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Abstract 

The understanding of mid-ocean ridge processes is dominated by the results of studies on zero-age basalts 

from the present-day axes. Little is known about the processes that occur as the crust moves off-axis in terms of 

the influence of low temperature alteration on the mineralogical and chemical composition of the rocks, as well 

as the magmatic evolution of the spreading axis during the past on a several million year time scale. This thesis 

is focused on basalts dredged within a narrow flow-line corridor perpendicular to the present day ridge axis 

extending 9 Ma eastward of the East Pacific Rise. Backtracking these samples to their original on-axis eruption 

location and comparison of their geochemical data with samples from the present day ridge axis, results in a 

report of the first 9 Ma in the life of an East Pacific Rise segment. 

The backtracked samples show a surprisingly good and significant agreement with samples from the present 

day ridge axis and can be divided into two geographical groups separated by a magmatic border at 14°24’S. 

Modeling of the trace element variations from samples north of the magmatic border shows that they can be 

related by differences in the amount of garnet present in the melting residue and that variation in the degree of 

crystal fractionation are negligible, in contrast to samples south of the border, which are related to one another 

by crystal fractionation, suggesting that they are derived from the same long-lived magma chamber. Samples 

collected close to seamounts show trace-element depleted signatures characteristic of off-axis volcanism that all 

backtrack to the same eruption latitude, suggesting a magmatic system which is characterized by stability on the 

several million year scale. 

Information about the influence of low temperature alteration over several million years on the geochemical 

composition of the oceanic crust, is of fundamental importance when examining the changes on the surface of 

the upper crust, for crust-ocean mass balances and for an understanding of the input to the subduction factory. 

Fresh rocks were sampled at the present day ridge axis, whereas off-axis rocks contain features of seawater 

dominated low temperature alteration. Secondary minerals, sealing of fractures and the occurrence of more 

intense alteration rinds on older rocks show evidence for a slight change in redox conditions from an oxidizing, 

water dominated to a more reducing, rock-dominated environment with time. Iron-oxyhydroxide and celadonite 

(main alteration component in 0.12-4.6 Ma old rocks) are the first alteration products, partly replaced by saponite 

under more reducing conditions. Phillipsite is present in fractures and veins and is the main alteration product in 

rocks older than 4.6 Ma. Mass balance calculations show that off-axis basalts show significant uptake of Rb, Cs 

and Ba which are supplied by seawater and incorporated in or on secondary minerals. An enrichment of U 

appears to be especially strong under oxidative conditions. The enrichment of K2O in all off-axis basalts is 
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connected to the formation of celadonite. The element movement during alteration affects the composition of the 

oceanic crust significantly and has an important influence on the evolution of mantle, crust, and biosphere. 

 

 

Introduction 

 

The composition of mid-ocean ridge basalts (MORB) provides important information about their 

geochemical history, magmatic evolution, mantle source and degree of alteration. Axial magma chamber (AMC) 

processes beneath mid-ocean ridges are responsible for creation of the oceanic crust that covers about ⅔ of the 

Earth’s surface. Although most of the oceanic crust is mapped, less than 1 % of these remote areas have been 

studied by rock samples. Previous studies have been concentrated mainly along active spreading centers to study 

spatial magmatic variations along the ridge axis (e.g. Schilling et al., 1983; Sinton et al., 1991; Bach et al., 1994; 

Mahoney et al., 1994) or off-axis collecting dredged samples from topographic highs or seamounts or as part of 

the Ocean Drilling Program. Magmatic provinces along axis can be defined by the geochemical composition of 

the erupted magmas. The magmatic segmentation sometimes coincide with different kinds of bathymetric or 

tectonic ridge axis discontinuities. Based on their age and longevity these boundaries have been classified into 

first to fourth order as: Transform faults (last for 107 years); overlapping spreading centers (OSC) (106 years); 

small offset OSC (104 – 105 years) and minor deviations in axial linearity (devals) (<104 years) (MacDonald et 

al., 1988; MacDonald, 1998). It has been suggested that the magmatic and tectonic segmentation of the ridge 

axis are related (e.g. Langmuir et al., 1986; MacDonald et al., 1988; Batiza, 1996; Perfit and Chadwick, 1998), 

so sampling along mid-ocean ridges provides ideal locations to study the relationships of magmatic evolution 

and its mantle source with bathymetric or tectonic segmentation. 

All MORB are generally believed to be derivative liquids that have undergone at least some degree of 

fractional crystallization and magma mixing, as first proposed by O'Hara (1968; 1977). The major element 

chemistry of the magma is also influenced by degree of melting (e.g. Klein and Langmuir, 1987). Many studies 

have shown that the AMC beneath the East Pacific Rise (EPR) consists of crystal-liquid mush, even most 

portions of the melt lens, but the composition of the magma lens is still uncertain and it is unclear whether the 

melt lens contains melt of average composition or is more primitive or more fractionated than the average 

(Sinton and Detrick, 1992; Natland and Dick, 1996; Singh et al., 1998). Klein and Langmuir (1987; 1989) and 

Langmuir et al. (1992) defined global and local trends in the chemical variation of magmas from the spreading 

axis. The global trends represent averages of ~100 km long ridge segments to focus on the large scale trends. To 
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avoid the effects of shallow magma crystallization, element concentrations are corrected to a constant degree of 

differentiation. These correlations are controlled by differences in thermal regime between major mantle 

segments much more than by differences in mantle composition (Langmuir et al., 1992). The authors suggest 

that the thermal regime beneath a ridge segment exerts a major control on the quantity and composition of 

MORB and therefore on crustal thickness and depth below sea level of the ridge axis. Local trends can vary from 

the broadly averaged global trends, e.g. the mean degree of melting varies inversely with the pressure of melting, 

opposite to the global trend. They concluded that local trends on slow-spreading ridges must be controlled by 

mantle melting processes and low thermal stability of the hydrothermal cooled crust, whereas those on fast-

spreading ridges such as the EPR are best modeled by small-scale mantle heterogeneities associated with an 

enriched component that is independent of depth. Fast-spreading ridges are more homogeneous in terms of 

topography, morphology and chemical variability, probably the result of more efficient mantle melting due to 

fast replenishment, resulting in less temperature variation. 

Since geochemical variations between different segments of a ridge axis may reflect differences in MORB 

source composition (Niu and Batiza, 1991; Sinton et al., 1991; Bach et al., 1994), geochemical studies can give 

important information about the magmatic segmentation along the ridge. Enriched MORB from the Pacific 

generally have higher Al2O3 and lower FeO contents than typical N-MORB, reflecting different liquid lines of 

descent for N- and E-MORB (Michael and Chase, 1987).  Major element compositions reflect the physical 

conditions of mantle melting and magma evolution (Hanson and Langmuir, 1978; Niu et al., 1996), whereas 

radiogenic isotopes and incompatible trace elements reflect the nature and history of the fertile mantle material, 

because shallow level cooling and fractionation cannot change K/Ti element ratios and 87Sr/86Sr significantly 

without evidence for obvious assimilation (Niu et al., 2002). U-series disequilibria show that axial N-MORB 

reflects an efficient mixing process that integrates and homogenizes melts derived from heterogeneous sources, 

consisting a mixture of 5-10 % E-MORB and 90-95 % depleted MORB. Variations in the composition of MORB 

are most easily reconciled with a lherzolite source consisting of small amounts of mafic veins and can occur over 

small spatial scales (Lundstrom et al., 2000). Other workers suggest that MORB are produced by melting of a 

mixed garnet pyroxenite / spinel peridotite source identified as the “garnet signature” leading to low Lu/Hf and 

high Sm/Yb ratios (Hirschmann and Stolper, 1996). 

Most MORB studies of the EPR have focused on samples collected within 10 km of the ridge axis (e.g. 

Hékinian and Walker, 1987; Reynolds et al., 1992; Perfit et al., 1994) and therefore provide only little 

information about the magmatic evolution in the past. A study of samples dredged near the EPR up to 50 km off 

the ridge axis at 10°30’N provides information about the temporal geochemical changes of lavas erupted over 
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the past 800 ka (Regelous et al., 1999). These authors showed that changes in the major element composition of 

lavas over a few thousand years are related to changes in the rate at which melt is supplied beneath the ridge 

axis. Other studies showed that the melt lens of the AMC does not play a significant role in controlling the 

crystal content and characters of erupted lavas (Pan and Batiza, 2002). Geochemical heterogeneity also occurs 

within individual lava flows, caused either by variations in low-pressure equilibrium fractional crystallization or 

required by multiple parent magmas or complex crystallization conditions (Rubin et al., 2001). Other studies 

showed that changes in melt composition along the ridge axis can result from differences between on and off-

axis volcanism. Perfit et al. (1994) reported young-looking lava fields and pillow ridges and suggest that recent 

volcanic activity occurred up to 4 km off the EPR axis. They suggest compositional heterogeneities of the off-

axis volcanism, compared to samples from on-axis eruptions, can be taken as an indication for several small, 

spatially and temporally distinct magma chambers with lifespans of 5000 years or less during the last 80000 

years at the EPR. Off-axis volcanism can also be identified by its more depleted nature compared to samples 

erupted at the ridge axis (Spiegelman and Reynolds, 1999). 

The convective cooling of the lithosphere as the crust moves off-axis is responsible for the passive fluid 

circulation, which has significant effects on the chemistry of the oceanic crust. Most of the heat (~70 %) is lost 

in the ocean basins rather than on-axis (Stein and Stein, 1994; Mottl, 2003) and as a consequence most of the 

fluid flux and geochemical exchange occurs off-axis (Mottl and Wheat, 1994; Alt et al., 1996; Mottl and Wheat, 

2000). The convective heat loss from ocean crust ceases on average at about 65 Ma (Stein and Stein, 1994). The 

cooling causes hydrothermal metamorphism for up to several tens of million years, from very low-grade to 

amphibolite facies conditions. However, the fluid flow in oceanic crust is limited by the degree of rock 

permeability and occurs mostly in the uppermost few hundred meters of basement (e.g. Fisher et al., 1990; Fisher 

et al., 1994; Davis et al., 1996; Fisher, 1998; Fisher and Becker, 2000). The nature of water circulation will 

evolve with time as the crust is buried by sediments and fractures are sealed with secondary minerals. The 

resulting alteration influences significantly the chemical and physical conditions of the off-axis lavas and 

therefore the global geochemical budget, as the crust is one of the major inputs to subduction zones. 

Alteration takes place as the crust ages, as documented by weathering of primary minerals, glass and the 

groundmass, and the precipitation of secondary minerals. Rocks from the ridge axis are fresh or less altered, 

whereas off-axis rocks are generally characterized by features of more intense alteration. Nevertheless, no 

specific alteration stage can be related to a specific crustal age, because alteration is not only affected by time. 

Local parameters such as basement topography, permeability and porosity of the oceanic crust, rate and nature of 

sedimentation, water-rock interaction and hydrothermal vents are important factors influencing alteration. 
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Investigators have attempted to quantify how alteration varies with age by comparing samples from 

geographically unrelated DSDP/ODP sites. These studies document how alteration proceeds through progressive 

alteration stages, from oxidizing to reducing conditions and from seawater- to hydrothermal fluid-dominated 

alteration and provide quantitative constraints for geochemical fluxes (e.g. Alt et al., 1992; Staudigel et al., 1996; 

Teagle et al., 1998; Laverne et al., 2001; Bach et al., 2003). 

Seawater–ocean crust hydrothermal fluxes and budgets of chemical alteration of ocean crust are still poorly 

constrained. A reference section of upper oceanic crust was drilled at ODP Hole 504B, 200 km south of the 

Costa Rica Rift in the eastern Pacific in 6 Ma old crust and is the only section penetrating through the volcanic 

section to near the base of the sheeted dyke complex (e.g. Alt et al., 1996). The alteration stratigraphy indicates 

that processes change with depth and varying alteration effects in the oceanic crust of different ages show a 

sequence of very low-grade metamorphic processes (Alt, 1999). The chemical and petrographic data identify the 

upper crust as a significant sink for K and Mg and a source of Ca and Si to the oceans. However, the low core 

recovery, the unusually depleted nature of the mantle source and the remarkably high sedimentation rate in the 

area raise the question of how representative 504B is for ‘normal’ ocean crust (Bach et al., 2003). 

Other investigations focused on a section of the Juan de Fuca Ridge, where ten sites were drilled during ODP 

Leg 168 along a 120 km (up to ~3.5 Ma) linear transect perpendicular to the spreading axis. The flank flux 

experiment is the only study where processes of hydrothermal metamorphism and how these evolve with time 

and space were studied. The observed ranges in secondary mineral composition across the flank are directly 

related to changes in the geochemical and textural characteristics of the basement, to interaction between fluids 

and phases from increasing stages of alteration, changes from oxidizing to reducing conditions, as well as 

strongly modified seawater derived fluids (Elderfield et al., 1999; Hunter et al., 1999; Buatier et al., 2001). 

Nevertheless, the sediment thickness in the flank flux area increases to about 600 m, exceptionally high for only 

3.5 Ma old crust, therefore the results of these studies do not represent the norm for ocean crust which is buried 

by pelagic sediments at much slower rates (4-5 cm / 1000 years at the EPR (Kennett, 1982)). 

For a complete understanding of the mid-ocean ridge system and the oceanic crust, it is important to study 

MORB systematics and alteration features over spatial as well as temporal scales at localities representing 

“normal” oceanic crust. Only this combination provides the possibility to decipher the magmatic evolution along 

the ridge axis and the alteration history of the fluid rock interaction in the crust. 
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Aims of the project 

The study is based on rocks dredged from the East Pacific Rise at 14°S during the EXCO (Exchange between 

Crust and Ocean) cruises. For the first time magmas from a single spreading segment at the southern East Pacific 

Rise (SEPR) at 14°S were sampled along a flow line perpendicular to the ridge axis. In contrast to previous 

studies along mid-ocean ridges which concentrated on regional variations of zero-age basalts, the sampling 

program was conducted over short distances and a time period of 9 Ma to decipher the following questions: 

 

•  Is the magmatic evolution on a single spreading segment affected by variations in spreading rate ? 

