representing
evolved rocks from the Azores islands as respective end members. Samples with intermediate
K/Al-ratios might contain variable proportions of these two detrital sources.

All of the volcaniclastic samples from the Mid-Atlantic Ridge have distinctly lower K
content; alteration of volcanic ash layers tends to augment K and decrease Al content. Compared
to all of the GEOFAR cores, core Ac.91KS04 (EPSHOM) has lower K content and K/Al-ratios
throughout the sediment section which comprises Oxygen Isotope Stages 1 to 5.1. This core is
located immediately adjacent to the rift valley walls, detrital input derived locally from the MAR
may dominate at this particular core location.

Si/Al-ratios (Fig. 6.6c) appear to be dominantly controlled by variable amounts of
biogenic opal. Samples from the late Holocene show an excellent correlation (r=0.95) between
Si and Al and have Si/Al-ratios of 2.5-2.7, which are values typical of basaltic rocks. Higher
Si/Al-ratios of samples from the early Holocene and from glacial periods should partially reflect
a more acidic detritus composition; however, Si/Al-ratios greater than 4 cannot be explained by
any detrital sediment source excluding pure quartz. Observations of coarse (own data) and fine
fractions (Miiller 1995) indicate increased abundance of biogenic opal during glacial periods. In
the Norwegian-Greenland Sea, the Si/Al-ratio can be used to trace detrital sources (Paetsch
1991), since biogenic silica production has generally been low in this area throughout the last
300.000 years (Bohrmann 1988). At the MAR south of the Azores, this has apparently not been
the case; consequently, the Si/Al-ratio cannot be used to trace detrital sediment sources.
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Temporal fluctuations of Ti/Al and K/Al - ratios (Fig. 6.7 a and b) can be correlated
between the four cores studied geochemically and stratigraphically. As discussed above, higher
K/Al- and lower Ti/Al-ratios suggest an increased amount of continentally-derived detritus
during glacial periods. In core Ac.91KS04, consistently low K/Al-ratios and higher Ti/Al-ratios
throughout most of the time period studied are compatible with the interpretation that detritus
has a dominantly basaltic composition and is derived locally from the MAR at this particular
core location. Surficial peaks of the Ti/Al-ratio occur in oxidized surface layers, which may
indicate that Ti is also present as an adsorbed ion on Fe-Mn oxyhydroxides of hydrothermal
origin, which has been previously described from the East Pacific Rise (Marchig & Gundlach
1982). These oxyhydroxides have subsequently been diagenetically remobilized and reprecipi-
tated in oxidized surface layers. However, this diagenetic process is superposed on a continu-
ous increase of Ti/Al-ratios during Termination I and generally elevated ratios during the Holo-
cene; the existence of this additional source of Ti should not invalidate the interpretations
concerning composition and temporal variability of detrital sediment sources presented in this

section.

6.5 Conclusions

While biogenic carbonate dominates the chemical composition of most samples, factor
analysis has shown that volcanic, ultramafic, detrital and hydrothermal sediment sources are all
present. Volcanic and ultramafic input is most important in some samples from allochthonous
layers. A N-S gradient in the chemical composition of volcaniclastic sediments reflects the
decreasing influence of the Azores hot spot. Detrital sources are more widespread, at least one
basic and one acidic component can be distinguished. The basic component is more important
during the Holocene, continentally-derived acidic detritus is more important during glacial
periods. Ti/Al- and K/Al-ratios, respectively, are effective indicators of these two sources. The
hydrothermal component includes metals derived from hydrothermal solutions (Fe, Mn, Cu)
and elements scavenged from the water column (P, V, As). Hydrothermal factor scores are
highest in oxidized surface layers due to diagenetic remobilization of metals and coprecipitated
elements; furthermore, the distribution of factor scores suggests maximum hydrothermal
influence in core KF09, south of the Lucky Strike vent field.
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7. Metal accumulation rates in Mid-Atlantic Ridge sediments:
primary fluxes of potential hydrothermal tracers and seconda-
ry diagenetic modification

7.1 Introduction

In this chapter, metal accumulation rates are discussed in order to quantify fluxes of
potential hydrothermal tracers, investigate their spatial and temporal variability in the study area
and compare these fluxes with published data from other hydrothermally influenced marine
environments. The existence of hydrothermal activity in the study area has been confirmed by
the recent discovery of the Lucky Strike and Menez Gwen hydrothermal sites; additionally,
particle-rich plumes and chemical anomalies (Mn, *He, CH,) in the water column suggest the
presence of other currently undiscovered vent fields on the seafloor. While some input from
hydrothermal sulfides is present, especially at the Lucky Strike seamount (cf. Chapter 8), the
hydrothermal contribution to pelagic sediments in the study area should dominantly consist of
fine-grained Fe-Mn-oxyhydroxides, which may be laterally dispersed in hydrothermal
particle plumes over considerable distances. At the Mid-Atlantic Ridge, plumes generally remain
confined within the axial valley. Fallout from hydrothermal particle plumes in sediments in-
cludes elements scavenged from the water column by oxyhydroxide particles, in particular V, P
and As. Sequential leaching (Robbins et al. 1984) and Mossbauer spectroscopy on selected
samples have been performed to give clues on speciation and bonding state of iron and manga-
nese. Discussion of results particularly focuses on post-depositional diagenetic modification of

primary fluxes.

7.2 Results
7.2.1 Metal accumulation rates

Metal accumulation rates were calculated using the relationship:
Ae=Cep S
where A, is the accumulation rate of element e in mg or pg/cm’ ky, C, is the bulk concentration

of the respective element, p is the dry bulk density in g/cm® and § is the sedimentation rate in
cm/ky. Sedimentation rates have been determined by linear interpolation between oxygen
isotope events and AMS age data.

While the base of core GEOFAR KF16 is still within isotope stage 2, its age cannot be
exactly constrained. Consequently, data from this core are presented on a depth rather than age
scale and minimum accumulation rates are shown for stage 2. Since volcanic ash layers in core
Ac.91KS04 (EPSHOM) have been deposited in ,near zero time* disrupting the continuous
accumulation of pelagic sediments, their thickness has been subtracted from the thickness of
corresponding sediment sections used to calculate pelagic sedimentation rates, and geochemical

data from volcanic layers have not been considered for calculation of metal accumulation rates.
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Accumulation rates of Fe, Mn, Cu, Zn and Ni are shown in Figs. 7.1-4. As discussed

below, there is strong evidence for a diagenetic origin of some peaks in accumulation rates, and

metal and bulk accumulation rates in core KF16 probably include significant lateral sediment

supply. Therefore, Figs. 7.1-4 cannot be interpreted directly in terms of primary fluxes and

hydrothermal input. The following patterns of metal accumulation rates can be observed:

(1) Considering spatial variability, in terms of integrated fluxes throughout the time periods

available in the sedimentary record in each core, metal accumulation rates are
increasing in the direction Ac.91KS04-KF13-KF09-KF16. These data integrate
the effects of vertical fluxes through the water column including fallout from hydrothermal
particle plumes, possible lateral sediment redeposition and post-depositional diagenetic
redistribution of metals within the sediment column.

(2) Metal enrichments close to the sediment surface correspond to pale yellow to red-

dish orange oxidized surface layers. These peaks are most pronounced in the case of
manganese (off scale in Figs. 7.2-4). Peaks have diverse shapes, namely broad “inverse U-
shaped™ peaks, or sharp single or double peaks, for different metals and in different cores.

(3) Accumulation peaks of several metals during Termination Ia are most notable in

(4)

cores KF13 and KF16. In core KF13, data could be based on a detailed AMS age profile
which revealed distinctly higher sedimentation rates during the early part of Termination I
subsequent to the Last Glacial Maximum (cf. stratigraphy section). If, by analogy, similar
sedimentation pulses had occurred in the other cores, the amplitude of accumulation peaks
would be enhanced accordingly.

In both cores, iron displays nearly constantly high accumulation rates through-
out Termination Ia, two distinct peaks are present in core KF16.

In contrast, manganese shows a first-order gradient towards highest fluxes
close to the top of Termination Ia. In core KF13, nickel shows the same pattern as
manganese.

A peak of Fe, Cu, Zn and Ni is also present during Termination Ib in core KF09. In
core Ac.91KS04, the oxidized surface layer coincides with the top of Termination I, since
the Holocene is virtually absent. Consequently, the record of fluxes during Termination I
cannot be fully resolved in this core. A similar ,deglacial peak of Fe, Cu, Zn and Ni is
found during the Stage 4 / Stage 3 transition in this core; the Mn maximum is located
further downcore.

On a longer time scale, temporal variability of metal accumulation rates can be

observed as follows:

In core Ac.91 KS04, accumulation rates of all metals are distinctly lower prior to Stage
2 (>30,000 a), excluding the peak at the Stage 4 / Stage 3 transition, and rise sharply at the
transition from Stage 3 to Stage 2. This rise is more pronounced for trace metals (Cu, Zn,
Ni) compared to iron and manganese, which, by contrast, show a comparatively higher
degree of enrichment in oxidized surface layers.
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e In core KF09, accumulation rates of all metals are consistently elevated during Stage 2
compared to Holocene “baseline values* beneath oxidized surface layers. The same may be
the case in core KF16, since minimum values plotted for Stage 2 sediments are already
comparable to Holocene values in the case of Mn, Cu, Zn and Ni.

e In core KF13, metal accumulation rates prior to the Last Glacial Maximum (18,300 a)
show considerable fluctuations. A second peak during early Stage 2 is also located within
an interval of higher sedimentation rates During Stage 3, accumulation rates are slightly
lower in the case of iron, especially prior to 40,000 years, and in the same range for Cu,
Zn and Ni, if compared to Holocene baseline values.

7.2.2 Metal distribution in oxidized surface layers

Enrichments of metals and associated elements at the sediment surface follow two diffe-
rent patterns (Fig. 7.5): Manganese is enriched up to seven-fold in brown-colored cm-thick
layers; cobalt and nickel are similarly enriched in these layers. In contrast, iron shows broader
enrichments throughout the oxidized surface layers, with a tendency towards highest concentra-
tions close to the sediment-water interface. P, V and As, elements known to be scavenged from
the water column by hydrothermal Fe-oxyhydroxides, show similar patterns.
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Fig. 7.5 (continued on following page) : Distribution of metals and associated elements in
oxidized surface layers. Shaded pattern indicates brown-colored layers, bold
vertical lines show base of oxidized surface zone in each core.
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7.2.3 P, V and As: scavenging from the water column by hydrothermal
oxyhydroxides

Figure 7.6 shows scatter plots of Fe vs. P, V and As, respectively. Samples with bulk
As-concentrations below the detection limit (12 ppm) have not been plotted. In spite of some
scatter in the data, in particular for P and As, there is a relationship evident between iron and
these three elements. The association between Fe and P, V and As may primarily result from
scavenging of the latter elements by Fe-oxyhydroxides in hydrothermal particle plumes in the
water column. Highest concentrations of all elements occur in oxidized surface layers. This
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suggests that Fe-oxyhydroxide phases are susceptible to early diagenetic remobilization, as
would be expected, and that Fe and P, V and As remain linked during processes of secondary
diagenetic enrichment. On the other hand, the relationship is less clear at lower concentrations of
iron. In particular, a number of samples fall below the regression line for Fe and As, which may
indicate the presence of Fe derived from silicate phases which do not scavenge As in the water
column. Elevated concentrations of P and As at comparatively low amounts of Fe occur in
samples from the base of core GEOFAR KF13.
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Fig. 7.6 : Scatter plots of Fe vs. P, V and As (elements scavenged from the water column by
hydrothermal Fe-oxyhydroxides). Off-axis surface sediment data from Richter
(1992), regression lines drawn for Mid-Atlantic Ridge sediments only.
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In contrast, off-axis surface sediments from the Azores region (Richter 1992) always
have lower concentrations of all elements, and especially As concentrations which never exceed
30 ppm on a carbonate-free basis. In summary, Fig. 7.6 indicates that oxyhydroxides derived
from hydrothermal particle plumes are presumably an important source of iron in the studied
MAR sediments and that these easily remobilizable phases can explain the strong enrichments of
iron in oxidized surface layers.

Scavenging of phosphate from sea water by adsorption on “volcanogenic ferric oxides*
has been described as early as the 1970’s (Berner 1973, Froelich et al. 1977). On the other
hand, phosphorus may also occur in apatite contained in skeletal remains. The P,O/Y-ratio has
been proposed as a means to distinguish between biogenic apatite and hydrothermally-derived
phosphorus, since biogenic apatite tends to be enriched in yttrium, while phosphorus copreci-
pitated with hydrothermal Fe-oxides contains no Y (Marchig et al. 1982, 1990, Marchig &
Erzinger 1984). Therefore, P and Y show a significant correlation in average deep-sea sedi-
ments and diagenetic metalliferous sediments, whereas hydrothermal metalliferous sediments
have significantly lower contents of Y at comparable contents of P and no correlation between
these two elements. It is not surprising that average pelagic clay (Turekian & Wedepohl 1961)
falls on the regression line for pelagic sediments without hydrothermal influence established by

Marchig and co-workers.
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Figure 7.7 shows the P,O and Y content of MAR sediments analyzed in this study
compared to average pelagic clay (Turekian & Wedepohl 1961) and the “hydrothermal apatite™
value of hydrothermal metalliferous sediments from the East Pacific Rise (Marchig et al. 1990).
In MAR sediments south of the Azores, P,O, and Y are correlated with each other (r=0.73),
albeit with a considerable degree of scatter. However, for similar P,O,-content, their Y-content
is lower than expected for pelagic clay, implying that some phosphorus is likely to be of hydro-
thermal origin. Yet this contribution is presumably smaller than that of biogenic apatite, and
therefore can only diminish, but does not obliterate the correlation between P,O4 and Y.
Sediments from core GEOFAR KS03 at 20°30’N plot close to the “pelagic clay" line, which
means that they apparently received no hydrothermally derived phosphorus. On the other hand,
FAMOUS area sediments (Richter 1992) are significantly enriched in phosphate relative to
yttrium, and plot very close to a mixing line between pelagic clay and the hydrothermal end
member. While the apparent negative correlation between P,O, and Y in the FAMOUS samples
is statistically not significant since it is based on only four samples, it would indicate that
hydrothermal phosphorus is dominating in the FAMOUS area.
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7.2.4 Speciation of iron and manganese: information from selective leaching
and Mdossbauer spectroscopy

Iron, manganese and other metals and coprecipitated elements are affected by secondary
diagenetic remobilization and precipitation in oxidized surface layers. Furthermore, in addition
to oxyhydroxides derived from hydrothermal particle plumes, iron can also originate from
detrital and/or volcanic sediment sources, where it should largely be bound to clay minerals and
other aluminosilicates. Therefore, determination of speciation and bonding state of Fe
and Mn can give clues to clarify their origin in MAR sediments. Since fine-grained, poorly
crystalline Fe-Mn oxyhydroxides cannot be detected by conventional X-ray diffraction, two
methods have been applied on selected samples:

e Sequential leaching which determines the abundance of operationally defined chemical
and mineralogical fractions in the bulk sediment. The analysis of the leachates provides
information on element partitioning into various phases. The method of Robbins et al. (1984)
which has been used in this study accounts for four coexisting phases in marine sediments:
calcium carbonate including sea salt and adsorbed cations, organic-bound fraction, ferroman-
ganese oxyhydroxides, and a residual fraction insoluble in the first three leach solutions.

e Mossbauer spectroscopy gives more specific information on chemical forms of iron in
marine sediments (Haxel 1987, Konig 1990).

Twenty-two samples were selected for sequential leaching. The sample set included the
various lithologies encountered, namely oxidized surface layers, underlying suboxic sediments,
organic-rich (>1% C,_ ) samples from the reduced part of core GEOFAR KF16 (KF16-580 and
-620), and samples with major volcaniclastic input (KG18-S, KS03-85, KG18-13). Figure
7.8 a shows the fractions of bulk sediment soluble in the first three leaches and present in the
residual fraction. Since biogenic carbonate is the dominant sediment component in most
samples, it is not surprising that generally >80% of the bulk samples is soluble in the first leach.
Notable exceptions are only samples with major volcanic input. Therefore plotting relative pro-
portions of organic-bound, oxyhydroxide and residual phases in the residue after the first leach
(Fig. 7.8 b), a procedure similar to recalculating geochemical data on a carbonate-free basis,
gives more meaningful information, especially on the abundance of ferromanganese oxyhydro-
xides including hydrothermal and diagenetic components.

Figure 7.9 a demonstrates that, while there is an excellent correlation, slightly higher
percentages of bulk sediment are soluble in the carbonate leach than the corresponding
amounts of CaCO, determined independently (Carlo Erba CHN analyzer). This “excess” is
apparently mostly due to a contribution from sea salt, as indicated by the chloride determina-
tions, and may include an adsorbed component in some samples. Sample KS03-85 is the only
one with a strikingly different distribution pattern. 37.5% of the bulk sediment are soluble in the
first leach, compared to a CaCO, content of only 10.5 %. This sample contains abundant smec-
tite which is presumably derived from alteration of volcanic material. Possibly smectites, in
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particular interlayer sites, have been partially attacked by the buffered acetic acid leach. Since
silicates, especially iron-rich phyllosilicates, are vulnerable to dissolution at low pH, it could be
speculated that this is related to a drop in pH. However, the buffering capacity of the acetic acid
- sodium acetate leach is sufficiently high to keep the pH at nearly constant values (Robbins et
al. 1984).

The second leach which dissolves the organic-bound fraction apparently gave less
reliable results. While a general relation with the amount of organic carbon is evident
(Fig. 7.9 b), a number of samples show no weight loss or even a slight (< 1%) gain of weight
after the second leach, which most likely indicates that precipitation from the leach solution
occurred. Maximum weight losses in organic-rich samples KF16-580 and -620 were 4.9 and
5.7%, respectively, or 22 and 25% on a carbonate- and salt-free basis. No chemical analysis
have been done on these leach solutions; the primary purpose of this step was to avoid scaveng-
ing of metals derived from the oxyhydroxide fraction by sedimentary organic matter, rather than
chemically characterize the leach.
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Fig. 7.9: Results from selective leaching vs. a) CaCO3- and b) C org.-determinations
(Carlo Erba CHN Analyzer).
Sample KS03-85 (smectite-rich altered volcaniclastic material) discussed in text.

In the oxyhydroxide leach, maximum weight losses of 1-5.5% occur in samples from
oxidized surface layers, corresponding to 10-45% on a carbonate- and salt-free basis. In most
other samples, less than 1% weight loss of the bulk sediment (< 5% on a carbonate-and salt-free
basis) is associated with the third leach. Figure 7.10 shows that there is a general relationship
between Fe- and Mn-concentrations on a carbonate-free basis and percentages of the residue
after Leach I soluble in the oxyhydroxide leach.

Partitioning of iron and manganese between carbonate/adsorbed, oxyhydroxide
and residual fractions has been determined by spectrophotometric analysis of the leachates; the
relative amount of Fe and Mn in the residual fraction has been computed by difference to bulk
values from X-ray fluorescence, assuming that amounts of these metals in the organic-bound

fraction are negligible (Fig. 7.11).
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residual phases. Concentrations in leachates determined spectrophotometrically,
concentrations in residue calculated by difference to bulk values determined by
X-ray fluorescence assuming negligible amounts in the organic-bound fraction.
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Iron and manganese show noticeably different partitioning patterns: In all samples, more
than half of the total iron is contained in the residual fraction, probably mostly bound to clay
minerals and other aluminosilicates of detrital and volcanic origin. In oxidized surface layers,
30-37% of total iron is leachable by the oxyhydroxide leach, whereas the carbonate/adsorbed
component accounts for 3% or less of the total iron in all but two samples of the data set, and a
maximum of 6.1% in sample KF12-5.

In contrast, manganese is dominantly partitioned either into the oxyhydroxide or the car-
bonate/adsorbed phase in all samples but KG18-13. This last sample is composed almost entire-
ly of volcaniclastic material and has a low Mn content of 0.11% on a carbonate-free basis. In
samples from oxidized sediment sections, 40-90% is leachable by the oxyhydroxide leach. In
samples from underlying sediments, more than 60 and up to 100% of total manganese is con-
tained in the carbonate/adsorbed fraction. With the selective leaching method applied, it is not
possible to determine whether Mn is present as manganese carbonate or as an oxide coating on
surfaces of particles. No manganese coatings on foraminifera have been observed in the sand-
size fraction. It is therefore more likely that Mn is present as a separate manganese carbonate
phase; since Mn concentrations are always two orders of magnitude lower than carbonate

content, such a phase could not be detected by X-ray diffraction.

Maissbauer spectroscopy can provide information on oxidation state and chemical
bonding of iron, and on molecular symmetry in the vicinity of the studied iron atoms. The
following brief discussion is based on Dickson & Berry (1986), Haxel (1987), and Konig
(1990): The experimental setup consists of a source containing the Mossbauer isotope (in this
case, *'Fe) in an excited state, and of an absorber consisting of the material to be investigated
which contains the same isotope in its ground state. The absorber material is then transferred
into an excited state with a short half-life period (107 s in the case of *'Fe), and emits a Y-quant
on returning to its ground state. The line width " is related to the average half-life period of the
excited state. Number, shape and position of the absorption lines in the Mossbauer spectrum
result from the sum of various electronic and magnetic hyperfine interactions between the
nucleus and its surrounding electrons. Three parameters of the spectrum can be determined, and
were applied to develop a ,.fingerprint scheme* to identify forms of iron in marine sediments
(Konig 1990): These diagnostic parameters related to electronic and magnetic hyperfine inter-

actions are

o Isomer shift 5: shift of a single absorption line relative to the standard *’Fe-source, or
center of gravity of the whole Mossbauer spectrum if other hyperfine interactions are present
(cf. below).

* Quadrupole splitting A: separation of two lines of a line doublet.

* Magnetic splitting: presence of a line sextet, if a magnetic field BHF is experienced by

the nucleus.
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Six samples from core KF13 have been selected for Mossbauer spectroscopic studies
based on the pattern of bulk iron concentrations (Fig. 7.12). These samples comprise the iron
maximum in the oxidized surface layer at 22 cm, iron concentration peaks at 69, 120 and 180
cm, and samples with low Fe concentrations at 310 and 533 cm. The peaks below the oxidized
surface layer occur during Termination I and Isotope Stage 2, the two lowermost samples are
derived from the Stage 4/Stage 3 and Stage 3/Stage 2 transition, respectively.

GEOFAR KF13
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Fig. 7.12: Samples from core GEOFAR KF13 selected for Mossbauer spectroscopic
analysis, based on the pattern of bulk iron concentrations (white circles).
Oxygen isotope records shown as stratigraphic reference

Mossbauer spectra are presented in Fig. 7.13. The distributions of iron in the
samples among different species are given in Table 7.1 along with the diagnostic M&ssbauer
parameters. High-spin Fe(II)- and Fe(IIl)-components can be clearly distinguished based on
differences in isomer shift and quadrupole splitting. This distinction is not possible if significant
amounts of pyrite are present. The Mssbauer parameters of this Fe(II) low-spin compound are
comparable to those of Fe(IIl) species. Therefore, these two contributions can only be separated
in the presence of strong external magnetic fields.

The following discussion of Mossbauer spectra (Fig. 7.13) is based on M. Drodt
(written & pers. comm., 1996): The spectrum from the uppermost sample KF13-22, taken
from the oxidized surface layer, shows a small contribution of a magnetic subspectrum. This
contribution is greatly enhanced at 4.2 K and shows a well-defined magnetic sextet (Fig. 7.14).
This implies the presence of a superparamagnetic iron oxide or -hydroxide. The large quadru-
pole splitting of the non-magnetic Fe(III) component in the same sample at 77 K similarly indi-
cates iron-rich oxides or hydroxides; however, these Fe(Ill) phases have not yet developed

magnetic ordering.
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lines. Note different y-axis scale for two lowermost samples, whose bulk iron
content is an order of magnitude lower.
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@mple Component | & (mm/s) |A (mm/s)|(mm/s)| BHF rel. area (%)
KF13-22 (77 K) Fe (1II) 0.473 0.722 0.537 85.59 + 0.39
Fe (II) 1.228 2.796 0.572 8.08 £ 0.56
Fe (IIT) magnetic 0.484 -0.180 0.353 52.645 6.33+0.73
KF13-22 (4.2 K) Fe (11I) 0.463 0.602 0.500 12.03 £ 0.28
Fe (II) 1.224 2.800 0.500 1.75
Fe (IIT) magnetic 0.484 - 0.097 0.536 | 48.700 86.22
KF13-69 (77 K) Fe (T1I) 0.449 0.458 0.636 94.63 + 1.73
Fe (1I) 1.245 2.861 0.266 537+ 1.48
KF13-120 (77 K) Fe (III) 0.453 0.475 0.651 88.34 + 0.87
Fe (1) 1.268 2.866 0.342 11.66 +0.84
KF13-180 (77 K) Pyrite 0.415 0.631 0.391 89.86 + 0.74
[Fe (II) low spin]
Fe (II) high spin 1.207 2.922 0.300 7.73 £ 0.55
Siderite 1.348 1.988 0.300 242 +0.58
KF13-310 (77 K) Fe (I1I) 0.445 0.562 0.580 81.16 + 1.69
Fe (II) 1.229 2.862 0.471 18.84 £+ 1.94
KF13-533 (77 K) Fe (I1T) 0.441 0.567 0.620 75.51 £ 1.65
Fe (IT) 1.250 2.764 0.474 2449 %+ 1.75

Table 7.1: Mossbauer parameters of MAR sediment samples.
& - isomer shift relative to a-Fe; A - quadrupole splitting; I - line width;
BHF - magnetic hyperfine field

The apparent Fe(III) contribution in sample KF13-180 shows a smaller isomer shift (0.415
mm/s) and a fairly large quadrupole splitting (0.63 mm/s) compared to the other samples. These
parameters are close to Mdssbauer parameters of pyrite at this temperature (5=0.40710.001
mm/s; A=0.624+0.002 mm/s; Evans et al. 1992). With the present measurements, it is not
possible to determine whether Fe(III) species are present in addition to pyrite with very similar
Madssbauer parameters; however, it is possible that the apparent Fe(III) contribution is entirely
due to low-spin Fe(Il) from pyrite. A very small part of the high-spin Fe(II) component in the
same sample shows a small quadrupole splitting of 1.99 mm/s, which is close to the value for
siderite at this temperature (2.03+0.01 mm/s; Drodt 1996). This accounts for a maximum of
2-3% of total iron. In the other samples, iron is apparently mostly contained in clay minerals
and is present both as Fe(II) and Fe(III). No significant depth-dependent variations of Moss-

bauer parameters were observed.
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Fig. 7.14: Mossbauer spectrum of sample KF13-22 at 4.2 K, showing a well-defined
magnetic sextet.

The Fe(II) share of total iron appears to increase slightly with depth (Fig. 7.15). The
sample at 180 cm falls off this trend. However, this is due to the fact that only high-spin Fe(II)
has been considered. Low-spin Fe(Il) in pyrite cannot be distinguished from Fe(III), this
contribution appears together with the Fe(III) share of total iron.
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Fig. 7.15: Variation of Fe (II) (only high-spin component) with depth. Sample KF13-180
contains abundant low-spin Fe(II) contained in pyrite, which is calculated as Fe(III).
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7.3 Discussion

7.3.1 Early diagenetic processes: modification of primary fluxes of metals

As early as 1965, surficial manganese enrichments in pelagic sediments have been
described (Lynn & Bonatti 1965). These authors already proposed Mn dissolution upon burial
in reduced sediments, ionic or molecular diffusion in pore solutions and accumulation under
oxidizing conditions close to the surface as a mechanism for manganese redistribution in deep-
sea sediments. Such early diagenetic remobilization can significantly modify primary
fluxes of manganese and, to a lesser extent, iron and other metals.

Early diagenetic processes in marine sediments are primarily driven by the decompo-
sition of organic matter. In this process, inorganic chemical species are successively used
as terminal electron acceptors in the sequence O,, nitrate, Mn-oxides, Fe-oxides, and finally
sulfate. This “biogeochemical zonation* is related to decreasing energy yield per mole of
organic carbon oxidized (e.g. Froehlich et al. 1979). Manganese is absent from pore waters in
the oxic zone above the penetration depth of oxygen. It is mobilized downcore under reducing
conditions, migrates upwards in the pore water and reprecipitates under oxidizing conditions
close to the sediment-water interface. Under steady-state conditions, sharp solid-phase
manganese spikes are expected to occur where the downward diffusive flux of oxygen is
balanced by the flux of Mn-II diffusing upwards (Froehlich et al. 1979, Burdige & Gieskes
1983, Burdige 1993). It appears reasonable that manganese fluxes above the diagenetic Mn
spikes may represent primary fluxes at the sediment-water interface which, in the area of the
present study, might be dominantly derived from hydrothermal particle plumes. Solid-phase
manganese is stable under oxidizing conditions; if newly deposited organic matter is
decomposed by oxygen, no diagenetic remobilization of Mn would occur over this depth inter-
val. Mn(II) diffusing upwards in porewaters from deeper reducing sediment sections will be
oxidized and precipitate within the underlying brown layer and thus be prevented from moving
higher up in the sediment. Some material derived from the manganese spike may be displaced
upwards by bioturbation. However, recent modeling has shown that sharp manganese peaks
near the sediment redox boundary can only occur if the redox boundary is deeper than the zone
of maximum active bioturbation, assumed to be 8-10 cm (Dhakar & Burdige 1996).

Double manganese peaks reflect non-steady state conditions, such as a recent
change in bottom water oxygenation or organic matter burial rate. Metal enrichments related to
non-steady state diagenetic processes have been attributed to various scenarios, including
decreasing rates of sedimentation and organic carbon supply at the glacial/Holocene transition
(Berger et al. 1983, Thomson et al. 1984a, 1996, Wallace et al. 1988), episodic and rapid depo-
sition of organic-rich turbidites (Colley et al. 1984, Wilson et al. 1985, 1986, Jarvis & Higgs
1987, Buckley & Cranston 1988), and formation of sapropels (Pruysers et al. 1993, Thomson
et al. 1995). Iron also undergoes early diagenetic remobilization; however, the fraction of total
iron affected by these processes is likely to be lower, since a comparatively larger fraction of
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total iron is structurally bound in mineral lattices of clay minerals and other phases, and cannot
be mobilized by reducing processes.

Since no detailed porewater data are available for the cores from the area of study, solid
phase distributions of iron and manganese are compared with organic carbon profiles to yield
clues on early diagenetic processes (Fig. 7.16). The coincidence of sharp manganese peaks with
organic carbon minima in cores Ac.91KS04, KF16 and KF09 strongly suggests a diagenetic
origin. The double manganese peak in core KF09 may indicate non-steady state diagenetic con-
ditions related to a recent increase in productivity. This interpretation is supported by an increase
in 8"*C-values of the surface-dwelling planktonic foraminifera Globigerinoides ruber during the
last 5,000 years (cf. Chapter 4) which could indicate an enhanced supply of nutrients in the
water column. The lower peak is interpreted as a metastable relict manganese peak, whereas the
upper peak, which is also enriched in iron, is the presently active peak, i.e. the location where
manganese presently diffusing upwards in pore water solution will precipitate as Mn (III) in the
solid phase. Similar non-steady state conditions related to a recent increase in organic carbon
supply during the late Holocene - in this case, after 1900-1350 years ago - have been invoked to
explain double manganese peaks above Mediterranean sapropels (Pruysers et al. 1993). In the
cores sampled at the Mid-Atlantic Ridge during the GEOFAR cruise, double brown layers only
occur at 37°N, at the southern limit of the study area. This local effect may result from processes
occurring in surface waters; there is no evidence for a causal relationship to hydrothermal input
from the nearby Lucky Strike vent field.

In three of the cores shown in Fig. 7.16, the maximum iron enrichment occurs just
below the sharp manganese peaks. This is consistent with the fact that manganese is mobilized
preferentially to iron under steady-state conditions due to thermodynamics and kinetics (Stumm
& Morgan 1981). In core KF09, iron shows a broad “inverse U-shaped” pattern. This iron pro-
file is certainly “smeared” by the effects of bioturbation, which appears to be more intense at
this location compared to the other cores studied: While brown layers usually show a well-de-
fined base, all color limits in the oxidized zone are gradual in this particular core. Additionally,
determining the location of maximum iron enrichment would require fine-scale sampling on the
cm-scale or less, and be limited by analytical uncertainties. Based on the available data, it is
possible that the iron maximum exactly coincides with the upper manganese peak. This could
indicate that the oxidation front is still retreating upwards following the proposed increase in
organic carbon supply, and that steady-state conditions have not yet been reestablished.

In core KF13, enrichments of iron, manganese and other metals (Fig. 7.5,
Fig. 7.16) in surface sediments are similar as in the other cores, but are associated with a local
maximum of organic carbon. The organic carbon profile in this core is fairly irregular during the
Holocene, which is tentatively interpreted in terms of fluctuations in productivity. In core
Ac.91KS04 (EPSHOM), the diagenetic sequence seems to be “condensed*: iron, just as manga-
nese, shows a sharp “inverse V-shaped“ peak within the oxidized surface layer. This is
presumably related to the fact that little or no material has been deposited at this particular

location during the Holocene. The presence of an oxidized surface layer with well-defined metal
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Fig. 7.16: Apparent fluxes (including diagenetic enrichment) of Fe and Mn during Holocene
and Stage 2. For core KF16, minimum accumulation rates have been plotted for Isotope
Stage 2, since the age of the base of the core cannot be exactly constrained, and samples
from an allochthonous serpentine layer with high Fe content are not shown.
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enrichments should indicate that possible core loss has been limited; the apparent absence of a
Holocene sediment section, i.e. the lack of an isotopic “Holocene plateau” (cf. Chapter 4) does
not mean that a sizable Holocene sediment section was originally present, and was entirely lost
during the coring process.

For cores KF13 and KF16, manganese pore water profiles are available with samples
taken at the top of each core section (Fig. 7.17 [above]: E. Deloule & J.-F. Gaillard, unpub-
lished data). Detailed pore water data near the sediment surface have been obtained on box cores
retrieved at the same locations (Fig. 7.17 [below]: C. Rabouille, unpublished data).
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Fig. 7.17: above: Distribution of pore water manganese in gravity cores KF13 and KF16.
(E. Deloule & J.-F. Gaillard, unpublished data). Samples were taken at the top
of each core section; shaded rectangles indicate areas shown enlarged below.
below: Solid-phase manganese distribution in oxidized surface layers of cores
KF13 and KF16 and pore water profiles (C. Rabouille, unpublished data) from
box cores taken at the same location. Stippled rectangles indicate brown-colored
layers enriched in solid-phase Mn.
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Pore water profiles show that manganese is absent or nearly absent from pore waters at the core
surface. As discussed above, the first appearance of Mn in pore waters should correspond to the
penetration depth of oxygen. According to the diagenetic zonation of Froehlich et al. (1979),
solid-phase manganese enrichments visible as brown-colored layers should occur at the same
core depth. The slight disagreement between pore water and solid-phase records could be due to
small-scale variations in the penetration depth of oxygen: while gravity and box cores have been
sampled at the same location, the exact coring locations are 110 and 185 m apart for core KF13
and KF16, respectively. In the case of core KF13, some loss of sediment at the top of the
gravity core may have occurred, whereas the surface of the corresponding box core was well
preserved. The pore water profiles provide direct evidence for a diagenetic origin of
near-surface manganese enrichments. Decreasing concentrations of manganese in pore water
below 1 m in core KF16 indicate that manganese has also been diffusing downwards at this
location. Such divergent profiles of dissolved Mn have been attributed to sorption of dissolved
Mn on carbonates under reducing conditions (Thomson et al. 1986, Gingele & Kasten 1994).
A similar process may have been operating in core KF13, but to a much lesser extent. This is
consistent with the selective leaching data, which show that Mn is mostly associated with the
carbonate phase in samples KF13-200, KF13-475, KF16-580 and KF16-620.