•  Is there a homogeneous mantle source along this part of the EPR ? 

•  Was the MORB source homogeneous during the last 9 Ma ? 

•  Are there any systematic variations in degree of crystal fractionation with time ? 

•  Experimental petrological investigations have shown that it is possible to calculate the depth and 

degree of melting through Na, Fe, Ca and Al concentrations corrected for fractionation processes 

(Klein and Langmuir, 1987; Niu and Batiza, 1991; Langmuir et al., 1992). Is there any dependence 

between degree and/or depth of melting and spreading rate ? Is it possible to calculate the degree 

of melting with trace element analyses ? 

•  How are the low temperature altered rocks characterized (secondary minerals, alteration features) ? 

•  Can the water-rock interaction and geochemical fluxes be quantified ? 

•  How has the style of alteration changed during the last 9 Ma, and what kind of different alteration 

stages can be identified ? 

 

In order to answer these questions, analyses of fresh glass compositions were necessary, because they reflect 

the pristine composition of MORB. Due to the limited presence of glass in a few dredges the thesis also focused 

on the problem of producing glass from crystalline basaltic groundmass in the laboratory that could be analzed 

by electron microprobe. During the intense study of the altered rock samples, many mineralogical features of 

secondary minerals at the EXCO area were characterized under the microscope and cataloged in form of 

photomicrographs. These pictures were used to create a colored atlas of low temperature alteration features in 

basalts as an helpful tool for the novice alteration petrographer. 
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Abstract 

Our conception of mid-ocean ridge processes is dominated by the results of studies on the present-day axes. 

Spreading systems are envisaged to be highly dynamic, fluctuating environments, with both tectonic and 

magmatic features varying over relatively short (< 1Ma) time scales. Here we present geochemical results on 

basalts dredged within a narrow flow-line corridor extending 9 Ma eastward of the East Pacific Rise at 14°S. 

Backtracking these samples to their original on-axis eruption location, and comparison of their geochemical data 

with samples from the present-day axis shows a surprisingly good and significant agreement. The samples can be 

divided into two geographical groups, separated by a magmatic border at 14°24´S. Samples erupted over the last 

2.9 Ma south of the border can be related to one another by crystal fractionation, suggesting they are derived 

from the same, long-lived magma chamber. All samples erupted on-axis north of the magmatic border have, on 

the other hand, MgO contents within the range 7.3 ± 0.4 wt. %. Modeling of the trace-element variations in these 

samples shows that they can be related by differences in the amount of garnet present in the melting residue and 

that variation in the degree of crystal fractionation are negligible. Samples collected close to small seamounts 

covering the age range 2.56 – 4.6 Ma show trace-element depleted signatures characteristic of off-axis volcanism 

and also all back-track to the same (± 3.6 km) eruption latitude. These observation taken together suggest a 

magmatic system both on- and off-axis which is characterized by stability on the several million year scale. 

 

Keywords: East Pacific Rise, major elements, trace elements, off-axis volcanism 
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Introduction 

To understand the history of magmatic evolution on mid-ocean ridges (MOR), it is important to study them 

over large spatial and temporal length scales. The chemical composition of MOR-basalt provides information on 

their complex geochemical history, from initial processes in the mantle to the eruption at the narrow fissure zone 

of the ridge axis. 

Variation in the composition of the erupted magmas along axis allows magmatic provinces to be defined. 

These in turn suggest a magmatic segmentation of the ridge which can sometimes be associated with bathymetric 

or tectonic ridge axis discontinuities. Structural and petrological considerations allow the different forms of 

tectonic segmentation to be divided into first to fourth order discontinuities based on their age and longevity. 

From first to fourth order segmentation boundaries are defined respectively by: Transform faults (last for 107 

years); overlapping spreading centers (OSC) (106 years); small offset OSC (104 – 105 years) and minor 

deviations in axial linearity (devals) (<104 years) [1, 2]. Even very small offsets such as devals or discontinuities 

in the axial magma chamber which maybe appear insignificant morphologically can define important magmatic 

boundaries [e.g. 3-6]. 

The East Pacific Rise (EPR) is the fastest spreading ridge along the 70000 km long MOR system. Spreading 

rates span a range of 80-160 mm/years, with the fastest rates along the Southern EPR (SEPR). Fast-spreading 

ridges are more homogeneous in terms of topography, morphology and chemical variability than slow-spreading 

ridges [7]. This may reflect a more stable crust and mantle temperature regime, in turn related to more efficient 

mantle processing [8]. Characteristic differences in sources and melting parameters have been shown to control 

the compositions of MORB on a global and regional scale. Local trends in the chemistry from fast-spreading 

ridges are probably caused by small but frequent eruptions of magmas that have undergone differing degrees of 

partial melting, mixing and fractional crystallization as they rise towards the surface [7-10]. 

Off-axis volcanism occurs outside the neovolcanic zone in the form of volcanic edifices and seamounts and 

adds only minor amounts to the crustal volume (edifices 0.02-0.03 %, seamounts 0.3-1 %) but covers 7-11 % 

(edifices) or ~6 % (seamounts) of the mature seafloor [11-13]. Investigations from the EPR between 12°N and 

12°30’N suggest that off-axis lavas cover ~20 % of the seafloor around the EPR [14]. The off-axis volcanism 

can take the form of young-looking lava fields, prominent pillow ridges or ideally near-axis seamounts [9, 15, 

16]. At fast spreading ridges seamounts form within a zone 5-15 km away from the axis [12, 13]. Many near-axis 

seamount lavas show a geochemical depleted nature, derived from mantle sources more depleted than MOR 

basalt [9, 15]. In addition, off-axis volcanism identified by lava fields or pillow ridges also exhibit a more 

depleted nature and can therefore be distinguished from magmas erupted at the ridge crest [17]. 



The fourth dimension in spreading axis activity: Magmatic evolution along the Southern East Pacific Rise at 14°S 

15  

Due to the concentration of sampling efforts along the present-day ridge axis, little is known about the 

behaviour of the axis through time. The limited information available comes from, for example, a transect 

focused on alteration, e.g. dredged samples from the Mid-Atlantic that are up to 57 Ma old [18], or from the 

Flank Flux experiment during ODP Leg 168 off the Juan de Fuca Ridge that provides information about ten 

sites, drilled along a 120 km (up to ~3.5 Ma) linear transect perpendicular to the spreading axis [e.g. 19, 20]. 

In this paper we will present geochemical data from basalts collected along a crustal flow line east of the 

SEPR up to 8.64 Ma and compare them with samples from the same eruption latitudes erupting on the present 

day ridge axis. For the first time it is possible to discuss the geochemical history of a single spreading segment in 

terms of major and trace elements over several million years. We provide information about tectonic and 

geochemical segmentation, fractionation, mantle sources and the signature of off-axis volcanism near the ridge 

crest. 

 

EXCO field area 

Geologic setting, sampling and previous work 

The EXCO (Exchange processes between Crust and Ocean) investigations are carried out in an area located 

between 14-16°S on the SEPR between the Easter microplate near 23°S and the right-stepping Garrett Transform 

Fault (GTF) boundary near 13°30’S (Fig.1). The field area is characterized by spreading at ultrafast rates, 

ranging from 143mm/year to 150 mm/year [21, 22] and a current axis which is remarkably linear and devoid of 

any transform fault boundaries [23]. 

The area was first studied in 1995 during Sonne cruise SO105 [24]. The cruise consisted of seismic, 

topographic, magnetic and heat flow studies of a strip of seafloor extending from the spreading axis out to 9 Ma 

old crust [25]. The EXCO II cruises (SO145 Legs 1 & 2, Spring 2000) were carried out to build on this earlier 

work and focus in more detail on the variations in heat flow (Leg1) and explore the chemical and magmatic 

variations in the Layer 2 rocks (Leg 2) in this ageing crust. The geophysical and rock sampling program 

followed a flow line east of the EPR within a single first-order spreading segment. The age of the samples could 

be determined by linear interpolation between the age of picked magnetic reversals [4]. Within this 720 km long 

and 20-45 km wide corridor the migration of at least five overlapping spreading centers (OSC) has left 

discordant bathymetric zones consisting of hummocky basins and motley texture of curved lineations [4]. 

Previous investigations on the samples studied here show that the major element composition of the magmas is 

stable and independent of tectonic events (OSCs) during the last 9 Ma [4]. These authors suggest that the 
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Figure 1. The EXCO working area east of the East Pacific rise, south of the Garrett transform fault after Grevemeyer et

al. [4]. The map shows the sample locations of dredges (DS) and core catchers (SL). Diagonal lines indicate the age of

the ocean crust based on magnetic anomalies. Dashed lines indicate the trace of the backtracked positions to the ridge

axis. Samples 18DS, 20DS, and 21DS are directly from the present day ridge axis. Small image taken from Ridge 

Multibeam Synthesis (http://ocean-ridge.ldeo.columbia.edu/). 
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agmatic variations along the ridge axis are coming from the mantle. Features of progressive low temperature 

lteration on the samples have been investigated by comparing the mineralogical and chemical changes that 

ccur at the ridge- and off-axis, showing a progressive alteration sequence over the last 9 Ma [26]. 

Rock samples were recovered by dredging on topographic highs (~100 – 200 m above the surrounding 

edimented seafloor) or close to seamounts (35DS and 36DS). Three dredges were collected at the present day 

idge axis; the remaining eight dredges were collected on a flow-line east of the ridge. Two sampling areas are 

ocated close to seamounts (and hence close to locations of off-axis magmatic activity), in case of the other flow-

ine locations we were not able to classify the morphological features sampled as being the result of on- or off-

xis volcanism. We also collected glass pieces from the core catcher of 7 gravity corers. By projecting all 

amples along the flow line from their present day locations back to the ridge axis, we get eruption latitudes for 

ll samples of between 13°54’S to 14°38’S. We can therefore use the samples to investigate the long-term 

ctivity of this 80 km of ridge axis. 

 

ajor element chemistry of axial basalts 

http://ocean-ridge.ldeo.columbia.edu/)
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The nearby GTF is dominantly characterized by olivine and plagioclase phyric and picritic basalts [27-29]. 

Compared to lavas of the SEPR ridge axis, the Garrett lavas are generally less evolved, contain lower 

concentrations of incompatible minor and trace elements and have lower TiO2, FeO, Na2O and P2O5, and higher 

CaO and Al2O3 [29]. Samples collected on the ridge axis in the EXCO area south of the GTF [3, 27, 28, 30-34], 

show a smaller range in Mg# (Mg# = Mg/(Mg+Fe)) down to ~14°30’S and then a clear decrease and wider range 

in Mg# south of this (Fig.2). This change in magma composition is close to a deval identified at 14°30’S (Fig.3). 

The 14°30’ deval has been explained as 

corresponding to a magmatic border, 

with samples from opposing sides of 

the deval being related by variable 

extents of crystal fractionation from 

similar parental magmas. The deval, 

therefore, was suggested to a significant 

boundary in extent of fractionation 

within a single magma chamber [3]. 

Generally, published analytical work 

has focused on major elements, so only 

few trace element analyses are reported 

for the ridge axis of the EXCO area. 

 

Analytical methods 

This study is based on investigations carried out on 50 basalt samples from 11 dredge locations (DS) and 

glass pieces select from the core catcher of a gravity corer (SL) at 7 locations. Analyses are given in Table 1 

(major elements) and 2 (trace elements). Glass samples from each dredge and core catcher were prepared for 

examination of their geochemical history. Fresh glass chips were carefully handpicked under the binocular and 

washed in an ultrasonic bath to provide material for the determination of pristine magmatic compositions. All 

samples appear unaltered both under the microscope and at high magnification under the electron microprobe. 

Major element analyses were carried out on five spectrometer JEOL JXA 8900 RL electron microprobes at 

the University of Göttingen and University of Mainz, Germany on the hand picked glass pieces. Analytical 

conditions were 15kV accelerating voltage and 11-13 nA sample current. The electron beam was slightly 

defocused (10 µm diameter) to avoid the volatilization of alkalis. Calibration was performed using international  

 

 

Figure 2. Geochemical data backtracked to the ridge axis crest with the

magmatic boundary at 14°24’S (Figure taken from Grevemeyer et al. [4]). 

Note the significant compositional variations of samples from the ridge

crest with latitude. The composition of samples in the striped area with a

somewhat higher Mg# is probably related to off-axis eruptions (see text 

for discussion). 
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Sample Ma Latitude Longitude Eruption SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3 Total  Mg# K/Ti n
21DS1 0.000 -14°05 -112°30 -14°05 50.9 1.8 14.4 10.7 0.20 7.5 11.7 2.9 0.11 0.15 0.03 100.4  0.56 0.08 10
21DS2 0.000 -14°05 -112°30 -14°05 50.9 1.8 14.4 10.6 0.21 7.6 11.7 2.9 0.11 0.15 0.06 100.4  0.56 0.09 10
21DS3 0.000 -14°05 -112°30 -14°05 50.5 1.8 14.4 10.7 0.19 7.5 11.7 3.0 0.11 0.14 0.04 100.0  0.56 0.09 10
21DS4 0.000 -14°05 -112°30 -14°05 50.5 1.8 14.2 11.0 0.21 7.4 11.3 3.1 0.13 0.16 0.03 99.9  0.54 0.10 10
21DS5 0.000 -14°05 -112°30 -14°05 50.6 1.8 14.4 10.6 0.20 7.5 11.7 3.0 0.11 0.15 0.04 100.1  0.56 0.08 10
21DS6 0.000 -14°05 -112°30 -14°05 50.6 1.8 14.3 10.7 0.20 7.5 11.7 3.0 0.10 0.15 0.04 100.1  0.56 0.08 10
21DS7 0.000 -14°05 -112°30 -14°05 50.6 1.8 14.4 10.5 0.19 7.6 11.6 3.0 0.11 0.15 0.05 99.9  0.56 0.08 10
18DS1 0.015 -14°16 -112°33 -14°16 51.1 1.9 13.8 11.3 0.20 7.4 11.3 2.9 0.12 0.15 0.03 100.2  0.54 0.09 10
18DS2 0.015 -14°16 -112°33 -14°16 50.2 1.8 13.8 11.4 0.18 7.4 11.4 2.9 0.13 0.13 0.02 99.2  0.54 0.10 5
18DS3 0.015 -14°16 -112°33 -14°16 50.3 1.9 14.0 11.5 0.20 7.0 11.1 2.9 0.14 0.16 0.03 99.1  0.52 0.10 5
18DS5 0.015 -14°16 -112°33 -14°16 50.3 1.8 13.9 11.3 0.22 7.1 11.3 2.9 0.13 0.13 0.02 99.1  0.53 0.10 7
18DS6 0.015 -14°16 -112°33 -14°16 50.5 1.8 13.8 11.3 0.21 7.3 11.4 2.9 0.13 0.13 0.04 99.5  0.54 0.10 7
18DS7 0.015 -14°16 -112°33 -14°16 51.1 1.9 13.9 11.4 0.22 7.2 11.5 2.9 0.11 0.13 0.03 100.5  0.53 0.08 10
18DS9 0.015 -14°16 -112°33 -14°16 51.0 1.9 13.9 11.3 0.21 7.3 11.3 2.9 0.11 0.15 0.02 100.1  0.54 0.09 10
20DS1 0.015 -14°09 -112°31 -14°09 50.4 1.7 14.0 11.0 0.21 7.6 11.6 2.7 0.11 0.13 0.04 99.3  0.55 0.09 7
20DS3 0.015 -14°09 -112°31 -14°09 49.9 1.7 14.7 10.3 0.18 7.6 11.8 2.8 0.19 0.15 0.05 99.4  0.57 0.16 5
20DS4 0.015 -14°09 -112°31 -14°09 50.6 1.7 14.1 11.0 0.20 7.5 11.7 2.7 0.10 0.12 0.04 99.7  0.55 0.09 7
20DS5 0.015 -14°09 -112°31 -14°09 50.8 1.7 14.0 11.0 0.20 7.5 11.7 2.7 0.11 0.10 0.04 99.7  0.55 0.09 7
22DS1 0.120 -14°12 -112°28 -14°10 49.6 1.7 14.0 10.8 0.20 7.3 11.0 2.7 0.12 0.16 0.04 97.8  0.55 0.09 32
22DS2 0.120 -14°12 -112°28 -14°10 49.8 1.7 14.0 11.0 0.19 7.3 11.1 2.7 0.12 n.d. 0.04 98.0  0.54 0.09 25
27SL 0.360 -14°17 -112°19 -14°13 50.1 2.0 13.5 11.7 0.22 6.8 11.0 2.8 0.11 0.16 0.03 98.3  0.51 0.08 37
15SL 0.360 -14°16 -112°19 -14°13 50.3 1.7 13.8 11.1 0.21 7.3 11.6 2.7 0.07 0.11 0.03 98.8  0.54 0.06 17
26SL 0.360 -14°17 -112°19 -14°13 49.5 1.7 14.0 10.2 0.20 7.4 11.4 2.7 0.09 0.16 0.04 97.3  0.56 0.08 22
28DS1 0.650 -14°09 -112°07 -14°02 48.9 0.92 16.7 9.6 0.18 10.1 11.6 2.2 0.07 0.06 0.06 100.5  0.65 0.11 10
28DS2 0.650 -14°09 -112°07 -14°02 49.2 0.95 16.7 9.6 0.17 10.0 11.5 2.2 0.07 0.06 0.06 100.5  0.65 0.11 10
28DS3 0.650 -14°09 -112°07 -14°02 49.0 0.92 16.6 9.6 0.17 10.2 11.5 2.2 0.08 0.06 0.07 100.4  0.66 0.11 10
28DS4 0.650 -14°09 -112°07 -14°02 48.9 0.91 16.7 9.6 0.17 10.1 11.6 2.1 0.06 0.05 0.06 100.3  0.65 0.10 9
28DS5 0.650 -14°09 -112°07 -14°02 49.0 0.92 16.7 9.6 0.18 10.1 11.5 2.2 0.07 0.06 0.06 100.2  0.65 0.10 10
29DS1 1.160 -14°49 -111°54 -14°38 50.3 2.3 13.7 12.0 0.21 6.7 10.9 3.0 0.19 0.23 0.03 99.6  0.50 0.12 10
29DS10 1.160 -14°49 -111°54 -14°38 53.9 1.9 13.4 12.3 0.22 4.9 9.0 3.4 0.34 0.37 0.02 99.8  0.42 0.25 10
29DS2 1.160 -14°49 -111°54 -14°38 53.8 1.9 13.2 12.1 0.22 4.8 8.7 3.7 0.35 0.38 0.02 99.1  0.41 0.25 10
29DS3 1.160 -14°49 -111°54 -14°38 50.5 2.3 13.8 12.0 0.21 6.6 11.0 3.1 0.19 0.21 0.02 99.8  0.50 0.12 10
29DS4 1.160 -14°49 -111°54 -14°38 50.6 2.2 13.8 11.8 0.21 6.9 11.2 3.1 0.17 0.19 0.02 100.2  0.51 0.11 10
35DS2 2.560 -14°36 -110°46 -14°10 50.1 1.2 15.1 9.5 0.17 8.5 12.8 2.4 0.04 0.06 0.05 99.9  0.62 0.05 9
35DS4 2.560 -14°36 -110°46 -14°10 49.7 1.1 14.5 9.5 0.20 8.6 12.7 2.5 0.04 0.09 0.07 99.0  0.62 0.06 13
9DS2 2.920 -14°52 -110°32 -14°23 50.0 2.8 12.6 14.6 0.25 5.7 9.9 3.2 0.17 0.25 0.01 99.5  0.41 0.08 11
9DS4 2.920 -14°52 -110°32 -14°23 49.8 2.2 13.7 12.0 0.21 6.8 11.0 3.0 0.17 0.18 0.04 99.2  0.50 0.11 9
9DS8 2.920 -14°52 -110°32 -14°23 49.7 1.6 14.9 10.1 0.18 7.7 12.0 3.0 0.15 0.13 0.06 99.4  0.58 0.13 10
9DS11 2.920 -14°52 -110°32 -14°23 49.6 2.8 12.7 14.5 0.26 5.8 9.7 3.1 0.19 0.22 0.01 99.0  0.41 0.09 7
37SL 4.590 -14°57 -109°12 -14°09 49.7 1.1 14.7 9.5 0.18 8.4 12.4 2.4 0.02 0.08 0.05 98.6  0.61 0.03 36
36DS7 4.600 -14°54 -109°11 -14°06 48.1 0.89 16.7 7.8 0.14 9.8 12.4 2.4 0.03 0.07 0.07 98.4  0.69 0.04 17
36DS8 4.600 -14°54 -109°11 -14°06 49.6 1.1 15.6 9.4 0.17 9.1 12.7 2.4 0.04 0.06 0.07 100.2  0.63 0.05 7
38SL 4.610 -14°55 -109°11 -14°07 50.2 1.2 14.3 9.8 0.19 8.0 12.4 2.6 0.02 0.07 0.03 98.9  0.59 0.02 41
40SL 4.610 -14°56 -109°11 -14°08 49.3 1.4 14.7 9.9 0.18 8.1 11.9 2.5 0.05 0.10 0.05 98.2  0.60 0.05 40
7SL 4.620 -14°55 -109°10 -14°10 49.7 1.1 14.6 9.5 0.18 8.3 12.4 2.5 0.02 0.07 0.04 98.4  0.61 0.02 30
42DS2 6.840 -15°23 -107°22 -14°11 50.3 2.0 13.8 11.6 0.20 7.1 11.5 2.8 0.13 0.15 0.03 99.7  0.52 0.09 10
42DS10 6.840 -15°23 -107°22 -14°11 49.7 1.9 13.9 11.5 0.21 7.1 11.4 2.8 0.14 0.14 0.02 98.8  0.53 0.10 7
43DS4 8.640 -15°18 -106°18 -13°54 50.3 2.0 14.0 11.2 0.21 7.4 11.4 2.8 0.11 0.13 0.04 99.6  0.54 0.08 7
43DS13 8.640 -15°18 -106°18 -13°54 50.7 1.8 14.2 10.8 0.20 7.5 11.8 2.8 0.09 0.14 0.03 100.1  0.55 0.07 10
          

Analytical error (1 S.D. relative %) 1.7 4.1 2.2 2.5 9.2 2.6 2.1 3.6 17.3 19.9 51.7     
 

ble 1. Average major element microprobe analyses of glassy MORB pieces. In contrast to our previous work [4] we 

up all core catcher analyses of one sampling location and present all analyses of each dredge haul. All analyses are 

en from Grevemeyer et al. [4], only in the case of sample 22DS do we present new analyses. Note that analyses of 

ple 27SL and 38SL show small differences to the previous published data due to discrepancies during standard 

rmalization of the earlier study. Eruption latitude is discussed in the text; DS = dredge; SL = core catcher; n = number 

analyses used to build the mean. 
18  



The fourth dim
ension in spreading axis activity: M

agm
atic evolution along the S

outhern E
ast P

acific R
ise at 14°S

 

19 
 

Sample 21DS1 21DS3 21DS4* 18DS9* 18DS10 20DS3* 20DS4 22DS2* 27SL 15SL 26SL 28DS1* 28DS2 28DS3* 28DS4 29DS10 29DS2 29DS3* 29DS4
Ma 0.000 0.000 0.000 0.015 0.015 0.015 0.015 0.120 0.360 0.360 0.360 0.650 0.650 0.650 0.650 1.160 1.160 1.160 1.160
Latitude -14°05 -14°05 -14°05 -14°16 -14°16 -14°09 -14°09 -14°12 -14°17 -14°16 -14°17 -14°09 -14°09 -14°09 -14°09 -14°49 -14°49 -14°49 -14°49
Longitude -112°30 -112°30 -112°30 -112°33 -112°33 -112°31 -112°31 -112°28 -112°19 -112°19 -112°19 -112°07 -112°07 -112°07 -112°07 -111°54 -111°54 -111°54 -111°54
Eruption -14°05 -14°05 -14°05 -14°16 -14°16 -14°09 -14°09 -14°10 -14°13 -14°13 -14°13 -14°02 -14°02 -14°02 -14°02 -14°38 -14°38 -14°38 -14°38
Li 6.2 6.2 5.2 5.7 5.4 5.8 5.7 5.5 7.6 6.3 7.4 3.5 2.7 3.0 2.7 13.0 15.8 6.2 5.7
Sc 41.4 41.9 42.4 42.6 43.4 41.7 46.7 39.2 43.4 41.6 42.0 38.3 34.6 36.8 34.3 32.9 32.1 40.5 38.4
V 311 310 315 344 337 301 356 340 391 381 370 183 171 186 177 237 219 372 320
Cr 238 243 246 160 140 261 204 193 142 127 118 458 485 459 384 109 90.7 112 140
Co 37.6 37.7 37.3 39.0 38.4 39.7 40.9 38.0 40.3 37.7 39.0 56.8 44.8 48.9 44.3 29.5 29.6 37.1 32.4
Ni 63.4 64.9 60.5 52.2 52.5 78.5 64.2 70.0 61.7 50.8 55.6 339 207 229 183 33.4 33.0 46.2 44.7
Cu 61.6 62.4 59.7 58.3 65.3 73.0 68.8 56.8 55.1 51.3 55.5 85.0 76.1 84.1 80.7 40.5 41.1 52.8 47.3
Ga 15.2 15.2 17.7 17.9 18.0 16.9 18.4 17.4 16.7 18.2 16.9 12.7 13.4 14.4 13.9 21.7 20.5 18.8 16.7
Rb 1.20 1.17 1.18 1.25 2.6 2.5 1.02 1.19 1.21 1.24 1.79 1.06 0.87 0.98 0.88 3.6 4.1 2.2 1.94
Sr 122 121 124 111 128 150 99.9 92.5 106 102 116 125 120 125 121 94.6 100 121 112
Y 31.9 31.6 34.8 32.7 31.9 31.2 38.0 33.9 40.7 39.8 39.6 17.0 15.7 16.5 15.9 84.9 88.7 39.2 36.5
Zr 102 101 130 102 108 104 115 103 119 125 120 38.2 33.5 37.1 35.0 337 363 141 116
Nb 2.7 2.6 2.7 2.7 4.6 4.6 2.3 2.7 2.9 2.9 3.6 2.0 1.87 2.0 1.99 6.8 7.5 4.9 3.8
Cs 0.02 0.02 0.02 0.02 0.04 0.03 0.01 0.02 0.02 0.01 0.02 0.04 0.01 0.02 0.01 0.04 0.06 0.03 0.02
Ba 11.2 11.0 11.4 11.5 23.0 23.8 9.6 11.0 11.2 11.5 15.9 9.8 9.3 9.8 9.6 23.9 27.4 20.8 17.9
La 3.6 3.6 3.6 3.4 4.4 4.6 3.0 3.3 4.0 4.0 4.4 1.87 1.74 1.81 1.79 10.2 11.7 5.4 4.8
Ce 11.6 11.5 11.2 10.4 12.3 13.2 9.3 10.2 12.9 12.2 13.5 5.5 4.9 5.1 5.0 30.9 36.6 15.5 13.8
Pr 2.0 2.0 1.97 1.85 2.0 2.2 1.67 1.82 2.3 2.2 2.3 0.92 0.84 0.88 0.86 5.3 6.2 2.6 2.4
Nd 10.8 10.7 10.6 10.0 10.7 11.2 9.3 10.0 12.5 12.0 12.7 5.1 4.6 4.8 4.7 27.5 32.2 13.6 12.5
Sm 3.8 3.7 3.7 3.5 3.7 3.8 3.5 3.7 4.6 4.3 4.5 1.85 1.69 1.76 1.74 9.0 10.6 4.6 4.3
Eu 1.34 1.34 1.31 1.27 1.29 1.34 1.23 1.26 1.57 1.48 1.56 0.77 0.70 0.73 0.72 2.4 2.8 1.56 1.45
Gd 4.9 4.9 4.9 4.7 4.7 4.9 4.8 4.9 6.1 5.8 6.0 2.5 2.3 2.4 2.3 11.2 13.5 5.9 5.5
Tb 0.89 0.88 0.90 0.87 0.87 0.88 0.91 0.90 1.12 1.08 1.09 0.46 0.42 0.44 0.43 2.1 2.4 1.08 1.00
Dy 6.0 6.0 6.1 5.8 5.7 5.9 6.3 6.1 7.6 7.2 7.5 3.2 2.9 3.0 2.9 13.7 16.4 7.2 6.7
Ho 1.28 1.26 1.33 1.26 1.23 1.26 1.38 1.31 1.63 1.57 1.59 0.67 0.62 0.64 0.63 3.0 3.5 1.54 1.44
Er 3.7 3.6 3.9 3.6 3.5 3.5 4.0 3.7 4.6 4.5 4.5 1.93 1.77 1.84 1.80 8.5 10.0 4.4 4.1
Tm 0.53 0.53 0.59 0.52 0.51 0.52 0.60 0.55 0.68 0.66 0.66 0.29 0.26 0.27 0.27 1.26 1.50 0.64 0.60
Yb 3.5 3.4 3.9 3.4 3.3 3.5 4.0 3.6 4.5 4.3 4.4 1.89 1.71 1.79 1.75 8.3 10.0 4.2 3.9
Lu 0.52 0.51 0.59 0.51 0.50 0.51 0.60 0.54 0.67 0.65 0.65 0.28 0.26 0.27 0.26 1.23 1.49 0.62 0.59
Hf 2.8 2.8 3.3 2.6 2.7 2.9 3.1 2.7 3.4 3.3 3.5 1.15 0.97 1.10 1.05 8.3 10.1 3.6 3.1
Ta 0.19 0.19 0.19 0.18 0.29 0.32 0.15 0.19 0.21 0.20 0.25 0.14 0.13 0.14 0.14 0.44 0.52 0.32 0.26
Th 0.18 0.18 0.32 0.19 0.32 0.34 0.31 0.19 0.20 0.24 0.26 0.12 0.12 0.13 0.12 0.62 0.72 0.37 0.32
U 0.06 0.06 0.17 0.07 0.10 0.11 0.14 0.06 0.07 0.09 0.09 0.04 0.04 0.06 0.04 0.21 0.25 0.12 0.10