Based on solid-phase and pore water concentration gradients of manganese, it is
possible to estimate the time required to produce near-surface solid-phase Mn enrichments
(Buckley & Cranston 1988) from the relationship

dC,,/dZ is the concentration gradient of dissolved Mn between its maximum concentration and
low or zero concentrations above the solid-phase enrichment, K, is the diffusion coefficient
(2 + 10° cm?/s) for Mn** (Aller 1980), t is time in years, AWT is a constant including conver-
sion factors for moles to mass and time in seconds to years, X is the thickness of the enrichment
zone, p is the dry bulk density of the sediment and En is the observed Mn enrichment, i.e. the
difference between solid-phase Mn concentrations within and below the enriched layer. Solving
for t indicated the time necessary to produce the observed solid-phase Mn enrichment.

Based on the available pore water data, the location of the maximum of dissolved Mn
cannot be adequately constrained. Therefore, only a very rough estimation is possible based on
the pore water data from the gravity cores, owing to the widely spaced samples. On the other
hand, the gradient of dissolved manganese in box cores can yield a minimum value for t. As
pore water profiles from the gravity cores clearly show that the maximum of dissolved manga-
nese is located below the base of the box cores, the diffusion path of dissolved Mn is actually

longer, increasing the time required to produce the observed solid-phase Mn enrichment.
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In core KF13, the solid-phase Mn maximum occurs at 19 cm core depth, and the dis-
solved maximum at 90 cm at the base of the first core section. With dC,,/dZ = 33.16 pumol/l
*71 cm’, X = 2 cm (thickness of the brown layer), r = 0.77 g/cm’ and En = 13,090 - 720
ppm = 12,370 ppm, solving for t results in an estimate of 12,000 years to produce the observed
Mn enrichment. As an underlying sample at 22 ¢m core depth has been AMS dated at 7,700
years ('“C age converted into calendar years), this would imply that diagenetic fluxes of
manganese by upward diffusion in porewaters have been continuous at least since the Last
Glacial Maximum (18,300 years B.P.). The minimum value for t, based on the box core data
(dCy,/dZ = 22 pmol/l * 6 cm™ ), is 1500 years. These estimations are approximate and based
on the simplifying assumption of steady state conditions, while the organic carbon profile
suggests non-steady state conditions at the site of core KF13 (as discussed above). However,
they indicate that diagenetic fluxes are capable of producing the observed Mn enrichments in
brown-colored layers compared to adjacent sediments, while the Mn inventory in the brown-
colored layer integrates primary and secondary fluxes. This process requires considerably
longer timescales, since the 2 cm-thickness of the brown-colored layer corresponds to 260
years, based on the sedimentation rate data discussed in the stratigraphy section.

The exact nature of diagenetic processes appears to vary at each core location; a more
detailed assessment is not possible in the absence of high-resolution pore water data, and would
be beyond the scope of this study. The above discussion strongly suggests that enrichments of
iron and manganese in oxidized surface layers have an early diagenetic origin. This interpreta-
tion is compatible with the results of selective leaching and Mdssbauer spectroscopy, which
indicate that these enrichments are related to the presence of oxide phases mobile in diagenetic
processes. The fact that manganese is dominantly associated with the carbonate/adsorbed phase
in samples taken beneath the oxidized surface layer is in accord with sorption of remobilized Mn
to carbonates under reducing conditions (Thomson et al. 1986, Gingele & Kasten 1994), and
implies that, contrary to iron, only minor amounts of Mn are contained in detrital mineral
phases.

In addition to Mn and Fe, a number of other elements are enriched in oxidized surface
layers (Fig. 7.5). The close association of Co and Ni with Mn in brown layers reflects the well-
known solid-phase association of these elements with manganese oxides (Bonatti et al. 1971,
Hartmann 1979, Klinkhammer 1980, Sawlan & Murray 1983). The distribution patterns of
copper and zinc are more irregular. These elements show some evidence of association with
Mn-phases, in accord with the results of Hartmann (1979) and Fernex et al. (1992). Copper
also appears to be enriched close to the sediment-water interface. This fraction of copper may be
associated with labile organic matter, which is rapidly oxidized, and copper is subsequently
released to the bottom water (Klinkhammer 1980).

On the other hand, similar distribution patterns of Fe and P, V and As suggest that the
last three elements, which are known to be scavenged from the water column by Fe-oxyhydro-
xides in hydrothermal particle plumes, are primarily associated with Fe-phases. Figure 7.6
shows that P, V and As are correlated with iron in Mid-Atlantic Ridge sediments, albeit with a
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considerable degree of scatter, but that this correlation breaks down in the case of off-axis
sediments. In various studies dealing with off-axis sediments, V was found to be enriched
under reducing conditions (Bonatti et al. 1971, Colley et al. 1984, Thomson et al. 1993, 1995},
it has also been reported that black shales formed in a sulphidic environment are enriched in
vanadium (Brumsack 1986). Enrichment of V in oxidizing conditions, with a distribution
pattern similar to iron, should then indicate that V had been primarily associated with iron prior
to diagenetic remobilization, and has been remobilized along with its carrier phase. This, in
turn, suggests that mobile iron oxide phases in sediments have been derived from iron oxides in
hydrothermal particle plumes.

Mn-peaks during Termination I, frequently associated with enhanced fluxes of
various other metals, may also be influenced by diagenetic remobilization. In core KF13, the
maximum manganese enrichment during Termination [ occurs at a core depth of 80 cm; it is
accompanied by a distinct Ni peak and enrichments of Fe and Cu. The age of this sample is
constrained by two AMS ages at 73 ¢cm (12,230+130 "C years) and 100 cm (13,030+140 “'C
years), linear interpolation yields an age of about 14,400 years on the calendar scale. The orga-
nic carbon profile shows a general trend towards lower values in the early Holocene (Fig.
7.16), one sample with an age of approximately 17,000 years falls off this trend, which is
presumably due to dilution by enhanced terrigenous input (cf. below and Chapter 8). The Mn
peak coincides with a distinct downward step in the organic carbon profile (Fig. 7.16). A Mn
peak is also present in core KF16 near the top of Termination Ia at approximately 15,700
years. A contemporaneous iron peak and very elevated Ni accumulation rates include the effects
of admixture of Ni-rich serpentine matertal, which is clearly the dominant controlling factor in
the case of Ni. In core KF09, two accumulation peaks of various metals arc present during
Termination I with interpolated ages of 17,500 and 10,300 years, respectively; these peaks
similarly coincide with steps in the organic carbon profile. Mn enrichments are comparatively
minor in this core. In core Ac.91KS04, the top of Termination I concurs with the oxidized
surface layer; therefore, fluctuations of metal accumulation rates during this time period cannot
be fully resolved. A peak of Cu and Zn carly during Termination I has an interpolated age of
16,100 years; the shape of the Mn profile could indicate that a Mn peak was formerly present
and has been nearly completely “eroded*. Another peak of Fe, Cu, Zn and Ni is present at the
Stage 4/Stage 3 transition, with the local Mn maximum occurring slightly further downcore.

Manganese spikes during the last glacial-interglacial transition have been
observed in other studies (e.g. Berger et al. 1983), similar sptkes were also found to be asso-
ciated with earlier glacial-interglacial boundaries down to the stage boundary 12/11 (Finney ct
al. 1988, Gingele & Kasten 1994). A decrease in the sedimentation rate and/or in the rate of
organic carbon supply results in a downward shift of the penetration depth of oxygen and hence
of the manganese redox boundary. An “old* surficial manganese peak is therefore initially con-
served in the oxic zone. Even when it is buried down to the new redox boun.dary by continuing
sediment accumulation and again involved in diagenetic recycling, some or all of the “old* peak

may “survive*, becomes buried in the manganese reduction zone and will subsequently slowly
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dissolve (Burdige 1993). Since these “fossil* peaks are finally again subject to diagenetic remo-
bilization, which will variably affect the different metals, it is not surprising that the amplitude
of the peaks and the particular metals involved do vary between the studied cores.

Mangini and co-workers have proposed an alternative explanation for deglacial manga-
nese spikes (Mangini et al. 1990, 1994, Eckhardt 1992, Frank et al. 1994): These authors argue
that manganese had a longer residence time in the glacial ocean due to generally lower bottom
water oxygenation, and that Mn was precipitated from the water column during glacial/intergla-
cial transitions, resulting in manganese spikes in sediment cores. This implies that deglacial
manganese peaks have a primary origin, namely direct precipitation from the water column,
rather than being the remnants of early diagenetic peaks. In the Atlantic Ocean, lower bottom
water oxygenation during glacial periods could be related to decreased production of well-
oxygenated North Atlantic Deep Water (NADW), as proposed by various authors {e.g. Boyle &
Keigwin 1985/86, Oppo & Fairbanks 1987, Duplessy et al. 1988). Furthermore, NADW
production repeatedly came to a complete stop during the last glacial cycle following major melt-
water incursions, including two prominent events during Termination I at 16.9-17.1 ky cal. and
near the end of and immediately subsequent to the Younger Dryas event (Samthein et al. 1994).

Two lines of evidence suggest that deglacial manganese peaks in the study area have a

secondary rather than primary origin:

e Mangancse peaks are always accompanied by iron peaks of comparable or even higher
magnitude. As manganese, iron is subject to early diagenetic remobilization, even though a
smaller proportion of total iron is mobile in diagenetic processes. On the other hand, a
decrease in bottom water oxygenation would not affect fluxes of iron, unless bottom waters

had become completely anoxic (Millero et al. 1987), which appears highly improbable.

o If Mn spikes were related to a regional or oceanic bottom water reoxygenation event, they
should be time-synchronous in all cores in the study area. Age assignments for deglacial Mn
peaks are based on linear interpolation between age control points; the detailed AMS age
profile in core KF13 reveals that sedimentation rates may be highly variable during
Termination I. Furthermore, the location of Mn peaks in each core has been determined
based on a limited sampling resolution. Within the limits imposed by these facts, deglacial
Mn peaks occur in sediments of different age in the studied cores. This would also suggest a
diagenectic rather than primary origin, since the supply of organic carbon is more likely to be

variable on a small spatial and temporal scale than the degree of bottom water oxygenation.

7.3.2 Spatial and temporal variability of metal accumulation rates

The downcore distribution of metals has obviously been modified by secondary diage-
netic processes, which have caused metal enrichments in the oxidized surface layers and at the
last glacial/interglacial transition, implying loss of metals from other sediment sections. With the
exception of the behavior of vanadium, these processes which have been discussed above

operate in a similar fashion in oxic/suboxic sediments throughout the world ocean. However,
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Mn concentrations in enriched horizons, recalculated on a carbonate-free basis (Table 7.2), are
significantly elevated in the studied MAR sediments: In various studies cited above (Colley et al.
1984, Wallace et al. 1988, Pruysers et al. 1993, Thomson et al. 1993, 1995, Gingele & Kasten
1994), Mn concentrations never exceed 1% on a carbonate-free basis. The only exceptions are
Finney et al. (1988), with maximum values of 3.94%, 8.43% and 6.72% Mn (CFB) in three
cores, and Frank et al. (1994), with a maximum value of 2.24% CFB.

GEOFAR GEOFAR GEOFAR | Ac.91KS04 | FAMOUS area
KF09 KF13 KF16 (EPSHOM) sediments
(37°07N 32°17W) | (37°35N 31°51W) | (37°60N 31°08W) | (38°05N 30°36W)
Fe (%) 22.0 15.6 10.9 8.4 13.8
Mn (%) 4.3 8.3 3.9 kA 0.87
P (%) 1.03 0.78 0.60 0.37 0.69
Cu (ppm) 650 450 325 180 370
Zn (ppm) 240 260 300 170 160
Ni (ppm) 320 330 270 110 90
V (ppm) 1240 600 380 310 900
As (ppm) 600 210 300 55 330

Table 7.2: Maximum concentrations of metals and coprecipitated elements in oxidized surface
layers (all data on a carbonate-free basis). Surface sediment data from the
FAMOUS area (Richter 1992) shown for comparison.

The cores studied by Finney et al. (1988) have sedimentation rates (0.65 cm/ky) an
order of magnitude lower than the GEOFAR cores. The amount of Mn accumulated in the surfi-
cial Mn spike might be considered to represent the Mn that has been diagenetically remobilized
over a considerable time period, maybe a full glacial-interglacial cycle. According to this inter-
pretation, the time-integrated fluxes for the cores of Finney et al. (1988) are distinctly lower
compared to those of the GEOFAR sediments, in spite of the fact that Mn concentrations are
comparable. Frank et al. (1994) have studied sediments from the Galapagos microplate, where
hydrothermal activity is likely to influence the sediment composition. The same authors have
studied a second core from another area of the Galapagos microplate, where considerably less
hydrothermal influence is suspected. In this core, maximum Mn concentrations only reach
0.93% on a carbonate-free basis.

The highest concentrations of Fe, Cu, P, V and As occur in core KF09, south of the
Lucky Strike vent field. Mn concentrations are low, but this can be primarily ascribed to the
presence of a double manganese spike, which causes a more homogenous distribution of the
total amount of Mn that has been diagenetically remobilized. Zinc shows little variability and
low concentrations in core KF09. In hydrothermal precipitates, Zn is contained in sulfide
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phases which are not likely to be transported laterally by hydrothermal particle plumes and accu-
mulate in distal sediments, excluding very fine-grained sulfide particles. Likewise, nickel shows
little variability in the three GEOFAR cores containing brown layers enriched in Mn, Ni and Co.
The association of nickel with the potential hydrothermal tracer Mn might be due to postdeposi-
tional processes, i.e. similar diagenetic behavior. Nickel is not assumed to be derived from
hydrothermal solutions. Generally, the data presented in Table 7.2 suggest decreasing hydro-
thermal influence in the sequence KF09 - KF13 - KF16 - Ac.91 KS04. Element concentrations
are comparable to or higher than in FAMOUS area surface sediments sampled in an area where
hydrothermal activity has also been described (Hoffert et al. 1978). Low concentrations of Mn
and Ni in FAMOUS area samples are due to the fact that this data set only includes surface
sediments, while the maximum enrichment of Mn and Ni generally occurs slightly downcore,

depending on the oxygen penetration depth.

Nares Abyssal Plain (total) 18-35 1.4-1.7| 40-60 40-80 30-60
(NW Atlantic) (1) (authigenic) | 0.6-2 1.2-1.4| 20-30 3-7 1.5-2.3
Bermuda Rise (2) (total) --- 39 700 --- 422
(scavenging) | - 4.3%1.1]| 76126  (17420) 46116
East Pacific Rise(3) 4-124 1-36 | 50-590 --- 30-160
(average) 28 8.5 190 === 75
East Pacific Rise (4) 4096  10-35 | 100-440 30-250 ---
North Fiji Basin (5) 477 0.2-4.1| 10-270 8-140 5-100
(average) 24 1.9 95 52 40
Lau Basin (6) (bulk) 26-250 5-18 | 100-740 50-500 -
(non-detrital)| 10-50 4.7-15 | 80-400  30-150 ---

Table 7.3: Metal accumulation rates in MAR sediments south of the Azores (values beneath
oxidized surface layers) compared to off-axis data from the Atlantic Ocean and to
various hydrothermally influenced environments. Data from (/) Thomson et al.
1984b, (2) Bacon & Rosholt 1982, (3) McMurtry et al. 1981, (4) Barrett et al.
1987, (5) McMurtry et al. 1991, 1994, (6) Cronan et al. 1986.

In Table 7.3, the average and range of metal accumulation rates in MAR sediments south
of the Azores are compared to data from off-axis sediments from the Atlantic Ocean (Bacon &
Rosholt 1982, Thomson et al. 1984b) and to data from hydrothermally influenced environments
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such as the East Pacific Rise (McMurtry et al. 1981, Barrett et al. 1987) and the North Fiji
(McMurtry et al. 1991, 1994) and Lau (Cronan et al. 1986) backarc basins. Thomson et al.
(1984) investigated slowly accumulating sediments at the Nares Abyssal plain with an average
sedimentation rate of 0.5-1 cm/ky; their data are considered representative of average off-axis
conditions in the Atlantic Ocean without hydrothermal influence. Bacon & Rosholt (1982)
discuss data from rapidly accumulating bottom current deposits from the Bermuda Rise, which
are variably affected by sediment focusing and have high average sedimentation rates of
36 cm/ky. Total accumulation rates of Mn and Cu at the Bermuda Rise are comparable to hydro-
thermally influenced environments, even though hydrothermal input can be definitely excluded
at this site, and metals are assumed to be dominantly of terrigenous origin. Elevated bulk and
metal accumulation rates can be ascribed to lateral sediment transport. Lateral sediment supply
cannot be excluded at any location in the ocean, consequently, calculated accumulation rates do
not necessarily correspond to vertical fluxes through the water column (rain rates). However,
very elevated and highly variable sedimentation rates indicate that this effect is particularly pro-
nounced at the Bermuda Rise. The longer residence time and continuous resuspension of par-
ticles in the bottom nepheloid layer also causes significantly more efficient scavenging of transi-
tion metals from the water column at this location compared to average oceanic values. This is
evident if the scavenging rates of Bacon & Rosholt (1982) are compared to authigenic metal
accumulation rates of Thomson et al. (1984).

Data from hydrothermally influenced environments presented in Table 7.3 show that
hydrothermal influence on the geochemical composition of sediments is comparatively minor at
the North Fiji Basin. On the other hand, elevated iron accumulation rates in Lau Basin sedi-
ments compared to the East Pacific Rise include significant supply from volcaniclastic sources.
In the Lau back-arc basin, considerable input of volcanic ash occurs from the adjacent Tofua
island arc (e.g. Riech et al. 1990), providing another major source of iron in addition to hydro-
thermal precipitates. This is consistent with the fact that only 20-40% of total iron in Lau Basin
sediments is present in carbonate and easily reducible phases in the selective leach procedure
employed by Cronan et al. (1986), and interpreted to be of “non-detrital“ origin by these
authors. Volcaniclastic input could also be a significant source of zinc to Lau Basin sediments.

In the area of the present study at the Mid-Atlantic Ridge south of the Azores, highest
metal accumulation rates are observed in core KF16, located in the central part of the 38°05’N
fracture zone. Various lines of evidence suggest that these rates are influenced by lateral

sediment supply:
¢ Sedimentation rates are an order of magnitude higher than in the other cores.

e The core is located in the deepest part of a basin, which most probably acts as a sediment
trap. Sediment ponding in the central part of fracture zones is frequently observed at the
MAR south of the Azores (B.Dennielou, written comm. 1996).
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* A fine-grained serpentine layer is present from 74-87 cm (discussed in detail in Chapter 9).
Since its mineralogy and geochemical composition bear no relationship to the surrounding
pelagic sediments, it has evidently been redeposited. Serpentine is also present at 170 and
370 cm; in the geochemical data, this is apparent by high concentrations of Mg, Cr and Ni.
These latter allochthonous deposits cannot be identified based on visual core investigation; it
is therefore possible that other intervals of redeposited sediments are also present and have
not been recognized.

Based on the nature of the oxygen isotope record, sedimentation has not been perturbed
by major slumps involving redeposition of older material. Lateral sediment supply apparently
has been continuous rather than episodic and may involve slow movement of particles down the
walls of the fracture zone in this area of steep relief. While the depositional process is thus
presumably a different one, fluxes at this site are anomalously elevated compared to the other
cores studied in a similar way as they are in the Bermuda Rise bottom current deposits com-
pared to Atlantic Ocean abyssal plain sediments. The relative importance of sediment redistri-
bution compared to vertical fluxes through the water column could be quantified based on the
pattern of excess “*Th, i.e. **Th-fluxes exceeding production in the overlying water column
(e.g. Suman & Bacon 1989, Francois et al. 1990, Frank et al. 1995); however, this is beyond
the scope of this study. Based on the available data, it is evident that elevated metal accumula-
tion rates cannot be interpreted in terms of maximum hydrothermal influence. In other words,
data from core KF16 do not imply proximity to a presently undiscovered site of past or present
hydrothermal activity.

Some lateral sediment supply cannot be excluded for the other cores in an area of rough
topography such as the mid-oceanic ridge environment. However, it is assumed that these
effects are of minor importance; accordingly, data from cores Ac.91KS04, GEOFAR KF13 and
KF09 are considered to be comparable on a regional (MAR south of the Azores) and global
scale. Among these cores, average fluxes of all metals are highest in core KF09,
located at 37°N south of the Lucky Strike vent field, approximately 40% lower in
core KF13 and 70% lower in core Ac.91KS04. In core KF13, maximum values occurring
during Termination I have been based on a detailed AMS age profile revealing episodes of very
rapid sedimentation during this time period. According to Table 7.3, maximum metal accumula-
tion rates are slightly higher in core KF13 compared to KF09. However, if, by analogy, similar
rapid sedimentation pulses are present in the latter core, maxima of metal accumulation rates
should show the same pattern of spatial variability as average values.

By contrast to the long-term trend, near-surface manganese fluxes, which may be the
best estimation of recent primary fluxes, are about the same in core KF13 (6.6 mg/cm’ky) as in
core KF09 (6.9 mg/cm’ ky). These different patterns for recent fluxes and long-term trends can
be compared to petrologic observations on the Lucky Strike and Menez Gwen hydrothermal
fields: Core KF 13 is located in the vicinity of Menez Gwen, which appears to be a very young,
but already very active site, with first chimneys just starting to grow and only a sparse vent



88

community (Fouquet et al. 1994). At Lucky Strike, evidence exists for long-lasting, recently
reactivated hydrothermal activity (Langmuir et al. 1993), with fluid compositional data
suggesting extensive alteration zones below the sea floor (Klinkhammer et al. 1995). However,
phase-separated hydrothermal fluids are emitted at the shallow Menez Gwen site (840 m water
depth), these fluids are gas-enriched and have very low metal concentrations (Y. Fouquet, pers.
comm. 1996). The apparently continuous hydrothermal influence during the last 30,000 years at
the site of core KF09 might thus be derived from the Lucky Strike hydrothermal field, it may
also include contributions from other fields which are suspected south of the study area, based
on chemical anomalies in the water column (German et al. 1996). It could be proposed that
near-surface fluxes for core KF13 comparable to KF09 are related to hydrothermal input from
the younger Menez Gwen site. However, it is doubtful if hydrothermal plumes derived from
metal-depleted fluids could leave a chemical signature in sediments. Furthermore, near-surface
accumulation rates may not really correspond to present-day fluxes, since some sediment has
probably been lost at the surface of the gravity core. A Holocene shift in bottom currents,
transporting a comparatively higher share of total hydrothermal input to the water column
derived from the Lucky Strike vent field in a northerly direction, could be an alternative
explanation for the observed difference between recent and long-term spatial variability of metal
accumulation rates.

Maximum values and average accumulation rates of all metals are significantly elevated
compared to abyssal plain values, and comparable to values from hydrothermally influenced
environments, whereas minimum values in core Ac.91KS04 are comparable to or even lower
than values from the Nares Abyssal Plain. Iron accumulation rates are also frequently higher
than at the East Pacific Rise and can be best compared with data from the Lau Basin, where
volcaniclastic input provides another major source of iron in addition to hydrothermal precipi-
tates. The study area at the Mid-Atlantic Ridge also receives significant volcaniclastic input
presumably derived from the Azores Islands. Evidence for such a sediment source includes the
frequent presence of minor amounts of volcanic glass in the coarse fraction, and a very similar
leaching behavior of iron as in Lau Basin sediments (cf. above). The data in Table 7.3 also
suggest that a volcaniclastic source may provide some zinc and nickel to the studied MAR
sediments. Additionally, some iron may also have a continentally-derived, presumably eolian or
possibly ice-rafted origin. In particular, the most pronounced iron accumulation peaks during
Termination I in cores KF13, KF16 and KF09 are not accompanied by comparable enrichments
of Mn, which argues against a diagenetic or hydrothermal origin. Instead, they are associated
with marked CaCO, minima, and with maximum concentrations of a number of elements domi-
nantly derived from detrital sources (e.g. Al, Mg, Ti, K). These peaks are therefore interpreted
in terms of peaks of terrigenous detrital input. It can thus be concluded that iron may be derived
from a variety of sources in addition to fallout from hydrothermal particle plumes.
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On the other hand, selective leaching data suggest that manganese may be dominantly
associated with a non-detrital source both in the MAR study area (cf. above) and in the Lau
Basin (Cronan et al. 1986). McMurtry et al. (1991) proposed a simple rate calculation to
estimate the contributions of detrital, authigenic and hydrothermal Mn in the North Fiji Basin:

[Mn flux] o = [Mn flux] gegig + [Mn flux] authigenic [Mn flux] hydrothermal

0.016 Al f,, + 1.0 g/em® ky + MnH

These authors related the detrital Mn flux to the Al flux using a ratio of Mn/Al = 0.016 for
volcanic ashes in the North Fiji Basin, and assumed an authigenic Mn flux of 1.0 g/cm’ ky.
Their model has been applied to the MAR study area (Fig. 7.18). However, an authigenic Mn
flux of 1.3 g/cm®ky was used in the calculations here, which represents a typical value for the
Atlantic Ocean (Thomson et al. 1984b). The percentage of normative hydrothermal Mn should
be a minimum estimate, since continentally-derived eolian dust might rather have a Mn/Al-ratio
close to the one of average upper continental crust (Mn/Al = 0.0075; Taylor & McLennan
1985), which would decrease the relative amount of Mn assumed to be of detrital origin based
on Al fluxes. Beneath oxidized surface layers with diagenetic Mn-enrichments and elevated
Mn/Al-ratios, spatial variability of normative hydrothermal Mn percentages generally shows the
same pattern as the accumulation rates, namely increasing values in the sequence Ac.KS04 -
KF13 - KF09 - KF16. This implies that higher Mn accumulation rates are indeed related to
enhanced hydrothermal input, confirming the results of selective leaching experiments that
detrital sources of Mn are of minor importance. As discussed above, fluxes in core KF16
appear to be significantly amplified by lateral sediment redistribution and cannot be interpreted
in terms of fallout from hydrothermal particle plumes in the water column. The minimum of
hydrothermal manganese prior to 20,000 y in this core is related to a maximum of terrigenous
input. For the other three cores, variability of hydrothermal Mn seems to be a function of
distance to the Lucky Strike vent field: In core KF09, which is closest to the hydrothermal site
and may also receive hydrothermal input from other sources located to the south of the study
area, the percentage of normative hydrothermal Mn shows only minor fluctuations, excluding
one data point at the base of the oxidized surface layer where Mn has presumably been diagene-
tically lost to overlying sediments. In core KF13, considerable temporal variations of normative
hydrothermal Mn occur (27-68% MnH). In core Ac.KS04, the most distal site, similar fluctua-
tions occur at lower percentages of hydrothermal manganese (0-51% MnH). In some samples
from this core, metal accumulation rates are comparable to abyssal plain values lacking hydro-
thermal influence. However, the data in Table 7.3 show that minimum values in hydrothermally
influenced environments may fall in the same range. For samples with zero hydrothermal Mn,
actually a “negative” amount of MnH has been calculated, suggesting that the contributions from
detrital and/or authigenic sources have been overestimated. These fluctuations seem to indicate
that periodically less or no hydrothermal influence can be discerned at more distal sites.
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Fig. 7.18: Percentages of hydrothermal Mn in MAR sediments. Normative model (McMurtry
et al. 1991) discussed in text. Stippled rectangles correspond to oxidized surface
layers. Ages in core KF16 prior to 18,300 y are maximum ages.
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Several explanations could be proposed: w
e There was no hydrothermal activity in the study area prior to 30,000 y. |

e Changes in bottom current patterns could have brought about a different distribution of
fallout from hydrothermal particle plumes, resulting in less hydrothermal input at the distal
sites north of Lucky Strike.

e Mn had a longer residence time in the water column during all or parts of the last glacial
cycle, resulting in a more homogenous distribution of hydrothermal Mn throughout the

glacial ocean.

e Metals were diagenetically lost to overlying sediment sections. :

The first explanation seems rather unlikely; elevated Mn accumulation rates in core KF13
suggest hydrothermal influence at least down to 55,000 y. Changing bottom current patterns
could explain the observed pattern, as already suggested for the differences between
near-surface fluxes and long-term trends. Mangini and co-workers proposed that the geochemi-
cal behavior of manganese in the oceans was influenced by climatic cycles in the Quaternary
(Mangini et al. 1990, 1994, Frank et al. 1994): An increased concentration of Mn and a longer
residence time in the glacial water column could have been achieved either if the deep water had
become anoxic (“Black-sea type conditions™), or if the oxygen flux from the water column was
lower than the oxygen demand by aerobic bacteria degrading organic matter. In the latter case,
Mn would be released from sediments to the bottom water, and would be continuously recycled
between sediments and the water column, allowing transport of hydrothermal manganese to
more distal areas (Mangini et al. 1994). Their model is supported by geochemical data on sedi-
ments from the Galapagos microplate and on a sediment core from the Angola Basin. At the
Galapagos Basin, sediments contain low amounts of Mn during glacial stages 2 and 3, and en-
hanced concentrations during stages 4 and 5. These authors also argue that manganese spikes
observed down to the stage 10/9 transition in the Central Pacific Ocean by Finney et al. (1988)
could represent precipitation pulses following reoxygenation of the water column during glacial/
interglacial transitions. They say that if these spikes were of diagenetic origin, they would not
be likely to be preserved in the longer-term sedimentary record and should not be time-synchro-
nous in several cores.

Mangini and co-workers used the Mn/Al-ratio as an indicator for the supply of hydro-
thermal manganese to Galapagos microplate sediments. In their samples, Mn/Al-ratios are con-
sistently close to crustal values and average pelagic sediment throughout isotope stages 2 and 3.
Provided that there was ongoing hydrothermal activity, hydrothermal manganese must have
been deposited elsewhere during this time period at the Galapagos microplate. By comparison,
the Mn/Al-ratio is uniformly at least an order of magnitude higher than crustal values in the
studied MAR sediments (Fig. 7.19). Near-surface diagenetic Mn-enrichments have very
elevated Mn/Al-ratios. Minor Mn/Al-peaks during Termination I are related to Mn enrichments,
which were also inferred to be of diagenetic origin. Lowest Mn/Al-ratios are observed in the
vicinity of the Last Glacial Maximum (18,300 y B.P.). Below, these ratios show a first-order
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Mn/Al-ratio (Taylor & McLennan 1985) typical of average pelagic sediments.
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increase down to 50,000 years in cores Ac.91KS04 and KF13, a similar trend is suggested by
higher values at the base of core KF09 and possibly KF16. Lower values occur again prior to
50,000 years in core Ac.91KS04, excluding a single-point spike at the stage 4 / stage 5 tran-
sition. These patterns are not compatible with Mn redistribution within the glacial water column
due to low bottom water oxygenation, but would rather suggest that diagenetic remobilization of
manganese has occurred over the time scales concerned. Most of the manganese remobilized
should have diffused upwards towards the oxic/suboxic boundary, but some would diffuse
downwards to deeper layers and may be taken up on carbonate surfaces or form a separate
MnCO; phase (Thomson et al. 1986, Gingele & Kasten 1994), which could explain “diver-
gent* solid phase manganese profiles. Early diagenetic remobilization of manganese and, to a
lesser extent, iron, should have been more important during glacial stage 2 and late stage 3,
because sediments from these periods generally have higher organic carbon content
(cf. Chapter 5.2). This might also have affected the downcore distribution of trace metals and
elements coprecipitated by hydrothermal Fe-Mn oxide phases.

On the other hand, the lowermost samples of core KF13 analyzed for organic carbon
from early stage 3 have very low C__ contents of 0.085% and 0.075%, so it is feasible that no
diagenetic remobilization has occurred, and that fluxes from this time period correspond to pri-
mary fluxes. Iron accumulation rates during this time period are rather low and within the range
of abyssal plain values; on the other hand, manganese accumulation rates of 4.0-4.7 mg/cm’sky
are within the range of values observed in hydrothermally influenced environments.
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7.4 Conclusions

Hydrothermal input in the studied MAR sediments is considerably diluted by biogenic
carbonate as well as by biogenic opal, terrigenous and volcanic phases (cf. discussion in factor
analysis section, Chapter 6). For example, a major portion of phosphorus appears to be of bio-
genic rather than hydrothermal origin. However, metal accumulation rates are frequently ele-
vated compared to abyssal plain values without hydrothermal influence, and are comparable to
other hydrothermally influenced environments. Highest accumulation rates in core KF16 are
certainly related to significant lateral sediment supply and cannot be interpreted in terms of verti-
cal fluxes from hydrothermal particle plumes through the water column. In the other three cores,
lateral sediment supply is considered to be of minor importance; hence variations in metal accu-
mulation rates can be used to decipher the relative importance of hydrothermal input at each site
through the last 30,000-80,000 years. Maximum fluxes occur at 37°N (core KF09), south of
the Lucky Strike vent field; these fluxes may also include contributions from other hydrothermal
fields which are suspected south of the study area. Elevated metal accumulation rates in core
KF13 (37°35’N) could be derived from the adjacent Menez Gwen field; however, it is doubtful
if plumes derived from phase-separated, metal-depleted fluids would leave a geochemical
imprint in sediments. It is also possible that this core and core Ac.91KS04, located at an even
more distal site, received input from the Lucky Strike plume; the relative amount of this contri-
bution may have been fluctuating due to variable bottom current patterns.

The downcore distribution of metals has been modified by early diagenetic processes,
which operate in a similar fashion throughout the world ocean. Evidence for such processes is
based on organic carbon profiles and Mn porewater data from box cores taken at the same
location as the gravity cores analyzed in this study. Selective leaching data and Maossbauer
spectroscopy indicate the presence of Fe- and Mn-oxide phases which are readily mobile in
porewater solution and can reprecipitate under oxidizing conditions close to the sediment-water
interface. Peaks of Mn and Fe during Termination I are interpreted as remnants of early diage-
netic peaks, which have been preserved due to a decrease in sedimentation rates and organic
carbon supply at the last glacial-interglacial transition. Earlier Fe peaks not accompanied by
similar enrichments of Mn are considered to result from maxima of continentally-derived detrital
input. Temporal variability of Mn during the last glacial cycle may be best explained by diagene-
tic remobilization followed by upward and downward diffusion in porewaters and immobiliza-
tion as a manganese carbonate phase in suboxic sediments, consistent with the results of selec-
tive leaching experiments.