Table 2. Trace element ICP-MS analyses of glassy MORB pieces.
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rock standards. The raw major element data from each measured spot were corrected to the KL2-G MPI-DING 

reference glass [35]. Representative errors are given in Table 1 together with the number of individual spots 

measured and used to calculate the mean values. We note that samples from the gravity corer (samples labeled 

SL) have analytical totals lower than the acceptable 99.6 ± 0.5%. We attribute this to hydration of the glasses. 

We see no evidence that the trace element compositions of the gravity core samples are systematically different 

from those of dredge samples and so conclude that this hydration has not significantly affected the trace element 

signatures of the samples. 

Glass chips were also crushed in a steel mortar and pulverized with an agate mortar to provide material for 

analyzing trace elements by inductively coupled plasma-mass spectrometry (ICP-MS) using a VG Plasma-Quad 

PQ1 (University of Kiel, Germany). Total dissolution was performed by pressurized HF-HCLO4-aqua regia 

attack [36]. The accuracy of the analytical results was assessed by measuring the international standard reference 

material BHVO-1, BHVO-2 and BIR-1 [37, 38]. Precision was estimated from repeat sample and standard 

Sample 35DS2* 9DS2* 9DS4* 9DS8* 37SL 36DS8* 38SL 40SL 7SL 42DS2 42DS10* 43DS4 43DS13* 

Ma 2.560 2.920 2.920 2.920 4.590 4.600 4.610 4.610 4.620 6.840 6.840 8.640 8.640 
Latitude -14°36 -14°52 -14°52 -14°52 -14°57 -14°54 -14°55 -14°56 -14°55 -15°23 -15°23 -15°18 -15°18 
Longitude -110°46 -110°32 -110°32 -110°32 -109°12 -109°11 -109°11 -109°11 -109°10 -107°22 -107°22 -106°18 -106°18 
Eruption -14°10 -14°23 -14°23 -14°23 -14°09 -14°06 -14°07 -14°08 -14°10 -14°11 -14°11 -13°54 -13°54 
Li 4.8 10.1 5.7 4.0 4.0 4.0 4.3 4.6 4.4 6.0 6.1 5.9 6.6 
Sc 39.1 45.5 40.5 34.9 38.7 38.0 41.1 37.5 37.5 42.4 42.2 43.2 43.9 
V 257 498 358 234 257 251 285 242 260 355 356 357 335 
Cr 353 38.6 205 262 339 374 199 309 292 196 190 241 208 
Co 42.0 44.0 36.6 32.1 43.4 44.0 40.9 43.8 35.2 38.2 39.2 39.1 38.9 
Ni 81.8 33.9 56.6 59.6 75.3 57.2 59.5 86.7 65.9 49.4 55.3 64.6 68.2 
Cu 83.2 54.1 59.8 58.6 91.0 98.8 76.5 90.9 65.7 63.7 60.7 61.5 66.5 
Ga 13.4 19.3 18.2 15.0 16.0 15.5 16.3 13.6 16.1 18.2 18.4 18.8 15.3 
Rb 0.26 1.66 1.63 1.06 0.16 0.14 0.13 0.18 1.11 1.31 1.35 0.86 0.91 
Sr 85.2 118 117 131 93.9 88.9 87.2 98.0 135 112 114 117 110 
Y 21.7 54.8 39.1 24.7 22.2 20.1 24.4 21.3 25.3 35.2 35.2 37.9 33.7 
Zr 48.5 176 136 81.7 54.1 45.9 52.5 49.5 87.9 116 115 126 101 
Nb 0.72 4.2 3.6 2.5 0.56 0.51 0.47 0.52 2.7 2.9 2.9 2.4 2.1 
Cs 0.00 0.02 0.02 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.02 0.01 0.02 
Ba 2.9 14.9 14.1 11.3 2.4 1.7 1.6 2.3 11.6 11.5 11.5 7.9 7.0 
La 1.36 6.1 4.8 3.5 1.37 1.25 1.31 1.35 3.6 3.9 3.9 3.9 3.3 
Ce 4.9 19.4 14.0 10.4 4.9 4.5 5.0 5.0 10.6 11.7 11.7 12.4 10.9 
Pr 0.96 3.3 2.4 1.76 0.95 0.88 1.02 0.95 1.78 2.0 2.0 2.2 1.94 
Nd 5.6 17.9 13.1 9.1 5.6 5.1 6.1 5.5 9.2 10.9 10.8 12.2 10.6 
Sm 2.2 6.4 4.6 3.1 2.2 2.0 2.5 2.2 3.1 3.8 3.8 4.3 3.9 
Eu 0.87 2.1 1.55 1.10 0.84 0.79 0.94 0.86 1.11 1.33 1.33 1.48 1.36 
Gd 3.1 8.3 5.9 3.9 3.0 2.8 3.5 3.1 3.9 5.0 5.1 5.6 5.1 
Tb 0.59 1.52 1.08 0.70 0.58 0.53 0.65 0.58 0.70 0.93 0.93 1.04 0.94 
Dy 4.1 10.1 7.2 4.6 4.0 3.6 4.4 4.0 4.7 6.3 6.3 6.9 6.4 
Ho 0.87 2.2 1.56 0.98 0.88 0.77 0.96 0.87 0.99 1.35 1.36 1.49 1.35 
Er 2.5 6.2 4.4 2.8 2.5 2.2 2.7 2.5 2.8 3.9 3.8 4.3 3.8 
Tm 0.37 0.91 0.65 0.41 0.38 0.33 0.39 0.36 0.40 0.57 0.57 0.63 0.56 
Yb 2.4 6.0 4.3 2.6 2.5 2.1 2.6 2.4 2.7 3.7 3.7 4.1 3.7 
Lu 0.36 0.89 0.63 0.39 0.38 0.31 0.39 0.35 0.39 0.55 0.55 0.61 0.55 
Hf 1.57 4.9 3.5 2.2 1.69 1.43 1.70 1.54 2.3 2.9 3.0 3.3 2.9 
Ta 0.06 0.28 0.25 0.17 0.04 0.04 0.04 0.06 0.22 0.19 0.19 0.17 0.15 
Th 0.04 0.28 0.27 0.19 0.09 0.03 0.03 0.03 0.19 0.22 0.24 0.17 0.14 
U 0.02 0.10 0.10 0.06 0.04 0.01 0.01 0.02 0.07 0.07 0.08 0.06 0.05 

 
Table 2 (continued). Trace element ICP-MS analyses of glassy MORB pieces. 
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measurements. The relative standard deviation of 

repeat measurements of sample 21DS1 and 

BHVO-2 is below 7% and for different 

dissolutions of the same standards below 12% for 

most elements. The results of blank measurements 

show significant blank values for Zn and Pb 

presumably indicating contamination problems in 

the dissolution procedure, therefore these elements 

are not considered in this paper. 

In some cases we could identify multiple 

compositions in one dredge, possibly a hint for 

different lava flows having been sampled (20DS, 

29DS, 9DS). In the case of core-catcher samples it 

was not possible with our analytical methods to 

analyze trace elements on individual grains and 

we had to perform trace element analyses on 

multiple grains. We have therefore, contrary to our 

previous work which reported only major 

elements [4], averaged the major element 

compositions of samples from the core catcher 

even if major elements of different grains show 

different composition. This is however not a 

problem for the conclusion drawn here, as the 

trace element differences between the chemical 

groups we will examine in this paper are large and 

we can always check by mixing calculations 

whether a core-catcher trace element signature 

could in fact be the result of mixing between other 

magma types. 

 

 

Figure 3. Topographic map of the present day ridge axis in the 

EXCO area, indicating the position of the magmatic border 

(backtracked position of sample 9DS) at 14°24’S, not 

correlating with the position of the tectonic border (left 

stepping deval) at 14°30’S. 
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Results 

The EXCO basalts from the eastern flank of the SEPR provide important information about temporal 

variations in magma geochemistry. All dredge samples are characterized by the presence of glassy margins, 

small amounts of vesicles (3 %), are plagioclase-phyric (1-5 %) with minor olivine (1-2 %) and pyroxene (<1%) 

and are part of pillows or sheet flows. Samples from the core catcher contain only glass pieces. Fig.1 shows 

sample locations and their positions backtracked to the ridge axis. The results of the backtracked positions are 

presented in a plot of eruption latitude vs. Mg# together with literature data from the present day ridge axis 

(Fig.2). As shown by Grevemeyer et al. [4] the EXCO data show a surprisingly good and significant agreement 

with the present-day geochemical variation from literature data along axis. In other words, every EXCO sample 

backtracked to the ridge axis shows nearly the same magmatic composition as the closest present day sample, so 

the composition of glass chips from every off-axis sample can be linked to the according sample from the ridge 

axis. 

 

Major elements 

The EXCO basalts are characterized by a wide range of chemical composition, even within a single dredge, 

for example 29DS (1.16 Ma) shows magmas varying from N- to E-MORB as defined by their K/Ti ratios [39]. 

Analyses show that samples with backtracked positions in the north are Mg-richer (Mg# 0.51 – 0.66) and from 

the south Mg-poorer (Mg# 0.41 – 0.58). The transition from Mg-rich to Mg-poor compositions occurs on the 

present-day ridge axis at the deval at around 14°30’S noted by Sinton et al. [3]. The depth of the present day 

ridge axis in the EXCO area is relative homogeneous (~2640 m) and no dependence between magma 

composition and axial depth has been observed. Unfortunately only one dredge (29DS, 1.16 Ma) was taken south 

of the 14°30´S deval, but even the more heterogeneous geochemical composition of single samples in this 

dredge corresponds very well with literature data from this southern part of the ridge (Fig.2). 

The least evolved volcanics are characterized by enriched Mg# (>0.6), high CaO and low Na2O and K/Ti 

values. Nearly all of these basalts are sampled close to seamounts (35DS, 36DS, 7SL, 37SL, 38SL, 40SL) and 

show eruption latitudes between 14°06’S and 14°10’S (see shaded ellipse, Fig.2). In this area samples from the 

present day ridge axis (20DS at 14°09’S and 21DS at 14°05’S) show a more evolved and homogeneous 

composition and therefore plot with Mg# <0.57. Only one high-Mg# sample (28DS) was not sampled close to a 

seamount. Its backtracked position on the axis (14°02’S) is further north than the other samples, but its 

composition is also one of the most depleted. 
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Trace elements 

By comparing the trace elements we are able to discern four different rock types. This is best illustrated in a 

chondrite normalized [40] plot of the rare earth elements (REE) (Fig.4). The most trace element enriched rocks 

are E-MORBs from 29DSE (1.16 Ma), clearly indicated as Type 1. The rest of 29DS plots in Type 2, which  

comprises all N-MORB collected over the flow line and representing 9 Ma of axial history. The striped area 

shows the heterogeneous composition in 9DS (2.92 Ma) located at the magmatic boundary, which develops most 

clearly towards the less incompatible REE. Type 3 is characterized by a more depleted composition, especially 

towards the LREE and comprises all samples collected close to seamounts. Only one sample, 7SL, also collected 

in this area, shows higher concentrations in the 

LREE and MREE and is therefore not grouped in 

Type 3. Type 4 is clearly indicated by its very 

homogeneous and also depleted composition and 

comprises all samples of 28 DS (0.65 Ma). These 

differences are also apparent in an extended trace 

element plot normalized to N-MORB (Fig.5) [41]. 

Type 3 and 4 are clearly separated from the rest of 

the EXCO samples, showing their more depleted 

nature, especially Type 3 is most depleted in K, 

Rb, Ba, Th, Ta and Nb. All samples from the 

EXCO area have similar patterns in the more 

compatible elements and heterogeneous in the 

more incompatible elements. 

 

Discussion 

The data presented above raise the following 

different questions. 

How old is the magmatic border and how stable 

is the magmatic evolution ? 

The very good agreement of the backtracked 

major element data with both the EXCO ridge axis 

 

Figure 4. Comparison of the chondrite normalized (average CI 

[40]) REE patterns of EXCO basalts. Type 1 and 2 define all 

samples erupted on-axis, Type 3 and 4 are erupted off-axis 

(see text for discussion). Note the heterogeneous composition 

of dredge 9DS (bold striped field), erupted at the magmatic 

boundary at 14°24’S. 

 

 

Figure 5. EXCO trace element composition normalized to N-

MORB [41]. Samples collected close to small seamounts 

(Type 3) show trace-element depleted signatures characteristic 

of off-axis volcanism. 
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and literature data was first observed by Grevemeyer et al. [4], suggesting that the system controlling the 

magmatic evolution has been stable since 8.64 Ma. Based on the deval and the abrupt change in Mg# from high 

(north) to low (south) on the axis in the EXCO area today, Sinton et al. [3] set the magmatic and tectonic 

boundary at 14°30’S (note that [24, 42, 43] gave the location of this boundary in their geophysical papers as 

14°27’S). In contrast to Sinton et al. [3], we observe no change in axial depth at 14°30’S, but we find a left 

stepping deval at the ridge axis at this location (Fig.3). Such small ridge axis discontinuities together with abrupt 

changes in MgO-variations have been suggested to be related to shallow magma chamber processes and to last 

for only 102 – 104 years [2]. Sample 9DS at 14°24’S shows the most heterogeneous composition of all EXCO 

samples and we believe that this marks the position of both the transition from high Mg# in the north to low Mg# 

in the south and so the magmatic border. The large age of sample 9DS (relative to the supposed age of the deval 

of 102 – 104 years) implies that the geochemical signature of the magmatic border has lasted for at least 2.92 Ma. 

The deval at 14°30’S does not coincide with the magmatic border at 14°24’S, therefore the change in magmatic 

composition along the ridge axis is not related to tectonic features. 

 

On- and Off-axis eruptions ? 

On the basis of Fig.2 the EXCO samples can be divided, as discussed, into two groups across the 14°24’S 

magmatic boundary based on high and low Mg#. Nevertheless, the REE define four rock types (Fig.4), 

independent of their eruption latitude or age. Type 1 and 2 correspond to the geochemical compositions of E- 

and N-MORBs respectively and have similar composition to those found in the heterogeneous dredge 9DS 

(striped field). Type 3 and 4 show a more depleted nature in their incompatible elements. Samples from mid-

ocean ridges with such depletions have been reported from off-axis eruptions and have been linked to off-axis 

morphological features [e.g. 14, 17]. In case of the backtracked EXCO samples, we are not able to identify 

features such as flows or pillow mounds that cover abyssal hill faults which have been used near the modern axis 

to identify off-axis activity, but all samples of Type 3 are located close to seamounts (Fig.6), the largest and most 

obvious manifestation of off-axis volcanism. Observations indicate that most seamounts in the eastern Pacific 

form in a remarkably narrow range of distance from the axis, about 6–15 km [44]. Trace element composition of 

individual seamount magmas are reported to span a wider range than MOR magmas [45]. However, off-axis 

EXCO samples show a homogeneous depletion in their incompatible elements and significant differences in 

their major element compositions relative to N-MORB from the axis, with gains in Al2O3, MgO, and CaO and 

losses in TiO2, FeO, Na2O, K2O and P2O5. Nevertheless, the presence of seamounts and the depleted 
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geochemical signature of the trace elements suggests 

that samples of Type 3 erupted off-axis. Spiegelman 

[46] suggested that the trace element depletion of 

such magmas results from an under representation of 

the deepest-formed, least depleted melts in the off-

axis magmas. These deep melts are more strongly 

focused to the ridge axis and so do not enter the off-

axis magmatic system. Sample 7SL, also collected 

close to the seamount at 4.6 Ma (Fig.6) (and in fact 

the closest to the seamount of all samples collected at 

this age), shows a distinctive composition but is very 

similar to the MORBs of types 1 and 2. It is possible 

that the core catcher hit an on-axis lava flow which 

was not covered by later erupted off-axis flows and 

therefore sample 7SL is more enriched than the trace 

elements as the other near seamount samples. 

Therefore we have not grouped sample 7SL into Type 

3. 

We normalized the composition of Type 3 and 4 ave

20DS, 21DS) to show their difference in geochemic

signatures in the major elements and are characterized b

depletion of on average 40 % (Type 3) and 35 % (Typ

Reynolds [17]). Only Sr, which behaves compatibly du

the same concentrations in all three averages. Samples 

signature and have been explained by convergent melt 

seamounts located in the environment of Type 4, the ch

off-axis [14, 17]. 

The occurrence of depleted off-axis magmas can b

spreading model [14, 17]. As such these magmas pr

spreading model for the EXCO area proposed indepen

back-tracking evidence [4]. 
Figure 6. Topographic map of the seamount at 4.6 Ma 

indicating sample positions of the core catcher (SL) and 

the dredge (DS). The arrow indicates the dredge track.

Figure 7. Comparison of on- and off-axis EXCO magmas. 

Black circles are the mean of all present day ridge axis 

samples (18DS, 20DS, 21DS), grey circles indicate the 
mean of Type 3 and 4. Elements from Ba to Cr are shown 

roughly in order of compatibility. The shaded area 

indicates the incompatible elements during mantle 

melting. Off-axis rocks are characterized by a mean 

depletion of incompatible elements of ~35-40 %. Error 

bars show ±1δ standard variation. 
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rages to samples from the present day ridge axis (18DS, 

al composition (Fig.7). Off-axis samples show similar 

y low abundances of incompatible trace elements, with a 

e 4) (c.f. 20% depletion in the study of Spiegelman and 

ring low pressure plagioclase fractionation, shows about 

from the EPR at 12°N show a very similar geochemical 

flow towards the ridge axis [17]. Although there are no 

emical signature indicate that these samples also erupted 

est be explained by a passive as opposed to an active 

ovide further support for the crack-controlled passive 

dently to account for both geophysical and geochemical 
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Seismic reflection and refraction studies under mid-ocean ridges have shown that the crust forms within 1 to 

2 km of the axis [47, 48]. In the EXCO area the width of the neovolcanic zone (and axial magma chamber 

(AMC)) is between 1.5 km (AMC = ~400 m) at the magmatic border and 3.4 km at about 14°09’S (AMC = ~750 

m) [42]. Other studies confine the neovolcanic zone only to the inner valley floor or the axial summit graben and 

define the typical width of fast spreading ridges as only <250 m [9]. In the area of our backtracked off-axis 

eruptions, the AMC is 375 – 400 m width, suggesting that “off-axis” eruptions could occur very close to the 

ridge-axis. Seamount type volcanism starts within only 1-2 km of the axis [14]. We are not able to determine 

how far Type 3 and 4 rocks erupted off-axis, but by comparing the homogeneous geochemical signature of the 

EXCO ridge-axis basalts which are up to 15000 years old (based on magnetic data), the distance over which 

accretion directly related to the AMC occurs has to be at least 1.1 km (based on a total spreading rate of 150 

mm/year). Only precise dating of these rocks, however, will bring out the exact position of the off-axis eruption. 

The occurrence at 2.56 and 4.6 Ma, of geochemically very similar off-axis type samples which back-track to 

the same latitude, may imply that preferential long term sites of off-axis activity exist and that the off-axis 

magmatic plumbing system is also very stable through time. 

 

Can crystal fractionation explain the differences between the EXCO basalts ? 

When observing the geochemical plots we have to interpret the trends of the off-axis rocks (Type 3 and 4) 

separately to those of on-axis samples. Therefore we have to take care when interpreting trends from samples 

collected on mid-ocean ridges and we have to test the possibility of off-axis eruptions. 

By testing the possibility that crystal fractionation is responsible for chemical differences in the EXCO area 

we calculate Rayleigh crystal fractionation for a constant low pressure (1kbar) and temperature: 

CL/CO = F(D-1) Rayleigh Crystal Fractionation 

where CL is the residual liquid, CO the concentration of the element in the original magma, F the fraction of 

melt remaining after removal of crystals as they form and D the bulk distribution coefficient of the fractionating 

assemblage during crystal fractionation [49]. By modeling the fractionation trends for the magmatic composition 

we choose an assemblage of 20 % olivine, 15 % clinopyroxene and 65 % plagioclase for our calculation. 

Considering the different rock types and samples north and south of the magmatic border separately, we find that 

fractionation can only explain the range in composition south of the magmatic border, where the calculated 

liquid line of descent overlaps with the geochemical composition (Fig. 8). By plotting both Rb and Ba in ratio to 

the highly incompatible Th versus MgO, we observe that Ba/Th shows a positive correlation for rocks south of 
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the magmatic border, whereas the Rb/Th ratio 

does not change. Ba substitutes for Ca during 

plagioclase fractionation and therefore we 

conclude that the Ba/Th ratio is decreasing due to 

crystallization. The on-axis EXCO samples north 

of the magmatic border show no correlation 

between Ba and MgO and therefore follow no 

liquid lines of descent and can not be explained 

by fractionation, a situation which also applies to 

the off axis samples (Type 3 and 4), which in fact 

show a negative trend. Former studies described 

the two sides of the magmatic boundary as 

showing different liquid lines of descent and 

concluded that they resulted from mixture 

boundaries within the continuous magma 

chamber [3]. To explain the differences amongst 

the back-tracked samples we need different 

mantle sources, because fractionation can only 

explain the variation in trace element 

concentration south of the magmatic border. Our 

conclusions are in agreement with Grevemeyer et 

al. [4] who described the latitudinal variations in 

magma composition as features of the sub-

lithospheric magma supply and relatively 

independent of crustal processes. 

The large high Rb/Th variation for a constant (n

rocks backtracked to north of the magmatic boundar

and so their ratio will not be affected by crystal frac

show negligible MgO differences we can use not on

to investigate the origin of these rocks. By plotting

observe a positive trend for the incompatible elem
Figure 8. MgO variation diagrams indicating on- and off-

axis eruptions and all different types of EXCO rocks. A.

Modelling of crystal fractionation as a possible

explanation for the chemical variations in samples from

south of the magmatic border. Illustrated is a calculated

curve for Rayleigh crystal fractionation with an

assemblage of 20 % olivine, 15 % clinopyroxene and 65

% plagioclase. Numbers close to the curve indicate the

amount of melt crystallized. B and C shows the unique

Ba/Th and Rb/Th variation for a constant MgO-value (see

text for discussion).
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arrow range) MgO-value is a unique feature of the EXCO 

y (Fig.8). Both Rb and Th are highly incompatible elements 

tionation in a basaltic system. Because the northern samples 

ly trace element ratios but also trace element concentration 

 trace elements in order of compatibility against Rb/Th we 

ents, changing to a negative correlation for elements more 
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compatible than Gd (Fig.9). We argue that garnet is responsible for the change in correlation, because the 

mineral melt partition coefficients for garnet correlate with the slopes of the element vs. Rb/Th diagrams. 

Compatible trace elements with a partition coefficient >1 show a negative correlation, whereas incompatible 

trace elements (<1) show a positive correlation, changing at Gd with a partition coefficient of 0.97 and a slope of 

-0,01. Salters and Hart [50] found that garnet affects the Lu-Hf and Sm-Nd systematics of MORBs during the 

initial stage of melting. Hirschmann and Stolper [51] suggested that MORBs are produced by melting of mixed 

garnet pyroxenite/spinel peridotite sources and that some or all of the “garnet signature” in MORB is contributed 

by partial melting of garnet pyroxenite, rather than partial melting of spinel peridotite. This then leads to high 

Sm/Yb and low Lu/Hf ratios [51]. The influence of garnet pyroxenite during the initial stage of melting of 

EXCO rocks can be seen in Fig.10. Off-axis rocks show high Lu/Hf and low Sm/YbDM (average of 1.29) ratios, 

whereas on-axis rocks show low Lu/Hf and higher Sm/YbDM (1.40) ratios, therefore the influence of pyroxenite 

in off-axis rocks is lower. The on-axis Sm/YbDM values are well within the range of typical MORB (1.45 ± 0.15 

[52, 53]) indicating the presence of partial melting of a mixed (95% / 5%) spinel peridotite/garnet pyroxenite 

source [51]. The large and correlated variations in Rb/Th and Sm/Yb (Fig.10) suggest that the trace element 

signatures of the samples from north of the magmatic boundary are dominated by low degree partial melts 

formed deep in the melting column [54, 55]. We do not observe any dependence between the back-tracked 

geographical position of the on-axis samples north of the magmatic border along the ridge axis and the amount 

of garnet pyroxenite influence or the degree of melting. 

 

Summary and conclusions 

1.  Magmatic evolution in the EXCO area has remained stable throughout the last 8.64 Ma. When 

backtracked along a relative spreading vector, data on off-axis samples show similar compositions to samples 

from the present-day spreading axis. In particular the significant and systematic variations of the major and trace 

elements along-axis is a striking long-term feature, with homogeneous and high MgO in the north and more 

heterogeneous and low MgO in the south. This shows that small scale spatial variations in chemistry are a robust 

feature along the SEPR. 