While diagenetic processes apparently have modified the pattern of temporal variability
of metal accumulation rates, average accumulation rates are clearly indicative of continuous
hydrothermal influence in the study area throughout the time periods available in each core, at
least down to 55,000 years B.P. .
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8. Barium in Mid-Atlantic Ridge sediments: Hydrothermal or
biogenic origin and possible paleoceanographic implications

8.1 Introduction

Barium in deep-sea sediments may have many sources, including hydrothermal,
biogenic and detrital (Church 1979, Dymond 1981). A hydrothermal origin of barium in
ridge-crest sediments was proposed based on the correlation between Ba and a typical
hydrothermal element association including Fe, Mn, Cu and Zn in East Pacific Rise sediments
(Bostrom et al. 1973). In the MAR study area, hydrothermal deposits at the Lucky Strike and
Menez Gwen sites contain abundant barite compared to other mid-ocean ridge sites, which was
attributed to the enriched nature of the volcanic substrate, i.e. the higher barium content of
Plume MORB in the vicinity of the Azores hot spot compared to average N-type MORB
(Humphris et al. 1993, Fouquet et al. 1996).

However, it is not clear whether barite particles of hydrothermal origin may be trans-
ported laterally in hydrothermal particle plumes and accumulate in “far-field** pelagic sediments.
Coarse-grained barite particles should behave in a similar manner as sulfide particles of similar
size and density: According to the particle deposition model of Feely et al. (1987, 1990), pyrite
particles larger than 50 pm with a density of 5.0 will settle out within 1300 m of the vent, while
chalcopyrite and sphalerite particles with densities close to 4.0 will settle within 1500 m; barite
has a density of 4.5 intermediate between these phases. At the Endeavour segment of the Juan
de Fuca Ridge, barium fluxes in the upper portion of the plume are at most slightly clevated
compared to background values from the overlying water column (Dymond & Roth 1988),
suggesting no or limited lateral dispersal of hydrothermal barite particles. At 21°N at the East
Pacific Rise, most of the hydrothermally injected Ba appears to remain in solution within the
lower 22 m of the buoyant plume (Mottl & McConachy 1990); however, analytical data are
highly variable, and the authors have indicated that redissolution of previously formed barite
may have occurred either in the plume or subsequent to sampling. While particulate barium in
the water column is correlated with particulate manganese at the East Pacific Rise (8°40°'N to
11°50’N), both elements show concentration increases towards the bottom along the entire
length of both segments studied, regardless of proximity to hydrothermal sites. This has been
attributed to resuspension of bottom sediments enriched in Mn and Ba rather than to input from
hydrothermal sources (Feely et al. 1994).

Two possibilities may still exist for accumulation of barium derived from hydrothermal
sources in ridge-crest sediments: dispersal of very fine-grained barite particles in hydrothermal
plumes and mass-wasting of hydrothermal sulfide/sulfate deposits. At the ASHES vent field at
Axial Volcano, Juan de Fuca Ridge, barite particles with a size range of 10-30 pm have been
observed in the upper part of the buoyant plume 26 m above the vent field, along with
sphalerite, chalcopyrite and iron sulfide particles as small as 0.1 um (Feely et al. 1990). Such
fine-grained sulfide and sulfate mineral grains might be dispersed in hydrothermal particle

plume in a similar way as fine-grained Fe and Mn oxyhydroxides and contribute to ridge flank
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metalliferous sediments (Feely ct al. 1987). Redeposited sulfide material apparently constitutes a
significant source of metalliferous sediments in the TAG area at 26°N on the Mid-Atlantic Ridge;
this component has been distinguished from particulate fallout from neutrally buoyant plumes
based on ¥°Th/Fe ratios and rare earth element patterns (Mills et al. 1993, German et al. 1993).

A biogenic origin of barium in deep-sea sediments was initially proposed
based on the elevated Ba content of sediments underlying highly productive surface waters
(Goldberg & Arrhenius 1958). The nutrient-like behavior of Ba in the water column (Chan et al.
1977) also suggests an association of this element with the biogenic cycle. A correlation
between particulate Ba and organic carbon has been observed in sediment traps (Dymond et al.
1992, Frangois et al. 1995). The mechanism of barite formation in seawater is still poorly
understood, since seawater 1s undersaturated with respect to BaSO,. However, it seems to be
generally accepted that barite forms primarily in microenvironments within decaying phyto-
plankton cells and fecal pellets, where the solubility product of BaSQ, is locally exceeded due to
sulfate production from decaying organic matter (Chow & Goldberg 1960, Dehairs et al. 1980,
Bishop 1988). This interpretation is supported by the coincidence between particulate Ba
maxima and the oxygen minimum and an inverse correlation between Ba and dissolved oxygen
in the water column of the Southern Ocean. It is clear though that the barite flux increases with
increasing water depth (von Breymann et al. 1992 b).

Since pore waters in oxic marine sediments are generally saturated with respect to barite
(Church & Wolgemuth 1972), the distribution of Ba is not likely to be affected by post-deposi-
tional diagenetic processes. Consequently, Ba is more refractory than other productivity indica-
tors such as organic carbon, biogenic opal or CaCO, and considered to exhibit more predictable
preservation patterns. However, this assumption is not valid in anoxic sediments depleted in
interstitial sulfate. In this case, porewaters become undersaturated with respect to barite, and
barite is dissolved in sulfate-depleted intervals. Downward sulfate and upward barium diffusion
then result in local precipitation of authigenic barite in diagenetic fronts near the termination of
the sulfate reduction zone (Brumsack 1986, von Breymann et al. 1990, 1992 a, b, Torres et al.
1996). Furthermore, shallow-water shelf sediments underlying highly productive surface
waters are not enriched in barium, consistent with the interpretation that barite formation occurs
during settling of biogenic particles below the thermocline (von Breymann et al. 1990, 1992 b).
These observations indicate that the use of Ba as a tracer of paleoproductivity should be
restricted to oxic and suboxic deep water sediments. In anoxic sediments, the initial signal may
still be partially retained in spite of diagenetic overprint, but care has to be taken in the interpre-
tation of individual peaks (von Breymann et al. 1992 b).

Based on the evidence discussed above, various studies have used Ba in sediments as an
indicator of paleoproductivity (e.g. Schmitz 1987, Shimmield & Mowbray 1991, Gingele &
Dahmke 1994, Niimberg 1995, Rutsch et al. 1995, Sirocko et al. 1996). The use of Ba as a
tracer of paleoproductivity requires that detrital and hydrothermal sources of Ba are negligible,
or that a correction can be applied to account for these sources. A correction for detrital sources
of Ba has been proposed based on the Ba/Al-ratio, which assumes that this ratio in detrital
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aluminosilicates is constant to a first approximation and that Al is exclusively supplied from
detrital sources. Dymond et al. (1992) assumed an average value of Ba/Al = 0.0075 in detrital
aluminosilicates, based on a range of 0.005-0.01 commonly observed in crustal rocks. Rutsch
et al. (1995) adapted a value of Ba/Al = 0.0045, based on their data points with lowest Ba/Al-
ratios. In nearshore areas, detrital sources of Ba may be particularly important, and the choice of
the correction for detrital Ba may even change the interpretation completely (Dymond et al.
1992). However, in most other areas, detrital sources of Ba are of minor importance. Likewise,
hydrothermal sources can be neglected in most parts of the world ocean. While a small quantity
of hydrothermal barite in off-axis sediments in the Pacific Ocean has been suggested based on
Sr isotope analysis of barite separates, this contribution only accounts for 2-2.5% of total barite
(Martin et al. 1995). However, the hydrothermal source is potentially significant in ridge-crest
sediments, including the samples of the present study. Since both hydrothermal and biogenic
barium is present as pure barite, it is not possible to differentiate between these sources based
on the mineralogy.

In the area of the present study, Ba may be derived from hydrothermal, biogenic and/or
detrital/volcaniclastic sources. A correction can be applied for detrital sources of Ba, which
depends on the reliability of an assumed detrital Ba/Al-ratio. On the other hand, hydrothermal
and biogenic sources may both be significant and cannot be easily distinguished from one
another. In the following section, data will be presented on the distribution of Ba in distal MAR
sediments. The relationship between Ba and Si and organic carbon in the studied sediments and
the stratigraphic pattern of Ba abundances will be used to give clues on the origin of barium in
the studied sediments, and possible paleoceanographic implications will be discussed. It will be
demonstrated that barium is apparently primarily of hydrothermal origin in sediments on the
flanks of the Lucky Strike seamount, where Ba is probably derived from redeposited
hydrothermal precipitates. On the other hand, it is suggested that biogenic sources dominate in
distal sediments. Particularly, time-synchronous Ba maxima in four cores during Termination I
are compared with other geochemical and paleoceanographic data, and tentatively interpreted as

indicators of productivity spikes.

8.2 Results

8.2.1 Relationship between Ba, Si and organic carbon

In Figure 8.1, barium concentrations are compared with silica and organic carbon. In
this context, silica is used to indicate the abundance of biogenic opal; however, it has to be
borme in mind that Si is also derived from detrital aluminosilicate and possibly hydrothermal
sources. Significant correlations between Ba, Si and organic carbon seem to indicate that barium
is dominantly of biogenic origin. For various reasons, several groups of samples fall off the

general trend and have been omitted from the data set for calculation of regression lines:
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* In a number of samples, silica is dominantly derived from non-biogenic sources such as vol-
canic glass or serpentine material from alteration of ultramafic rocks (cf. Chapter 9). Conse-
quently, these samples are low in Ba and variously elevated in Si; several samples with Si
content greater than 10% are not shown in Fig. 8.1 b) for scaling reasons. Two samples
from the immediate vicinity of the Lucky Strike seamount plot above the regression line of
Ba vs. organic carbon in Fig. 8.1 a). While these data points still fall within the range of
scatter around the regression line observed in distal sediments, this may suggest significant

input of hydrothermal Ba, which needs to be confirmed by other criteria.

e Near-surface sediments, particularly in oxidized surface layers, have elevated content of

organic carbon and higher C_ /Ba-ratios. Newly deposited organic matter has not been as

org
extensively degraded by early diagenetic processes as in underlying sediments; consequently,
a higher proportion of the initial flux of organic carbon is still preserved. This is consistent
with the fact that barite barium is more refractory than organic carbon in the longer-term

sedimentary record.

e Samples from the lower part of core KF16 are lower in Ba at comparatively high content of
silica and especially organic carbon. A strong smell of hydrogen sulfide and a yellowish-
brownish color of extracted porewaters indicates that these sediments have encountered
anoxic conditions. Two reasons can explain the lower Ba content compared to suboxic
sediments:

- The bunial efficiency of organic carbon could be enhanced in anoxic sediments; a higher
proportion of the initial flux of C_, was preserved, resulting in a higher C_ /Ba-ratio, just as
in surface sediments.

- Some barium has been diagenetically lost to overlying sediments. As discussed above, barium
is diagenctically mobilized in anoxic sediments, and authigenic barite fronts may develop at
the termination of the sulfate reduction zone.

These explanations are not mutually exclusive, and both processes probably contributed to
the observed pattern. The significant correlation between Ba and organic carbon in samples
from the lower part of core KF16 suggests that the barium distribution in anoxic sediments is
also controlled by the input of organic carbon; however, the slope of the regression line is
clearly different compared to the data set from suboxic sediments. Rapid settling of particles
through the water column following a diatom bloom in surface waters may explain the low
Ba content of the diatom-rich sample KF16-332. As mentioned above, barite presumably
precipitates in microenvironments created during decay of organic matter settling through the
water column. A smear slide investigation of the diatom layer showed that diatoms are well

preserved and show no evidence of dissolution.

o Finally, a number of samples are low in organic carbon and high in barium. These represent

“barium spikes* during Termination I, which will be discussed in later sections.
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Fig. 8.1: Scatter plots of Ba vs. C org. and Si. Different groups of samples discussed in text.
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Since Si is supplied by both detrital aluminosilicates and biogenic opal, the Si/Al-ratio
can be used as an indicator of the relative importance of these two sources of silica. This relies
on the assumptions that Al in pelagic sediments is supplied exclusively from detrital sources,
and that hydrothermal sources of silica in sediments are negligible. While amorphous silica of
hydrothermal origin is present at the Lucky Strike seamount, it originates from low temperature
diffuse flow (Fouquet et al. 1994) and should not be laterally transported in hydrothermal

particle plumes and accumulate in distal sediments.
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Fig. 8.2: Scatter plots of Ba vs. Si/Al as an indicator of the relative amount of biogenic opal
vs. detrital aluminosilicates. Stippled rectangle defines data range shown
enlarged in lower part of figure.
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In a normative chemical model of Nazca Plate surface sediments, Dymond (1981) has assumed
a detrital Si/Al-ratio of 3.0 for acidic continentally-derived detritus; in the study area, Si/Al-
ratios are frequently lower, consistent with a significant contribution from basaltic detritus.
Figure 8.2 again shows a significant correlation between Ba and Si/Al, albeit with a conside-
rable degree of scatter especially at elevated ratios of Si/Al. Surface sediment samples from the
flanks of the Lucky Strike seamount always have comparatively low Si/Al-ratios. This indicates
that these samples contain little biogenic opal, as is generally the case for Holocene sediments in
the study area, and abundant basaltic detritus which is evident from the presence of dark
volcanic glass. Several samples, especially KG 18-S, plot clearly above the regression line for
Ba vs. Si/Al established for “far-field* pelagic sediments in the study area; these are the only
samples with elevated Ba content at low ratios of Si/Al. The higher Ba content cannot be due to
a volcaniclastic contribution: As discussed in Chapter 6.4.1, volcaniclastic input at the Lucky
Strike seamount is derived from local sources with chemical characteristics of enriched MORB,
whose Ba content does not exceed 150 ppm. Sample KG18-13 is composed almost exclusively
of volcanic glass and may be considered a “local end-member of volcaniclastic input.
A biogenic origin of the Ba enrichment also appears unlikely based on the low abundance of
biogenic opal and the observed deviation from the regression lines of Ba vs. Si/Al and organic
carbon. If Ba were dominantly of biogenic origin, the surface sediment sample KGI8-S
(0.32% C_,,., 769 ppm Ba) would be expected to plot in the field of “near-surface sediments™ in
Fig. la). The distinct behavior of Ba vs. biogenic indicators such as organic carbon, Si and
Si/Al in sediments on the flanks of the Lucky Strike seamount seems to indicate a dominantly

hydrothermal origin of Ba, which will be discussed below.

8.2.2 Stratigraphic distribution of barium

Figure 8.3 shows plots of Ba concentrations on a bulk and carbonate-free basis vs. age
in four gravity cores. In all cores, concentrations are lowest during the Holocene and show a
first-order continuous increase during Termination I towards higher values for isotope stage 2.
In the two cores providing records beyond 30,000 y, Ba concentrations remain elevated during
Stage 3 compared to the Holocene. In core Ac.91KS04, slightly higher contents occur in
Stage 4, while Ba in substage 5.1 is almost comparable to Holocene values. These patterns
correlate with higher amounts of organic carbon and biogenic opal, based on observations of the
sand-size sediment fraction, during the colder stages of the last glacial cycle.

Several peaks are superimposed on this general pattern. The most pronounced peaks
occur early during Termination I and are present and roughly time-synchronous in all four
cores. Earlier Ba maxima usually have a lower amplitude and cannot be correlated between
cores. Minor maxima also occur in Holocene sediments; in several cases, these variations are

still well beyond the range of analytical error,
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Both average bulk and carbonate-free barium concentrations and maximum values are
increasing in the order Ac.91KS04 - KF16 - KF13 - KF09. This could be related to higher pro-
ductivity in the southern part of the study area and/or to an increased contribution of hydro-
thermal barium. Lower values in core KF16 compared to the last two cores may also include the
effects of stronger dilution by other phases at higher sedimentation rates and of a different ratio
of Ba vs. biogenic opal and organic carbon due to higher preservation of the primary biogenic
components (cf. above).

8.2.3 Correction for detrital sources of barium

The contribution of barium derived from detrital sources is usually estimated based on
concentrations of Al and a constant Ba/Al-ratio of the detrital material. A detrital Ba/Al-ratio of
0.0075 £ 0.0025 has been proposed based on values commonly observed in various crustal
rocks (Dymond et al. 1992). In the study area, detritus may be derived from a variety of
sources: Ba/Al-ratios of volcanic rocks on the Azores islands are highly variable and may be as
high as 0.019 in differentiated volcanic rocks such as comenditic trachytes (Mungall & Martin
1995). However, in most volcanic rock types encountered on the islands, Ba/Al-ratios fall on
the lower end of or below the range given by Dymond et al. (1992) (e.g. Storey et al. 1989,
Widom et al. 1992, Mungall & Martin 1995). Local Plume MORB has a ratio of Ba/Al =
0.0018 (Schilling et al. 1983), which is comparable to the ratio of 0.0016 observed in pure
volcaniclastic sediments on the Lucky Strike seamount (sample KG18-13, this study). No data
are readily available on the Ba/Al-ratio of potential continentally-derived detrital sources, but
their composition is presumably similar to average continental crust. Therefore, the detrital
Ba/Al-ratio of Dymond et al. (1992) is applied in the following discussion; however, this
should represent a maximum value of detrital B#/Al and thus a maximum estimate for the Ba
contribution from detrital sources. While Ba which is not derived from detrital sources can be
considered to be nearly entirely of biogenic origin in most parts of the world ocean remote from
the global ridge crest system, hydrothermal barium may be significant in the area of the present
study. Therefore, the general term “non-detrital barium* is used in Fig. 8.4 and in the following
discussion to include biogenic and hydrothermal sources.

To a first approximation, the amount of non-detrital barium is continuously increasing in
all cores during Termination I, with maximum values just prior to the Last Glacial Maximum
(18,300 y B.P.). Subsequently, a slight decrease is observed down to 80,000 y, except in core
GEOFAR KF16 that shows constantly elevated amounts of non-detrital Ba down to the base of
the core, which is still in isotope stage 2. If a crustal Ba/Al-ratio of 0.0075+0.0025 is assumed,
one sample in core Ac.91KS04 with an interpolated age of 67,700 y falls off the general trend
and has higher amounts of detrital barium. However, this sample contains significant amounts
of volcanic glass, and volcaniclastic detritus should be characterized by a distinctly lower Ba/Al-
ratio. If a detrital Ba/Al-ratio of 0.0033+0.0005 is adapted based on Ba/Al-ratios of
0.0028, 0.0032 and 0.0038, respectively, in nearly pure volcanic ash layers in the same core,
this sample contains 70.0+4.6% non-detrital Ba, which is comparable to data from over- and
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underlying pelagic samples. Similarly, a lower detrital ratio of Ba/Al = 0.0021, deduced from
the composition of volcanic rocks in this area, has been applied for smectite-rich volcanogenic
sediments of the Bransfield Strait, compared to a regional average detrital Ba/Al of 0.0067 in
South Atlantic subantarctic sediments (Niirnberg 1995).

Errors in the percentage of non-detrital barium have been assessed based on the uncer-
tainty in the crustal Ba/Al-ratio described above. These errors are comparatively more significant
at lower percentages of non-detrital barium for samples of Holocene age. A rigorous considera-
tion of potential errors, assuming lowest detrital Ba/Al-ratios during the Holocene and a sub-
stantially increased ratio for glacial periods, changes the pattern of continuously increasing
amounts of non-detrital barium during Termination I. Indeed, detritus composition has appa-
rently changed on the timescales concerned: During the Holocene, detritus was dominantly
derived from local basaltic sources, whereas continentally-derived detritus was more significant
during glacial periods (cf. Chapter 6.4.2); this could have brought about a concomitant increase
in the detrital Ba/Al-ratio. However, it seems unreasonable that this would completely reverse
the patterns evident in Fig. 8.4; in any case, the conclusion that highest amounts of non-detrital
Ba occur during isotope stage 2 is still valid over the wide range of detrital Ba/Al-ratios that
have been considered.

Generally, more than 50% of total barium is derived from non-detrital sources, and more
than 70% in all samples from core KF09 and most from core KF13. This conclusion could only
be affected if significantly higher detrital Ba/Al-ratios are assumed for Holocene sediment
samples, while non-detrital sources of Ba are clearly predominating during glacial periods. As
discussed above, the detrital ratio of Ba/Al = 0.0075 probably represents a maximum estimate;
this should certainly be true for Holocene samples with a dominantly basaltic detritus com-
position. It is therefore concluded that detrital sources of Ba are of minor importance in the
study area; thus the following discussion will concentrate on hydrothermal and biogenic sources
of Ba.

8.2.4 Mineralogy of gravity concentrates

Whereas detrital Ba is contained as a minor component in mineral lattices, especially
potassic feldspars and mica, biogenic and hydrothermal Ba is present as pure barite. Since Ba
concentrations do not exceed 2000 ppm on a bulk or 6000 ppm on a carbonate-free basis (cf.
Fig. 8.3), barite is below the detection limit of conventional X-ray diffraction. In order to con-
firm its presence, a heavy mineral fraction has been separated in selected samples with
highest bulk Ba concentrations. A concentrated solution of sodium tungstate (NaWO,) with a
density of 3.0 g/cm’ was used as heavy liquid. The heavy fraction was frozen with liquid
nitrogen to improve the efficiency of the density separation; light and heavy fractions were then
separated and repeatedly washed with distilled water to remove NaWO,. Gravity concentrates,
usually some mg for a bulk sample of approximately 30 g, were smeared onto a silicon disc for
X-ray analysis. X-ray diffractograms are shown in Fig. 8.5 (following pages).
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The heavy mineral fraction is composed of pyrite, sphalerite (?), barite and clinopyro-
xenes. The presence of phases with densities < 3.0 g/cm’ such as calcite, quartz, and feldspars
indicates that gravity separation was not wholly efficient; it is conceivable that these latter phases
have been present as parts of aggregates with overall densities > 3.0 g/cm’. Pyrite is the domi-
nant phase in samples Ac.91KS04-123 and especially KF16-470. It might be of hydrothermal
origin, or it could have formed during decomposition of organic matter. The latter hypothesis is
compatible with highest amounts of organic carbon in core KF16. Sphalerite was tentatively
identified based on a single well-defined reflection at 3.13 A. This suggests the presence of a
cubic mineral, since XRD patterns of cubic substances show few high intensity reflections.
While other sulfide phases, e.g. geerite (Cu, ,,S), have very similar X-ray parameters, sphale-
rite is by far the most common mineral with a principal reflection at 3.13 A. This should reflect
a distal hydrothermal contribution derived from fine-grained sulfide particles which may be late-
rally dispersed in plumes in the water column. The presence of barite is clearly indicated by a
sequence of diagnostic reflections. In spite of considerable enrichment compared to bulk
samples, barite is a minor phase strongly “diluted” by abundant pyrite in gravity separates of
samples Ac.91KS04-123 and KF16-470. Clinopyroxenes, which also have densities greater
than 3.0 g/cm’, are present in variable but minor amounts; they are presumably of volcaniclastic

origin.
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8.2.5 Relationship between Sr, CaCO; and Ba

nts, strontium may occur both in carbonate and barite phases. Some Sr
I amounts can occur in aragonite

In marine sedime
may substitute for Ca in the calcite lattice, somewhat large
(Deer et al. 1992). A continuous solid-solution replacement series exists between barite and

celestine (SrSO,), yet most barites are composed of nearly
Suspended barite particles in the water column can span the entire BaSO, - SrSO, range, but
67% of the particles analyzed by Dehairs et al. (1980) have Sr/Ba-ratios < 0.1. According to
Church (1979), marine barites contain 0.2-3.4% Sr. with an average of 19%. Highly variable Sr

contents have been observed in barite particles separated from South Atlantic pelagic sediments.
n each core, strontium correlates either with

signal in these sediments (Gingele 1992),

pure BaSO, (Deer et al. 1992).

Depending on the abundance of discrete barite i

barite or with carbonate, or shows an intermediate
Figure 8.6 shows scatter plots of Sr vs. CaCO, and Ba in four sediment cores in the

Mid-Atlantic Ridge study area. Sr concentrations are nearly always more elevated than those of
Ba and up to ten times higher in carbonate-rich surface sediments. This and the close correlation

between Sr and CaCO, indicate that Sr is dominantly associated with the carbonate phase.
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As higher Ba concentrations occur during glacial periods with lower amounts of CaCO,, Sr is
inversely correlated with Ba, which is simply a result of dilution by biogenic carbonate. This
relationship is less clear in the case of core Ac.91KS04, because carbonate in this core is
controlled by varying amounts of volcaniclastic detritus in addition to glacial-interglacial

fluctuations.

8.3 Discussion

8.3.1 Barium in proximal sediments at the Lucky Strike seamount: evidence for
hydrothermal origin

Sediments in the vicinity of the Lucky Strike seamount show a different relationship of
barium vs. indicators of biogenic input, especially high concentrations of Ba at low ratios of
Si/Al. This suggests that a significant amount of Ba is of hydrothermal origin in this region. In
an area of steep topography, mass wasting of sulfide/sulfate material is a likely process to
account for this contribution. Sediments from the immediate vicinity of the Lucky Strike
seamount and hydrothermal site are characterized by numerous intervals of coarse, frequently
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normally grain-sorted redeposited material containing abundant volcanic glass. It is very feasible
that such turbidites could also contain hydrothermal precipitates.

Further arguments for a contribution from redeposited primary hydrothermal precipitates
are based on the elevated content of other elements commonly associated with hydrothermal
sulfides, namely Fe, Cu and Zn (Table 8.1). Data from surface sediments in the vicinity of the
Lucky Strike seamount are compared with the composition of volcaniclastic sediments in the
same area (sample KG18-13; this study), proximal hydrothermal sediments at the Galapagos \
Rift (Marchig et al. 1987) and TAG (Mid-Atlantic Ridge at 26°N; German et al. 1993, Mills et
al. 1993) areas, and average pelagic clay (Turekian & Wedepohl 1961).

(%) | (%) | (%) | (%) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)

Galapago
Rift
near vent | 30.6 | 0.15| 1.51 | 0.74 | 9400 3100 | 3820 | 3930 228 152

+5.5 | £0.16| £0.47|£0.46 | 4800 | £2200 | £1900 | £1270 | 114 | £76

5-100m 860| 1.55| 435|148 | 310 390 | 9260 | 1660 | 191 L
from vent | +1.8 | £0.28]+0.52|+0.25( 90 +270 | £188 | £350 | £50 | £3.6

TAG
Germanetal. | 32.2] 0.23] 1.65]| 0.83 | 3360 | 2130 | -
+7.5 [ £0.29] +1.69|+0.64 | +1475 | +855

Millsetal. | 36.0] 0.23 | --- --- 2055 | 3460 - --- - -—-
4.3 | £0.23 +1000 | +4200
average | 6.50| 0.67 | 8.40|2.10 | 250 165 2300 | 1500 120 13
pelagic clay

Table 8.1: Geochemical data from surface sediments on the flanks of the Lucky Strike
seamount compared to sample KG18-13 (“local volcaniclastic end member*),
data from proximal hydrothermal sediments at the Galapagos Rift (Marchig et al.
1987) and TAG hydrothermal field (MAR, 26°N; German et al. 1993, Mills et al.
1993) and average pelagic clay (Turekian & Wedepohl 1961). All data
recalculated on a carbonate-free basis.

* Arsenic data based on detection limit of 12 ppm in bulk sediment samples

Concentrations of Cu, Ba and, to a lesser extent, Fe and Zn increase with proximity to
the Lucky Strike hydrothermal site in the sequence KS10 - KF7 - KG18. Iron is also derived
from volcaniclastic sediment sources; however, the Fe/Al-ratio is significantly higher than in
underlying pure volcaniclastic sediments in box core KG18 (sample KG18-13), and is also
steadily increasing in the same direction. Sample KG18-13 is composed almost exclusively of
volcanic glass, with a CaCO, content of only 0.40%, and can be considered a “local volcanicla-
stic end member*. As discussed in Chapter 6.4.1, its composition is representative of enriched

LTRSS R
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MORSB, its Ba content, while higher than in average mid-ocean ridge basalt, cannot explain the
elevated Ba content of surface sediments in the same area. A diagenetic origin of enrichments in
Fe, Cu and Zn can be ruled out at least in core KG18. While yellowish-brownish colors show
that surface sediments are oxidized, underlying volcaniclastic sediments should not provide a
source of labile metals, and manganese is absent from porewaters (C. Rabouille, unpublished
data), indicating that no early diagenetic remobilization of metals has occurred.

Metal concentrations are clearly lower than in highly metalliferous sediments from the
Galapagos Rift and TAG areas, and concentrations of Al and Mg, elements typically of detrital
or volcaniclastic origin, are two to five times higher and almost comparable to the volcaniclastic
sample KG18-13. This demonstrates that hydrothermal input in Lucky Strike surface sediments
represents only a minor contribution, and that volcaniclastic input predominates on a carbonate
-free basis. No Ba data have been reported for TAG sediments by German et al. (1993) and
Mills et al. (1993). Barite has not been observed in hydrothermal deposits of the TAG field
(e.g. Rona et al. 1986, Thompson et al. 1988, Tivey et al. 1995), in contrast to hydrothermal
sites at the East Pacific Rise and Juan de Fuca Ridge and to the Lucky Strike and Menez Gwen
sites discovered more recently in the area of the present study.

Concentrations of Mn, which is typically associated with the hydrothermal oxyhydro-
xide fraction, and P, V and As, which are scavenged from the water column in hydrothermal
particle plumes, are fairly low in surface sediments at the Lucky Strike seamount. Low and
highly variable manganese concentrations have also been observed at TAG and in near vent-
sediments at the Galapagos Rift (data in Table 8.1). This is consistent with observations in
hydrothermal particle plumes that most of the total manganese remains in solution during buo-
yant plume rise and initial lateral dispersal (e.g. Trocine & Trefry 1988, Mottl & McConachy
1990). It has been suggested that bacterial Mn scavenging only occurs in more distal parts of the
plume when concentrations of dissolved manganese have been strongly diluted by ambient sea-
water (Cowen et al. 1986, 1990). This process results in fractionation of Fe vs. Mn in ridge-
crest sediments. P, V, and As show some enrichment with proximity to the Lucky Strike hydro-
thermal site, even though V is almost comparable to volcaniclastic sediments, i.e. about 80% of
total V in sample KG18-S could be derived from volcaniclastic sources. Since concentrations of
P and As are significantly higher than in average pelagic clay (Turekian & Wedepohl 1966),
hydrothermal plume fallout appears to be present at the Lucky Strike seamount, but again as a
minor component. The composition of ,average pelagic clay” according to Turekian & Wede-
pohl (1961) includes data from Pacific Ocean sediments which tend to have higher concentra-
tions of a number of elements compared to the Atlantic Ocean. For example, the barium value
reported by these authors represents the mean of data for Pacific pelagic clays (4000 ppm)
enriched in biogenic barium (Goldberg & Arrhenius 1958) and Atlantic deep-sea clays (700
ppm Ba). Similarly, data on various metals are based entirely (Fe) or partially (Mn, Cu) on
slowly accumulating pelagic clays from the Pacific Ocean which are hydrogenetically enriched
in metals. Therefore, data from the study area cannot be directly compared with Fe, Mn, Cu,

and Ba concentrations of “average pelagic clay®.
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8.3.2 Geochemical and paleoceanographic context of Ba peaks in distal pelagic
sediments

Figure 8.7 compares the downcore distribution of Ba in four cores with the depth
profiles of a number of other elements and calcium carbonate. These data give clues as to the
origin of Ba in distal pelagic sediments. Distal MAR sediments lack input from redeposited
hydrothermal precipitates, but receive fallout from hydrothermal particle plumes which possibly
includes some barite. On the other hand, barium could be derived from biogenic sources by
water column processes operating throughout the world ocean.

Ba peaks are accompanied by maxima of a number of other elements and sometimes by
minima of calcium carbonate (Fig. 8.7). Rubidium is most significantly and consistently
enriched along with Ba. While most samples have Rb concentrations at or below the detection
limit of 4 ppm, peak Rb concentrations reach up to 22 ppm. Potassium and, to a lesser extent,
yttrium exhibit similar correlations with Ba-maxima. As discussed in Chapter 6, these elements
are indicative of continentally-derived felsic detritus. A number of other elements with detrital
associations, particularly Al, Fe, Si and Mg, show concomitant peaks. Concomitant Zn maxima .
could suggest a hydrothermal origin for some of the Ba. Sphalerite (ZnS) was tentatively iden-
tified in the heavy mineral fraction >3.0g/cm’, which would indicate a distal hydrothermal con-
tribution of fine-grained sulfides and possibly sulfides. On the other hand, it is feasible that an

enhanced supply of Zn is also related to terrigenous input. As Zn peaks are less pronounced and
do not consistently coincide with Ba maxima, it is improbable that hydrothermal input is the
dominant controlling factor on Ba distributions in distal sediments, and that Ba peaks primarily
represent episodes of enhanced deposition of hydrothermal barite.

The distribution of silica and iron is more complex, because these elements are also con-
tained in biogenic silica and hydrothermal oxyhydroxides, respectively. Moreover, iron, as well i
as Zn, is diagenetically enriched in near-surface sediments (cf. Chapter 7). The described
patterns of terrigenous influence are least pronounced in core Ac.91KS04, because input from
local basaltic sources is invariably predominating at this location, as indicated by constantly low
K concentrations compared to the other cores (cf. Chapter 6). Concurrent CaCO, minima occur
in cores KF13 and KF16. The detailed AMS age data from core KF13 reveal that the early part
of Termination I is characterized by distinctly higher sedimentation rates (cf. stratigraphy
section). Therefore, the CaCO, minima are presumably related to enhanced terrigenous input
rather than decreased supply of calcium carbonate.

Thus, deglacial Ba peaks coincide with enhanced terrigenous input. While
the area of the present study is located just to the south of the main region of ice-rafted detritus
(IRD) deposition in the glacial North Atlantic, extending from 40-55°N (Ruddiman 1977,
Grousset et al. 1993), it is possible that a fine-grained ice-rafted component has reached the
study area. Alternatively or additionally, eolian sources could be invoked. If Ba maxima in the
study area are indicative of productivity peaks, these peaks could be related to enhanced supply

of terrigenous nutrients.
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Figure 8.8 compares downcore Ba distributions with the abundance pattern of the cold-
water nannoplankton species Coccolithus pelagicus (data from Miiller 1995) and bulk sediment
density, in order to yield clues on the paleoceanographic and lithologic setting of deglacial Ba
peaks. Only the upper part of core KF13 down to early stage 2 is shown to provide comparable
temporal coverage for all three cores. The distribution of Coccolithus pelagicus is highly
variable, which presumably reflects the repeated and episodic arrival of cold surface water
masses (C. Miiller, pers. comm.). Maximum abundances occur just prior to the Last Glacial
Maximum, several secondary abundance peaks in cores KF13 and KF16 correlate with the
Younger Dryas cold spell. Core KF09 shows a different pattern with a comparatively short-last-
ing maximum in late stage 2, while C. pelagicus is rare or absent in most parts of the sediment
section. This may indicate that cold surface water masses did not reach the southern part of the
study area except in the vicinity of the Last Glacial Maximum. The deglacial Ba peak coincides
with a prominent abundance peak of C. pelagicus during Termination Ia in core KF13, and the
peak in bulk Ba concentrations occurs subsequent to a minor peak of C. pelagicus in core KF16.
Accordingly, there appears to be a temporal association between deglacial Ba maxima
and the arrival of cooler surface water masses. In the high-resolution isotope record of
the surface-dwelling foraminifera G. ruber in core KF16, the §'*O decrease during Termination
Ia occurs in several steps and is punctuated by secondary maxima with interpolated ages of
17,800, 17,400 and 16,800 years, suggesting repeated incursions of cooler water masses. This
pattern is less pronounced in the record of G. inflata, which occupies a deeper and possibly
variable depth habitat in the water column. Holocene Ba maxima tend to coincide with
8'*O-maxima of G. ruber, which indicate a drop in surface water temperatures. The most pro-
nounced one of these Holocene §'*0-maxima, occurring in core KF13, has been AMS dated at
6,990+80 '“C yrs. B.P. .