2. The EXCO samples can be divided into two geographical groups, separated by a magmatic boundary at 

14°24’S. The age and geochemical signature of samples from south of the boundary suggest that they are derived 

by crystal fractionation from the same, long-lived magma chamber during the last 2.9 Ma. The magmatic 

boundary does not coincide with the left stepping deval at 14°30’S, therefore magmatic boundaries along the 

SEPR can be independent of ridge axis discontinuities. 
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Figure 9. Element plots versus Rb/Th ratio in order of compatibility (in columns, read from top left to bottom right). Note

the gradual change in slope from positive (elements Cs – Ce) to negative (clearly seen for Yb) for the samples from north 

of the magmatic boundary, with Gd in particular showing a horizontal array. 
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3. Samples erupted at the spreading axis north of the magmatic border during the last 8.64 Ma show a very 

omogeneous magmatic composition with MgO contents within the range of 7.3 ± 0.4 wt.%. Despite negligible 

ariations in the degree of crystal fractionation that this implies, incompatible trace element contents and ratio 

ary significantly in these samples. Modeling of the trace element variation shows that they are dominated by 

ow degrees of partial melts deep in the melting column, related by differences in the amount of garnet in the 

elting residue. The very restricted MgO range of the samples imply an exceptionally long-lived steady-state  

n-axis magma plumbing system during the last 8.64 Ma. 
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4. Samples collected close to small seamounts 

show trace-element depleted signatures 

characteristic of off-axis volcanism, that all back-

track to the same eruption latitude. The age of the 

sampling locations of 2.56 and 4.6 Ma, implies the 

presence of an off-axis magmatic system 

characterized by stability on the several million year 

scale. 
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Figure 10. Depleted mantle normalized Sm/Yb ratio plotted 

against Lu/Hf (A) and Rb/Th (B). The depleted mantle 

normalized Sm/YbDM ratio is used as an indicator for the 

influence of garnet pyroxenite during partial melting of the 

spinel peridotite mantle source [51]. The shaded area 

indicates the range of typical MORB (1.45 ± 0.15 [52, 53]). 

Small symbols and values on the left side of the diagram 

indicate the average of the rock samples. 
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Abstract 

Little is known about the influence of low temperature alteration on the mineralogical and chemical 

composition of the oceanic crust once it leaves the spreading axis, although such information is of fundamental 

importance not only for crust-ocean mass balances but also to characterize an important input to the subduction 

factory. We have studied dredged basalts from the eastern flank of the East Pacific Rise at 14°15’S, 

concentrating on the products of a single spreading segment in a corridor perpendicular to the spreading axis and 

covering a range of crustal ages from 0 to 9 Ma. Electron microprobe, X-ray fluorescence, X-ray diffraction and 

ICP-MS analyses have been carried out to examine the mineralogical and chemical changes on the surface of the 

upper crust caused by low temperature alteration. 

Fresh rocks were sampled at the ridge axis; off-axis basalts contain features of seawater-generated alteration. 

Celadonite is the main alteration component in 0.12-4.6 Ma old rocks, whereas phillipsite is more abundant in 

rocks older than 4.6 Ma. Secondary minerals, sealing of fractures and the occurrence of more intense alteration 

rinds on older rocks show evidence for a slight change in redox conditions, from oxidizing, water-dominated to 

more reducing, rock-dominated environment with time. Iron-oxyhydroxide and celadonite are the first alteration 

products, partly replaced or dissolved by saponite under more reducing conditions. The Fe necessary for the 

formation of these minerals is furnished by the dissolution of glass and the breakdown of olivine. Phillipsite is 

present in fractures and veins in rocks older than 1 Ma. Analyses also indicate an illite-smectite mixed layer 

which is believed to be an intermediate between saponite and celadonite and small amounts of a chlorite/smectite 
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mixed layer. All samples are characterized by the lack of minerals formed by hydrothermal processes. We 

conclude that the alteration took place under seawater dominated conditions at low temperature. 

A comparison of trace element analyses from altered whole rock samples and their appendant fresh glass 

chips provides a record of element movement during alteration. Off-axis basalts show significant uptakes of Rb, 

Cs and Ba which are supplied by seawater and incorporated in or on secondary minerals. An enrichment of U is 

also apparent and appears to be especially strong when alteration conditions are oxidative. K2O is also gained in 

all altered off-axis basalts, believed to be the result of the formation of celadonite. However, the volume of rock 

being altered is so small relative to the volume of the oceans that this scavenging has no noticeable effect on the 

composition of the oceans. The composition of the oceanic crust, on the other hand, is affected significantly. 

 

 

Keywords: Low temperature alteration, East Pacific Rise, secondary minerals, mineral chemistry, clay 

minerals, phillipsite 

 

1. Introduction 

Seawater circulation in oceanic crust plays an important role in the interaction between hydrosphere and 

lithosphere. Passive fluid circulation is driven by the cooling of the lithosphere as the crust moves off-axis. The 

global geochemical budget is affected by this convection, as both ocean and crustal compositions are buffered by 

fluid rock interaction. The effects of off-axis heat transfer are important because most of the heat (~70 %) is lost 

in the ocean basins rather than on-axis (Stein and Stein, 1994; Mottl, 2003) and as a consequence most of the 

fluid flux and geochemical exchange occurs off-axis (Mottl and Wheat, 1994; Alt et al., 1996b; Mottl and 

Wheat, 2000). The crust is also one of the major inputs to subduction zones, its composition following off-axis 

alteration is therefore relevant for the evolution of mantle, crust and biosphere. Hence this is a critical 

environment to study. 

Alteration takes place as the crust ages, as documented by weathering of primary minerals, glass and the 

groundmass, and the precipitation of secondary minerals. Alteration processes are affected by changing fluid-

rock ratios and redox conditions. During this low-temperature metamorphism of the volcanic section, most major 

elements (Si, Al, Mg, Ca and Na) and many trace elements (Sr, Ba) experience substantial large scale 

redistribution (Staudigel et al., 1981; Staudigel et al., 1996). The crust also takes up large amounts of water and 

CO2, a large fraction of which resides in veins and disseminated alteration minerals, much within the zone of 

oxidative alteration in the upper part of the oceanic basement. The nature of water circulation will evolve with 
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time as the crust is buried by sediments and fractures are sealed with secondary minerals. The cementation of 

fractures will act to increase density and decrease porosity and permeability (Wilkens et al., 1991). Seismic data 

illustrate that porosity decreases (by a factor of 0.5) within <10 Ma, presumably due to the infilling of porosity 

by secondary minerals (Grevemeyer and Weigel, 1996; Carlson, 1998; Grevemeyer et al., 1999). The convective 

heat loss from ocean crust ceases on average at about 65 Ma (Stein and Stein, 1994). 

Although the intensity of crustal alteration varies from place to place and no specific alteration state can be 

related to a specific crustal age, rocks from on or near the ridge axis are generally fresh, whereas off-axis rocks 

contain features of more intense alteration. The first systematic study to address how the crustal alteration varies 

with age focused on a 57 Ma transect of dredged samples from the Mid-Atlantic (Ludden and Thompson, 1978). 

Results from this and other (e.g. Hart, 1973; Hékinian, 1973; Thompson, 1973) studies show that the upper crust 

is progressively oxidized and hydrated with age, and that mobile elements such as K, Rb, Cs, Li, B, light rare 

earth elements (LREE), and 18O are progressively taken up by low-temperature alteration, starting within the first 

5 Ma (Ludden and Thompson, 1978; Thompson, 1983). Other investigators have attempted to quantify how 

alteration varies with age by comparing samples from geographically unrelated DSDP/ODP sites. These studies 

document how alteration proceeds through progressive alteration stages, from oxidizing to reducing conditions 

and from seawater- to hydrothermal fluid-dominated alteration and provide quantitative constraints for 

geochemical fluxes (e.g. Alt et al., 1992; Alt et al., 1996a; Staudigel et al., 1996; Teagle et al., 1998; Laverne et 

al., 2001; Bach et al., 2003). However, we have to consider that alteration is also strongly influenced by local 

parameters such as rate and nature of sedimentation and basement topography, therefore we cannot use these 

data explicity to examine how age influences alteration processes and to calculate meaningful, global-scale 

geochemical fluxes. 

The flank flux experiment during ODP Leg 168 off the Juan de Fuca Ridge provides information about ten 

sites, drilled along a 120 km (up to ~3.5 Ma) linear transect perpendicular to the spreading axis, where the glacial 

turbiditic sediment thickness increases from 40 (~1.4 Ma) to ~600 m. Heat flow data show that all lithospheric 

heat is conserved at about 40 km (~1.4 Ma) from the ridge axis and sediment-basement interface temperatures 

increase from 16-64 °C along the transect. The degree of alteration in the basalts varies from <1 to 16 % or even 

100 % in the breccias (Hunter et al., 1998). Across the flank the observed ranges in secondary mineral 

composition are directly related to changes in the geochemical and textural characteristics of the basement, as 

well as to interaction between fluids and phases from increasing stages of alteration. The secondary mineral 

assemblage formed from chlorite and chlorite/smectite in the earliest stages of alteration to iron oxyhydroxides 

and celadonite; saponite ± pyrite; ending with the formation of carbonate ± zeolites ± quartz (Hunter et al., 
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1999). The systematic shifts in alteration are related to changes from oxidizing to reducing conditions and to 

strongly modified seawater derived fluid (Elderfield et al., 1999; Hunter et al., 1999; Buatier et al., 2001). 

Although the results of these studies are very important, they do not represent the norm for ocean crust, which is 

buried by pelagic sediments at much slower rates. 

The EXCO (EXchange processes between Crust and Ocean) investigations are an integrated series of field 

programs similar to those conducted at the Juan de Fuca Ridge but in a more typical setting. The area (Fig.1) was 

first studied in 1995 during Sonne cruise SO105 (Weigel et al., 1996). This initial cruise consisted of seismic, 

topographic, magnetic, and heat flow studies of a strip of seafloor extending from the spreading axis out to 8 Ma 

old crust (Grevemeyer et al., 1999). The EXCO II cruises (SO145 Legs 1 & 2, Spring 2000) were designed to 

build on this earlier work and explore in more detail the variations in heat flow (Leg 1) and to sample the Layer 

2 rocks (Leg 2) in an effort to establish the chemical changes which are occurring in this ageing crust. The focus 

of this paper is the low temperature alteration of lavas recovered by dredging at topographic highs. While 

dredging is not the ideal sampling tool, it is our best opportunity to obtain an age transect in fast-spreading crust 

in the foreable future. Additionally, the geochemical and mineralogical trends documented for long cores into 

altered basement show that the style of alteration persists from the top of the cores to tens to hundreds of meters 

depth into the hole depending on the specific history of the drill sites. Therefore, dredged samples provide a 

reasonably representative view of the altered parts of the upper crust. 

Figure 1. The EXCO working area east of the East Pacifi

sample positions of dredges (DS). Diagonal lines indicate

ages of the samples are derived by linear interpolation be

Samples 18DS, 20DS, and 21DS are from the ridge 

(http://ocean-ridge.ldeo.columbia.edu/). 
 

c rise, south of the Garrett transform fault. The map shows the

 the age of the ocean crust based on magnetic anomalies. The 

tween the age of magnetic reversals (Grevemeyer et al., 2002). 

axis. Small image taken from Ridge Multibeam Synthesis 
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2. EXCO field area 

The Southern East Pacific Rise (SEPR) between the Easter Microplate near 23°S and the Garrett transform 

fault boundary near 13°30’S is spreading at ultrafast rates, ranging from 143mm/yr to 150mm/yr (DeMets et al., 

1994; Cormier et al., 1996). The EXCO field area is located between 14-16°S (Fig.1), where on a larger scale the 

SEPR is remarkably linear and devoid of any transform fault boundaries (Lonsdale, 1989). The EXCO 

geophysical and rock sampling programs followed a flow line east of the EPR within a single first-order 

spreading segment (720 km long and 20-45km wide corridor, 0-9 Ma) (age of the samples are derived by linear 

interpolation between the age of magnetic reversals, Grevemeyer et al., 2002). Migration events of at least five 

overlapping spreading centers (OSC) left discordant zones consisting of hummocky basins and motley texture of 

curved lineations (Grevemeyer et al., 2002). Heat flow data show low values close to the ridge, associated with 

vigorous hydrothermal circulation of cold seawater through the upper volcanic crust, and a fast recovery to 

lithospheric conductive cooling values at a crustal age of 9.3 Ma. Heat flow is high in areas with an almost flat 

and sedimented basement, and low within ~10-20 km of seamounts or rough basement relief (Villinger et al., 

2002). Seismic data show a large increase in velocity in Layer 2 away from the ridge axis (~2.2 – 4.9 km/s, 

Grevemeyer and Weigel, 1997). Sediment thickness increases only slowly with distance from the spreading axis 

to about 15m on 4.5 Ma old crust and 30 m on 7 Ma old crust (Hauschild et al., 2003). 

 

Sampling 

Rock samples were recovered by dredging at 11 sites at topographic highs (~100 – 200 m above the 

surrounding sedimented seafloor) which are believed to be discharge areas for circulating fluids (Devey et al., 

2000). Three dredges were located at the present-day ridge axis; the remaining dredges were collected along a 

flow-line east of the ridge. Extrapolation of each dredge site from its present location back to the ridge yields 

eruption latitudes between 13°54 S and 14°38 S. Due to the relative inexact method of dredging we cannot be 

sure if dredge 36DS (targeted on a seamount) recovered material from the oceanic crust or seamount. 

 

3. Analytical Methods 

This study is based on investigations carried out on 42 basalt samples from 11 locations spanning an age of 0 

to 8.64 Ma. Representative samples from each dredge were prepared for examination of their mineralogical and 

geochemical alteration history. 
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Whole rock samples excluding vein material were crushed in a steel mortar and pulverized with an agate 

mortar. Major element compositions were determined by X-ray fluorescence (XRF) using a Philips PW 1400 

spectrometer at the University of Kiel. Powders were dried at 900°C and melted using lithiumtetraborate 

(Li2B4O7) in a mixture consisting of 600 mg sample and 3600 mg lithiumtetraborate. For calibration of the XRF 

determinations, 44 international rock standards were used. Loss on ignition was not determined. The accuracy of 

the analytical results was controlled by measuring the international standard reference material BHVO-1 

(Appendix 3). Trace elements were analyzed by inductively coupled plasma-mass spectrometry (ICP-MS) using 

a VG Plasma-Quad PQ1 (University of Kiel, Germany). Total dissolution was performed by pressurized HF-

HCLO4-aqua regia attack (Garbe-Schönberg, 1993). The accuracy of the analytical results was assessed by 

measuring the international standard reference material BHVO-1, BHVO-2 and BIR-1. Precision was estimated 

from repeat sample and standard measurements (Appendix 1). The relative standard deviation of repeat 

measurements of sample 21DS1 and BHVO-2 is below 7% and for different dissolutions of the same standards 

below 12% for most elements. Only for Li and Ta, are the deviations in accuracy higher (-24% and -23%). Most 

of the element concentrations measured in BHVO-2 lie 6-11% below the accepted values (Wilson, 1997). For 

BHVO-1 standard measurements, the accuracy deviation of Ga, Cs, Pb and Th is higher than for other elements. 

Zr and Dy show higher accuracy deviation in BIR-1 measurements (Govindaraju, 1994). The results of blank 

measurements show significant blank values for Zn, Zr and Pb presumably indicating contamination problems in 

the dissolution procedure. 

Fresh glass chips were carefully separated and washed in an ultrasonic bath to provide material for the 

determination of pristine magmatic compositions. The glass chips appear unaltered both in thin section and at 

high magnification (1.200x) under the electron microprobe. Major element analyses were determined by electron 

microprobe. Analytical conditions were 15kV accelerating voltage and 11-13 nA sample current. Representative 

errors are given in Appendix 2 together with the number of individual spots measured and used to calculate the 

mean values. The electron beam was slightly defocused (10 µm diameter) to avoid the volatilization of alkalis. 

The raw major element data from each measured spot have been corrected to the KL2-G MPI-DING reference 

glass (Jochum et al., 2000). The analyses also yield totals of ~100%, implying that little or no extraneous water 

has been incorporated due to incipient alteration. 

Secondary mineral compositions were also determined by electron microprobe. Five-spectrometer JEOL JXA 

8900 RL electron microprobes (University of Göttingen and Mainz, Germany) were utilized to analyze clay 

minerals and zeolites. For zeolite analyses, an accelerating voltage of 15 kV, a beam current of 12 nA, and a 2 
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µm beam diameter were used. Clay minerals were analyzed with a 5 µm beam diameter. Element counting times 

vary between 10/5 s and 30/15 s (peak/background). Calibration was performed using mineral standards. 

Attempts were made to determine the secondary mineralogy using a Philips X-ray diffractometer PW 1710 

with monochromatic Cu-Kα radiation. Oriented samples were produced by vacuum filtration through a 0.15 µm 

filter. Due to the relative rarity of clay minerals, measurements (2°-75°2Θ) were carried out on air-dried whole 

rock samples from altered zones of the rock (oxidation haloes). Glycol-saturated samples were also measured 

(2°-35°2Θ) in an attempt to identify the smectitic clay minerals. 

 

4. Results 

An overview of all identified minerals and the main alteration features is given in Table 1a, 1b and Fig.2. 

Representative chemical analyses with mean elemental compositions of clay minerals are listed in Table 2. 

 

dredge 21DS 18DS 20DS 22DS 28DS 29DS 35DS 9DS 36DS 42DS 43DS 
Ma 0 0,015 0,015 0,12 0,65 1,16 2,56 2,92 4,6 6,84 8,64 

total alteration 0.5% 0.3% 0.3% 2.5% 2.6% 2.4% 3.2% 4.2% 4.8% 6.1% 5.3% 
phillipsite   -- -- -- + ++ ++ 
celadonite   ++ + ++ ++ ++ + - + 
saponite-celadonite   - - -  -- 
saponite   -- - -- -- -- 
nontronite   -- -- -- -- -- 
chlorite/smectite   -- --   -- 
Fe-oxyhydroxide + - + - -- + - -- -- -- - 
Table 1a. Abundance of secondary mineralogical assemblages determined by electron microprobe X-ray diffraction and 
thin section observations. Total alteration (average) determined by petrographic observation of all samples in each dredge 
(++ high, -- low). 
 

secondary mineral main location filling replacing main association 

Fe-oxyhydroxide oxidation halo voids, pervasive - celadonite 

celadonite oxidation halo voids, veins Fe-oxyhydroxide, olivine Fe-oxyhydroxide 

saponite-celadonite oxidation halo voids celadonite celadonite 

saponite oxidation halo voids celadonite, saponite-celadonite celadonite 

phillipsite oxidation halo, glassy margin voids, veins palagonite celadonite 

Table 1b. Summary of the alteration phases identified by electron microprobe, illustrating variations in occurrence, 
distribution and mineralogical assemblages. 

 

ridge axis 6.84 - 8.64 Ma0.12 - 4.6 Ma

alteration
0 % 2 - 5 % > 5 %

oxidation state

more oxidizing less oxidizing

main alteration component
celadonite

phillipsiteiron 
oxyhyroxide

 

Figure 2. Overview of the main alteration features as a function of distance from the spreading axis. 



Q
uantitative assessm

ent of chem
ical and m

ineralogical changes due to progressive low
 tem

perature alteration of E
P

R
 basalts 

 
59

 Dredge 22DS1 22DS2 22DS3 28DS1 29DS2 29DS3 35DS4 9DS4 9DS8 36DS7 43DS13 22DS2 9DS8 36DS8 9DS8 9DS8 36DS8
Ma 0.12 0.12 0.12 0.65 1.16 1.16 2.56 2.92 2.92 4.6 8.64 0.12 2.92 4.6 2.92 2.92 4.6

mineral celadonite celadonite celadonite celadonite celadonite celadonite celadonite celadonite celadonite celadonite celadonite saponite-
celadonite

saponite-
celadonite

saponite-
celadonite saponite saponite saponite

SiO2 46.5 46.9 49.3 45.8 44.9 44.8 46.8 47.2 49.2 44.0 44.7 42.7 49.6 42.4 46.9 46.1 37.4
TiO2 0.05 0.02 0.05 0.05 0.05 0.04 0.11 0.10 0.02 0.08 0.02 0.06 0.04 0.83 0.03 0.05 0.56
Al2O3 1.7 0.11 1.6 1.6 3.2 4.2 3.3 4.6 1.5 3.9 2.4 3.5 2.1 6.9 3.0 3.2 3.1
FeO 32.0 31.4 29.8 31.9 35.0 33.4 28.4 29.9 28.8 30.2 37.3 21.9 25.1 16.6 23.4 14.5 17.3
MnO 0.04 0.03 0.21 0.05 0.15 0.08 0.17 0.03 0.06 0.08 0.22 0.08 0.05 0.12 0.06 0.02 0.16
MgO 3.2 3.4 3.4 3.7 1.3 1.6 4.0 1.8 4.7 2.9 1.7 11.1 9.4 13.8 13.8 17.1 27.5
CaO 0.18 0.21 0.08 0.28 0.24 0.13 0.14 0.15 0.13 0.25 0.30 0.08 0.25 0.36 0.23 0.13 0.34
Na2O 1.4 1.5 0.9 1.8 1.5 1.3 1.2 1.1 0.9 1.9 1.7 0.8 1.4 1.5 1.6 0.9 0.7
K2O 5.0 4.7 2.5 4.1 3.4 3.7 5.6 4.3 5.8 4.6 2.7 1.9 2.2 2.1 1.4 0.7 1.0
P2O5 n.d. 0.03 n.d. 0.06 0.06 0.13 0.05 n.d. 0.03 0.08 0.11 0.01 0.02 0.04 0.00 0.02 0.07
Cr2O3 n.d. 0.02 n.d. 0.05 0.03 0.03 0.08 0.00 0.03 0.04 0.03 0.08 0.01 0.10 0.02 0.05 0.11
total 90.1 88.4 87.9 89.4 89.9 89.4 89.9 89.2 91.1 88.0 91.1 82.3 90.2 84.8 90.6 82.8 88.1

Number of ions on the basis of 20 (O) and 4 (OH)
Si 7.726 7.925 8.077 7.657 7.525 7.477 7.652 7.721 7.899 7.451 7.472 7.290 7.733 6.844 7.255 7.397 5.942
Al 0.338 0.022 0.307 0.315 0.639 0.811 0.639 0.876 0.285 0.785 0.460 0.710 0.383 1.312 0.554 0.603 0.575
tetrahedral 8.000 7.947 8.000 7.973 8.000 8.000 8.000 8.000 8.000 8.000 7.931 8.000 8.000 8.000 7.809 8.000 6.516

Al 0.064 0.000 0.307 0.000 0.164 0.288 0.290 0.597 0.184 0.236 0.000 0.000 0.115 0.156 0.000 0.000 0.000
Ti 0.007 0.002 0.006 0.006 0.006 0.006 0.013 0.012 0.003 0.009 0.003 0.007 0.004 0.100 0.004 0.006 0.067
Fe 4.440 4.431 4.089 4.459 4.948 4.731 3.892 4.110 3.874 4.277 5.248 3.130 3.274 2.251 3.030 1.946 2.293
Mn 0.006 0.005 0.028 0.007 0.021 0.012 0.024 0.004 0.008 0.012 0.032 0.012 0.006 0.017 0.007 0.003 0.021
Mg 0.799 0.866 0.836 0.922 0.326 0.388 0.970 0.448 1.118 0.726 0.420 2.826 2.184 3.325 3.191 4.084 6.503
P 0.004 0.008 0.008 0.019 0.007 0.004 0.012 0.016 0.001 0.002 0.006 0.000 0.002 0.009
Cr 0.003 0.006 0.004 0.004 0.010 0.000 0.004 0.005 0.004 0.011 0.001 0.012 0.002 0.006 0.013
octahedral 5.316 5.312 5.266 5.408 5.478 5.447 5.205 5.172 5.195 5.277 5.722 5.988 5.587 5.867 6.234 6.048 8.907

Ca 0.033 0.038 0.013 0.050 0.043 0.024 0.025 0.026 0.022 0.045 0.053 0.014 0.042 0.062 0.039 0.022 0.058
Na 0.437 0.498 0.288 0.587 0.493 0.430 0.375 0.358 0.279 0.617 0.557 0.262 0.434 0.472 0.490 0.295 0.206
K 1.062 1.016 0.524 0.878 0.734 0.793 1.167 0.905 1.181 0.992 0.571 0.414 0.446 0.439 0.273 0.141 0.198
interlayer 1.532 1.553 0.826 1.515 1.270 1.247 1.566 1.289 1.482 1.654 1.182 0.690 0.922 0.973 0.802 0.458 0.462

standard deviation
n 13 46 62 10 43 58 31 35 170 9 31 1 2 5 2 3 1
SiO2 1.13 0.85 1.91 1.44 3.57 4.35 2.26 2.57 1.39 1.98 3.48 0.72 2.82 0.19 0.34
TiO2 0.03 0.02 0.03 0.03 0.05 0.05 0.05 0.07 0.03 0.05 0.03 0.01 0.22 0.00 0.04
Al2O3 0.53 0.19 0.50 0.33 1.28 1.98 0.76 1.83 1.03 0.63 1.24 0.46 1.34 0.17 0.12
FeO 1.08 1.61 1.09 3.58 4.21 5.68 1.83 3.14 1.76 1.96 3.76 1.17 0.63 2.02 0.40
MnO 0.03 0.03 0.05 0.03 0.32 0.05 0.17 0.02 0.09 0.07 0.16 0.06 0.03 0.01 0.02
MgO 0.22 0.36 0.37 0.51 0.68 0.34 0.66 0.29 0.54 0.25 0.31 1.70 2.58 1.54 0.51
CaO 0.05 0.10 0.04 0.09 0.06 0.07 0.06 0.05 0.05 0.07 0.04 0.07 0.11 0.03 0.02
Na2O 0.38 0.39 0.18 0.49 0.18 0.25 0.34 0.20 0.32 0.42 0.23 0.02 0.29 0.11 0.05
K2O 0.85 0.59 0.34 0.27 0.50 0.67 0.87 0.95 0.87 1.11 0.57 0.47 0.30 0.57 0.07
P2O5 0.03 0.03 0.04 0.07 0.04 0.03 0.03 0.05 0.01 0.03 0.00 0.02
Cr2O3 0.03 0.03 0.03 0.03 0.05 0.01 0.03 0.02 0.02 0.01 0.03 0.02 0.03

Table 2. Average major element compositions and calculated formulae for celadonite and saponite from EXCO rocks (wt%), n = number of analyses. Standard deviation is given in wt%. The 
formula for celadonite and saponite has been calculated on the basis of the ideal O (OH)  anion content. Tetrahedral sites (Si+Al) are calculated on the basis of 8 cations, the excess Al is added 
to the octahedral site. Due to the very small size of individual occurrences, the ferric iron content was not determined. It is however well known that celadonites, in contrast to saponites, are 
characterized by high contents of ferric iron, although small amounts of trivalent Fe in saponite may also be present  (Andrews, 1980). 
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4.1. Petrology of the sample suite 

All recovered rocks are part of pillows, lava or sheet flows. Most of the younger rocks are characterized by 

the presence of glassy margins, whereas older rocks (> 4 Ma) exhibit minor glass with larger amounts of 

palagonite, a more strongly developed Mn-crust and alteration haloes, and increasing amounts of secondary 

minerals. All basalts are vesicular (up to 3 % vesicles, mostly concentrated near the margin) and plagioclase-

phyric (1-5 %) with minor olivine (1-2 %) and pyroxene (<1 %). A few samples contain spinel (<1%) and 

magnetite (<1%). 

EXCO basalts show a general trend of increasing pervasive alteration with distance from the ridge axis and 

crustal age. Alteration is most prevalent within alteration haloes (mostly dark grey or brownish) that occur at the 

outer rims of the samples or are associated with fractures (Fig.3.1a). Rock interiors are generally characterized 

by low abundances of secondary minerals (<1 %), giving this part of the rock a lighter grey color (Fig.3.1a). 