Two density records are shown in Fig. 8.8: non-destructive continuous measurements
by gamma-densitometry performed at [FREMER Brest prior to core splitting, and data obtained
on discrete samples. Both records are generally in good agreement with each other; discrepan-
cies may be in part due to errors in volume determinations on discrete samples. To a first appro-
ximation, density records are a mirror image of stable isotope data, with lower densities corres-
ponding to glacial periods with higher content of biogenic opal. Density minima consistently
occur early during Termination Ia, at core depths coinciding with deglacial Ba peaks. Similar
minima are present in early stage 2. It is tempting to assume that such density minima corres-
pond to higher content of biogenic opal and thus to episodes of enhanced productivity. The
earlier record in core KF13 (Fig. 8.9) is more irregular: The isotope record of G. ruber is rather
“jagged” and suggests frequent incursions of cooler surface water masses throughout isotope
stage 3 (cf. stratigraphy section). Likewise, the density record shows rapid short-term fluctua-
tions, with numerous, mostly poorly defined minima.

The age of deglacial Ba maxima cannot be directly determined, because Ba peaks
coincide with abundance minima of planktonic foraminifera, hence insufficient material might be
available for AMS age dating and ages could be biased due to bioturbational mixing.
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Fig. 8.9: Complete density record of core KF13, showing minima during Termination I and
isotope stage 2 (stippled rectangles), and highly variable record in stage 3.

The interpolated age of the deglacial Ba peak in core KF13, based on AMS ages of over- and
underlying samples, is 13,840+160 “C yrs. B.P. . This is coeval to Heinrich Event 1, the
last of a series of meltwater events that have been described throughout the North Atlantic (e.g.
Heinrich 1988, Bond et al. 1992, 1993, Broecker et al. 1992, Grousset et al. 1993, Auffret et
al. 1996). Heinrich Event 1 has been radiocarbon dated to 13,490 - 14,590 "*C yrs. B.P. (Bond
et al. 1992). Within the temporal resolution available, deglacial Ba peaks in the other cores are
roughly time-synchronous and should also be coeval to Heinrich Event 1 (Fig. 8.10). Ba peaks
during early Termination I are by far the most pronounced ones, excluding one peak of similar
amplitude during isotope stage 2 in core Ac.91KS04. Peaks occurring earlier during the last
glacial cycle cannot be correlated between cores, which may be due to the limited sampling reso-
lution. While not all of the earlier Heinrich events have associated Ba maxima, most of the
peaks also seem to coincide with Heinrich meltwater events (Fig. 8.10). Ba peaks during the
Holocene have a lower amplitude, which is in several cases still well beyond the range of
analytical error.

While the temporal resolution of the Ba data is limited, the consistent pattern of deglacial
Ba enrichments contemporaneous to Heinrich event 1 in four cores substantiates the observed
temporal correlation and suggests that these peaks are a regional phenomenon with a common
cause. Diagenetic redistribution of Ba may have been important in core KF16, which is charac-
terized by higher content of organic carbon and sulfide-bearing porewaters, but should not have
occurred in the other cores containing suboxic sediments. Based on the Ba/Al-ratio, it has been
shown that detrital sources of Ba have been of minor importance throughout the time periods
investigated in this study and especially during Termination I (Fig. 8.4).
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Hydrothermal input of Ba is possible; the probable presence of sphalerite (ZnS) in heavy mine-
ral separates (cf. Fig. 8.5) suggests a distal hydrothermal contribution, some pyrite in these
sediments could also be of hydrothermal origin. On the other hand, the correlation between
barium and indicators of biogenic input suggests that biogenic sources of Ba predominate in
“far-field* pelagic sediments in the study area (Figs. 8.1 and 8.2). Therefore, Ba maxima in
distal sediments are tentatively interpreted in terms of productivity peaks. These peaks are most
pronounced during Termination I, coeval to Heinrich meltwater event 1, while similar peaks of
lower amplitude also occur in Holocene sediments and during earlier parts of the last glacial
cycle.

This interpretation is consistent with the results of other studies which observed produc-
tivity spikes parallel to Heinrich meltwater events in the subtropical North Atlantic, based on
evidence from species assemblages of planktonic foraminifera south of the Azores (38°N
27°W), and accumulation rates and species composition of diatoms southwest of the Canary
Islands (27°N 19°W) (Kiefer et al. 1995). These authors suggested that incursions of freshwater
from melting icebergs have contributed additional nutrients to the low-productivity “blue ocean™
and thereby enhanced local productivity.

It is puzzling that Ba maxima parallel to Heinrich event 1 are by far the most pronounced
ones in the present study, and the only ones that can be correlated between all four cores.
A combination of incursions of cold surface water masses and enhanced terrigenous input might
trigger higher productivity. The early part of Termination Ia is characterized by highest sedimen-
tation rates in the study area, and the AMS data from core KF13 reveal a rapid sedimentation
pulse immediately subsequent to the Last Glacial Maximum (cf. stratigraphy section). It is thus
possible that conditions were particularly favorable during Heinrich meltwater event 1 to foster
higher productivity, maybe because a fine-grained distal ice-rafted contribution was supple-
mented by higher eolian input. Organic carbon contents are comparatively low (0.17-0.26%) in
sediments hosting deglacial Ba spikes, which could be due to dilution by terrigenous input.
Si/Al-ratios do not exhibit maximum values, because both biogenic and detrital aluminosilicate
sources of Si are significant in these sediments.

The interpretation of Ba maxima in terms of productivity peaks remains speculative,
because there is no direct and unequivocal evidence that Ba in distal Mid-Atlantic Ridge sedi-
ments is indeed primarily of biogenic rather than hydrothermal origin. However, supporting
evidence for the “productivity spike hypothesis* is derived from micropaleontological and
oxygen isotope data, sediment physical properties and various geochemical parameters. It is
difficult to imagine that peaks of hydrothermal Ba would, by mere coincidence, correlate with
incursions of cooler surface waters, density minima and peaks of terrigenous input. On the
other hand, all of these data could be integrated within the paleoceanographic context of
Heinrich meltwater events and explain concomitant enhanced “blue ocean‘ productivity.

Strontium isotopic analysis of barite separates could provide direct evidence on the
origin of barite. In areas without hydrothermal influence, marine barite records the strontium
isotopic composition of seawater (Paytan et al. 1993, Martin et al. 1995), which has a
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contemporary *'St/**Sr-ratio close to 0.70917 (e.g. Palmer & Edmond 1989, Hodell et al.
1990, Edmond 1992). On the other hand, barite from a hydrothermal vent chimney in the
Mariana Trough has *’St/**Sr = 0.70475 (Martin et al. 1995). As expected, this is close to the
ratio of hydrothermal solutions, with a range of *’Sr/**Sr = 0.7029 - 0.7047 and an average of
0.7035 at various sediment-barren ridges (compiled by Palmer & Edmond 1989). This is slight-
ly more radiogenic than the composition of average MORB (0.7024 - 0.7030; Wilson 1989).
Fluids at the TAG and Snake Pit fields at the Mid-Atlantic Ridge have *'Sr/*Sr = 0.7028 -
0.7039 (Campbell et al. 1988, Edmond et al. 1995). No Sr isotope data are available for hydro-
thermal solutions at the Lucky Strike and Menez Gwen fields. The Sr isotopic composition of
underlying basalts should be affected by the proximity of the Azores hot spot. Plume-type
MORSB in the vicinity of the Azores has *'Sr/*Sr = 0.7030 - 0.7035 (Schilling et al. 1983).

8.4 Conclusions

e Barium in proximal sediments at the Lucky Strike seamount is dominantly of hydrothermal
origin, as indicated by the association of Ba with elements potentially derived from hydro-
thermal sulfides (Fe, Cu) and the lack of a correlation with indicators for biogenic input
(Si, Si/Al, organic carbon). Redeposited hydrothermal precipitates are a likely source for the
Ba enrichment in these sediments. Fallout from hydrothermal particle plumes is presumably

of minor importance.

e In distal sediments, the correlation between Ba and Si, Si/Al and organic carbon suggests
primarily a biogenic origin of Ba. A hydrothermal contribution may also be present, but
cannot be quantified based on the available data. Detrital sources of Ba are of minor impor-
tance in distal and proximal sediments in the study area.

e Ba maxima are tentatively interpreted as indicators of productivity spikes. These spikes could
have been caused by a combination of cold surface water incursions and enhanced terrige-
nous input, supplying additional nutrients to the low-productivity “blue ocean®. The most
conspicuous maxima, present throughout the study area, are coeval to Heinrich meltwater
event |; terrigenous input in these samples could be derived from distal fine-grained ice-
rafted and/or eolian sources. The association of Ba maxima with earlier Heinrich events is
less clear. Similar but minor maxima are also present in Holocene sediments, and do also

correlate with incursions of cold surface water masses.
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9. A sedimentary serpentine layer: Alteration of marine ultramafic
rocks at the 38°05’N fracture zone

9.1 Introduction

Exposures of ultramafic rocks are now recognized to be a common feature at the
Mid-Atlantic Ridge, both in fracture zone and non-transform settings (summarized in Michael &
Bonatti 1985a, Juteau et al. 1990). Interaction of seawater-derived fluids with ultramafic rocks
frequently results in pervasive serpentinization of peridotites; associated alteration phases may
include magnetite, talc, amphiboles and chlorite (e.g. Hébert et al. 1990). While studies to date
have concentrated on mafic-hosted high-temperature hydrothermal systems, low- and high-
temperature systems hosted in ultramafic rocks may account for a distinct, significant compo-
nent of global hydrothermal fluxes (Rona et al. 1996), since fluid circulation in ultramafic rocks
results in plumes in the water column with high methane concentrations, only minor manganese
enrichments, and consequently low ratios of total dissolved manganese to methane (TDM/CH,).
Such plumes have been observed at the 15°20’N fracture zone at the Mid-Atlantic Ridge, at a
water depth coinciding with major fault scarps in ultramafic rock exposures. Methane is inferred
to be created abiotically during the serpentinization process (Charlou et al. 1991, Rona et al.
1992, Bougault et al. 1993). Hydrothermal alteration of ultramafic rocks may also affect the
global Mg budget through precipitation of Mg-rich secondary phases such as serpentine,
chlorite, talc and amphiboles.

In this section, a distinct serpentine occurrence at the Mid-Atlantic Ridge south of the
Azores is described: An allochthonous serpentine layer is intercalated within pelagic sediments
in core GEOFAR KF16, which has been retrieved from the deepest area of a basin located in the
central part of the 38°05’N fracture zone. The presence of serpentine is particularly interesting at
this location proximal to the Azores hot spot, because it is commonly assumed that a thickened
crust is present in this area due to an enhanced magmatic budget, which should preclude the
presence of upper-mantle rocks close to the seafloor. Along with a serpentinized peridotite
dredged at the Kurchatov fracture zone at 43°N (Dick et al. 1984) and peridotites drilled at
DSDP sites 556, 558 and 560 southwest of the Azores (Michael & Bonatti 1985 b), the
sedimentary serpentine layer at 38°N represents the third indication for ultramafic rocks in the
Azores area. Its geochemical composition, notably the Cr and Ni content, gives clues on the
modal composition of the ultramafic protolith, which appears to be influenced by the proximity
of the Azores hot spot, in agreement with previous petrological studies of peridotites at the Mid-
Atlantic Ridge (Dick et al. 1984, Michael & Bonatti 1985 a). The mineral assemblage
determined by X-ray diffraction of bulk and clay-size fractions and by transmission electron
microscopy (TEM) is used to estimate alteration temperatures.




129

9.2 Core location and sedimentology

Core GEOFAR KF16 was retrieved from the deepest part of a basin oriented N80E, in
the central area of the 38°05°N fracture zone. The sedimentation rates are significantly above the
regional average at the ridge axis implying that the basin acts as a sediment trap (cf. Chapter
3.1). An approximately 20 cm thick grayish green, fine-grained layer is intercalated within
carbonate-rich pelagic sediments of Holocene age (Fig. 9.1).
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Fig. 9.1: Simplified lithological section across sedimentary serpentine layer intercalated within
carbonate-rich pelagic sediments

The sharp base and gradational contact at the top indicate that the layer is
allochthonous. The material could have been derived from the adjacent wall of the fracture
zone. Most of the layer is fluid and water-saturated, while part of it is slightly more coherent

(cemented ?), and mixing with pelagic sediment occurs near the top of the layer.
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9.3 Results
9.3.1 Geochemistry

Calcium carbonate dominates the composition and decreases from 78% (normal pelagic
sediment) to 58% at the base of the allochthonous layer. To eliminate variable dilution by bioge-
nic carbonate, a correlation matrix for ten samples from the serpentine layer and the immediately
over- and underlying sediments has been calculated on a carbonate-free basis (Table 9.1).

Mg| Cr| Ni|Fe| Si | V | Y [Mn]| Zn v 1 AT Y

Mg | x | 96 ] 99 24 | - 91 | -96 | - =99 [ -99 | -94 [ -99 |
Cr x | 96 88 [-90 | -94 [ -98 [-97 | -97 | -95 [ -96 | -97 |
Ni X 84 [-95 [ 92 [-96 [-95 [ -99 [-99 [ -95 [ -99
Fe X

Si X | 80 | 94 | 89 [ 92| 85 | 8 | 92 | %6

\' X 84 | 80 |90 | 92 [ 95 | 91 | 93

) § X L8197 1 92 | 9119892
Mn x |94 | 98 | 96 | 92 | 98

Zn x | 95 | 94 | 98 | 95 |
P x | 99 | 94 | 99

Ti x | 94 | 99

K X 94

Table 9.1: Correlation matrix for serpentine layer samples (geochemical data recalculated on a
carbonate-free basis). Numbers shown are correlation coefficients x 100.

Magnesium, Cr and Ni are strongly correlated with each other and show variably strong
negative correlations to most of the other elements which presumably are derived from detrital
and/or biogenic sources. These elements, in turn, correlate with each other. However, these
relationships are slightly less significant in the case of silica. Iron shows no significant correla-
tions with any other element.

These relationships are illustrated by compositional profiles across the serpentine layer
(Fig. 9.2): Magnesium and Cr are enriched up to four-fold, compared to overlying pelagic sedi-
ment, and Ni up to seven-fold. The enrichments occur progressively from the top towards the
base of the layer, with a distinct step in the geochemical profiles at the limit between the fluid
and solidified parts. Iron is depleted at the top of the layer, and its concentration increases
towards the base. Silica, while slightly depleted, shows little variability. A number of other ele-
ments (Al, K, Ti, Mn, P) and CaCO, are progressively depleted towards the base of the layer.
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Fig. 9.2: Geochemical profiles across sedimentary serpentine layer (data recalculated on a

carbonate-free basis)

9.3.2 Mineralogy

Dominant reflections at 3.65 A and 7.30 A with sharp peaks indicating serpentine as
principal mineral phase were found in all carbonate-free bulk and clay-size fraction samples. In
the bulk material, serpentine is accompanied by magnetite/spinel, quartz, plagioclase and clino-
pyroxene. In the clay fraction, broad reflections occur at approximately 14.25 A, which, upon

glycol saturation, expand and yield still broader reflections centered between 16.3A and 16.7A.

This is indicative of an irregular mixed layer phase. Based on the entire mineral assemblage, a
smectite-chlorite mixed layer is most likely. The number of expandable (17A) smectite

layers appears to increase towards the bottom of the profile, including possibly some discrete

smectite. A distinct reflection which persists at 14.25A upon glycolation and shows reduced
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intensity reveals the presence of discrete chlorite. Its higher order 002 and 004 reflections
occur as shoulders on the serpentine peaks. Furthermore, some quartz, plagioclase and minor
clinopyroxene also occur in the clay-size fraction. Muscovite/illite, tale and amphibole
(tremolite) are present as accessory phases.

Since no internal standards have been used, the X-ray diffraction results are only semi-
quantitative. Based on diffraction peak heights, relative abundances of serpentine, amphibole,
talc and chlorite generally increase towards the base of the layer. Quartz and especially
plagioclase abundances decrease. This distribution of Mg-rich phases and of plagioclase as
principal carrier of Al is in accord with the compositional data discussed above.

The type of serpentine polymorph present (chrysotile, antigorite, and/or lizardite) is
difficult to determine from X-ray diffraction data alone. The method described by Biittner and
Saager (1982) based on low intensity 204 and 008 reflections of chrysotile and lizardite,
respectively, is not applicable in the present case because of peak interference by pyroxenes and
quartz. Therefore, selected samples have been studied by transmission electron microscopy
(TEM). In the fraction <0.63 um separated by centrifugation, in which serpentine phases are
still further enriched, abundant needle-shaped crystals, sometimes with a “tube-in-tube*
appearance, reveal chrysotile as principal, if not exclusive, serpentine phase (Plate 1). The
presence of amphiboles is equally indicated by TEM investigations of the bulk clay-size fraction
(Plate 2); EDAX semi-quantitative chemical analysis confirms its tremolitic composition (Mg-
rich with only minor Fe and no detectable Al; Fig. 9.4).

The clay mineralogy of the serpentine layer has been compared with the clay-size
fraction of “background pelagic sediment” in the study area. These background samples include
Holocene samples from cores KF13 and KF16, surface sediments analyzed by Grousset et al.
(1994) and indurated fine-grained layers which occur in core Ac.92 KS04 (EPSHOM) and are
assumed to be alteration products of underlying volcanic ash layers (Fig. 9.3, Table 9.2).

Following Biscaye (1965), weighted peak areas of smectite (17A glycolated peak), illite
(10A), kaolinite and chlorite (7A - subdivided according to the relative proportion of each
mineral in the 3.58A/3.54A kaolinite/chlorite doublet) have been used to calculate abundances of
the four principal clay mineral groups. For the purpose of these calculations, peaks showing
incomplete expansion (<17A) have been treated as smectite. The ratio half height width/intensity
of smectite peaks has been used as a qualitative indicator of smectite crystallinity. Lower ratios
correspond to better crystallinity. Normalization to 100% assumes that these mineral groups
represent 100% of the clay-size fraction. This is obviously not the case, since quartz and
feldspar also occur in the clay-size fraction; moreover, the method of Biscaye (1965) does not
accommodate the principal serpentine phase in samples KF16-(69-85). In these samples, the
diagnostic peaks at 7A, 3.54A and 3.58A occur as shoulders on serpentine peaks.

In all samples, “smectites™ are the most important mineral group in the clay-size fraction.
Compared to pelagic “background” sediments, samples from the serpentine layer of core KF16
are enriched in chlorite and depleted in kaolinite. The poorly defined shoulder peak at 3.58A
might even correspond to a Mg-rich chlorite phase, with no kaolinite at all being present.
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Sample smectite (%) | illite (%) | kaolinite (%) | chlorite (%) | glycol. smectite | HF/T
peak (A)
Serpentine layer
KF16-69 56 28 6 10 16.687 0.011
KF16-70 |58 22 9 11 16.935 0.013
KF16-71 |59 20 5 16 16.473 0.014
KF16-72 60 20 6 14 16.526 0.008
KF16-73 52 20 8 20 16.394 0.012
KF16-74 67 13 5 15 16.342 0.008
KF16-76 58 17 3 22 16.660 0.008
KF16-77 51 22 9 18 16.526 0.013
KF16-78 55 18 7 20 16.742 0.013
KF16-79 60 15 4 21 16.660 0.011
KF16-80 56 15 5 24 16.687 0.008
KF16-82 64 21 4 12 16.796 0.008
KF16-85 73 10 4 14 0.006
Average |59+6 1915 62 1724 TT16. 10
Pelagic ,,background* gé&iménts ;
KF13-30 47 34 9 10 16.907 0.045
KF13-40 77 14 -4 17.104 0.014
KF13-60 63 19 10 17.189 0.025
KF16-45 |52 27 7. 14 16.796 0.028
KF16-57 57 24 10 17.276 0.016
KF16-62 70 9 13 8 17.452 0.035
KF16-67 |56 19 9 16 17.019 0.033
KF16-87 48 20 17 15 15.863 0.018
KF16-89 54 ¥4 14 15 16.851 0.012
Average |59+9 2057 [10X4 11+4 16.93410.46 |0.025 |
surface 46x12 27£10 |[13%6 158 i —e-
sed. *
Alteration of volcanic ash layers (?)
AcO4-115 | 6 8 16.394 0.003
Ac.04-237 | 6 6 15.961 10019 |
Ac04 - 254 [ 10 0 0 0 16213 T0.010

Table 9.2: Comparative clay mineralogy of selected MAR sediment types (relative abundances
of principal clay mineral groups calculated after Biscaye 1965). Serpentine sediments are
characterized by higher amounts of chlorite, better smectite crystallinity (lower HH/I), and a
shift in the position of principal smectite peaks to lower d-values caused by the presence of

mixed-layer phases.

* surface sediment data from Grousset et al. (1993) (14 samples)



Plate 1: TEM micrographs sho
typical of chrysotile
(magnification 20).00)

wing hollow, needle-shaped tubes
(samples KF16-82, fraction < 0.63 pm)
0 x, scale bar represents 1 wm).




135

b)

Plate 2: TEM micrographs of amphibole (sample KF16-85, fraction < 2um)
a) lattice image (850,000 x, scale bar represents 0.1 pum)
b) electron diffraction pattern
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Higher chlorite abundances compared to surrounding pelagic sediments should exclude a detrital
origin of chlorite in serpentine layer samples. Glycolized smectite peaks occur consistently at
<17A. As discussed above, this suggests the presence of a smectite-chlorite mixed layer phase.

In pelagic background sediments, poorly crystallized smectites expanding to 2 17A are
most common. Since d(001) values of smectites represent the ,summit* of a broad hump
including reflections derived from various clay phases, lower d(001) values for glycolized
smectite peaks in samples KF16-87 and -89 may be related to admixture of phases from the
overlying serpentine layer. Lower average percentages of smectite and higher percentages of
illite in the surface sediment data from Grousset et al. (1993) indicate that basalt alteration,
which is the principal source of smectites, may be less important in some surface sediments.
Highest smectite abundances in surface sediments - 63 and 64% - have been observed in
samples from the Lucky Strike seamount.

Indurated layers of core Ac.92 KS04 are composed almost exclusively of “smectite®.
The location of glycolized peaks at 15.96-16.4 A may indicate the presence of degraded
smectites or smectites/vermiculites (Brindley & Brown 1984). Dominant 060 reflections at
1.511-1.513 A suggest the presence of Fe-Mg rich dioctahedral smectites, which are derived
from alteration of basalts or volcanic ash layers in sediments of the NW Pacific (Hein & Scholl
1978) and NE Atlantic (Parra et al. 1985, 1987). Further evidence for an origin of these layers
by alteration of volcanic material comes from the presence of volcanic glass in bulk and clay-
size fractions, and from very high feldspar abundances in bulk samples.

9.4 Discussion

9.4.1 Serpentine in the mid-oceanic ridge environment

Two principal types of serpentine occurrences at the global mid-oceanic ridge system
were described: precipitation from hydrothermal solutions which reacted with basaltic
rocks and alteration of marine ultramafic rocks. - In a hydrothermal sediment core from
the Atlantis I Deep of the Red Sea, serpentine is associated with vermiculite/chlorite and minor
amounts of talc. It overlies a layer composed almost exclusively of talc, which is in contact with
the basaltic basement (Singer & Stoffers 1987). According to these authors, serpentine may
have formed either as an alteration product of talc following a drop in reaction temperatures with
increasing distance from the hydrothermal vent, or it may have been precipitated directly from
hydrothermal brines. A hydrothermal origin was also postulated for a serpentine occurrence in a
Hess Deep sediment core (Schmitz et al. 1982).

More commonly, serpentine frequently accompanied by magnetite, talc, amphiboles and
chlorite occurs as an alteration product of marine ultramafic rocks. Serpentinized perido-
tites were described from a number of sites at the slow-spreading Mid-Atlantic Ridge, both in
fracture zone and non-transform settings (summarized in Michael & Bonatti 1985a, Juteau et al.
1990). These include the Vema transform fault (Cannat & Seyler 1995), 15°N (Rona et al.
1987, Cannat et al. 1992) and MARK (23°N) areas (e.g. Karson et al. 1987, Hébert et al. 1990,
Meével et al. 1991), and DSDP sites 556, 558 and 560 located in 35 Ma old (Sites 556 and 558)
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and 12 Ma old (Site 560) crust, respectively, (south)west of the Azores (Michael & Bonatti
1985b). In contrast, at the fast-spreading East Pacific Rise, outcrops of ultramafic rocks are
restricted to specific geodynamic environments, such as the propagating rift of the Hess Deep
(Francheteau et al. 1990, Hékinian et al. 1993, Agrinier et al. 1995) and the ultrafast Garrett
transform fault (Cannat et al. 1990, Bideau et al. 1991, Hékinian et al. 1992). Serpentine
phases in the Hess Deep were investigated more recently (Friih-Green et al. 1995, Stamoudi &
Mével 1995, Stamoudi et al. 1995).

These differences between slow- and fast-spreading ridges have been explained by a
large variability of magma supply at slow-spreading ridges, including phases of dominantly or
purely tectonic extension (,,amagmatic spreading®). During these latter phases, deep crustal
gabbroic and upper mantle rocks may become exposed due to uplift along low-angle normal
faults or listric normal faults (Karson et al. 1987, Juteau et al. 1990, Mével et al. 1991); serpen-
tine diapirism (Francis 1981) might also cause exposure of upper mantle rocks. - A similar
process might explain the occurrence of serpentinized peridotites at the Galicia Margin (ODP
Site 637, Agrinier et al. 1988, Kimball & Evans 1988), close to a passive continental margin.
Evidence from the Red Sea suggests that, during the earliest stages of rifting, magma supply is
limited and discontinuous (Bonatti 1985). This may have resulted in the production of a thin
magmatic crust. Further thinning of this crust (or of the whole lithosphere) along normal faults
may then have lead to the exposure of upper mantle rocks (Juteau et al. 1990).

The mineral assemblage of the sedimentary serpentine layer at the 38°05’N is compatible
with an origin derived from alteration of ultramafic rocks. Cr and Ni are elements typically asso-
ciated with this rock type. In particular, elevated Cr contents of the serpentine layer cannot be
explained by hydrothermal leaching of basaltic rocks (Eckhardt 1992). Ultramafic rocks have
not yet been described at the 38°05’N fracture zone. However, dredging operations have
concentrated on the intersections with the rift axis, rather than the center of the fracture zone
(Y. Fouquet, pers. comm.). Since ultramafic rocks have been frequently described from frac-
ture zones at the slow-spreading Mid-Atlantic Ridge, the occurrence of this rock type close to
the site of core KF16 would not be surprising.

The fact that chrysotile is apparently the dominant and possibly the only serpentine phase
in the 38°05’N sediments is in striking contrast to most serpentine occurrences associated with
marine ultramafic rocks. Pervasively serpentinized peridotites commonly contain antigorite
and/or lizardite; if chrysotile is present, it usually occurs as a minor phase frequently in late-
stage veins (H. Dick, pers. comm. 1996). A sedimentary deposit containing chrysotile and
aragonite has been dredged at a fault scarp exposing harzburgites and dunites at the inner corner
high of the south rift valley at the 15°20’N fracture zone of the Mid-Atlantic Ridge (H. Dick,
pers. comm. 1996). A low-temperature hydrothermal origin was proposed for this deposit.

The geologic setting of the 15°20°N deposit is known, and the associated protolith has
been sampled. In contrast, the serpentine sediments at 38°05°N are allochthonous and contain
significant amounts of ,.externally supplied” pelagic material; no direct information on protolith
and in situ geologic context is available. However, both deposits are very similar in lithology
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and serpentine mineralogy. It is therefore possible that all or part of the serpentine material
investigated in this study also represents a low-temperature hydrothermal deposit asso-
ciated with a fault that may occur in ultramafic rocks on the walls of the fracture zone. Such an
origin could also explain the complete absence of the primary magmatic phases olivine and
orthopyroxene. In an area of high relief, the fine-grained, water-saturated and poorly consoli-

dated material could easily be redeposited subsequently.

9.4.2 Estimation of chlorite composition

Chemically, chlorites are hydrous aluminosilicates incorporating primarily Mg, Al and
Fe, and occasionally Cr, Mn, Ni, V, Cu, Zn and Li (Bailey 1988). Their structure consists of
the alternation of negatively charged tetrahedral-octahedral-tetrahedral 2:1 layers and positively
charged brucite-like interlayers. Two series of ionic replacement occur (Foster 1962): Replace-
ment of tetrahedral Al by Si causes a positive tetrahedral layer charge, which is compensated by
replacement of octahedral Al by Mg. Replacement of Mg by Fe** involves only the octahedral
layer and does not change the layer charges.

Since these ionic replacements change the cell parameters of chlorites, chlorite compo-
sition can be estimated by means of x-ray diffraction data, as summarized by Brindley & Brown
(1980): The ionic attraction between 2:1 layers and brucite-like interlayers is related to the
tetrahedral charge x, i.e. the amount of Al that substitutes for Si. Therefore, tetrahedral Al can
be estimated based on d(001), using one of the following formulae (Brindley & Brown 1980)

d(001) = 14.648A - 0.378 x or

d(001) = 14.55A - 0.29 «x
Over the range of x = 0.8 - 1.6 found in most chlorites, these yield fairly similar results. Since
other structural variations may equally influence d(001) distances, calculation of AI" (Al in
tetrahedral sites) by means of these formulae is accurate to within 7-10% (Bailey 1972).

Octahedral heavy atom content (essentially Fe, Cr and Mn, of which Fe is by far the
most important) influences the relative intensities of basal 00l reflections; odd-order intensities
weaken, with respect to the even-order reflections, with increasing heavy atom content. In order
to estimate the Fe (or total heavy atom) content of chlorites, I(003) first has to be corrected for
effects of asymmetric heavy atom distribution between octahedral layer and brucite-like
interlayer. The heavy atom content can then be estimated based on

[1(002) + 1(004)] / 1(003)’.

Details are discussed in Brindley & Brown (1980), where tables of relevant constants can be
found.

In practice, this method is difficult to apply if kaolinite or serpentine interferences with
chlorite 002 and 004 peaks are present (Moore & Reynolds 1989). In the case of the 38°N
serpentine layer, the presence of significant amounts of kaolinite can be excluded based on the
Al-poor bulk chemical composition. However, the exact position and intensity of the chlorite
shoulder on serpentine peaks is fairly uncertain; the presence of two distinct shoulder peaks may
indicate that two chlorite phases (Fe- and Mg-rich) might be present. Tetrahedral Al was
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calculated based on ethylene glycol-saturated oriented samples, using the position of the 14A
peak not affected by glycolation. Octahedral Fe was calculated using non-oriented powder
samples, since preferred orientation may influence the relative intensities of basal reflections.
Chlorite structural formulae have been calculated based on eight tetrahedral and twelve octa-
hedral cations (Table 9.3). They are based on the assumption that equal amounts of tetrahedral
and octahedral Al are present. Based on 154 published analysis of chlorites, Foster (1962)
showed that this is frequently not the case: Some chlorites have ,.excess* octahedral Al, with
octahedral vacancies compensating the layer charge, while most have less octahedral Al, with
Fe' and occasionally Cr** balancing the negative tetrahedral charge. Hence, octahedral and
consequently total Al contents of chlorite were probably somewhat overestimated. The chemical
composition of chlorites from the serpentine layer of this study was computed from structural
formula as described by Foster (1962).

Depth [ d (001)] SiIV | AIIV{ AIVI| Fe VI] Mg VI SiO2 | FeO [A203 | MgO | Sum
 (cm) | (A) (P) + (B) i () i (%) : (%)

70 | 14177 5.47 : 253 2.53 : 0.28 | 9.19 128.93; 1.77 | 22.74 | 32.64 { 86.07
72 [1471387°572371 2771 2771 0.52 7 871 127.67: 3.29 ; 24.88°1 30.94:86.77
73 1407775471 23531 2.5370.66] 8.81 :28.93:4.18 § 22.714 1 31.29 {87.13
74 141977755971 241 2411 0.047F 955 129.57:0.25 1216471 339278539
76 |14.19777559 72411 24710481 911 129.57:3.04 1 21.64 | 32.36 : 86.61
78 [142367 5881 202 202700771 971 31111 1,087 19.04 1 34.49 718571
79 [T40777 54725375 253750177 9.30 128937 1.08°1 227741 33.03 i1 85.77
80 | 14.236} 5.88 8.84 :31.11: 6.58 ; 19.04 | 31.40 :88.13
82 [1472567 75953 8307 3T 487861 T 18411 30511 89.01

85 (142767 76.07 0037732127658 1 17.321 3308 188,10

Table 9.3: Chlorite structural formulae and chemical composition (determined from X-ray
diffraction data after Foster 1962, Bailey 1972, Brindley & Brown 1980 - see
text).While much of the variability between samples is presumably due to uncer-
tainties in peak statistics (H. Lange, pers. comm. 1996), chlorite in samples
from the basal part of the layer is apparently richer in iron and contains slightly
less Al.

For reasons discussed above, absolute values given for chlorite structural formulae and
chemical compositions as determined from X-ray diffraction represent an approximation with
considerable uncertainties. Much of the variability between samples can probably be ascribed to
uncertainties in peak statistics (H. Lange, pers. comm. 1996). However, it seems clear that the
chlorites are close to the Mg-rich end member; those with Si'¥ > 5.50 can be classified as
clinochlore according to the nomenclature of Foster (1962). Generally, there is a slight
decrease in Al content with increasing depth, and samples at the base of the layer are richer in
Fe. Both observations are considered reliable and are in accord with the bulk geochemical data.
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Table 9.4 compares the estimated average chlorite composition with published data on
chlorites derived from alteration of ultramafic rocks. Generally, compositions are fairly similar.
The slightly higher Al content for the GEOFAR samples may be due to overestimation, as
discussed above. Iron contents appear to be lower, which is not the case for samples from the

base of the serpentine layer.

MAR 38°N | Josephine Ophio- | Islas Orcadas Fract. Galicia Margin
lite, NW Zone, S Atlantic
California
(this study) (Kimball 1988) | (Kimball et al. 1985) | (Kimball & Evans
1988)
[ Si02 (%) | 29.94%1.43 28.68%2.62 33.97%1.47 36.03%1.72
AI203 (%) | 21.02%2.42 19.10%1.33 14.11£1.48 12.15+0.84
FeO (%) 3.6512.81 8.9512.73 6.42+1.78 4.9610.77
MgO (%) 28.2212.43 ~ 32.05%2.39 32.7610.92
Sum (%) | 86.89+1.21 86.69%1.20 87.4610.92 86.20+0.88

Table 9.4: Comparative mineral chemistry of chlorites derived from alteration of marine
ultramafic rocks

9.4.3 A normative model of mineral abundances

Normative abundances of the principal phases serpentine, chlorite, plagioclase, quartz
and magnetite (Table 9.5) have been estimated by means of a simple model as follows: Input
data include carbonate-free bulk chemical composition of MAR sediment samples, published
data on serpentine composition at the MAR (24°N) (Hébert et al. 1990), and chlorite composi-
tions determined as described above for each sample separately. CaO and Ca-rich phases such
as clinopyroxenes have not been included in the model - since Ca is principally associated with
CaCO,, small errors in the CaCO, determination yield potentially large errors in the amount of
non-carbonate bound Ca. Furthermore, the accessory phases talc and tremolite have been
omitted from the model. Consideration of these phases affected the robustness of the model,
probably due to their Si-rich composition (62% and 58% SiO,, respectively, for talc and tremo-
lite; Deer et al. 1992), which frequently induced ,,negative® abundances of other phases. While
significant in order to deduce the history of alteration temperatures discussed below, they can be
neglected in normative calculations because of their low abundances. - A variety of feldspar
compositions was tested (data from Deer et al. 1992). Finally, an andesine composition (An 38)
was chosen. More basic compositions caused ,,negative’ abundances of chlorite, since a dispro-
portionate amount of Al was normatively assigned to the plagioclase phase. Since this composi-
tion is evidently not compatible with an ultramafic protolith, plagioclase was either ,externally
supplied™ (i.e. of detrital origin, as quartz), or, alternatively, albitized plagioclase, possibly
derived from gabbroic rocks, is present. - The solution consists of inverting the

5x3 - square matrix, and multiplying with a vector of carbonate-free sediment composition.

-
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To a first approximation, the chemical composition can be modeled in terms of the
relative abundances of two principal phases, serpentine and plagioclase, whose abundances are
inversely correlated to each other. This pattern is further illustrated by Fig. 9.5. Serpentine
abundances increase towards the base of the profile. It is the principal phase in all samples

except sample KF16-69 from the zone of bioturbational mixing between serpentine sediments

and overlying pelagic sediment. Feldspar abundances continuously decrease from the top to the

bottom of the layer, which could reflect a decreasing detrital input. However, quartz is also

assumed to be of detrital origin, and is present in essentially constant proportions based on nor-

mative calculations. Likewise, chlorite and magnetite appear to be present in nearly constant

amounts, excluding a higher percentage of chlorite in the lowermost, iron-enriched sample.

Serpen- |Chlorite * |Plagio- |Magne-|Quartz | Sample com-

tine clase tite position (CFB)
S§i02 (%) |37.5 27.6 - 32.1 |58.1 0 100 43.76-47.06
FeO(T) (%) |4.98 0.25 - 6.58 |0.18 100 0 791 -9.10
MgO (%) |38.0 30.9 - 34.5 |0.03 0 0 12.75-21.29
AI203 (%) |0 17.3-24.9 [26.44 0 0 6.20-11.75
Na20 (%) 0 6.48 0 0 1.09-2.55

Serp (%) |Chl (%) |Plag (%) |Mt (%) |Qz (%) | Total (%)
KF16-69 |284 5.9 39.4 6.4 11.8 91.9
'KF16-72 |44.7 6.6 26.4 5.2 1.6 94.6
[KF16-76 |43.8 6.0 27.3 5.5 11.3 939
[ KF16-78 |47.4 6.9 223 5.4 1.1 933
KF16-82 |[51.0 6.2 20.8 5.3 10.6 94.0
KF16-85 |47.4 10.1 16.9 6.0 13.5 93.9

Table 9.5:

Normative mineral abundances of principal phases serpentine, chlorite,
plagioclase, magnetite and quartz (normative model described in text)

Based on these data, two processes could be invoked to account for the presence of “external”

detrital phases in the serpentine layer:

e “Normal* pelagic sediment was taken up by the serpentine-bearing gravity deposit during the

downslope movement on the walls of the fracture zone, and the relative amount of this

material increased in the upper part of the layer.

e Allochthonous sedimentation, i.e. lateral supply of serpentine sediment, was sufficiently

slow so that pelagic sedimentation continued at the same time at the prevailing high sedimen-

tation rates, and the rate of lateral sediment input was decreasing towards the top of the layer.
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Quartz may primarily be derived from eolian sources, which are ubiquitous throughout the
Atlantic Ocean. In this case, the presence of nearly constant amounts of quartz could be
explained by simultaneous deposition of air-borne dust as a minor sediment component, occurr-

ing at a constant rate.
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Fig. 9.5: SiO, and AlO, content of principal phases. Data sources: this study (GEOFAR
sediments and Mg-chlorites), Helm 1984, Kimball et al. 1985, Agrinier et al.
1988, Kimball & Evans 1988, Hébert et al. 1990, Deer et al. 1992, Eckhardt 1992.
Stippled area shows compositional field of GEOFAR serpentine-bearing sediments,
arrow illustrates first-order binary mixing between serpentine and supposedly
detrital feldspar.

9.4.4 Cr/Ni-ratios as indicators of protolith composition

In Figure 9.6, Cr/Ni-ratios of the investigated sediment samples are compared to
published serpentine microprobe analytical data (Kimball et al. 1985, Agrinier et al. 1988,
Kimball & Evans 1988, Hébert et al. 1990) and to bulk geochemical data from serpentine sedi-
ments (Helm 1984, Eckhardt 1992, Lagabrielle et al. 1992). Serpentine microprobe analytical
data can be separated into two groups, one showing variably elevated Cr/Ni-ratios, and one
with low values <0.25 (Fig. 9.6a). Bulk serpentine sediments reflect mixtures of variable pro-
portions of these two groups, their Cr/Ni-ratios are therefore comprised within a narrower range
of 0.1-1.3 (Fig. 9.6b).
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Fig. 9.6: Cr/Ni-ratios of GEOFAR samples compared to serpentine and serpentine sediments
(Data source as in Fig. 9.5)

Cr/Ni-ratios of the MAR samples analyzed in this study vary between 0.35 and 0.5; these ratios
fall at the lower end of the range of published analytical data (Fig. 9.6¢c).

Cr and Ni contents of serpentines can be related to the composition of primary magmatic
phases. ‘In thin sections of serpentinized peridotites in the MARK area (23°N) at the Mid-
Atlantic Ridge, Hébert et al. (1990) have compared the mineral chemistry of olivine, clino- and
orthopyroxene with the composition of immediately surrounding secondary serpentine phases.
Olivine has high initial Ni content (3680+360 ppm) and low or no Cr (95£106 ppm), whereas
pyroxenes always have less than 2000 ppm Ni, with an average of 450 and 1110 ppm for clino-
and orthopyroxene, respectively, and variably elevated Cr contents which may exceed

8000 ppm. Serpentine pseudomorphs after olivine conserve low initial Cr contents and show
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some loss of Ni; pyroxene pseudomorphs show some gain of Ni and variable loss or gain of
Cr. Generally, Cr/Ni-ratios of serpentine still reflect the trace metal content of magmatic precur-
sor phases. This is demonstrated by the fact that most serpentine microprobe analysis published
fall along two distinct trends close to the composition of olivine and clino- and orthopyroxene,

respectively, in a Cr vs. Ni diagram (Fig. 9.7).
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Fig. 9.7: Cr and Ni content of GEOFAR sediments, serpentine, serpentine sediments and
magmatic precursor phases clinopyroxene (cpx), orthopyroxene (opx), and
olivine (Serpentine data from Kimball et al. 1985 and Hébert et al. 1990;
sediment data from Helm 1984, Eckhardt 1992 and Lagabrielle et al. 1992;
pyroxenes and olivine from Cannat et al. 1990, 1992). GEOFAR estimated
serpentine composition is based on normative serpentine abundance (Table 5)
and on the assumption that all of the bulk Cr and Ni is associated with the
serpentine phase.

Serpentine sediments show intermediate Cr/Ni-ratios, with absolute Cr and Ni conczen-
trations frequently lower compared to serpentine microprobe analysis, reflecting dilution by
other phases. The bulk composition on a carbonate-free basis of the 38°05’N MAR samples still
falls at the lower end of the range of published data for serpentine sediments, indicating compa-
ratively strong dilution by other phases. This is also evident from the presence of significant
amounts of quartz and feldspars, and higher concentrations of Ti and Al. - An attempt was made
to estimate serpentine composition, based on normative serpentine abundances discussed above
and on the assumption that all of the Cr and Ni is contained in the serpentine phase. This latter
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assumption is not necessarily valid, especially in the case of Cr which may also be present in a
Cr-spinel phase. Hence the Cr contents of serpentine may be overestimated. In any case, the
“estimated serpentine composition* of GEOFAR samples falls close to the field of serpentines
derived from olivine (Fig. 9.7). If Cr contents were indeed overestimated, the origin of serpen-
tine phases as dominantly derived from olivine would be even more evident.

Accordingly, the Cr/Ni-ratios suggest an ultramafic source material enriched in
olivine. The modal composition of the ultramafic precursor has been tentatively estimated by
means of a modified “Pseudo”-CIPW-Norm calculation: In igneous petrology, the CIPW-Norm
(Cross et al. 1903) is frequently used to calculate normative mineral abundances of a number of
standard minerals. These are not necessarily the same as modal abundances based on thin
section investigations. The basic assumptions of the CIPW-Norm are that certain minerals (e.g.
quartz and olivine) cannot coexist in magmatic systems and that no OH-bearing mineral phases
are present. These assumptions are clearly violated in the present case: Quartz coexists with
minerals presumably derived from ultramafic source materials, and OH-bearing phases (serpen-
tine, chlorite, amphiboles) are ubiquitous. In sedimentary rocks, minerals are derived from
various sources, and may coexist even if they are not in thermodynamic equilibrium with each
other. The following calculation assumes that (biogenic) calcite and (detrital) quartz have been
“externally supplied; hence, the geochemical data have been recalculated on a carbonate-free
basis, and an amount of SiO, equivalent to the amount of normative quartz calculated above has
been subtracted from the results. It has been ignored that other phases (feldspars, smectite) may
also be derived from “‘external sources* and bear no relation to the ultramafic source material.
Another basic assumption is that no chemical changes other than addition of fluids (OH)
occurred during alteration.

Depth [or |ab [an ne |di |C hy Jol mt |il An | Qz |Sum
(cm) (Plag) | sed.

69 8.92 |21.58 | 7.09 332 |3.08 |24.11 [4.28 |3.27 |25 11.8 | 87.45
72 6.62 | 5.28 |12.57 |4.98 |7.22 35.39: 14.13} 218 |70 11.6 |89.97
76 6.38.°] 11.52,] 12.11 {187 |1.19 36.67 |4.25 | 1.96 |51 11.3 | 87.85
78 5.85 | 12.35 | 6.40 1.45 | 438 |37.52 |4.25 | 1.56 |34 11.1 | 84.86
82 T:27 | B 9bEaipRi45s 1186 Sh155 42.05 |4.54 | 1.58 |49 10.6 | 86.31
85 5.79 '} 64T V9131149 1S 42.69 [4.89 | 1.46 |59 13.5 | 86.55

Table 9.6: “Pseudo-CIPW* - normative abundance of mineral phases, presumably related to
the composition of the ultramafic source rock
(or - orthoclase, ab - albite, an - anorthite, ne - nepheline, di - diopside, C -
corundum *, hy - hypersthene, ol - olivine, mt - magnetite, il - ilmenite, Qz sed.
- “externally supplied* quartz (cf. Table 9.5))
* normative corundum reflects “excess AlI203* (commonly associated with
biotite or amphiboles in modal mineral abundances)
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The results of this highly speculative approach are presented in Table 9.6. The scatter in
normative feldspar composition and pyroxene abundances is due to uncertainties in the amount
of Ca not bound to CaCO,, since small errors in the CaCO, determination would yield large
errors in non-carbonate Ca concentrations. This error would be further magnified by recalcula-
tion on a carbonate-free basis. However, the basic result is that olivine is by far the most impor-
tant normative mineral phase, in accordance with independent evidence based on Cr and Ni trace
element data. Sums of 85-90% normative mineral abundances in the Pseudo-CIPW calculations
imply addition of approximately 14% H,O during alteration, which is compatible with the H,0+
content commonly encountered in serpentine and chlorite.

The modal composition of the ultramafic protolith as reflected by the serpentine
chemistry can indicate the type of mantle material present along the mid-ocean ridge axis, name-
ly refractory or fertile upper mantle (Hébert et al. 1990). An olivine-enriched ultramafic source
material for the sedimentary serpentine layer at 38°05’N would be compatible with the results of
petrologic studies of peridotites at mid-ocean ridges (Dick et al. 1984, Michael & Bonatti 1985).
These two studies show that, at the Mid-Atlantic Ridge, the highest modal abundances of
olivine accompanied by nearly complete depletion of clinopyroxene occur between 34° and
45°N. This refractory composition has been ascribed to an enhanced degree of partial melting,
which presumably results from the presence of the Azores hot spot centered at 39°N. This
conclusion is further substantiated by the mineral chemistry (Michael & Bonatti 1985). In parti-
cular, peridotites in the vicinity of the Azores are significantly more refractory than peridotites
dredged or drilled near the Kane fracture zone, the best studied occurrence of ultramafic rocks at
the MAR (Bryan & Juteau 1990, Cannat & Karson 1995).

9.4.5 Conditions of formation as indicated by the mineral assemblage

The following discussion is based on literature data on conditions of formation of ser-
pentine, smectite/chlorite, amphiboles and talc applied to the mineral assemblage of the 38°N
serpentine layer. Evidence comprises experimental and theoretical data, oxygen isotope
measurements and temperature determinations in active geothermal fields. Since most reactions
are primarily dependent on temperature rather than pressure (cf. Figs. 9.8 and 9.10), only for-
mation temperatures will be discussed. Potential problems include the presence of metastable
phases and of disequilibrium assemblages representing a wide range of temperature conditions.
Furthermore, experimental setups are necessarily simplified compared to natural conditions:
They may not reproduce fluid compositions encountered in natural systems, and cannot take

into account reaction times on the order of several years or longer.

The presence of “externally supplied* detrital phases indicates that the sedimentary mate-
rial which has been investigated in the present study represents a mixture of various sources. It
is possible that the mineral assemblage related to alteration of ultramafic rocks was also derived
from more than one source area on the walls of the 38°05’N fracture zone which may have
experienced different alteration conditions. Serpentine, smectite and chlorite, and amphiboles
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and talc will be discussed separately. The deduced formation temperatures may be related to a
sequence of alteration at one location or to differing conditions at several locations.

Of the three serpentine polymorphs, chrysotile is considered the low-P, low-T phase
based on experimental data and field observations, whereas lizardite is the high-P and low-T
mineral, and antigorite is the high-P, high-T mineral (Wicks & O’Hanley 1988). Evans et al.
(1976) presented a stability diagram in the system MgO-SiO,-H,O for the phases chrysotile,
antigorite, brucite, talc, forsterite, and water (Fig. 9.8). According to these authors, antigorite is
absent at temperatures <200°C, and coexists with chrysotile in the temperature range between
200 and 300°C. Chrysotile may be metastable at further increasing temperatures (Evans et al.
1976, O’Hanley et al. 1989). Based on oxygen isotope studies, serpentinization temperatures of

30-180°C were deduced for chrysotile-bearing mantle-derived ultramafic rocks in the equatorial
Atlantic (Bonatti et al. 1984).
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Fig. 9.8: Serpentine stability diagram (Evans et al. 1976). Black lines indicate stable,
gray lines indicate metastable equilibria.

Based on TEM observations, chrysotile is the predominant serpentine phase in the

38°05’N samples, whereas antigorite and lizardite are probably absent. The phase equilibria
cited above have been determined for prograde P-T-paths and are not necessarily valid under
retrograde conditions (C. Mével, pers. comm. 1995). Therefore, exact reaction temperatures
cannot be deduced; however, it can be assumed that serpentine was formed at comparatively
low temperatures and pressures, possibly close to those at the sea floor.
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The transition smectite - smectite/chlorite mixed layer - chlorite with increas-
ing alteration temperatures has been observed in a variety of environments, including geother-
mal systems in Iceland (e.g. Témasson & Kristmannsdottir 1972, Kristmannsdéttir 1975,
1979, Sveinbjornsdottir 1992), Japan (Liou et al. 1985), and Mexico (Cathelineau & Izquierdo
1988), contact metamorphic rocks (Ferry et al. 1987, Inoue & Utada 1991), ophiolites (e.g.
California Coast Range - Evarts & Schiffman 1983, Bettison & Schiffman 1988), and oceanic
metabasalts (DSDP Hole 504 B - Alt et al. 1986 a, Shau & Peacor 1992, Gillis & Thompson
1993). Reaction temperatures are best constrained in active geothermal fields, but since fluid
compositions might be different due to influence of meteoric water, and a variety of host rock
compositions (including basalts, andesites and rhyolites) is involved, resulting mineral assem-
blages may not be directly comparable. The transition smectite --> smectite/chlorite mixed layer
(+ chlorite) occurs at 150°C in the Newberry caldera, Oregon (Keith & Bargar 1988), and at
200°C in Icelandic geothermal fields (Témasson & Kristmannsdoéttir 1972, Kristmannsdottir
1975, 1979). The transition smectite/chlorite mixed layer --> chlorite occurs at 230-280°C
(Témasson & Kristmannsdéttir 1972). Shau et al. (1990) have pointed out that this corresponds
to the disappearance of mixed layer phases, since chlorite and corrensite (regular chlorite/smec-
tite mixed layer) may coexist over a range of lower temperatures. Based on oxygen isotopes,
formation temperatures of 60-110°C (or <150°C), and 200-250°C have been determined for
smectite (saponite) and chlorite, respectively, in DSDP Hole 504B (Alt et al. 1986 b). The
upper limit of chlorite stability is given by the ,.chlorite-in* reaction in retrograde metamorphosis
at the transition from amphibolite facies to greenschist facies conditions. According to the
experimental work of Liou et al. (1974), this transition occurs at 450-525°C (between | and 5
kbar) in rocks of basaltic composition; higher X, in ultramafic rocks should raise these tempe-
ratures (Kimball & Evans 1988).

In the MAR sediment samples, all three clay mineral phases are present but need not be
in equilibrium. The entire clay mineral assemblage is thus compatible with alteration tempera-
tures in the range of 150-280°C, hence approximately the same as or slightly higher than the
serpentinization temperature derived independently based on serpentine mineralogy.

By contrast, the accessory phases tremolite and talc indicate higher temperatures
corresponding to greenschist-facies conditions. Amphiboles have a tremolitic composition
in greenschist facies conditions. Unlike in metabasaltic and aluminous rocks, their composition
remains close to the tremolite end member until conditions high in the amphibolite facies in
ultramafic rocks (Evans 1982, Jenkins 1983). Between 450°C and 600°C (below the hornblende
solvus in Fig. 9.8), two amphiboles with distinctly different Al contents coexist with each other;
tremolite + olivine are stable until 810°C. The thermal stability of calcic amphiboles further
increases with increasing Al content and increasing Na (+K) in A sites. Hence amphiboles are
progressively enriched in pargasite (nomenclature after Leake 1978) with increasing metamor-
phic grade (Evans 1982, Jenkins 1983).
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Talc has been synthesized experimentally only at temperatures >500°C (Mottl & Holland
1978). It remains stable over a wide metamorphic range of PT conditions (Evans & Guggen-
heim 1988). The equilibrium talc - chrysotile depends on the silica molality in solution, with talc
occurring at higher silica activities (Hemley et al. 1977 a, b). In retrograde alteration, talc is
involved in the following reactions (Kimball et al. 1985):
3 OPX + SiO, + H,0 --> Talc
T = 550 - 800°C (depending on pressure)
5 OPX + H,0 --> Olivine + Talc
T =500.- 725°C
6 Olivine + Talc + 9 H,0 --> 5 SERP
T = 350 - 600°C (depending on pressure and serpentine type involved)
Talc + H,O --> SERP + 2 SiO,
T < 350°C (down to 150°C at 1 kbar)

Pressure-temperature diagrams of Figs. 9.9 and 9.10 show pertinent experimental
reaction curves (adapted from Kimball et al. 1985 and Kimball & Evans 1988). Only tremolite

and chlorite are present; there is no evidence for coexisting amphibole with higher Al content.
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Fig. 9.9: Schematic actinolite-hornblende solvus, after Robinson et al. (1981) [Figure
adapted from Kimball & Evans 1988]. In the 38°05’N samples, tremolite and
chlorite are present, indicating temperatures < 450°C (greenschist facies conditions).
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Fig. 9.10: Pressure-temperature diagram showing experimental reaction curves for alteration
of ultramafic rocks (adapted from Kimball et al. 1985). Black lines indicate

reactions discussed in text.

Accordingly, alteration temperatures < 450°C (greenschist facies conditions) can be deduced
based on this mineral assemblage. While talc remains stable over a wide temperature range
(Fig. 9.10), its presence is consistent with this interpretation. The elevated SiO,-contents of talc
and tremolite, compared to the bulk rock composition (Fig. 9.11), suggest the presence of a
SiO,-enriched fluid during high temperature (greenschist facies) alteration. This may correspond
to an earlier event in retrograde metamorphosis, or talc and tremolite were derived from another

area on the walls of the fracture zone.
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Fig. 11: SiO2 and MgO content of serpentine sediments and primary and alteration
phases. Note the high SiO, content of greenschist facies minerals tremolite and
lz}lc, suggesting the presence of a SiO,-enriched fluid during higher-temperature
alteration.
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9.5 Conclusions

The allochthonous sedimentary serpentine layer was derived from alteration of ultramafic
rocks, it could represent a low-temperature hydrothermal deposit associated with a fault that
may occur in upper-mantle rocks exposed on the walls of the fracture zone. While ultramafic
rocks have not been observed in the study area, this rock type is fairly common in fracture
zones at slow-spreading ridges such as the MAR. Cr/Ni-ratios of bulk sediment suggest an
olivine-enriched protolith, in agreement with the results of petrologic studies of peridotites at the
Mid-Atlantic Ridge. The high olivine content of peridotites has been ascribed to an enhanced
degree of partial melting, due to the proximity of the Azores hot spot.

Since chrysotile is the dominant, if not only, serpentine prototype present, serpentini-
zation took place at temperatures < 200°C. The same or slightly higher temperatures have been
deduced for formation of smectite/chlorite mixed layer phases and chlorite, although with a
larger uncertainty. By contrast, the presence of tremolite and talc indicates greenschist-facies
conditions, which is compatible with alteration at higher temperatures and involving a SiO,-
enriched fluid. If retrograde metamorphosis was occurring, this event should have taken place

prior to serpentine formation.
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10. Summary and general conclusions

The objective of the GEOFAR cruise of RV Le Noroit was to investigate temporal and
spatial variability of hydrothermal input in pelagic sediments at the Mid-Atlantic Ridge south of
the Azores (37-39°N), in the vicinity of the recently discovered Lucky Strike and Menez Gwen
hydrothermal fields. Four gravity cores from the area were selected for this study which,
according to visual core descriptions, seemed to contain the most complete and undisturbed
sediment record. A detailed chronostratigraphy was established based on oxygen isotopes of
planktonic and benthic foraminifera and, in two cores, absolute '“C ages obtained by accelerator
mass spectrometry (AMS). Various geochemical and mineralogical analyses were performed on
samples from these cores containing distal pelagic sediments, and on proximal sediments from
the flanks of the Lucky Strike seamount.

Sediments are dominantly carbonate-rich pelagic oozes. The nature of the 3'°O records
indicates that sedimentation was continuous and was not disturbed by major turbidites or
hiatuses. Thus, the selected cores should provide a reliable record of sedimentary fluxes during
the last 30,000 to 80,000 years. However, very high sedimentation rates in one core at the
38°05’N fracture zone can be ascribed to sediment ponding in a restricted basin, probably

including significant lateral sediment supply.

Multivariate statistical analysis of geochemical data demonstrated that volcanic,
ultramafic, detrital and hydrothermal sediment sources are present in addition to biogenic
carbonate, which dominates the chemical composition of most samples. The composition of
volcaniclastic sediments could be related to the influence of the Azores hot spot. Detritus
comprises both a basic component which was presumably derived locally from the ridge axis

and/or the Azores Islands, and a continentally-derived acidic component. The hydrothermal
sediment source includes metals derived from hydrothermal solutions (Fe, Mn, Cu) and

elements scavenged from the water column by hydrothermal oxyhydroxides (P, V, As).

Metal accumulation rates are significantly elevated compared to values from abyssal
plains remote from the ridge axis, and fall in the range of literature data from hydrothermally
influenced environments such as the East Pacific Rise and the Lau back-arc basin. While the
downcore distribution of metals was obviously modified by early diagenetic processes, time-
integrated average fluxes thus clearly indicate continuous hydrothermal influence in the study
area at least down to 55,000 years B.P. . Selective leaching and Mossbauer spectroscopy show
the presence of Fe- and Mn-oxide phases possibly derived from hydrothermal particle plumes
and mobile in porewater solution during early diagenesis. Selective leaching also indicates that
most (60-100%) of total iron is contained in a residual phase and could have been derived from
volcaniclastic and/or detrital sources. On the other hand, manganese was dominantly derived
from non-detrital sources and is associated either with oxide or with carbonate phases.

The distribution of hydrothermal factor scores and the spatial variability of metal accu-
mulation rates suggest maximum hydrothermal influence at 37°N, south of the Lucky Strike
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vent field, which may also include contributions from other hydrothermal sites suspected south
of the study area based on physical and chemical anomalies in the water column. Hydrothermal
input at the other sites was possibly also derived from the Lucky Strike plume, the relative
amount of this contribution could have been fluctuating due to variable bottom current patterns
during the depositional history of sediments. Present-day metal input could also originate from
the Menez Gwen field. However, phase-separated and metal-depleted fluids are emitted at this
vent site due to its shallow water depth (840 m), which might not leave a chemical imprint in
pelagic sediments.

While both the Lucky Strike and Menez Gwen fields contain abundant barite, barite
dispersal in hydrothermal particle plumes should be limited by its high density. A minor contri-
bution of plume-derived fine-grained sulfides and possibly sulfates in distal sediments is
suggested by the presence of sphalerite, which was tentatively identified by X-ray diffraction in
gravity concen-trates (>3.0 g/cm?). However, the correlation between Ba and Si, S¥/Al and
organic carbon suggests primarily a biogenic origin of Ba in these sediments. On the other
hand, Ba appears to be dominantly of hydrothermal origin in proximal sediments at the Lucky
Strike seamount, where it is presumably derived from redeposited hydrothermal precipitates.
This hydrothermal contribution apparently also includes sulfide phases, as indicated by
concomitant enrichments in Fe, Cu and, to a lesser extent, Zn.

Ba-maxima in distal pelagic sediments are tentatively interpreted as indicators of produc-
tivity spikes. These spikes could result from a combination of cold surface water incursions,
suggested by planktonic §'*O maxima and/or abundance maxima of the cold-water nannoplank-
ton species C. pelagicus, and enhanced terrigenous input supplying additional nutrients to the
low-productivity “blue ocean“. The most conspicuous maxima, present throughout the study
area, are coeval to Heinrich meltwater event 1, terrigenous input in these samples could be
derived from distal fine-grained ice-rafted and/or from eolian sources.

An allochthonous sedimentary serpentine layer in the deepest part of a basin in the
central area of the 38°05’N fracture zone was derived from alteration of ultramafic rocks.
Cr/Ni-ratios of serpentine material suggest an olivine-enriched ultramafic protolith, in accord
with previous petrologic studies of peridotites at the Mid-Atlantic Ridge. As chrysotile is the
dominant, if not only, serpentine polytype present, serpentinization took place at temperatures
<200°C. The same or slightly higher temperatures were deduced for formation of smectite/
chlorite mixed layer phases and chlorite, albeit with a greater uncertainty. The accessory phases
tremolite and talc indicate greenschist facies conditions, which could have occurred earlier
during a history of retrograde metamorphosis. Alternatively, tremolite and talc were derived
from another source area on the walls of the fracture zone. The predominance of chrysotile
rather than lizardite or antigorite may indicate a low-temperature hydrothermal origin of serpen-
tine, which would be compatible with the complete absence of magmatic precursor phases. A
similar deposit was dredged at the 15°20°'N fracture zone at the Mid-Atlantic Ridge at a fault
scarp exposing harzburgites and dunites (H. Dick, pers. comm.).
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In conclusion, three distinct hydrothermal contributions are present in sediments
in the study area:

e Fe- and Mn-oxyhydroxides are derived from hydrothermal particle plume fallout
in distal pelagic sediments. This contribution includes elements scavenged from the
water column (P, V, As). The spatial distribution of hydrothermal tracers and metal
accumulation rates suggests that oxyhydroxide fallout is primarily derived from plumes
originating at the Lucky Strike vent field, and could include contributions from other present-
ly undiscovered vent sites south of the study area. While diagenetic processes apparently
modified the pattern of temporal variability of metal accumulation rates, average accumulation
rates clearly indicate continuous hydrothermal influence in the study area at least down to
55,000 years B.P. .

¢ Barite and hydrothermal sulfides (sphalerite ? pyrite ?) are presumably derived from
redeposition of hydrothermal precipitates at the Lucky Strike seamount and
probably also occur as a minor fine-grained contribution from hydrothermal
particle plumes in distal sediments. However, Ba is dominantly of biogenic origin in
distal pelagic sediments. Ba maxima, particularly during early Termination I, were tentatively
interpreted in terms of productivity spikes.

e Serpentine (chrysotile) and associated phases (smectite/chlorite, chlorite, talc,
tremolite) were derived from alteration of ultramafic rocks and may correspond to an
ultramafic-hosted, low-temperature hydrothermal deposit. In the area of the
present study, these phases occur locally at the 38°05’N fracture zone. As samples of very
similar lithology and mineralogical composition were dredged at the 15°20’N fracture zone at
the MAR (H. Dick, pers. comm.), chrysotile-bearing muds may represent a common form of
hydrothermal deposits at slow-spreading ridges. While low- and high-temperature
hydrothermal systems associated with ultramafic rocks were little investigated to date, they
may account for a distinct, significant component of global hydrothermal fluxes.

Further studies could focus on

e detremination of the hydrothermal and/or biogenic origin of Ba in sediments in the study area
by means of Sr-isotope analyses of barite separates, and higher-resolution sampling across
Termination I in order to confirm the presence of deglacial productivity spikes in the
subtropical North Atlantic coeval to Heinrich meltwater event 1. This could give clues on the

impact of Heinrich events beyond the IRD depositional belt in the Atlantic Ocean from
40-55°N.

e detailed investigations of the walls of the 38°05’N fracture zone to identify the source area
and sample the protolith of serpentine sediments and comparative studies of serpentine-
bearing muds from 15°20’N. This might constrain the nature and global significance of
hydrothermal activity associated with ultramafic rocks.
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Appendix 1: Selected core logs
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Appendix 1: Selected core logs

GEOFAR KF13
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Appendix 1: Selected core logs
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Appendix 1: Selected core logs

GEOFAR KF16

|||||||||||||||

' —
llllllllllllll
I | -

lllllllllllllll

lllllllllllll

..............

5Y 6.5/4 pale olive

dominantly 5Y 7/2 light gray

dominantly 5Y 6.5/4 pale olive

dominantly 5Y 7/2 light gray

5Y 5.5/4 olive
—— 5Y 6.5/2 light olive gray

—— 5Y 5.5/4 olive, matted texture

dominantly 5Y 6.5/3 pale olive

dominantly 5Y 7.5/1 very light gray

dominantly 5Y 6.5/3 pale olive




PR T T AR W SRR T TR R R R e

A6

Appendix 1: Selected core logs

GEOFAR KF16
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GEOFAR KF16
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Appendix 2: Stable isotope data
Ac.91KS04 (EPSHOM) (38°05N 30°36W /2184 m water depth)

Depth 3180 StDev §13C  StDev 5180 StDev 813C StDev 5180 StDev  §13C  StDev

(em) (G.ruber) (G.ruber) (C.wuellerst.) (C.wuellerst.) (G.inflata) (G.inflata)

4 -0.35 0.02 0.90 0.03 2.06 0.05 1.07 0.05 0.92 0.02 0.77 0.03
15 -0.21 0.03 0.39 0.03 2.30 0.02 1.05 0.02 0.95 0.03 0.68 0.03
19 -0.02 0.03 0.57 0.02 2.38 0.03 0.91 0.02 1.15 0.02 0.52 0.02
26 0.33 0.086 0.51 0.03 1.60 0.02 0.66 0.02
36 1.27 0.01 0.50 0.01 1.96 0.05 0.70 0.02
47 0.91 0.03 0.40 0.02 1.69 0.02 0.47 0.03
62 0.59 0.04 0.47 0.02 3.05 0.04 0.85 0.01 2.04 0.04 0.51 0.02
T2 1.21 0.03 0.39 0.02 3.54 0.03 0.37 0.01 2.44 0.02 0.62 0.02
82 1.13 0.05 0.45 0.03 3.89 0.03 0.20 0.01 2.53 0.02 0.49 0.02
92 1.34 0.03 0.33 0.02 3.69 0.03 0.65 0.03 2.69 0.03 0.66 0.02
101 1.57 0.03 0.37 0.02 3.89 0.07 0.78 0.05 2.50 0.05 0.57 0.03
115 1.46 0.02 0.47 0.0% 3.28 0.03 0.65 0.01 2.47 0.04 0.62 0.03
131 1.33 0.03 0.61 0.03 3.65 0.04 0.78 0.03 2.24 0.03 0.53 0.03
146 1.36 0.03 0.27 0.03 3.63 0.03 0.82 0.02 1.18 0.03 0.18 0.02
154 1.27 0.02 0.53 0.03 3.62 0.03 1.29 0.02 2.16 0.02 0.74 0.02
159 0.74 0.03 058 0.01 3.54 0.03 0.82 0.02 2.186 0.04 0.62 0.02
175 0.67 0.03 0.27 0.03 3.27 0.02 1.00 0.02 2.23 0.03 0.93 0.00
185 0.80 0.03 0.60 0.03 3.50 0.02 1.04 0.02 2.15 0.03 0.64 0.02
192 0.88 0.04 0.36 0.01 3.40 0.04 1.09 0.03 2.10 0.04 0.65 0.01
207 0.96 0.02 0.58 0.02 3.25 0.03 1.08 0.04 2.13 0.03 0.78 0.02
217 0.77 0.02 0.64 0.02 3.43 0.03 1.17 0.01 1.95 0.02 0.80 0.02
227 0.87 0.03 0.47 0.02 3.33 0.03 1.23 0.06 1.73 0.02 0.52 0.01
245 0.75 0.05 0.39 0.05 1.91 0.02 0.61 0.03
256 0.47 0.02 0.54 0.02 3.34 0.01 1.12 0.01 1.80 0.02 0.67 0.02
263 0.73 0.02 0.46 0.02 3.14 0.04 0.99 0.03 2.12 0.03 0.75 0.02
278 0.66 0.03 0.21 0.03 3Ar 0.03 0.86 0.02 1.78 0.02 0.29 0.02
287 1.43 0.04 0.07 0.02 2.59 0.01 0.61 0.02
290 1.26 0.04 0.22 0.01 3.22 0.05 0.43 0.03 2.60 0.03 0.46 0.02
305 1.61 0.03 0.46 0.01 2.53 0.06 0.47 0.04
315 1.42 0.02 0.57 0.02 3.73 0.02 0.98 0.02 2.47 0.02 0.73 0.02
320 1.12 0.03 0.53 0.02 3.60 0.06 1.37 0.05 2.43 0.03 0.88 0.02
334 1.95 0.02 030 0.03 3.92 0.01 1.04 0.02 2.7 0.02 0.89 0.03
340 1.61 0.02 0.40 0.02 2.74 0.04 0.88 0.01
353 1.39 0.02 0.45 0.04 3.65 0.04 0.92 0.02 2.34 0.02 0.80 0.03
358 0.83 0.04 0.20 0.04 3.24 0.22 0.15 0.19 1.98 0.03 0.66 0.02
369 0.58 0.04 060 0.02 3.35 0.03 0.88 0.02 1.78 0.02 0.92 0.02
ar7 0.62 0.03 0.76 0.02 3.07 0.06 0.91 0.04 1.74 0.02 0.97 0.01
392 0.77 0.07 0.70 0.04 3.28 0.04 1.27 0.02 2.07 0.04 0.99 0.02

m—
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GEOFAR KF09 (37°07N 32°17 W / 2655 m water depth)

Depth
(em)
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330
350
360
370
380
400
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5180

(G.ruber)

-0.30
-0.26
-0.11
-0.41
-0.44
-0.24
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-0.18
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0.43
0.38
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.04
.27
.33
.23
.25
.07
.33
.34
A2
15
.24
31
10
.48
.42
.32
.40
it}
14
.23
A3
.38
b i g
.30

StDev

0.02
0.03
0.02
0.06
0.03
0.06
0.06
0.05
0.04
0.03
0.03
0.04
0.03
0.05
0.05
0.04
0.04
0.05
0.03
0.03
0.04
0.02
0.03
0.02
0.03
0.04
0.04
0.05
0.07
0.03
0.03
0.04
0.02
0.03
0.05
0.04
0.02
0.01
0.07
0.04
0.05
0.02
0.02
0.04
0.02

513C
(G.ruber)

0.71
0.99
0.81

0.55
0.36
0.57
0.56
0.67
0.55
0.85
0.52
0.59
0.70
0.68
0.34
0.44
0.44
0.62
0.47
0.42
0.45
0.42
0.41

0.39
0.47
0.35
0.56
0.52
0.51

0.46
0.58
0.36
0.40
0.54
0.55
0.59
0.56
0.42
0.36
0.48
0.29
0.51
0.58
0.40
0.73

StDev

0.03
0.01
0.01
0.02
0.02
0.04
0.02
0.03
0.03
0.01
0.02
0.02
0.01
0.02
0.01
0.04
0.03
0.02
0.02
0.01
0.01
0.02
0.03
0.04
0.01
0.02
0.02
0.03
0.02
0.02
0.01
0.02
0.01
0.03
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.02
0.02
0.02

5180
(C.wuellerst.)

2.19
2.24
2.35
2,32
2.26
2.42

2.73
2.69
2.84

3.30
3.07

3.83
3.44

StDev

0.05
0.04
0.03
0.03
0.04
0.04

0.03
0.07
0.02

0.02
0.05

0.03
0.03

513C
(C.wuellerst.)

1.08
1.16
1.14
0.65
0.99
0.79

0.55

0.67

1.02
0.85

1.26
0.52

StDev

0.02
0.02
0.01
0.03
0.02
0.02

0.01

0.02

0.02
0.02

0.01
0.03
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Appendix 2: Stable isotope data
GEOFAR KF13 (37°35N 31°51 W / 2690 m water depth)

Depth 5180 StDev §13C  StDev 5180 StDev §13C StDev

(em) (G.ruber) (G.ruber) (C.wuellerst.) (C.wuellerst.)

5 -0.28 0.03 1.03 0.01 2.34 0.02 1.17 0.01
10 -0.21 0.03 0.88 0.02 2.38 0.03 : Iy | 0.02
15 -0.27 003 0.87 0.04 2.48 0.04 0.79 0.01
22 0.36 0.03 055 0.02 2.68 0.04 1.07 0.02
26 -0.32 0.04 0.72 0.03 2.29 0.06 1.12 0.03
30 -0.22 0.03 0.41 0.02 2.35 0.02 1.04 0.02
35 -0.20 0.04 0.50 0.02 2.54 0.06 1.05 0.01
40 -0.19 0.02 0.59 0.01 2.50 0.06 0.94 0.03
50 -0.04 0.02 0.48 0.04 2.69 0.03 1.07 0.01

55 -0.04 0.02 0.56 0.01
60 0.74 0.06 0.62 0.02

65 0.68 0.03 0.19  0.02 2.58 0.05 0.65 0.04
73 0.46 0.05 0.48 0.02 3.02 0.03 1.10 0.02
82 0.53 0.03 0.36 0.02 3.19 0.07 1.09 0.02
90 0.57 0.04 0.44 0.02

100 0.67 0.02 0.49 0.02 3.22 0.04 0.91 0.01

‘ 110 1.13 0.03 048 0.02
120 1.30 0.04 0.27 0.02

130 1.36 0.02 0.46 0.02 3.81 0.04 0.53 0.04
140 1.15 0.05 0.32 0.02
150 1.43 0.03 0.51 0.02 4.27 0.03 1.16 0.01
160 1.22 0.03 0.56 0.01
| 170 0.98 0.04 0.42 0.02 4.03 0.03 0.92 0.02
| 180 1.33 0.04 0.48 0.02
190 1.25 0.03 0.51 0.02
200 1.47 0.04 0.44 0.03
210 1.31 0.02 0.50 0.01
220 1.33 0.06 0.37 0.05
230 1.39 0.04 0.56 0.02
240 1.52 0.04 0.38 0.02
250 1.31 0.01 0.38 0.01
260 0.95 0.04 0.60 0.02 3.62 0.04 0.46 0.01
271 1.60 0.02 0.61 0.02 ',
280 0.90 0.04 0.68 0.03
290 1.25 0.02 0.46 0.02 3.72 0.05 1.14 0.04
300 1.13 0.04 0.58 0.01
310 1.14 0.03 0.42 0.02
320 1.18 0.04 0.50 0.03 3.60 0.44 0.16 0.43

| 330 0.76 0.06 0.22 0.05
| 340 061 004 015 0.02
| 350 111 003 0.4 002
' 360 0.74 0.03 0.58 0.02

370 0.44 0.02 0.45 0.02 3.95 0.12 1.73 0.12
‘ 380 099 0.02 0.61 0.02
390 1,10 0.03 0.62 0.02 3.46 0.26 1.57 0.2
401 0.88 003 044 003 3.87 0.05 1.34 0.02
, 410 0.62 0.03 050 0.02
| 420 0.60 0.04 036 0.01 3.81 0.03 1.34 0.02
430 0.47 0.02 053 0.03 3.25 0.03 1.30 0.03
440 059 0.03 058 0.02 3.55 0.02 1.33 0.01
450 053 002 058 0.03 3.46 0.03 1.28 0.01
460 129 0.04 048 0.02
470 0.70 0.03 0.51 0.01 3.75 0.07 1.42 0.01

479 0.73 0.02 0.50 0.01
490 0.77 0.02 0.61 0.01
500 0.48 0.03 0.43 0.02

510 0.38 0.03 0.54 0.02 3.55 0.03 1.05 0.02
520 1.36 0.03 0.66 0.02 3.29 0.05 0.75 0.01
529 0.51 0.02 0.49 0.02

540 0.82 0.03 0.40 0.02 3.47 0.02 0.63 0.02

550 1.19 0.03 0.13 0.02
560 1.65 0.03 0.43 0.02
570 1.30 0.03 0.37 0.01
578 1.21 0.03 0.23 0.05



Depth 5180
(em) (G.ruber)
5 -0.21
10 -0.16
15 -0.12
25 -0.32

35
45 -0.31
57 -0.43
67 -0.56
89 -0.19
95 -0.09
100 -0.02
110 -0.28
120 -0.01
130 0.13
140 -0.15
150 -0.06
155 -0.04
160 0.09
170 0.26
180 0.23
190 0.33
200 0.16
210 0.15
220 0.19
230 0.84
240
250
261
270
280
290
300
310
318
325
33s
340
350
360
370 0.38
380 0.39
390 0.34
400 0.29
410 0.69
420 0.51
430 0.70
440 1.20
450 1.17
460 1.66
470 1.13
480 1.44
490 2.04
500
510 1.08
520
530 1.22
540
550
560 2.08
570 1.40

StDev

0.04
0.08
0.03
0.04

0.01
0.06
0.03
0.04
0.03
0.03
0.03
0.03
0.06
0.05
0.04
0.05
0.04
0.03
0.03
0.03
0.03
0.02
0.04
0.02

0.02
0.05
0.03
0.06
0.02
0.03
0.04
0.05
0.02
0.03
0.06
0.04
0.03

0.04

0.04

0.04
0.05

513C
(G.ruber)

0.88
0.95
0.90
0.82

0.83
0.72
0.33
0.75
0.60
0.47
0.59
0.41
0.42
0.44
0.49
0.57
0.50
0.37
0.40
0.49
0.49
0.57
0.57
0.30

0.19
0.26
0.30
0.32
0.47
0.46
0.50
0.04
0.47
0.27
0.21
0.38
0.10

0.20

0.65
0.43

All

Appendix 2: Stable isotope data
GEOFAR KF16 (37°60N 31°08W / 3050 m water depth)

StDev

0.04
0.02
0.02
0.01

0.02
0.05
0.02
0.03
0.03
0.02
0.02
0.03
0.02
0.02
0.03
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.01

0.02
0.03
0.01
0.05
0.03
0.03
0.01
0.05
0.01
0.01
0.05
0.02
0.01

0.03

0.02

0.04
0.03

5180
(G.inflata)

0.94
0.94
0.94
1.03
1.10
1.12
1.02
0.87
0.95
0.95
1.10
0.94
0.94
.10
.28
.38
.43
41

.45
.38
.58
.35
.51

.61

.96
.86
.04
.03
.78
95
.95
.94
.82
.88
84
.02
.97
97
9

.65
.78
.55
.57
79
.94
2.02
2.39
2.01

2.50
2.38
2.40
2.79
2.79
2.50
2.70
2.73
2.79
2.95
2.92
2.83
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S

StDev

0.02
0.04
0.03
0.02
0.03
0.04
0.03
0.03
0.04
0.03
0.03
0.04
0.03
0.03
0.03
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.02
0.03
0.03
0.04
0.02
0.05
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.03
0.03
0.04
0.04
0.04
0.05
0.04
0.03
0.03
0.01
0.03
0.03
0.02
0.02
0.03
0.03
0.03
0.03
0.04
0.03
0.03
0.03
0.03
0.03
0.02

513C
(G.inflata)

0.79
0.80
0.84
0.89
1.00
1.08
0.75
0.62
0.46
0.49
0.54
0.46
0.46
0.48
0.48
0.70
0.56
0.64
0.57
0.53
0.47
0.40
0.42
0.59
0.82
0.59
0.77
0.80
0.56
0.58
0.64
0.63
0.58
0.59
0.47
0.73
0.60
0.55
0.58
0.31

0.36
0.40
0.26
0.40
0.37
0.35
0.31

0.47
0.50
0.45
0.45
0.59
0.67
0.58
0.65
0.64
0.57
0.65
0.61
0.53

StDev

0.02
0.01

0.02
0.03
0.01

0.01

0.01

0.02
0.02
0.02
0.02
0.02
0.01

0.01

0.02
0.02
0.02
0.04
0.03
0.02
0.01

0.02
0.03
0.02
0.01

0.01

0.03
0.03
0.01

0.03
0.02
0.02
0.02
0.01

0.02
0.02
0.02
0.03
0.02
0.04
0.02
0.01

0.03
0.03
0.02
0.01

0.02
0.02
0.02
0.03
0.01
0.02
0.02
0.04
0.02
0.03
0.02
0.02
0.02
0.02

5180
(C.wuellerst.)

2.16

2.22
2.27
2.32

2.26
2.34
2.25
2.36
2.30
2.38

2.38

2.69

2.96
3.08

StDev

0.03

0.02
0.02
0.04

0.03
0.02
0.03
0.02
0.04
0.02

0.02

0.03

0.02
0.02

513C
(C.wuellerst.)

1.13

1.14
1.20
1.16

1.20
1.07
0.90
0.69
0.91
0.61

0.49

1.13

0.89
0.71

StDev

0.02

0.03
0.01
0.01

0.02
0.01
0.01
0.01
0.02
0.01

0.04

0.03

0.02
0.01
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Appendix 2: Stable isotope data
GEOFAR KF16 (37°60N 31°08W / 3050 m water depth)

Depth 5180 StDev §13C StDev 5180 StDev 513C StDev
(ecm) (G.ruber) (G.ruber) (G.infiata) (G.inflata)

580 1.76 0.06 0.40 0.04 2.7 0.03 0.56 0.02
590 1.13 0.03 0.64 0.03 2.66 0.03 0.57 0.03
600 0.01 2,72 0.02 0.74 0.02
610 0.03 2.51 0.04 0.64 0.03
620 1.68 0.02 0.66 0.02

630 0.03 2.72 0.05 0.43 0.01
640 1.77 0.03 0.56 0.01 2.77 0.03 0.69 0.03
650 1.32 0.05 -0.03 0.04 2.61 0.03 0.75 0.03
660 1.72 0.03 0.46 0.02 2.66 0.03 0.65 0.01
670 1.3 0.03 0.26 0.02 2.72 0.03 0.63 0.02
680 1.20 0.04 -0.05 0.05 2.77 0.03 0.61 0.02
690 1.82 0.03 0.41 0.02 2.66 0.03 0.50 0.02
700 1.14 0.02 0.37 0.02 2.61 0.06 0.53 0.06
710 1.15 0.06 0.19 0.03 2.76 0.04 0.66 0.02
720 1.26 0.03 0.40 0.02 2.67 0.03 0.55 0.02
730 1.30 0.03 0.15 0.03 2.44 0.06 0.44 0.02
740 1.17 0.04 0.10 0.01 2.43 0.04 0.49 0.01
750 1.67 0.03 0.53 0.02 2.56 0.03 0.63 0.02
760 1.49 0.04 0.60 0.03 2.64 0.03 0.73 0.02
770 1.51 0.04 0.32 0.01 2.61 0.02 0.47 0.02
780 1.49 0.02 0.52 0.02 2.60 0.03 0.61 0.02
790 1.60 0.03 0.52 0.03 2.69 0.02 0.58 0.01
796 1.60 0.03 0.55 0.02 2.58 0.03 0.60 0.03
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Appendix 3: X-ray fluorescence data
major oxides

Ac.KS04 SiO2 TiO2[AI203] Fe203 MnO MgO| CaO |Na20 K20 P205 L.OJ Sum |
(%) (%) ] (%) | (%) [(%)] (%) (%) | (%) (%)' (%)_ (%) (%)
Surface  7.02 0.28| 2.29 | 1.77 |0.18/0.76(45.47| 0.90 0. 13 0.16 39.46 98.42)
6  8.02 0.38] 2.76 | 2.13 |0.25|0.88/45.05| 0.77 0.10 0.16 39.07/99.57
10 | 9.69 0.47| 3.29 | 2.40 |0.290.98/43.37| 0.65 0. oe. 0.17 37.90/99.29
13 (11.19 0.50| 3.46 | 2.75 |0.14/1.09]41.83] 0.59 0.10 0.17 37.23]99.05|
16 10.99 0.45| 3.21 | 2.25 |0.10/1.06|42.95| 0.78 0.12 0.14 37.02 99.07
22 10.59 0.38| 2.98 | 2.04 |0.09]1.09/41.97| 0.98 0.13, 0.15  38.62 99.02
61 12.19 0.27| 3.25 | 1.72 |0.10[1.04|41.27| 0.73 0.08 0.12 38.16 98.93
80 11.68 0.15] 2.47 | 1.32 |0.07]0.86/40.57| 0.71 0.05 0.08 39.77 97.73]
93 12.58/ 0.17] 2.70 | 1.26 |0.07|0.95/40.57| 0.78 0.06 0.08 39.54 98.76|
109 1298 0.17| 2.74 | 1.49 |0.09|0.95(40.01] 0.80 0.07 0.09 38.62 98.01
123 13.88 0.22| 3.21 | 1.60 |0.100.95/40.15/ 0.67 0.08 0.25 38.09 99.20,
138 | 9.78 | 0.18| 2.15 | 1.23 [0.09/0.75/44.35| 0.57 0.06 0.09 |40.28/99.53
155 9.78 0.18| 2.30 | 1.50 [0.10/0.91/43.93|/ 0.71 0.06| 0.10 40.03,99.60
184 8.32 0.17| 1.98 | 1.14 [0.09|0.76/45.05| 0.70 0.06' 0.10 40.83 99.20
200 892 0.18 2.34 | 1.36 [0.11]0.81|44.77|1.04 0.08 0.11 40.14 99.86
238 44.49 1.43|14.28| 8.71 |0.20|6.48/15.67|2.14 0.60 0.27 4.25 98.52
239 44.92 1.45|14.39| 8.89 [0.20/6.57|15.53| 2.40 0.63 0.25 3.69 98.92
249 2225 0.67| 6.61 | 4.69 |0.15(3.13(32.74| 1.21 0.20 0.17 '27.27 99.09
255 8.53 0.20| 2.32 | 1.19 |0.12/0.73/45.19| 0.53 0.07 0.13 40.19 99.20
271 10.29 0.25| 2.78 | 1.59 |0.13/0.85/43.51] 0.50 0.07 0.13 39.20 99.30
280 31.66 0.93| 9.27 | 6.06 |0.16,3.63 24.34| 1.73 0.37 0.19 |20.61 98.95
283 22.67 0.53| 5.91 | 4.78 [0.14]2.06,/30.92| 1.13 0.22 0.13 30.05 98.54
295 18.89 0.42| 5.01 | 2.69 |0.11/1.36/35.67| 0.89 '0.14 0.12 33.79/99.09
310 42.35 1.35|13.58| 8.65 |0.20|5.37/16.93| 2.20 0.54 0.22 7.28 98.67
323 13.99 0.25| 3.55 | 1.79 |0.14[1.01/39.87| 0.61 0.07 0.10 37.59 98.97
330 17.39 0.35| 4.42 | 3.80 |0.13]1.62/35.95/ 0.96 0.12_0.12 33.97 98.83
342 17.48 0.47| 4.99 | 3.58 |0.14[1.87/36.93| 0.73 0.12 0.13 32.34 98.78
353 34.87 1.17|10.99| 7.49 |0.18(4.69|22.24| 2.12 0.42 0.24 14.35 98.76
358 8.64 0.20 2.57 | 1.27 |0.13/0.76/44.63| 0.70 0.05 0.11 40.33 99.39
366 6.33 0.15| 1.53 | 2.02 |0.14|0.63/46.45| 0.39 0.04_ 0.12 41.39 99.19
381 10.99 0.23| 3.04 | 2.03 [0.11,0.91/42.67]| 0.66 0.06 0.11 38.80 99.61
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Appendix 3: X-ray fluorescence data

major oxides

GEOFAR _ Si02 | TIO2 AI203 Fe203 MnO | MgO CaO | Na20| K20| P205 | SO3 | CO2  H20 | LOL | Sum |
o a=f%) ) %) f (%) [ (%) (%) | (%) (%) (%) | (%) | (%) I{%)1 (%) (%)
%) LE%) (%) L (%) 1 , :

|

_@'4_‘__. i i |
5§ 3.47]0.13] 1.23 3.96 | 0.170 0.41/49.10] 0.05 |0.14] 0.296 |0.071]37.96]1.7639.72| 98.75 _
1o 3.81[0.15| 1.32 | 4.30 | 0.183 | 0.46/48.13| 0.26 | 0.16| 0.302 | <0.06|37.76| 1.92 | 30.68| 98.76
Tua 0.17| 1.40 | 4.50 | 0.210 [0.50  48.13| 0.26 | 0.17] 0.300 |0.071|37.59 1.93| 39.51| 99.36
1; | 4.58 [0.18] 1.47 | 4.50 | 0.458 | 0.55|46.31| 0.89 [0.20] 0.270 | <0.05|36.85|2.41/39.26 98.68
20 | 4.60|0.20| 1.64 | 4.62 | 0.871 [0.51)46.82| 0.18 | 0.18] 0.286 | <0.05/37.17|2.18/39.35 9926 |
22 | 5.07]022] 1.64 4.53 | 0.973 |0.53/46.47] 0.32 |0.19] 0.295 | <0.05|37.05 2.3 39.28 99.52
25 548023 1.79 | 4.33 | 0.222 |0.23/47.15/ 0.28 | 0.20| 0.280 | <0.05|36.81|1.83/38.64  98.83
30 6.89 |0.32| 2.27 | 3.16 | 0.098 |0.32 47.43| 0.28 | 0.27| 0.225 | <0.05 36.74  1.64 38.38, 99.64
35 | 753,033 242 | 252  0.571 0.65 46.52| 0.28  0.30| 0.204 | <0.05/36.90/0.98)37.87, 99.21
37 [ 8.11/0.33| 2.46 | 2.62 | 0.102 10.61,46.03 0.30 | 0.33] 0.198  <0.05|36.75/1.08|37.83. 98.92
43 | 8.43 os:u 244  2.55 . 0.100  0.70|45.80| 0.53  0.36] 0.170 [0.075)|35.92| 1.62]37.54 99.03

50 | 8.730.33 244 | 2.04  0.089 | 0.70] 46.07) 0.40 | 0.36] 0.151 | 0.109|36.46|0.92| 37.38] 98.80

T YT 0.28 | 2.49 | 1.64 | 0.097 | 0.75|44.87| 0.97 |0.42| 0.167 0.187|34.82 1.81|36.63| 98.42
150 | 9.60|0.22| 2.44 | 1.54 j{ 0.119 | 0.70[44.85| 0.82 | 0.46] 0.141 0.133|35.08| 1.90|36.99| 98.00
210  14.57/0.22 342  2.45  0.112 |0.93]/40.32| 0.49 |0.74| 0.134 |0.145/32. 10,273 34.88] 98.41 |
240 [15.19/0.17| 3.08 | 2.10 | 0.094 |0.8840.52) 0.62 | 0.65] 0.119 0.182|31.36 2.87 3422, 97.84
300 12.26/0.12] 2.40 | 1.19 | 0.095 | 0.63|43.70| 0.40 | 0.48 0.120 | 0.133|34.082.53 36.61  98.14
340 18.69/0.18| 3.49 | 2.45 | 0.136 |0.90/37.68| 0.38 | 0.71| 0.116 0.101|32.25 2,82 35.07 99.90
370 .14.31/0.15] 2.76 | 1.39 | 0.106 | 0.7341.35] 0.61 |0.57| 0.121  <0.05/32.38 1.74 34.12] 96.22
403 [ 15.79/0.15 2.83 | 1.69 , 0.109 0.73 40.79] 0.35 0.55| 0.119 |0.170/31.64/2.88/34.53 97.80
445 | 9.80 [0.13 2.19 | 0.93 | 0.102 |0.56|45.82| 0.40 | 0.45| 0.119 ' 0.187[36.44 ' 1.17]37.62] 98.30
465  8.66[0.13 1.85 1.30 | 0.094 | 0.48|46.59| 0.22 | 0.37| 0.122 0.436|36.69 1.18 37.87 98.12

T S ddEran VES o LIS F S M

KF13- ] | ! !

2 ¢80 _4,1_1vg._1§_* 1.47 | 2.85 | owe no45.4a 91| 0.13 0.18| 0.237 0.073)38.23|1.52 39.76 98.53 |

10  4.19|0.18 1.49 283  0.189 0.58|46.78| 1.68  0.25| 0.215 . 0.181|36.611.52/38.13 96.70

19 528020 172 260 1.690 0.53/47.36| 0.44  0.24| 0.190 0.105/37.92/1.70 39.62, 99.98
22 5.90|0.25 1.93  3.33 0093 0.55 47.79| 0.44 [0.25| 0.222 0.107|35.95,2.0237.97" 98.83

33 | 8.86)0.32] 257  2.07 | 0.104 | 0.65 46.13| 0.46 [0.37| 0.173 ' <0.05|36.19 1.73 37.91, 99.62 |
50 8.68 | 0.32 2.47 | 1.54 | 0.077 | 0.73 44.63| 1.83 | 0.43| 0,178 | 0.265|34.72,0.98 35.70| 96.85
69 11.51/0.22 2.32 | 222 | 0.119 /0.70/43.63 o.7¢10.4‘5%9‘.14a‘o.172 34.25| 2. 39 36.64, 98.87 |
80 8.34 | 0.22| 2.17 . 1.27 | 0.088  0.53 47.30| 0.47 0.39] 0.147 '0.240|37.15(1.65 38.79 99.96

120 17.60|0.27| 4.02 | 2.65 0.088 1.01 38.23| 0.50 | 0.83| 0.127 0.123]30. 38 3.2333.61, 99.06 |
150  [13.24]0.17 2.76 | 1.67 | 0.086 [0.7542.80] 0.36 |0.48| 0.108 |0.359|33.32| 2.75,36.07 98.85
180 12.11/0.13] 2.27 . 2.37 | 0.073 [0.41 43.49  0.30 '0.45 0.116 2.199 33.47 2.74.36.21 _100.13
200 12.06/0.12, 2.64 | 1.16 | 0.072 | 0.66|41.06. 2.22 | 0.54_ 0.105 0.472 33.28(2.93 36.21 97.32
240  12.75/0.13| 2.36 _ 1.30 _0.072 | 0.53 43.77] 0.27 | 0.45, 0.105 0.447 33.89 2.48 36.37 98.56
271 12.88|0.17 2.72 . 1.89  0.113 |0.61 43.29, 0.34 | 0.55, 0.117 0.433 33.57 2.38,35.95 99.07
310 809|012 164 0.86 0.080 0.56 45.52 1.85 0.39 0.115 0.297 36.70 1.99 38.69 98.21
350 _9.15/0.15_2.08 _0.92 . 0.086 |0.43 46.75 0.27 |0.39 0.210 0.372 36.61 2.03 38.64 99.44
370 7.10/0.13, 1.76 . 0.92 _0.103 0 0.5346.63| 1.59 0.40, 0.144 0.123 36.52 1.75 38.27. 97.70
390 9.11]0.15 212 1,16 _ 0.087 0.60 43.70, 2.01 0.49 0.108 0.363 34.97 2.06 37.03 96.93
445 597 /0.13_ 1.59 _0.79 0.117 0.50 47.54  1.54 0.35 0.151 0.123 37.14 1.54 38.68. 07.48

475  535/0.12 1.38 0.64 0.106  0.45 48.21 1.43 0.33 0.122 0.159 39.09 1.22 40.31 98.61 |

503 6.07 |0.13, 1.57 _0.77 | 0.123 +‘° 41 49.33 0.43 | 0.30 0.146 0.085,39.47 1.27 40.74 100.10

§33  7.64 |0.17 . 2.08 1.04  0.126 046 47.90| 0.36 | 0.39 0.142 0.255/37.93|1.61 40. .74 100.11

D o M G e b ik s e Gl T o
2 5.56 | 0.23 1.93 2.03 0.190 0.51 47.90 0.70 '0.25 0.190 0.090 37.77 1.85 39.62_ 99.20 |
5 526|023 181 1.92  0.181 0.68.45.26 1.59 0.29 0.181 0.060_ 38.95 1.69 40.64 98.10

17 6.27 | 0.30 2.17__ 2.35 _0.380  0.61 47.93 0.30 0.28 0.206 <0.05 37.44 1.60 39.04. 99.84 |
18 | 6.40|0.30 227 2.33 _0.669  0.71,47.03| 0.51 0.29  0.204 <0.05 36.61 1.66 38.27 98.98 |

20 6.61 |0.32 227 245 0.880 0.7847.23| 0.44 0.2 0.213 0. 100_37.68, 1.54 39.22 100.80
22 6.610.30 225 2.60  0.247  0.80 47.09/ 0.50 0.28 0.238 <0.05 36. 72 1.77.38.49 99.41 |
35 7.27 |0.32 229 245 0.110 '1.26 44.61/ 1.87 0.35 0.204 0.200 35.47 1.77. 98.17

49 15.19/0.37 372 2.40 0.135 1.48 41.51 051 0.52, 0.169 0.060 32.92 2.02 34.94 101.00

62 10.35/0.48 3.36 2.45  0.123 1.1 43.94| 1.00 0.42 0.206 <0.05 33.72 1.58 35.29 98.74
67 | 10.99/0.48 3.21 283 0.110 1.38/43.36 0.74 0.43_0.188 <0.05 33.36,2.17 3552  99.25
69  12.77/|0.47 3.19 2.67 0.112 3.47 41.06 0.69 0.41 0.185 . 0.050 31.45 2.54 33.99 99.07
72 15.12|0.38_287 3.16 0.124 6.33 37.73| 0.57 0.37_0.158 <0.05 28.82 3.36 32.18. 98.99 |

76 16.09] 0.37  3.02 3.47 0.127 6.60 36.49 0.61 0.39 0.156 <0.05 27.95 3.60 31.55 98.87 |

78 17.15/0.32 283 3.80 0.137 7.94 34.58_ 0.55 0.39 0.144 0.050 26.50 4.22 30.72 98.61 |
82  16.64/0.32 253 3.98 0.127 8.11 3258 2.43 0.47_ 0.135 0.260 24.47 1.62 26.09 ~ 93.67 |

85  18.46/0.32 2.59 4.69 0.138 8.87 33.07 0.46 0.41 0.140 <0.05 25.42 4.76 30.17__ 99.33
89 9.88 | 0.42 2.91 1.82 0.099 1.48 42.25 1.89 0.43 0.174 0.170 33.56 2.08 35.64 97.16

"~ 110 10.35/0.43_3.00 192 0.103 0.90 43.10 1.89 0.47 0.181 0.210 34.62 1.59 36.21 98.76 |
130 12,19]/0.37 3.08 _2.13  0.129 0.78 43.03_0.71 0.48 0.169 0.810 33.26 1.96 35.21 99.09

170 13.88[0.27 2.64 2.65 0.213 4.28 40.07_0.51 0.40 0.144 1.090 31.44 2.89 34.33 100.47

210 1258/ 032 287 192 0.139 0.76 42.75 0.75 047 0.157 0.890 33.03 2.41 35.44 99.04
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Appendix 3: X-ray fluorescence data

major oxides

~ Si02 TiO2 AI203| Fe203| MnO | MgO| CaO  Na20| K20 P205 SO3 | cozj H20 | L.O.I.| Sum |
CKF16- (%) | (%) (%) | (%) | (%) | (%) ] (%) | (%) | (%) (%) (%) i‘@# L‘)j (%)
I 1433‘ 027 280 | 169 [0.121] 080 41.41 | 0.96 | 0.51 I 0.140 | 0.330 | 32.96 | 3.00 | 3596| 99.32
307 13.84 028 293 | 157 |0.139|0.80 | 42.18 | 0.65 | 0.54 | 0.144 | <0.05 3379 2.75 36.54 99.61
332 48.06 013 | 1.78 1.67 | 0.067| 0.60 | 20.59 | 1.60 | 0.35 | o.@o*osso 1635J 5.10 _'ﬂ&&@
340 12. 71' oz-rI 283 | 210 [0.225| 0.80 | 42.50 | 0.66 | 0.51 | 0.139 ' 1.200 33.38| 2.51 | 35.89 | 99.84
| 6 '13 82 | 027 | 264 | 260 |0212| 429 | 39.91 | 0.53 | 0.40 | 0.142 | 0.160 | 31.22 | 3.02 | 34.24 | 99.21
420 1074, 023 | 281 | 1.67 |0.125| 0.75| 44.38 | 0.43 o.‘_.sg_j_g.l_sL 0.220 | 34.77  2.13  36.90 | 98.92
470 i1g,gaj 027 | 4.29 236 [0.072]| 0.86 | 37.19 | 0.71 | 0.88 | 0.121 | 0.240 | 30.56 | 3.84 | 34.40 100.02
520 1557/ _g.1_51_[_2.57 1.43 | 0.103| 0.63 | 39.86 | 1.15 05_1_\_0_11_0'012013075 373 | 34.48 | 96.68 |
570 1827 015 272 | 1.49 |0.133| 058 | 38.57 | 0.61 | 0.51 | 0.112 | 0.19034.36  4.50 | 3536.10220
580 11602 013 | 249 | 132 |0.119 0.837__36.99 2.88 | 0.57 | 0.108 | 0.460 32.53 4.04 | 36.57  98.49
590 2058 o15l 255 | 133 |0.148) 0.63 | 37.80 | 0.44 049 '0.108 | 0.240 | 30.64 | 3.98 | 34.61 | 9909
620  17.71] 013 | 263 | 1.29 |0.148| 0.58 | 38.64 | 0.97 0.52 | 0.112 | 0.080  30.18 | 4.16 | 34.34 | 97.15 |
666 2079 013\ 278 | 129 |0.127| 053 | 37.07 | 047 | 0.49 | 0.112 ' 1.220|28.59 | 3.71 ‘32.39_!?)9]._3__1_
740 14.63| 015 | 249 | 122 |0.108| 0.56 | 41.48 | 0.66 | 0.49 o_jzlﬁo.zoo‘aa.ﬁ 3.76}36.87, 98.98
796 '1472]_15 2.51 1.36 | 0.139 o.so__mia__Loz__p@Tg_.m_.o.27oT32.43 3.48 1 3596 98.34
LSk BAL D it Lpaty Bor Tl (AR Y L____._;_
| KF78 1641 o._t_u_) . 570 | 365 |0.135|2.39| 3852 | 1.27 | 0.23 ' 0.169 A 0.053  27.61 1.83  29.45 | 98. 37 |
KF10-S  19.57 osa 667 | 405 p.154 3.27 | 3639 1.13 | 0.20  0.183 _0.061 ,_24.54 166' 265 98.56
KF10-66 63_9__0_15__ 217 | 146 |0.051 | 0.90 | 47.66 | 0.82 0.22 | 0.098 <0.05,33.61 029 339 9435
PRy 5 L en - #=. 2 B S g SR =] =
KG18-S 16.63' 045  6.08 | 463 [0.155| 2.86 | 36.10 | 1.96 793;__17 0.216 0227 | 24 92 | 1.77 | 26,69 | 96.22 |
KG18-13 48.34 113 17.28 | 8.28 |0.140 _‘_8-_@_31 9.30 | 244 | 0.35 0134,349,1984 0.27 ..JL?‘Z...-LQL_, 96.86
4 : TEL Ul ERTE T IS ol I PR T g sal” [abls fivi e Thoald e b o L el o I
ozxsoa- ; | -
1152 3206 1oa 9.97 | 7.72 |0.114] 4.16 2457 | 1.42 | 0.65 | 0.208 f_;o.os‘ 14.99 | 271 | 17.70 | 99.65 |
BT _1___9_5_ 1 1502 | 9.72 |0.160| 6.00 | 14.83 | 2.21 | 0.60 | 0.250 | 0.127 | 2.75 | 0.66  20.27 _99.98 |
180 4890 1.67 1541 | 10.93 | 0.175| 6.47 | 12.33 | 2.39 | 0.64 0.276 | <0.05| 0.53 = 0.61 | 11.73 | 100 100.33 |
237 3136 125 939 | B42 |0.119] 371 2443 | 1.70 | 0.77 | 0.245 0.156 18.48 179 342 101 ' 101.82
__254 * 38 0,5.4-,5!.,&-&,5, 932 10.144]| 424 | 19.07 | 2.14 | 0.86 | 0.300  0.152 9.63 A 2.10 | 1.14 99.04 |
265 5258 1.87 ' 14.56 | 11.20 | 0.179]| 5.75| 11.77 | 3.28 | 0.90 | 0.327 | 0.195 | 1.10 | 0.72 , 1.81 | 104.43
7,7 ECom | L R P ) B e PR R R e
5 | ROE TR 08T 180 197 |0.151| 0.50 | 48.20 | 1.46 | 022 0.180 0.192 39.19 1.21 40.40 9844
35 640 027 198 | 146 0241|066 46584 | 151 | 033 0.118 0.165 36.26 _,,0-,SO£,1,6J,7,1§
46 635 022 178 | 124 |0.036]| 0.65| 47.31 | 1.63 | 0.35 | 0.099 0.167 36.75 1.20 37.95 97.78
85 1260 0.17 300 | 152 |0.036| 098 | 39.89 | 262 | 0.71 0.117 0.347 3248 249 3497 96.96
KF12- HERER 33 W TR o P I g H . AR Y. SN
5 409 015 145 | 280 (0.196| 0.66 | 46.25 | 1.78 | 0.25 ' 0.231 0.172 36.71 2.52  38.23 _97.26
35 473 022 170 | 342 | 0821|071 4537 | 1.79 | 0.27 | 0.222 0.095 36.32 184 38.16 97.51 |
50 625 028 212 | 369 |0.364|0.78 | 44.24 | 1.79 | 0.33 | 0.224 0.200,35.72 2.42  38.14 ' 98.41 |
95  B49 032 247 | 142 |0.089) 0.76 | 44.82 | 1.85 | 0.42  0.157 0.193 36.16 1.24 37.40 . 98.39 |
[T e AR 35 PR, ST TR TR RN e e
6 901 022 325 | 233 |0.161]0.91 | 44.92 | 028 us__ 0132 0._066 3544 2.36 | 3730 9956 |
32 21 6_5_ 050 7.0 | 450 [0.167| 216 | 32.15 | 1.05 | 0.84 0.117 __0.1_92'24.66_ 4.25 28.91 9934 |
42 3576 092 11.86 | 948 |0.138| 6.08 | 17.92 | 1.94 | 0.65 | 0.148 0219 10.96 K 4.27 15.23 | 100.35
63 1499 038 533 | 343 |0.173| 1.59 | 39.54 | 0.30 | 0.66  0.118 0.122 30.59 244 33.03 99.66 |
85 4267 1.05 14.09 | 10.22 [0.166| 7.44 | 12.03 | 221 | 0.57 0.164 0.126 535 520 ' 10.55 101.29
115 1487 037 546 | 340 |0.190| 143 | 3595 | 224 | 0.83 0.100 0.193 27.71 3.98 3169 96.72
186 1825 037 599 | 352 0205 1.13| 37.02 | 0.38 | 0.95 0.099 0.086 29.13 2.83 31.96 99.96 |
260 1382 030 485 | 297 |0.184| 126 | 3893 | 1.35 | 0.80 0.106 0.174 29.86 345 33.31 98.05
341 689 D15 . 2.47 1.64 |0.120| 0.61 | 46.32 | 1.05 | 0.41 0.092 0224 3547 1.76 37.23 _97.21
390 1136 027 425 | 242 |0.119| 086 | 41.52 | 1.31 | 061 0.089 0.122 33.00 2.24 35.24 ' 98.17 |
410 689 0.17 236 152 |0.080| 0.60 | 47.24 | 0.96 | 0.40 0.064 0.153 36.10 1.48 3758 98.02
450 1649 037 570 | 346 |0.183| 124 | 3527 | 195 | 0.96 0.091 0252 27.03 3.08 30.11 96.08
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Appendix 3: X-ray fluorescence data
major elements

AcKSO4| Si_| Ti | Al [Fe | Mn [Mg| Ca Na K | P [LOL
(%)ﬂ_(iﬁ) 1 (%) | (%) | (ppm) | (%) | (%) | ji’l_[_(l")_ _(ppm) (%)

0 | 3.28|0.17/1.21|1.24| 1382 |0.46|32.500.67 0. 11[ 680 | 39.46

6 | 3.75|0.23[1.46[1.49| 1948 [0.53(32.20 0.57 0.08| 680 |39.07

10 | 4.53 0.28)1.74/1.68| 2215 | 0.59/31.00 0.48/0.07 740 37.90

13 | 5.23 0.30[1.83[1.92| 1080 |0.66/29.90 0.44 0.08 740  37.23

16 5.14 0.27[1.70/1.57| 751 |0.64[30.70 0.58 0.10 600 37.02

22 | 4.95 0.23]/1.58/1.43| 684 |0.66/30.00 0.73 0.11, 670  38.62

| 61 570 0.16]1.72/1.20] 736 |0.63]29.50 0.54 0.07| 530 38.16
| - B8 ‘546”.%07_@9 1.31/0.92| 574 |0.52/29.00 0.53/0.04| 330 139.77
| 93 5.88 0.10[1.43/0.88| 571 |0.57[29.00 0.58 0.05 360 39.54
109 | 6.07 |0.10[1.45/1.04| 712 |0.57/28.60 0.59 0.06 380 | 38.62

123 | 6.49 |0.13]1.70[1.12| 747 0.57_2_5_3_.@39@;9._@ 1110 38.09

138 4.57 0.11]1.14]0.86| 671 |0.45|31.70 0.42 0.05 400 '40.28

155  4.57 0.11[1.22/1.05| 745 |0.55[31.40 0.53 0.05 440 40.03

184  3.89 0.10[1.05/0.80| 714 |0.46/32.20 0.52 0.05 430 40.83

| 200 . 4.17 0.11[1.24/0.95| 819 |0.49(32.00 0.77 0.07 480 40.14
238  20.80 0.86|7.56|6.09| 1528 |3.91,11.20 1.59 0.50 1180 4.25

239 21.00,0.87|7.62|6.22| 1542 [3.96|11.10 1.78 0.52 1090 3.69

249  10.40 0.40|3.50|3.28| 1162 |1.89|23.40 0.90 0.17 730 | 27.27

255  3.99 10.12]1.23[0.83| 958 |0.44|32.30/0.39 0.06 550 40.19

271 4.81 0.15/1.47[1.11] 1010 [0.51(31.10 0.37 0.06. 580 39.20

280 14.80/0.56|4.91[4.24| 1277 |2.1917.40 1.28 0.31, 830 20.61

283 10.60 0.32)3.13|3.34| 1090 |1.24/22.10 0.84 0.18' 550  30.05]

295  8.83 0.25]2.65[1.88| 867 |0.8225.50 0.66 0.12. 510 33.79

310 19.80 0.81,7.19/6.05| 1532 [3.24,12.10 1.63 0.45 980  7.28

323  6.54 0.151.88|1.25| 1063 |0.61[28.50 0.45 0.06 430 37.59

330 8.13 0.21/2.34|2.66| 995 |0.98/25.70 0.71 0.10 530 33.97

342 8.17 0.28)2.64|2.50| 1054 |1.13/26.40 0.54 0.10 580 32.34

353 16.30 0.70|5.82|5.24| 1412 |2.83/15.90 1.57 0.35 1050 14.35

358 4.04 0.12]1.36/0.89| 986 |0.46[31.90 0.52 0.04 490 40.33

366 2.96 ,0.090.81|1.41 1070 |0.38(33.20 0.29 0.03 530 41.39

381 5.14 0.14/1.61/1.42| 842 |0.55/30.50 0.49 0.05 480 38.80
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Appendix 3: X-ray fluorescence data

major elements

GEOFAR _ Si | Ti | Al Fe Mn Mg Ca | Na| K P |SO3 CO2 | H20 |LO..
(%) | (%) | (%) | (%) | (ppm) | (%) | (%) (%) | (%) me (%) | IELT %) | (% -
KF09- [ i ‘ ot
5 1.62 | 0.08 | 0.65 | 2.77 | 1317 |0.25 35.10 0.04]0.12 1293 0.071|37.96 1.76  39.72
" 10 | 1.78 | 0.09 0.70 | 3.01, 1418 [0.28|34.40/0.19| 0.13 | 1319 [ <0.05/37.76, 1.92 |39.68
15 1 1.93/0.100.74[3.15| 1627 ,0.30/34.40/0.19| 0.14 | 1310 '0.071/37.69| 1.93 |39.51
18 | 2.14 | 0.1 0.78 | 3.15| 3550 |0.33|33.10|0.66| 0.17 | 1218 | <0.05/36.85 2.41 |39.26
T 215 | 0.12| 0.87 | 3.23 | 6750 |0.31!33.47|0.13|0.15 | 1249 | <0.0537.17 2.18 |39.35
ET 2.37 | 0.13] 0.87 | 3.17 | 7540 |0.32(33.220.24|0.16 | 1288 | <0.05/37.05, 2.23 |39.28
| 25 2.56 | 0.14 0.95|3.03| 1720 |0.14[33.70/0.21[0.17 | 1223 | <0.05 36.81, 1.83 | 38.64
30 3.22 [0.191.20 2.21| 759 [0.19(33.90/0.21/0.22 983  <0.05 36.74| 1.64 | 38.38
35 | 352|020|1.28/1.76| 4420 |0.39/33.25/0.21|0.25 891  <0.05(36.90| 0.98  37.87
37 379 |0.20|1.30 1.83| 790 0.37,32.90|0.22| 0.27 | B65 .<0.05 36.75 1.08  37.83
43 394 |0.20/1.29 1.78| 775 |0.42/32.74 0.39/0.30| 742 10.075 35.92| 1.62  37.54
50 408 [0201.29 1.43| 689 0.42 32.93 0.30|0.30| 659 0.109 36.46| 0.92 |37.38
90 464 |0.17[1.32 1.15| 750  0.45 32.07 0.72|0.35| 729 |0.187 34.82| 1.81  36.63
" 150 449|013 1.29|1.08| 922 |0.42,32.06/0.61]0.38| 616 |0.133 35.08| 1.90 |36.99]
| 210 i 681]0.13]1.81]1.71] 868 055'2882 0.36/ 0.61 | 585  0.145 32.10| 2.78 l34 88
240 | 7.100.10/1.63]1.47 | 728 [0.53/28.960.46|0.54 | 520 |« Jo 182[31.36, 2.87 ' 34.22
| 300 [573[007(1.27]083] 736 [0.38(31.24,0.30|0.40 | 524 |0.133 34.08] 2.53 |36.61
340 [ 874 [0.11,1.85 1.71| 1053 |0.54/26.93/0.28|0.59 | 507 |0.101/32.25 2.82 |35.07|
370 | 669 | 0.09 1.46 007 | 821 |0.44 29.56|0.45|0.47 | 528  <0.05 32.38| 1.74 34.12
403 738 [0.09 1.50 1.18 844 0.44 29.16,0.26/0.46 520 0.170 31.64, 2.88  34.53|
445 458|008 1.16 065, 790 0.34!32.75 0.30|0.37 520 0.187 36.44| 1.17  37.62]
465 4.05/0.08 0.98 0.91 728 0.29/33.30 0.16|/0.31 533 0.436 36.69 1.18 37.87
92KS04- ‘ ! - R |
115 14.99| 0.65 | 5.28 , 5.40 | 883 .2.51 17.56,1.05| 0.54 . 908 | <0.05, 14.99' 2.71 17.70|
122 22.27|0.89 | 7.95 6.80 , 1240 3.62 10.60 1.64| 0.50 , 1090 |0.127 18.48 1.79  20.27
180 22.86| 1.00 | 8.16,7.64 | 1356 3.90, 8.81 1.77|0.53 | 1205 ,<0.05 9.63 | 2.10 11.73]
237 1 14.66| 0.75 | 4.97  5.89 | 922 2,24 17.46,1.26| 0.64 | 1070 [0.156 2.75 | 0.66 | 3.42
254 17.79] 0.95 | 6.06 | 6.52 | 1115 | 2.56 13.63|1.59] 0.71 1310 |0.152| 0.53 | 0.61 _age |
265 2458|112 ' 7.71 7.83] 1387 '3.47 8.41 2.43|0.75/ 1430 |0.195] 1.10  0.72 | 1.81
__KF16- = : ' ! | Y ] 30N Lan 1
e 2 ' 2.60 0.14[ 1.02 | 1.42 1470 ,0.31,34.24:0.52| 0.21; B30 0.090,37.77| 1.85 |39.62
5 246 |0.14 096 1.34 1400 ,0.41 32.35 1.18]0.24, 790 0.060 38,95 1.69 | 40.64
17 293|018 1.15 1.64 | 2940 0.37 34.26 0.22,0.23 | 900 <0.05 37.44 1.60 139.04
| 18 209]0.18 1.20 1.63, 5180 _0.43 33.62 0.38|0.24 . 890 .<0.05 36.61 1.66 38.27
20 3.09[0.19 1.20 1.7t 6820 0.47 33.76,0.33  0.24 930 0.100,37.68 1.54 39.22
22 309018 1.19 1.82 1910 048 33.66 0.37 0.23 1040 <0.05, 36.72 1.77  38.49
35 ;340/0.19 1.21 1.71 850 0.76 31.89 1.39(0.29| 890 0.200 35.47 1.77 37.24]
49 7.10 | 0.22 1.97 1.68 1045 |0.89 29.67.0.38(0.43, 740 '0.060 32.92 2.02 |34.94]
62 484|029 1.78 1.71 950  0.67 31.41 0.74| 0.35 900  <0.05 33.72 1.58 35.29]
67 514029 170 1.98 850 0.83 30.99 0.55 0.36 820 :<0.05 33. 36 2.17  35.52
2By 5.97 | 0.28 ! 1.69 . 1.87 870 2.09/29.35/0.51,0.34, 810 ,0.050:31.45, 2.54 133.99
72 7.07[023 1.52 221, 960 3.82 26.97,0.42 0.31 690 <0.0528.82 3.36 32.18
76 752|022 1.60 243 980 3.98 26.08 0.45 032 680  <0.05 27.95 3.60  31.55
| 78 802|019 1.50 2.66 | 1060 _4.79 24.72 0.41 1 0.32_ 630 0.050 26,50 4.22 80.72
82  7.78|0.19 1.34 2.78 980  4.89 23.29 1.80 0.39. 590 0.260 24.47 1.62 26.09]
85  B8.63[0.19 1.37 3.28] 1070  5.35 23.64, 0.34 0.34 3_10__<_0_0_5 25.42 4.76  30.17
89 462|025 154 1.27 770 0.89 30.20 1.40 0.36 760 0.170 33.56 2.08 _35.64
110 484|026 1.59 1.34 800 0.54 30.81 1.40 0.39 790 0.210 34.62 1.59 36.21|
130 570 [0.22 1.63 149 _ 1000 _0.47 30.76 0.53 0.40 738 0.810,33.26 1.96 _35.21
170 649 [0.16 1.40 1§_5ﬁ-_ _1650 .33 629 1.090 31.44 2.89 34.33
210 588 0.19 1.52 1.34 1080 omiosgga 0.39 686 0.890 33.03 2.41 35.44
256 _6.70 |0.16_1.48 1.18 940  0.48 29.60 0.71.0.42 610 0.330 32.96. 3.00 35.96
307 6.47|0.17 1.55 1.10 1080 0.48 30.15 0.48| 0.45 630 <0.05 33.79| 2.75 36.54|
_3_3_2___2..2_.47r0 08_0.94 1.17 520 0.36 14.72 1.19/0.29 350 0.630 16.35 5.10 21.45
340  5.94 [0.16 1.50 1.47 1740 0.48 30.38 0.49 0.42 607 1.200 33.38 2.51 35.89
370 646 |0.16 1.40 1.82 1640 2.59 28.53 0.39 0.33 620 0.160 31.22 3.02 34.24
420 502 |0.14 1.49 1.17 968 _ 0.45 31.72 0.32 0.44 603 0.220 34.77 2.13 36.90|
470 871|016 227 165 560 052 26.58 0.53 0.73 530 0.240 30.56 3.84 34.40
520  7.28|0.09 1.36 1.00 800  0.38 28.49 0.85 0.42 480 0.120 30.75 3.73  34.48
570 8.54 | 0.09 1.44 1.04 1030 0.35 27.57 0.45 0.42 490 0.190 34.36  4.50 35.86
580 749 (008 132 0.82 920 0.50 26.44 214 0.47 470 0.460 32.53 4.04  36.57
590 962009 135 093 1150 0.38 27.02 0.33 0.41 470 0.240 30.64 3.98 '34.61
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Appendix 3: X-ray fluorescence data

major elements

GEOFAR Sl TI Al _Fe | Mn Mg | Ca | Na| K P SO3 CO2| H20 L.O.
KF16- | (%) (%) (%) (%) | (ppm) (%) (%) | (%) | (%) (ppm) (%) | (%) | (%) (%)
620 | 8.28 | 0.08 1.390.90| 1150 0.35]27.62/0.72]0.43| 490 [0.080/30.18] 4.16  34.34
666  9.72 0.08 1.47 0.90| 980 0.32/26.50|0.35 0.41 489 | 1.220 28.59| 3.71 | 32.30
740 | 6.84 0.09 1.320.85| 835 0.34|29.650.49(0.41 530 0.200/33.11| 3.76  36.87
796 | 6.88 ,0.09/1.330.95| 1080 |0.36/29.29/0.76/0.42 | 510 Tlo.zm 32.48| 3.48 35.96
i@}?! L0 P TERCRELTY LB ) K] P45 (R ATH Y1 2
5 '1.92 | 0.11,0.78 1.99| 1441 |0.27/34.96/0.10]/0.15, 1035 |0.073/38.23] 1.52  39.76
10 | 1.96 0.11,0.79 1.98| 1464 |0.35/33.44|1.25|/0.21, 937 0.18136.61| 1.52 38.13
19 2.47 0.12,0.91 1.82| 13090 '0.32 33.85/0.33|0.20 828 0.105/37.92| 1.70  39.62
22 276 0.15 1.02 2.33| 720 10.33 34.16/0.33] 0.21 968 0.107 35.95| 2.02  37.97
33 | 4.14 |0.19 1.36|1.45| 806  0.39 32.97]0.34|0.31 755 <0.05/36.19| 1.73  37.91
50 | 4.060.191.311.08| 596 0.44/31.90/1.36|/0.36 776 0.265/34.72| 0.98 |35.70
69 5.380.13/1.23 1.55| 922 | 0.42/31.19]0.55| 0.37 624 0.172]34.25| 2.39 |36.64
80 | 3.90 0.13 1.15 0.89| 682 0.32/33.81/0.35|0.32 642 0.240 37.15| 1.65  38.79
120 | 8.230.162.13 1.85| 682 |0.61,27.33/0.37|0.69 555 0.123/30.38| 3.23 |33.61
150 | 6.19 0.10, 1.46/1.17| 666 |0.45/30.59]0.27|0 0.40 | 472 |0.359/33.32| 2.75 136.07|
180 | 5.66 | 0.08 1.20 1.66| 565 |0.25 31.09|0.22|0.37 | 507 2.19933.47| 2.74 36.21]
m____ 5.64 0.07 1.40|0.81| 558  0.40/29.35/1.65|0.45 458 0.472 33.28| 2.93 36.21
240 596 | 0.081.25/0.91| 558 |0.32/31.29/0.20]/0.37 459 0.44733.89| 2.48 36.37
271 6.02 0.10 1.44 1.32| 875 0.37 30.94/0.25/0.46 511 0.433 33.57| 2.38 35.95
310 3.78  0.07 __QET_JLGO _620 0.34,32.54/1.37|0.32 501 0.297 36.70| 1.99 38.69
350  4.28 ,0.09/1.10/0.64| 666 0.26 33.42|/0.20/0.32 917 0.372|36.61| 2.03  38.64
4
3vo’. ' 8 32ﬁ 0.08/0.93 0.64| 798 0.32/33.33/1.18/0.33 628 0.123/36.52| 1.75 .35_27
390  4.26 | 0.09 1.12.0.81| 674 0.36.31.24/1.49| 0.41 471 0.36334.97| 2.06  37.03
445  2.79 008 0.84 0.55| 906  0.30 33.98] [1.14/0.29 658 0. 123/37.14] 1.54 38.68
475  2.50 | 0.07 | 0.73 , 0.45| 821 0. 27134.46 1.06 0.27 | 532 0.159 39.09| 1.22 40.31
503  2.84 0.08 0.83 0.54| 953 [0_._25__[3_5_._215__ 10.32/0.25 638 0.085 39.47| 1.27 40.74
533 | 3.57 J 0. i0+1 10 0.73| 976 |0.28(34.24/0.27|0.32 | 620 |0.255/37.93| 1.61  40.74
i e 1 N T ] < [
KF7-8 | 7497,.70;.15@2__._45_5 1046 1.44)38.52/0.94|0.19 740 0.053/27.61| 1.83 ;29@7
KF10-S  9.15 0.23 3.53 2.83| 1193 1.97 36.39 0.84 0.17 800 0.061 24.84, 1.66 26.5
KF10-66  3.22  0.11 1_1§ﬂg 395 0.54 47.66 0.61 0.18 430 <0.05/33.61 0.20 A 33.9
KG18-S 17.89 0.62 7.41 7.46| 1200 3.96 25.78 1.45 0.37 . 3200 0.227,24.92, 1.77  26.7
KG18-13 22.60. 0.68  9.15 5.79| 1084 | 4.84 9.30 1.81, 0.29 1500 0.198 0.27 0.77 1.04
I - | L ‘ o
KF01- ASkY g IO e Jr e Tt
5 1.74 0.09 069 1.38| 1170 0.30 34.45 1.08 0.18 785 0.192 39.19. 1 121 40.4
35 299 0.16_1.05 1.02| 1870 0.40 33.48/1.12,0.27 514 0.165 36.26 _0.90 37.2
46 297 0.13 0.94 087| 278 0.39/33.82 1.21 0.29 432 0.167 36. 76| 1.20 38
85 589 0.10 1.59 1.06| 279 0.59/28.51 1.94 0.59 510 0.347 32.48 2.49 35
L R ey A" : e E
5 1.91 0.09 077 1.96| 1520 0.40 33.06 1.32 0.21 1007 0.172 36.71_ 2.52 _39.2
35 221 0.13 0.90 2.39| 6360 0.43 32.43 1.33 0.22 968 0.095 36.32 1.84 38.2
50 292 0.17 1.12 2.58| 2820 0.4731.62/1.33 0.27 977 0.200 35.72 2.42 38.1
95  3.97 0.19 1.31 0.99| 690 0.46 32.04 1.37 0.35 685 0.193/36.16 1.24 37.4
KS03- : _
6 421 0.13 1.72 1.63| 1250 0.55 32.11 0.21 0.40 576 0.066 35.44 2.36 37.8
32 10.12 0.30 3.76 3.15| 1290 1.30 22. 98.0.78/0.70 510 0.192 24.66 4.25 28.9
42  16.72 0.55 6.28 6.63| 1070 3.67 12.81 1.44,0.54 645 0.219 10.96 4.27 15.2
63  7.01 0.23 2.82 2.40| 1340 0.96 28.26 0.22 0.55 514 0.122 30.59 2.44 _ 33
85  19.95 0.63 7.46 7.15| 1285 4.49 8.60 1.64 0.47 715 0.126 5.35 520 10.6
115 6.95 0.22 2.89 2.38| 1470 0.86 25.70 1.66 0.69 436 0.193 27.71 3.98 31.7
186 8.53 0.22 3.17 2.46| 1590 0.68 26.46 0.28 0.79 432 0.086 29.13 283 32
260 6.46 0.18 2.57 2.08| 1425 0.76 27.83 1.00 0.66 462 0.174 29.86 3.45 33.3
341 322 0.09 1.31 1.15, 930 0.37 33.11 0.78 0.34 401 _0.224 35.47 1.76 37.2
390 531 0.16 2.25 1.69| 922 0.52 29.68 0.97 0.51 388 0.122 33.00 2.24 35.2
410  3.22 0.10 1.25 1.06| 620 0.36 33.77 0.71_0.33 279 0.153 36.10 1.48 37.6
450 7.71 0.22 3.02 2.42| 1420 0.75 25.21 1.45 0.80 397 0.252 27.03 3.08 30.1
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Appendix 3: X-ray fluorescence data
major elements (carbonate-free basis)

256
307
332
340
370
420

_22.381.21,7.48
.24.20.1.307.95
.23.26 0.90 6.65 6.0
.22.69.0.56 4.89| 6.

.23.50 0.76 6.07| 5.3

1952 120758

16.94 1.02 6 ao___”

"17.63.1.03 6.79] 11
__18.66 1.04 6.84
_25.78 0.80 7.15

21.86.1.31 B.04

_21.44.1.21.7.00] |

23.66 _0.56 5.23
_25.84 0.68 6.19]

36.06 0.13 1.51) 1.81
_24_5M_°5.§ 19

.22.18_0.55 4.81

23.83 0.66_7.07] 5.5
470 2582 047 6.73

GEOFAR. SI _TI Al | Fe |Mn| Mg | K | P | | GEOFAR | SI ' TI Al Fe Mn Mg K P |
(%) (e (%) ] (%) | (%)) (%) [ (%) ] (%) - (%) (%) (%) (%) [ (%) (%)] m (%),
KF09- . KF16- T T e
5 12.89/0.64]5.17/22.04/1.05| 1.99 |0.95/1.03 520 |23.12,0.29/4. .18 .,o:zg‘w;:g_g_u_,g;nm
10 | 12.40/0.63/4.88)20.98]0.99] 1.95 |0.91/0.92 570 |28.84 0.3 3.51/0.35/1.181.42[0.17
15 13.45 0.70/5.16]21.95/1.13] 2.09 |0.98/0.91 580 |25.55 0.27 4.50, 3.14 0.31,1.71/1.60,0.16
" 48 12.12.0.62 4.42/17.85/2.01] 1.87 |0.96]0.69 590 |31.16,0.29 4. 1/0.37, 1
20 |12.87/0.72!5.21/19.33/4.04] 1.86 |0.90/0.75 620 |27.950.27,4.69) 3.04 |0.39)1.
22 13.66/0.75/5.01/18.27(4.35] 1.84 [0.92/0.74 666 |27.69/0.23/4.19] 2.56 |0.28/0.
25 |15.87,0.87/5.89]18.78/1.07| 0.87 | 1.05/0.76 740 25.9150.34 5.01 3.230.32[1.29
30 |20.61/1.22|7.68]14.15/0.49| 1.22 [1.41/0.63 796 |26.34/0.34/5.00 3.64 0.41]1.
35 120.38)1.167.41/10.19/2.56 2.26 | 1.45/0.52 Jt
37 | 20.87 1.10/7.16/10.08/0.44| 2.04 [1.48/0.48 KF 7.8 |24.05/0.75 am's 00 0.33/4.52.0.60,0
43 121.22/1.08/6.95) 9.59 |0.42| 2.26 [ 1.62/0.40 KF10-S | 25.59/0.64/9.87  7.91 0.33,5.51,0. 43]__19
50 22.551.11,7.13 7.90 |0.38] 2.32 | 1.66|0.36| | KF10-66 |21.06]0.72/7.52_ 6.67 |0.26 3.53 1.18,0.27
“90 22.89/0.84 6.51] 5.67 |0.37] 2.22 | 1.73/0.36] | KG18-S |17.89/0.62,7.41 7.46 0.283.960.37/0.23
" 150 22.12,0.64)6.35) 5.32 |0.45| 2.07 | 1.87/0.30] | KG18-13 |22.60/0.68 9.15, 5.79 0.11 4.84 0.29 0.10|
210 23.86,0.46/6.34] 5.99 |0.30] 1.96 |2.14/0.20 slemste ek bl & oo
240 25.1910.35/5.78] 5.21 |0.26] 1.88 | 1.92[0.18] | KFO1- ‘
300 25.59]0.31,5.67 3.71 |0.33} 1.70 | 1.79/0.23 5 12.16/0.63]4.62] 9.64 |0.84]2.101.31/0.56
340 26.21,0.33/5.55| 5.13 |0.32 1.62 [1.77/0.15 as _ [17.82 0. 95[3 26| 6.08 |1.13,2.38,1.60] 0.32
370 | 25.09)0.34|5.48| 3.64 |0.31] 1.65 |1.76,0.20 46 |18.66/0.82/5.90) 5.46 |0.19/2.45(1.84 0.29]
403 | 26.66/0.335.42 4.26 |0.30 1.59 | 1.66/0.19 85 |20.02/0.34 5. 4o| 3.60 [o w 2. 01L‘ 99/0.18
445 24.70/0.43/6.26) 3.51 |0.43 1.83 [2.00/0.28 KF12- ﬂ‘ v
485 23.62/0.47,5.71) 5.31 |0.42| 1.69 [1.81[0.31 5 10.70 o.sngm'm saLo 34 |2. 2414 .180.56
i W iy 35 | 11.36/0.67 4.63/12.29/3.29|2.21
KF13- 1 E d 50 |13.58(0.79/5.21 11.99(1.31/2.19]1.36/0.
5  14.52/0.83 5.90|15.05|1.09| 2.04 |0.78/0.78 95 |19.42(0.93(6.41_4.84 0.34/2.251.7210.32
10 10.54,0.59 4.25/10.65/0.78] 1.88 |0.420.50 PRl A BT 5 LA
19  15.68/0.76/5.78| 11.56/8.31| 2.03 [0.28/0.53 KS03- T
22 18.45(1.00(6.82|15.57|0.48| 2.21 |0.41/0.65 6 |20.77[0.64]8.49, 8.04 oa4 2.71.1.96,0.29|
33 .23.18/1.06 7.61| 8.12 [0.45| 2.18 |0.18[0.42 23.28(0.69/8.65_7.24 0.3
50 18.04/0.84,5.82| 4.80 |0.26] 1.96 [0.19(0.34
69 24.18/0.58/5.53| 6.97 [0.41] 1.89 [0.21]0.28] |
80 24.87 0.83/7.33| 5.68 |0.43| 2.04 |0.20|0.41
120 26.52/0.52/6.86| 5.96 |0.22 1.97 |0.21/0.18 115 [19.00)0. 60/7. 90 6.51 $o 41.2.35 1. 3|
150 | 25.41,0.41/5.99] 4.80 [0.27| 1.85 |0.54/0.19 186 |24.62/0.64.9.15,7.10 0. 43{1 .06,2.26,0.13
180 '23.56/0.33/5.00| 6.91 |0.24| 1.04 |0.61]0.21 260 |20.74/0.58/8.25) 6.68 |0.45|2.44,2.10/0.15
200 119.27]0.24/4.78] 2.77 |0.19] 1.37 [0.45/0.16 341 [18.17/0.51/7.39| 6.49 | 0.51,2.09, 1.92]0.22]
240 25.84.0.35)5.42| 3.94 |0.24] 1.39 [0.50/0.20| 390 |20.08/0.60 8.51 6,39 0.34/1.97.1.91,0.15
271 25.31,0.42|6.05 5.55 |0.37| 1.56 |0.53]0.21 410 |20.07,0.62(7.79, 6,61 ,0.37/2.24/2.05/0.17
310 |18.03/0.334.15| 2.86 |0.30| 1.62 |0.65|0.24 450 |20.39/0.58 7.99| 6.40 | 0.37/1.98,2.10/0.11]
350 |25.33/0.53(6.51| 3.79 [0.39] 1.54 |0.34/0.54 T A T R
370 ' 17.58 0.42)4.93| 3.39 [0.42) 1.69 |0.16/0.33] | 92KkS04- 00 e T e
390 17.52/0.37)4.61) 3.33 |0.28| 1.48 |0.24[0.19 115 |22.42 0.97 7.90, 8.08 |0.13,3.75 0.81,0.14]
445 16.18 0.46/4.87| 3.19 |0.53] 1.74 |0.33/0.38 237 |22.41,1.15 7.60 9.00 0.14/3.42 0.98,0.16
475 1569 0.44.4.58) 2.82 |0.52] 1.69 [0.19/0.33] | 254 [22.62:1.21 7.71_8.20 0.14,3.26 0.90/0.17]
503 27.27 0.77.7.97 2.40 ) A 0 R LA
5§33 25.60.0.72]7.91| 5.25 i T o R T TS U R
B AT S MR PR R Surface [17.20/0.91 6.34 3»49_0'72;2—3%0-57 0.15)
KF16- L] 118.70/1.14.7.28| 7.43 0.972.62/0.38.0.15

__122.60.1.39.8.67] 8.37

m

1
1.10.2.94 0.35 0.16]

20.20'1.16 7.05 7.40 0.42 2.54 0.29 0.13

_121.50/1.11 7.11

6.56 0.31 2.67 0.43 0.11
19.30 0.89 6.15 5.57 0.27 2.57 0.43 0.11

~ |21.10,0.58 6.38_4.45

. 0.27 2.32 0.27 0.09)

1930032462 3.25 0.20,1.84 0.14 0.05

& [on | |6 e o |

-
o

_120.80,0.36 5.06_3.11_0.29/2.01 0.17 0.06

20.70 0.35 4.94 3.54 0.24 1.94 0.19 0.06

— |22.40/0.44,5.86. 3.86 0.26 1.95 0.23 0.17

@& O @O0 - @ 0w
= t

5 ]20.60/0.52 5.51 4.74
1

5 |20.20 0.62,6.21
 |21.0010.66 6.42 4.85 0.44 2.23 0.25 0.11

| 123.10 0.69 6.83_7.29
123.70 0.67 7.12_5.05

__122.10.0.50 6.35_ 4.22 036206021

123.00 0.95 8.34_6.80

~116.90 0,49 4.62 8.03 0.61 2.15/0.150.13

21.30.0.49,5.32 4.01 0.31/2.10 0.21 0.08

040 2.37 0.32 ¢
,0.18,4.33 0.56 0.
0.18/4.33 0.57 0.05
10.25.3,76.0.34 0.07
0.48 2.220.28 0.12]

120.70.0.80 6.97 6.53
_4.19
"0.22,3.79 0.54 0.08]
0.24 2.71 0.39 0.05
0.23/2.20 0.32 0.08|
7.25 0.20 3.88 0.54 oos

25.60.0.97'8.51

_7.35

123.70.0.97 8.61_

123.40 0.79 7.57_7.17 0.30 3.24 028_

g | .0
19!0059853 4. 047219020010

21.00 0.57 6.57 5.80 0.34 2.25 0.22 0.09
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Appendix 3: X-ray fluorescence data
trace elements
GEOFAR . Sc | V cr M T Cu | 2n] As | R . 8¢ Y Nb | Ba _Pb
KFO9- | i i
5 <t-] 156 <ipok 7 241 82| 0] 787 <& Dyyysl. 1850 s | 180 ) 17
10 <1 | 170 | 19 9 23 | 57 | 30 | 4y | <4 11835 21 | 7 | 208 6
i =g f <is) 1645) <3l A 39 80 3 73 | <4 1824 22 8 | 209, 10 |
18 | <1 [ 148 ] 21 11 | 35 | 63 | 390 | 40 | <4 117397 23 | 8 | 244 19
20| et [ 15t | <380 39} 44 b g6 ] 37 | 80 | <4 tyzepi 2¢ I 7 '] 288} 17
28 <5 | g7l ve-tiaget ss] g1 ggil gl cqitqyent 2aall 12 | 24
28 | <t | 124l 19 1 21 [ ge | 83 | 30| 84 | <4 j1788d 23 | 7 lightii @
30 2 | 72 | <18 | <4 21 | 83 26 33 | <4 l1758] 22 | 15 | 357 | 17
35 1 | 40 19 49 53 L 43 24 18 <4 1760 | 20 | 12 are | 11
37 2 ] 37 24 24 29 | 45 23 <12 <4 ;1708 22 | 10 369 ' 10
| 43 <1 | 58] 21 ¢ 35 | 24 | 70 | 26 | <12 | <4 11688 20 | 11| 3es | 12
__89 7 | 5e.] 22.} 10 ] 19 .| 71 | 24-f 18} <4 L1790 20°1 12] ssufs <4
90 2 28 | 20 ' <4 | 36 | 48 | 38 | 20 | <4 [1880' 23 | B | 549 | 10
150 <) ¢ 34 | g8 | 16 | 81 ! 40 | 833 | <121 & 11588 24 ; 13 | 061 Pinn
210 <l V49| 8 F «4.; 26 | 42 | 41 | 17 | 10 !l 14490 281 9 [17i0l 18
240 . 1 & | 433] 269 23} 38 .| E&8 L 57 12 | 15 (1469 25 | & |1162] 1
300 ' 8 4 g8i] <is] 18] getd a7 ) o) <iaaf ol t7av) 22 U} 1o || so8 L Wi
340 g 1 48 | 24 | 22'] 38 | 40| «7 | <12} 17 L1a0al 23 1 7 11133] 17
a7h . )ty i 8y | 221 gl g8 1 g4 | N L Tl e Lpdy 19 . w2 | 6834 14
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Appendix 3: X-ray fluorescence data
trace elements
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Appendix 3: X-ray fluorescence data
trace elements (carbonate-free basis)

GEOFAR Sc | V Cr | Co Ni | Cu  Zn | As | Rp | Y Nb Ba |
' (ppm) | (ppm) mgm)nmp_)__ (ppm) | (ppm) | ] m) . m
_KFO9- | | ! ‘ i | \
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18 <6 | 827 | 119 | 62 | 198 | 357 | 221 | 227 | <23 | 130 | 45 | 1380| 62
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Appendix 3: X-ray fluorescence data
trace elements (carbonate-free basis) .

GEOFAR | Sc | V | Cr | Co | M | Cu | 2n | As | AD | ¥V | Nb | Ba
KF18- _ (ppm) | _(MI(ML _(ppm) | (ppm) | (ppm) | (ppm) | ). (ppm) mm,;mmmmm
5§70 <3 68 <B1 158 162 122 138 <41 27 ZTEZJ_ 27
580 <3 | B5 | <61 | 153 | 96 | 239 | 150 | 58 | 27 75 38 | 2607 | 68
590 <3 | 52 | <58 | 58 | 97 | 143 | 128 | <39 | 29 | s8 6 | 2413 45
620 <3 88 <B1 95 122 125 135 61 30 61 2762 61
666 10 | 80 | <63 | 35 | 157 | 202 | 160 | 49 | 28 | 66 | 21 [2008] 21
740 27 | 84 | <68 | a9 | 87 | 137 [ 140 | <48 | 23 | 72 2836 | 30
796 <4 | B0 | <69 | 115 | 123 [ 218 | 181 | <48 | 34 | 60 | 31 |2784| 77
KF7-S 27 !zu 331 | 76 | 106 | 214 | 148 | <32 | <10 | 38 | <5 |1030] <10

! 11

KF10-S 30 | 241 | 782 | 76 | 153 | 187 | 106 | <28 | <9 39 14 | 620 | <9 |

KF10-66 19 | 183 | 220 | 258 | 120 | 233 . [ 227 | <75 | <25 | 82 | <12 | 3085 | 44 |

ikl | i H . I -

_KG18-5 | 37 | 260 | 420 ; 120 | 104 | 610 | 212 | 62 | <10 | 41 , 21 | 1875, 53

Ka 1813 | 32 [ 225 510 | s9 [ 126 | o6 | 73 | 15 | 10 | 22 | 19 144 | e |

- : - ‘ ‘ re b 4

| KFO1- | {

5 <7 405 <125 56 56 300 | 196 <84 <20 126 | 56 14201—70
a5 24 | 107 [1030| 179 | 232 | 215 | 197 | 143 | <20 | 113 | 66 | 1980 | 143 |
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i | SO LT

T el | i | ] it
5 50 | 520 [<100| 84 | 90 | 275 | 213 | 140 <20 | 112 = 50 950 | 140 |
as 41 | 565 | <93 | 195 | 139 | 360 | 180 | 216 | <20 | 118  S1 | 1000 123
50 65 | 455 <B4 | 102 | B8 251 163 , 219 | <20 | 107 51 | 925 | 70 |
95 39 | 289 157 113 | 122 254 225 | <59 132 | 147 49 1150 108 |

: i ‘ ", ! it i l_
| 1 !
[ 237, 109 . 46 | 68 137 | 168 | 77 | 32 | 109 41 | 870
1181 | 124 | B2 | 71 | 124 | 128 | <27 | 40 | 64 . 22 | 690 f 73
[ 222 | 195 . 109 | 86 | 186 | 143 | 25 | 19 | 41 | 11 | 168 | 39 |
;192 1 116 | 91 | 54 ; 186 | 157 | 41 41| ss-flc o Nimgy Lo
205 | 181 | 44 | B84 | 183 , 121 | <14 P aErgs Hiit (i Bg E vy
191 | 252 115 | 159 | 156 | 134 | 4 B8 | 74 | 14 T 416 | 71
182 | BO | 116 | 88 | 185 182 | 50 | 85 | 96 | 28 | 880 | 72
202 | 83 | a5 | 93 | 1711 144 | 100 | 74 | 106 | 42 | 640 | 87 |
181 ' <100 135 | 96 ' 220 | 152 | 102 | 40 | 152 56 ' 630 | 113
178 <68 76 60 106 136 | 68 60 91 42 @ 450 83
{ 181 | 125 | 181 | 75 | 182 | 187 | <75 | 31 | 162 . 19 (1870 125
156 ' 85 | 61 | 68 | 137 | 122 | <32 | 71 | 70 | 26 | 620 | 58 |
{ ] i i 3 \7 77;777
y i | ! (! | . J I 1
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TRy T ATt 98 . 55 70 114 319 "28 _ 88 . 50 _ 23 1707 24 |

342 77 278 163 65 84 85 106 26 36 46 28 __823_14 N
Z88% -t 40 L2000 109 481 78 Q67 93 9 18 29 54 980 . 9 _

358 128 2286 102 83 | 98 b0 a SRR ] 19 65 84 28 1373 128 |

368 131 238 a8 125 103 100 125 42 50 80 _ 27 1362 26
381 86 200 67 73| 80 s 136 ‘toe 16 69 72 31 _isset g7 |
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Appendix 3: X-ray fluorescence data

Standard rocks: major oxides

e

| SI02 | TIO2 | AI203 | Fe203| MnO

[ sample MgO Ca0 Na20 K20
A ~ CaO | Na20 K20  P205
| (%) L (%) | (%) | (%) | (%) | (%) | (%) | (%) (%) | (%)
QLO-1 Quartz '65.55.0.824~ 16.18 | 4.35 |0.093| 1.00 A 3.17 | 4.20 | 3.60 | 0.2
1 o .. 4.20 | 3.60 | 0.254
(12/94)  Latite |67.00| 0.62 | 16.49 | 4.34 [0.096] 1.02 3.22 | 4.56| 3.70 | 0.256
(4/96) 165.77| 0.61 | 16.15 | 4.17 |0.094| 1.00 | 3.17 | 3.88 | 3.63 | 0.257
: | ‘ T ! r 1 : sl e
8CO-1 | Cody Shale | 62.7810.628| 13.67 | 5.14 |0.053| 2.72 | 2.62 | 0.90 | 2.77 | 0.208
(12/94) |64.86, 0.59 | 13.50 | 5.15 |0.050| 2.66 | 2.70 | 1.18  2.72 | 0.206
(4/96) 163.74| 0.58 | 13.20 | 5.16 |0.050| 2.71 | 2.67  0.74 2.70  0.198
KH-3  Limestone | 8.50 | 0.13 | 2.40 | 0.87 [0.080| 0.65 47.60 0.10 | 0.43 | 0.117
| 8.63 | 0.13 | 2.22 | 0.82 |0.087| 0.61 '47.75 0.13 | 0.44 0.126
BMZGI  Basal | 49.51| 1.14 | 16.25| 9.68 |0.140| 7.47 6.47  4.65, 0.20 | 0.106
(12/94) 150,16, 1.16 | 16.20 | 9.69 'o.ua! 7.30 6.28 4.97 | 0.17 | 0.108
(4/96) 149.38 1.14 | 15.83 | 9.50 |0.146| 7.27 6.23 4.53 0.16 | 0.110
§Y-3  Syenite |59.68|0.150| 11.76 | 6.49 |0.320| 2.67 8.25 | 4.12 | 4.23 | 0.54
159.79/0.150| 11.67 | 6.31 [0.326| 252 8.14 [4.28 421 | 0523
1 t 1 ] [ - . - . '
§Y-2  Syenite |60.11| 0.15 | 12.04 | 6.31 |0.320| 2.69 7.96 4.31 4.45  0.43
(12/94) |60.61/0.140] 12.06 | 6.42 |0.327| 2.62 7.92 4.47 _4.55 | 0.421
(9/94) |61.66|0.140| 12,40 | 6.41 |0.330| 2.69  8.08 4.31 4.57  0.426
NIM-S  Syenite |63.63)0.044 17.34} 1.40 1 0.01 | 0.46  0.68 0.43 | 15.35  0.12
| 64.01/0.040, 17.19 | 1.38 |0.008| 0.40 0.67 0.52 15.51 0.114
! 4 { 4 1 i | Be——— :
UBN  Serpentine | 39.43/0.110| 2.90 | 8.34 [0.120[35.21 1.20 | 0.10 0.02 | 0.04
139.76,0.100| 2.88 | 8.41 |0.125/35.66, 1.18 | 0.27 | <0.02 ' 0.009
RGM-1  Rhyolite | 73.45 0.267| 13.72 | 1.91 |0.036/0.275 1.15 4.07  4.30  0.048
(12/94) 174.87/0.270| 14.04 | 1.80 |0.036| 0.26 1.21 4.27 4.41 | 0.043
(4/96) 173.450.270| 13.67 | 1.83 |0.037| 0.24 1.19 3.83 | 4.35  0.044
BHVO-1  Basalt | 49.94 2.710| 13.80 | 12.23 |0.168| 7.23 11.40 2.26 | 0.52 | 0.273
(12/94) 150.082.840| 13.95 | 12.54 |0.176| 7.13 11.39 2.53 | 0.54 0.278
(4/96) 149.79/2.770| 13.41 | 12.22 |0.172| 7.18 11.24 2.03 | 0.52 0.265
PCC-1  Peridotite | 41.71, 0,01 | 0.68 | 8.25 |0.120/43.43 0.52 0.03 |0.007  0.002
42.55 <0.02| 0.66 | B8.56 |0.12244.39 0.55 <0.04 <0.02 <0.006
— ' o -
W-1 Diabase | 52.51| 1.07 | 15.01 | 11.120.170| 6.62 10.99 2.16  0.64 | 0.130
'53.01) 1.11 | 14.99 | 11.36 0.179] 6.63 10.93 2.15 0.64 0.126
} | 4 } | + ¥ - Y
SDC-1  Mica Schist | 65.85, 1.01 | 15.75 | 6.90 [0.114] 1.69 1.40 2.05 3.28 0.158
65.55| 0.99 | 15.65 | 6.95 |0.114| 1.68 1.40 1.79 3.27 0.141
SGR-1  OiShale | 28.240.264, 6.52 | 3.03 |0.034) 4.44 8.38 2.9 1.66 0.328
| 28.27,0.250| 6.41 | 3.08 |0.032] 4.40 8.32 2.81 161 0275
STM-1  Nepheline | 50.64 | 0.135 18.39 | 5.22 |0.220| 0.10 1.09 ' 8.04 4.2 | o.:::
Syenite | 59.46 0.130| 18.22 | 5.30 [0.224| 005 1.13 8.50 4.24 0.
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Appendix 3: X-ray fluorescence data
Standard rocks: trace elements

Sample | S¢ | V | Cr Co Ni Cu Zn As Rb g .0 ¥ - Mt Nb | Ba | Nd | Pb
i m) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) . (pPm) | (ppm) | (ppm) | (ppm) |
GLo-1 | 8.0 64 132 lzi2 'ss | 20| e1-| a5 | 74 ["33¢ | 24 [ 103 1370] 26 | 2004
(12/98) | 7 62 | <18 | <4 | 4 17 | 68 | <12 |. 72 || 336 | 26 | B8 |1308]| 16 | 28
(4/96) | 12 | 41 ’1 <18 | <4 | <2 | 30 | 58 | <12 | 68 [ 327 | 23 | 7 q:ms; 125 /92

| | &
sCO-1 | 10.8 | 131 | 68 | 10.5| 27 | 11.6 | 103 | 124 | 112 | 174 | 26 | 11 | 570 1 26 | 31
(1Zreay ] e j2a | w7zl Lep o[ oms) | ar lrgac] Cvd O] g9 ] e | Tee vl o | se3 | 2ol 7|k gy
(4/96) | 12 133]! 69 | <4 | 44 | 58 | 98 | <12 | 108 | 161 [ 24 [ 9 ! 572{ 24 | 29
.. | 3 s :
| KH-3 ] 2368 " YT N
| | 2583 | : '
¥ 4 | |
= ! i B e =~ : e
"BMZal | 34 | 100 121 | 36 | 57 | 43 | 120 | 13 10 | 220.] 2% & L.250 | 15 .| 13
(12/94). 28 . 187 _ 130 | 41 | 68 | 81 | 127 | 14 B | 223 (r20 31 061 | <7 | #7
| (4r98) | 28 | 193 | 133 | 33 | 69 | 03 | 116 | <12 & | 29F .80 1L w8 [ 204 | <7 | 13
; : ' —=
8Y3 68 50 | 11 | 88 | 11 | 17 | 244 | 188 | 206 | 302 | 718 | 148 | 450 | 670 | 133 |
i 41 <18 ] 19 | <2 | 13 | 240 | <12 | 216 | 208 ssaT 145 | 408 | 661 | 148
] i |
| SY2 | 70 ' 50 | 95 | 856 | 99 | 52 | 248 | 173 | 217 | 271 [ 128 | 29 | 4801 73 ' 85
(12/94)7 3 | 38 [ <18 | 22 | 43 | 18 [ 271 | 25 [ 230 [ 268 | 125 | 17 [ 443 [ 77 | 98
(9/94) . 9 48 <18 | 8 16 | 24 | 261 | 27 | 241 | 280 | 131 | 24 | 478 | 72 | 103
i a Eaf = i i ——— — |
NMS 4 10-4 49 | o3 7 19 | 10 B30 | 62 20 . 4 2400 6 . &5
S ST ST Vi 13 I SOE <35 12| SADN] BE ' <2 [ w2 30 ' &7 ¢ 19
UBN 13 | 75 | 2300| 100 |2000| 28 | 85 | 10 4 9 " 27 0.0 n0qm) ]
el 64 2343 | 99 | 2080| 464 | 87 | 55 4 9 30 | <7 ' 10
RGM_ 44 13 37 | 20 | 44 |116| 32 | 30 | 140 | 108 25 8.9 807 _ 19 24
(12/94) 2 | 14 <18 | <4 | <2 | 5 e W N - 5 G - - B Y- L S TR T
(498) | 8 | <12 <18 | <4 | <2 | '98. [i32. | <12 | 145 | 100! 23 ' 5 .823 | 12 .| 28 |
! | ’ i !
BHVO-1 32 | 317 ' 289 | 45 | 121 | 136 | 105 | 0.4 11 | 403 | 276 19 | 139 | 25.2 | 2.6 |
(12/94), 25 _311 283 | 69 | 125 | 112 | 110 | <12 | 8 | 399 26 , 13 128 _ 18 | <4
(4/96) _ 30 | 275 | 201 | 13 | 125 | 03 | 99 | <12 FOloapgtLoon b 1901 104 | e Wied
' PCC-1_| 84 | 31 | 2730 112 | 2380 | 10 | 42 | 0.056 |0.066| 0.4 L 0.1 . 1 1.2 ,0.042 10
8 39 1co8E] 425 loant | 98| B3 [ cip | <4l <4 & . 8 <H. t «7. 1 20
! i
WA~ 38 - 287 110 | 47 | 75 | 113 | B84 | 22 | 294 186 P8 1 9.9 | 162 | 146 | 75 |
40 289 124 | 735 | 83 |. 93 | o5 | <12 | 23 | 195 " 26 _ 13 189 ' 11 .18
SOC1 17 102 64 | 17.9| 38 | 30 | 103 | 022 | 127 | 183 40 . 18 . 630 . 40 _ 25 |
R T T R T TR S R e T E T e e T T S T TR
SGR1_ 46 128 30 | 11.8| 29 | 66 | 74 | 67 | B3 | 420 13 5.2 . 200 . : 155 | 38
_8U. 7138 @0 <4 | 38 | Ea ) sgl| 3 74, |68 11 .9 MBrae0 || 12 0 W7
STM1__ 061 87 43 | 09 | 3 | 46 | 235 | 46 | 118 | 700 46 268 560 . 79  17.7 |
g i1z’ =qadea [ v 1 get [Toagi] <12 | fo!l ebm a1 ~"g9g v Es50 ' 7er.ii3
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Appendix 4:
Carbonate and organic carbon

Sample CaCO3 C org. Method Sample CaCO3 C org. Method
(%) (%) (%) (%)
KF09- KF16-
5 88.77 0.248 LECO 78 60.90 0.172 CarloErba
10 88.05 0.235 # 82 56.77 0.170 o
15 85.16 0.231 ¥ 85 53.78 0.161 ’
18 83.47 0.134 & 89 76.03 0.296 3
20 84.60 0.148 " 110 76.57 0.284 '
22 86.73 0.143 5 130 77.33 0.341 LECO
25 86.48 0.122 % 170 69.63 0.319 i
30 84.21 0.145 % 210 79.62 0.422 2
35 83.53 0.127 & 256 71.68 0.804 CarloErba
37 83.32 0.152 = 307 74.96 0.512 Y
43 80.43 0.139 x 332 33.17 0.852 »
50 85.14 0.183 " 340 79.55 0.319 LECO
150 81.66 0.301 . 370 72.11 0.212 "
210 75.12 0.246 5 420 82.42 0.169 g
240 71.79 0.480 y 470 66.27 0.736 Carlo Erba
300 79.50 0.405 = 520 68.51 0.994 4
340 77.70 0.448 " 570 70.39 1.200 d
390 68.13 0.510 1 580 64.77 1.182 .
403 76.04 0.546 1 590 69.13 1.163 *
445 83.33 0.351 . 620 70.38 1.119 .
465 B85.55 0.284 = 666 71.25 1.200 LECO
740 73.66 0.969 Carlo Erba
KF13- 796 73.88 0.771 1
5 88.78 0.197 LECO
10 82.23 0.339 CarloErba KF7-§ 63.25 0.261 CarloErma
19 81.84 0.302 LECO KF10-S 56.56 0.313 =
22 79.63 0.334 Carlo Erba KF10-66 82.16 0.231 =
33 81.63 0.164 LECO KG18-S 58.66 0.359 0
50 78.33 0.255 Carlo Erba KG18-13 0.40 0.072 -
69 80.56 0.253 LECO
74 80.94 0.347 Carlo Erba KFO1-
80 83.33 0.250 LECO 5 82.93 0.369 CarloEra
90 81.36 0.335 CarloErba 35 80.73 0.220 .
120 68.87 0.246 LECO 46 84.55 0.207 ).
150 76.54 0.385 & 85 73.78 0.465 "
180 77.85 0.513 ¥
200 74.67 0.540 CarloErba KF12-
240 78.78 0.377 LECO 5 79.65 0.380 CarloErba
271 78.30 0.184 ! 35 79.88 0.380 .
310 79.97 0.520 CarloErba 50 78.47 0.350 .
350 B87.05 0.254 LECO 95 76.87 0.350 .

370 81.88 0.295 CarloErba

390 77.80 0.403 KS03-
445 86.16 0.209 A 6 81.06 0.282 CarloErba
475 85.91 0.206 ¥ 32 5§5.87 0.228 =
503 89.71 0.085 LECO 42 22.63 0.232 H
533 86.87 0.075 = 63 67.91 0.235 14
85 10.47 0.209 *
KF16- 115 64.16 0.160 i
2 83.03 0.372 CarloErba 186 64.63 0.197 -
5 80.58 0.491 S 260 69.27 0.165 p
17 84.82 0.122 X 341 83.05 0.133 ¥
18 82.35 0.263 LECO 390 71.31 0.217 s
20 82.61 0.289 CarloErba 410 83.16 0.231 i

22 82.47 0.381 450 63.15 0.137 -

a5 77.45 0.240 i

49 72.46 0.282 B 92KS04-

62 77.86 0.176 - 115 33.14 0.195 CarioErba
67 76.03 0.248 8 237 34,57 0.112 5

69 72.68 0.192 - 254 21.36 0.121 r

72 64.66 0.271 »

76 63.30 0.207 .
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Appendix 5: Selective leaching data

=Ea = =

____Sample Leach | Leach Il Leach lll Residue | Leachll _ Leachlll | Residue |
| (carbonate) | (organic) | (oxyhydroxide) | (% of Residue | (% of Residue 1‘(% of Residue
I (% weight loss) | (% weight loss) | (% weight loss) | (% of total) after L 1) affter L1) | after LI) |
KF1-5 92.34 0.65 1.06 5.95 8.49 { 13.84 _ . 77,08 4 |
KFi2-5 |  90.07 2.11 1.89 5.93 2195 i+ 19.03 59.72
KF16-5 | 88.7 0.66 2.61 8.03 5.84 i 23.1 71.06
KF13-10 |  890.12 0 4.84 6.04 0 44.49 | 55.51
KF13-20 86.36 0 5.54 8.1 0 | 40.62 [-_sgiag
KF16-20 |  89.16 0 3.41 7.43 0 3148 | ' ep.g4 |
KF12-50 | B4.71 1.28 3.56 10.45 8.37 | 2328 |  68.35
KF16-35 |  84.41 0 1.63 13.96 [ 1 1046 | 89.54 |
KF1-35 88.9 1.43 0.36 9.31 12.88 3.24 ' 83.87
KG18-S 62.44 0 2.5 35.06 0 a8 | 5338
| KS03-6 | 83.93 0 3.39 12.68 o 21.1 | —omgh—
| KF12-95 86.27 1.74 0.22 11.77 12.67 1.6 LY | bl
KF16-110 ' 81.29 0.33 3.5 14.88 | Tors, I R 7 T Yosy
KF13-200 ' B83.29 2.78 0.23 3.2 16.64 . T ) o
KF13-475 |  89.16 0.73 0.15 T8 RIS ke 34y 91.88
 KF16-580 |  77.87 4.89 1.05 TR 22.1 T s A
KF16-620 |  77.54 5.66 0.98 15.82 25.2 i 486 | 7044 |
KS03-85 | 37.5 0 yialo |l Yig0 a8 0 1 2.69 97.31
KS03-186 | 67.1 0 2.79 30.11 0 L B.48 91.52
KG18-13 | 4.45 0 1 94.55 0 3SR 98.95
| KF148. | 85.93 1.3 0 8.77 a1 0 | 87.09
KF1-85 | 80.52 3.37 0.69 15.42 17.3 {7 ey | “75.48 " |
K. FeinlL| FeinLll | Fein Residue| MninLl | MninLil _ Mn in Residue s
A A _ (% of total Fe) | (% of total Fe) | (% of total Fe) | (% of total Mn) | (% of total Mn) | (% of total Mn) | (% of total) |
| e 5.4+0.08 25+0.30 69.6 22+0.4 5042.0 eBl
KF12-5 6.1+0,34 2640 67.9 2540.5 75%0 i i
KF16-5 2.5+0.07 37+0.13 60.5 12.541.0 4241.0 458,
KF13-10 1.5+0.02 30£0.10 68.5 28+1.0 6642.0 . FE
_ KF13-20 0.3+0.03 3310.05 66.7 4.610 9140.4 4.4
KF16-20 0.5£0.04 33+0.06 66.5 8+0.4 64£1.0 28
KF12-50 2.0£0.17 35:0.24 63 1741.3 6110.6 TRRERN
_ KF1-35 | n.d. 1640.4 84 1140.6 8046.0 9 T
KG18-8 | nd. 16+0.06 84 9+0.5 56422 | b
KS03-6 . 0.2+0.01 2140.19 78.8 3740.2 LS e R s
KS03-85 n.d. 4.8+0.11 95.2 1441.2 52+1.0 34 :
_ KS03-186 nd. 7.8+0.25 92.2 nd. BOys.0 - 20 !
KF16-35 240,10 11£0.026 86.4 6540.8 n.d. o o
KF12-95 n.d. 8.9+0.10 91.1 8843.0 IR
_ KF16-110 0.9+0.01 5.1+0.07 g4 | gozap o |  Aasea 19
_ KF13-2 nd. n.d. 08 | 935680 el y o ar = BF
KF13-475xys 3.140.30 16£2.7 80.9 983.0 nd. 2
_ KF16-580 . 2.540.20 3.740.10 93.8 |  90:0 n.d. 10
KF16-620 3.1£0.41 4.740 922 | 91.5:0.1 n.d. 8.5
KG18-13 0.840.04 2+0.05 97.2 _j054A8 " | . adl 89.5
_KF1-46 n.d. T 100 | 73x14 _nd. s
KF1-85 n.d. n.d. 100 65+0 n.d. 35




Depth
{cm)

5
10
16
18
20
22
25
30
35
37
43
50
90
150
210
240
310
340
370
403
445
465

Depth
(em)

10
19
22
33
50
69
80
120
150
180
200
240
271
310
350
370
390
445
475
503
533

Age

(ky cal.)

0.61
1.23
1.84
2.21
2.45
2.70
3.07
3.68
4.34
4.68
5.27
6.13
10.32
13.74
17.50
18.64
21.06
22.42
23.94
25.23
27.19
28.58

Age
(ky cal)

5.16
6.16
7.33
7.72
9.04
11.06
13.65
14.41
3 3 4
18.30
20.50
22.19
25.30
26.93
28.98
32.77
34.95
37.13
43.11
46.38
49.44
54.89

Bulk
bulk density accumulation
(afem?) (a/emPeky)
0.64 5.22
0.71 5.80
0.75 6.12
0.75 6.16
0.76 6.16
0.75 6.16
0.75 6.16
0.76 6.20
0.76 6.16
0.76 6.16
0.72 5.97
0.69 5.63
0.64 12.29
0.65 9.69
0.58 14.50
0.53 13.70
0.57 14.73
0.54 13.96
0.52 13.44
0.50 12.93
0.50 11.84
0.50 13.73
dry Bulk
bulk density accumulation
ta/em?) (a/emPky)
0.69 4.55
0.75 4.95
0.77 5.08
0.75 4.95
0.72 7.34
0.75 5.78
0.72 5.18
0.73 25.35
0.50 15.65
0.57 17.84
0.59 7.02
0.59 7.02
0.58 7.60
0.60 12.84
0.70 14.98
0.70 6.09
0.76 6.61
0.71 6.18
0.74 6.44
0.79 6.87
0.80 6.96
0.77 3.77
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Appendix 6:
Metal accumulation rates

GEOFAR KF09
Fe Mn Cu
(ma/em®ky) (mafem®sky) (ua/em3eky)
145 6.87 428
175 8.22 331
193 9.96 490
194 21.87 388
199 41,58 357
195 46.45 499
187 10.60 511
137 471 329
108 27.23 265
113 4,87 277
106 463 418
81 3.88 400
141 9.22 565
105 8.93 388
248 12.59 609
201 9.97 795
122 10.84 545
239 14.70 558
130 11.03 457
1563 10.91 504
77 9.35 509
125 10.00 632
GEOFAR KF13
Fe Mn Cu
(ma/em?sky) (ma/cmisky) (ug/cmieky)

91 6.56 182
98 7.25 213
92 66.5 330
115 3.56 292
106 5.92 139
62 3.44 208
80 4.78 280
226 17.29 963
290 10.67 B45
209 11.88 999
117 3.97 281
57 3.92 260
69 4.24 296
169 11.23 732
90 9.29 509
39 4.06 268
42 5.27 126
50 417 253
35 5.83 148
31 5.64 165
38 6.63 118
28 3.68 143

Zn

(uglcm®sky)

157
174
190
240
228
234
185
161
148
142
155
135
467
320
595
699
589
656
591
582
426
330

Zn
(ug/cmeky)

223
144
188
193
220
191
192
811
861
821
248
288
312
552
524
189
251
222
167
220
153
109

Ni
(ug/cm®eky)

125
133
190
216
271
339
172
130
326
179
143
107
442
300
ar7
493
383
489
349
453
320
316

NI
(ua/cm®eky)

86
94
244
89
154
110
233
811
501
571
330
161
198
462
240
195
53
124
39
103
132
109

Mn
hydrothermal

(% normative)

74.8
77.6
80.8
91.0
95.1
95.6
79.9
49.4
91.0
49.2
47.2
39.3
57.7
63.1
56.3
61.1
60.4
63.1
59.8
§8.7
62.6
65.5

Mn
hydrothermal

(% normative)

71.5
73.4
96.9
40.9
51.0
271

51.4
65.5
37.8
54.0
33.2
26.7
335
62.1
63.6
41.5
56.7
42.2
62.9
62.7
66.5
46.86



Depth Age

(em)

2
5
17
18
20
22
35
49
62
67
89
110
130
170
210
256
307
332
340
370
420
470
520
570
580
590
620
666
740
796

Depth
(cm)

10
13
16
22
62
80
92
109
123
138
154
185
200
256
271
295
323
340
358
366
381

(ky cal.)

0.1
0.27
0.91
0.96
1.07
1.18
1.87
2.62
3.31
3.58
3.85
4.97
6.04
8.18
10.32
12.57
13.97
14.66
14.89
16.72
17.10
17.95
19.38
21.19
21.55
21.91
23.00
24.66
27.33
29.50

Age
(ky cal)

9.40
10.00
10.50
10.80
11.10
11.80
16.10
18.10
19.50
21.60
23.20
25.00
27.00
32.10
36.10
47.90
53.10
59.10
63.60
67.70
70.60
74.80
80.90

Bulk
bulk density accumulation
(g/em?) (a/em?=ky)
0.64 11.97
0.68 12.72
0.70 13.17
0.70 13.11
0.68 13.00
0.68 12.89
0.65 12.16
0.69 12.81
0.67 12.44
0.67 12.53
0.76 14.21
0.81 16.16
0.68 12.72
0.61 11.41
0.61 11.71
0.60 21.36
0.63 21.36
0.59 21.36
0.58 21.00
0.67 24.25
0.68 24 .62
0.81 29.73
0.50 14.30
0.42 12.01
0.48 13.73
0.39 11.15
0.41 11.73
0.43 12.44
0.52 14.87
0.52 14.87
dry Bulk
bulk density accumulation
(glem?) (afem?eky)
0.97 8.92
0.96 8.83
0.96 8.83
0.96 8.83
0.89 8.19
0.85 7.82
0.79 7.27
0.73 6.72
0.70 5.81
0.66 5.48
0.64 5.31
0.74 6.14
0.93 7.72
0.67 2.55
0.86 3.27
0.82 3.12
0.94 2.63
0.68 3.54
0.67 3.48
0.62 1.49
0.93 2.23
0.91 2.18
0.78 1.87

Appendix 6:
Metal accumulation rates

Fe

(ma/em?sky) (mg/em?sky) (ug/ecm®ky) (ng/cm®sky) (ng/cm?eky)

170
170
216
214
222
235
208
215
213
248
180
203
190
211
157
252
235
250
309
441
288
491
143
125
126
104
106
112
126
141

A29

GEOFAR KF16

17.6
17.8
38.7
67.9
88.7
24.6
10.3
13.4
11.8
10.7
10.9
12.1
12.7
18.8
12.6
201
23.1
11.1
36.5
39.8
23.8
16.6
11.4
12.4
12.6
12.8
13.5
12.2
12.4
16.1

Ac.91KS04 (EPSHOM)

Fe

(mg/em®sky) (mg/em?sky) (ug/cm®ky) (ng/em’sky) (ug/cmieky)

11
132
148
170
129
112
B7
62
51
57
59
53
81
20
a1
26
29
67
43
37
20
31
27

12.33
17.20
19.56
9.54
6.15
5.35
5.35
3.86
3.32
3.90
3.97
4.12
515
1.82
2.68
2.99
2.66
3.07
3.70
1.57
2.20
2.33
1.57

Cu Zn Ni

407 275 239
331 356 153
448 250 369
459 354 538
546 676 611
735 374 477
486 377 426
461 551 333
485 473 411
451 476 777
583 497 753
545 651 454
496 522 331
525 399 2590
562 480 480
833 1004 918
641 918 363
769 961 619
1092 819 924
703 873 5020
960 788 837
1249 1724 1189
572 601 329
432 492 576
961 604 384
491 435 335
434 469 422
722 535 560
535 550 342
848 625 476
Cu Zn Ni

303 285 161
291 265 194
318 300 194
371 309 185
238 287 147
274 282 164
327 320 196
228 276 222
261 267 244
258 247 197
244 250 127
190 215 147
193 255 164
79 82 51

78 98 65

75 90 47

il 89 45

181 181 92

118 122 73
45 55 43
80 83 47
39 48 39
62 58 37

Mn
hydrothermal

(% normative)

81.5
81.7
90.4
94.4
95.7
84.8
64.7
60.1
59.0
55.8
56.1
57.5
63.7
79.56
67.2
68.3
71.4
59.4
82.7
83.1
€9.9
27.3
76.1
79.6
79.4
82.1
82.0
65.3
77.8
82.8

Mn
hydrothermal

(% normative)

75.4
80.5
80.8
59.3
42.6
38.7
38.3
29.8
20.7
34.1
30.8
41.3
51.2
5.1
27.2
36
27.8
8.7
36.6
(-22.9)
18.8
32.2
(-13.2)