Fractures and vesicles in the interior remain open and are lined with celadonite or small amounts of iron 

oxyhydroxides. In some cases a transition zone separates the glassy rim and the oxidation halo. This black 

transition zone consists of variolites, giving the rock an aphanatic texture (Fig.3.1b). Determination of the degree 

of alteration, described below, is based on petrographic observations (abundance of alteration haloes, palagonite 

and other secondary minerals) from all rocks of each dredge. 

 

Ridge axis - 21DS, 18DS, 20DS 

Samples from the ridge axis are pillow fragments, lava flows and lava tubes, all are very fresh with glassy 

margins and show only minor indications of alteration (trace amounts of palagonite). Samples contain only small 

numbers of fractures which are either open or lined with iron oxyhydroxide. Voids and cavities also remain open 

or are in rare cases lined with iron oxyhydroxide. 

 

0.12 Ma – 22DS 

Rocks from this dredge are somewhat different to all the other dredges. Basalts are fully crystalline, contain 

alteration haloes, a thin manganese crust and only small amounts of glass. The general degree of alteration is 

about 2.5 %. Trace palagonisation occurs only at the outer glassy margin. Fractures and voids are very rare and 

remain open or lined with trace amounts of iron oxyhydroxide or celadonite. Iron oxyhydroxide and celadonite, 

with trace saponite, nontronite and a mixed layered chlorite/smectite, are distributed throughout the groundmass, 

altering small amounts of the present primary minerals (~2 %, probably olivine), with higher abundances within 
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alteration haloes (~5 %). An illite/smectite mixed-layer phase was also identified, indicating the occurrence of 

saponite-celadonite. 

 

0.65 Ma – 28DS 

Pillows and fragments of lava flows have up to 5 mm thick glass rind (only minor amounts are altered to 

palagonite) and are coated with a thin (1mm) manganese crust. Fractures and cavities are rare and lined with 

celadonite in the interior of the rocks or remain open towards the rim. Celadonite occurs only in the interior of 

the sample throughout the groundmass, beneath the oxidation halo. Also, trace amounts of a chlorite/smectite 

mixed layer are identified in the oxidation halo. 

 

1.16 and 2.56 Ma – 29DS and 35DS 

Basalts from 29DS contain N- and E-MORB and therefore show variations in their magmatic composition 

(Table 3). Samples are aphyric with glassy margins (1-4 mm) and 1-10 mm thick manganese crust. The general 

degree of alteration is about 2-3 %. Fractures and cavities in the glassy margins remain open. Within oxidation 

haloes, veins are filled with celadonite, iron oxyhydroxide and trace amounts (identified by XRD) of phillipsite, 

none of which are found in the interior of the rock. Phillipsite is very fine-grained, implying that these samples 

are just beginning to form zeolites. Celadonite occurs predominantly in alteration haloes, which occur adjacent to 

fractures and veins, giving this part of the rock a darker color (Fig.3.1a). Glass is partly altered to palagonite 

along fractures or at the outer rim of the glassy margins.  

 

2.92 Ma – 9DS 

Most of the basalts are aphyric with a thin (<2 mm) glass crust partly altered to palagonite beneath the 

margin and at the rim of fractures. Degree of alteration is about 4 %. Veins and voids within oxidation haloes are 

filled with celadonite, whereas adjacent to the haloes they are only lined with trace amounts of celadonite and 

saponite in the interior of the rocks. In some vesicles, celadonite is replaced along the outer rim by saponite 

(Fig.3.2). In other cases it replaces olivine, beginning at intramineral fissures and progressing to complete 

replacement of olivine where only the pseudomorph gives a clue to the nature of the primary mineral (Fig.3.3). 

All samples are characterized by the very small amount or lack of iron oxyhydroxides. 
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Figure 3. Photomicrographs of EXCO samples. 3.1. Oxidation halo in sample 29DS3 (1.16 Ma). 3.1A. Rock sample with
an oxidation halo connected to small fractures. 3.1B. Thin section containing glass at the outer rim, a transition zone
(black halo), an oxidation halo and a part of the rock interior. The occurrence of clay minerals is limited to the oxidation
halo; fractures, veins and voids in the outer part and the rock interior remain open. The thin section is taken from a
different part of the sample shown in A. 3.2. Photograph of celadonite and saponite in a vesicle. The vesicle is filled by 
celadonite and later replaced at the outer rim by saponite, indicating a redox change towards more reducing conditions.
The yellow-green transition zone is characterized by a mixture of saponite and celadonite. More reducing conditions 
would have caused the celadonite to be totally replaced by saponite. 3.3. Photograph of a completely replaced primary 
mineral (olivine ?) by celadonite. 3.4. Photographs of phillipsites in 6.84 Ma rocks. 3.4A. Photograph (from sample 
42DS2) of phillipsite completely filling a vein lined by palagonite. 3.4B. Photomicrograph (from sample 42DS10) of an
altered part of the glassy rim. Formation of phillipsite at the inner wall of a vein, bounded by palagonite. 3.4C. Close up 
photomicrograph of vein-filling, fibrous phillipsite in 42DS10. 3.5. Iron oxyhydroxide associated with celadonite in a 
cavity, maybe replacing olivine. Iron oxyhydroxide occur at the center, whereas celadonite lines the outer rim. The red
transition zone is characterized by celadonite with a high Fe content. 



Quantitative assessment of chemical and mineralogical changes due to progressive low temperature alteration of EPR basalts 

 63

4.6 Ma – 36DS 

These rocks were dredged along the flank of a seamount (Fig.1). Some of the recovered samples have a 

higher percentage of voids (3%) with diameters up to 2mm. Most of the glass remains fresh, with only minor 

palagonite along fractures. Vesicles and cavities at the glassy margins remain open or are lined with sediment 

and phillipsite, whereas within oxidation haloes they are lined with celadonite and rare spotted iron 

oxyhydroxide. Most fractures remain open, only a few are lined with secondary minerals. The main alteration 

product celadonite is also distributed within the groundmass, where it occurs with trace saponite and nontronite. 

 

Ma 0 0.015 0.015 0.12 0.65 0.65 1.16 1.16 
 ┌──┴──┐ ┌──┴──┐ ┌──┴──┐ ┌──┴──┐ ┌──┴──┐ ┌──┴──┐ ┌──┴──┐ ┌──┴──┐ 

Sample 21DS4 
bulk 

21DS4 
glass 

18DS9 
bulk 

18DS9 
glass 

20DS3 
bulk 

20DS3 
glass 

22DS2 
bulk 

22DS2 
glass 

28DS1 
bulk 

28DS1 
glass 

28DS3 
bulk 

28DS3 
glass 

29DS2 
bulk 

29DS2 
glass 

29DS3 
bulk 

29DS3 
glass 

alt % 0.3 0.0 0.0 0.0 0.5 0.0 3.0 0.0 2.7 0.0 2.5 0.0 2.7 0.0 2.0 0.0 
SiO2 49.9 50.5 50.1 51.0 49.1 49.9 49.2 49.8 47.3 48.9 47.8 49.0 52.2 53.8 48.4 50.5
TiO2 1.7 1.8 1.7 1.9 1.5 1.7 1.9 1.7 0.76 0.92 0.77 0.92 1.8 1.9 2.1 2.3
Al2O3 14.4 14.2 13.8 13.9 14.8 14.7 13.1 14.0 15.7 16.7 15.6 16.6 12.9 13.2 13.3 13.8
Fe2O3 11.4 12.3 12.2 12.6 10.8 11.4 13.6 12.2 10.5 10.7 10.6 10.6 13.8 13.4 14.4 13.3
MnO 0.18 0.21 0.19 0.21 0.17 0.18 0.19 0.19 0.16 0.18 0.17 0.17 0.32 0.22 0.22 0.21
MgO 7.3 7.4 7.1 7.3 7.5 7.6 6.6 7.3 11.6 10.1 11.7 10.2 4.7 4.8 6.4 6.6
CaO 11.8 11.3 11.4 11.3 11.9 11.8 10.9 11.1 11.1 11.6 11.0 11.5 8.7 8.7 10.8 11.0
Na2O 2.7 3.1 2.8 2.9 2.8 2.8 2.7 2.7 2.1 2.2 2.0 2.2 3.4 3.7 2.7 3.1
K2O 0.15 0.13 0.13 0.11 0.18 0.19 0.27 0.12 0.10 0.07 0.08 0.08 0.40 0.35 0.32 0.19
P2O5 0.15 0.16 0.15 0.15 0.15 0.15 0.16 n.d. 0.08 0.06 0.08 0.06 0.35 0.38 0.21 0.21
Cr2O3 n.d. 0.03 n.d. 0.02 n.d. 0.05 n.d. 0.04 n.d. 0.06 n.d. 0.07 n.d. 0.02 n.d. 0.02
total 99.6 101.1 99.5 101.4 99.0 100.5 98.6 99.2 99.4 101.6 99.7 101.4 98.6 100.4 98.8 101.2
        
Li 4.6 5.2 4.3 5.7 4.8 5.8 5.3 5.5 2.8 3.5 3.3 3.0 6.8 15.8 6.5 6.2
Sc 42.7 42.4 42.3 42.6 41.5 41.7 42.9 39.2 35.0 38.3 37.8 36.8 33.0 32.1 41.5 40.5
V 330 315 343 344 309 301 365 340 179 183 190 186 234 219 377 372
Cr 273 246 161 160 277 261 174 193 490 458 474 459 104 91 103 112
Co 38.6 37.3 38.7 39.0 39.2 39.7 38.5 38.0 47.8 56.8 51.7 48.9 28.6 29.6 37.4 37.1
Ni 63.5 60.5 55.3 52.2 69.1 78.5 59.2 70.0 258 339 228 229 32.1 33.0 46.1 46.2
Cu 63.9 59.7 61.0 58.3 67.2 73.0 42.0 56.8 67.9 85.0 82.1 84.1 37.6 41.1 53.0 52.8
Zn 110 73.1 90.1 80.9 791 91.1 88.0 86.3 59.1 65.1 57.1 60.6 122 101 85.9 91.9
Ga 18.3 17.7 17.7 17.9 17.4 16.9 17.5 17.4 13.3 12.7 14.5 14.4 22.9 20.5 17.6 18.8
Rb 1.49 1.18 1.12 1.25 2.3 2.5 5.1 1.19 0.96 1.06 1.05 0.98 11.4 4.1 2.5 2.2
Sr 128 124 110 111 141 150 104 92.5 118 125 127 125 119 100 125 121
Y 32.5 34.8 32.0 32.7 28.5 31.2 35.3 33.9 15.3 17.0 16.4 16.5 92.2 88.7 40.6 39.2
Zr 111 130 97.3 102 94.3 104 111 103 33.5 38.2 36.5 37.1 362 363 136 141
Nb 2.8 2.7 2.7 2.7 4.2 4.6 2.8 2.7 1.91 2.0 2.1 2.0 7.5 7.5 4.8 4.9
Cs 0.02 0.02 0.02 0.02 0.03 0.03 0.33 0.02 0.01 0.04 0.03 0.02 0.62 0.06 0.04 0.03
Ba 12.5 11.4 11.0 11.5 78.0 23.8 11.9 11.0 10.0 9.8 77.9 9.8 35.7 27.4 30.0 20.8
La 3.7 3.6 3.3 3.4 4.1 4.6 3.6 3.3 1.71 1.87 1.84 1.81 11.3 11.7 5.6 5.4
Ce 11.3 11.2 10.2 10.4 11.4 13.2 10.8 10.2 4.7 5.5 5.2 5.1 34.5 36.6 16.4 15.5
Pr 1.99 1.97 1.79 1.85 1.90 2.2 1.93 1.82 0.82 0.92 0.88 0.88 5.9 6.2 2.7 2.6
Nd 10.7 10.6 9.8 10.0 9.8 11.2 10.7 10.0 4.4 5.1 4.8 4.8 30.7 32.2 14.2 13.6
Sm 3.7 3.7 3.5 3.5 3.3 3.8 3.8 3.7 1.62 1.85 1.75 1.76 10.0 10.6 4.9 4.6
Eu 1.32 1.31 1.23 1.27 1.18 1.34 1.32 1.26 0.67 0.77 0.72 0.73 2.6 2.8 1.65 1.56
Gd 4.8 4.9 4.6 4.7 4.3 4.9 5.1 4.9 2.2 2.5 2.3 2.4 12.4 13.5 6.3 5.9
Tb 0.88 0.90 0.85 0.87 0.78 0.88 0.94 0.90 0.40 0.46 0.44 0.44 2.26 2.43 1.13 1.08
Dy 5.9 6.1 5.7 5.8 5.1 5.9 6.4 6.1 2.7 3.2 2.9 3.0 15.1 16.4 7.6 7.2
Ho 1.25 1.33 1.22 1.26 1.10 1.26 1.37 1.31 0.59 0.67 0.64 0.64 3.2 3.5 1.62 1.54
Er 3.6 3.9 3.5 3.6 3.1 3.5 3.9 3.7 1.69 1.93 1.83 1.84 9.4 10.0 4.6 4.4
Tm 0.52 0.59 0.51 0.52 0.45 0.52 0.58 0.55 0.25 0.29 0.27 0.27 1.39 1.50 0.68 0.64
Yb 3.4 3.9 3.3 3.4 3.0 3.5 3.8 3.6 1.63 1.89 1.77 1.79 9.1 10.0 4.4 4.2
Lu 0.51 0.59 0.50 0.51 0.44 0.51 0.56 0.54 0.25 0.28 0.27 0.27 1.35 1.49 0.66 0.62
Hf 2.8 3.3 2.6 2.6 2.4 2.9 2.9 2.7 0.98 1.15 1.06 1.10 9.2 10.1 3.7 3.6
Ta 0.19 0.19 0.18 0.18 0.26 0.32 0.19 0.19 0.13 0.14 0.14 0.14 0.49 0.52 0.33 0.32
Pb 0.46 0.47 0.39 0.40 0.52 0.64 0.40 0.45 0.23 0.22 0.21 0.18 1.26 1.21 0.55 0.57
Th 0.20 0.32 0.19 0.19 0.29 0.34 0.20 0.19 0.12 0.12 0.13 0.13 0.68 0.72 0.36 0.37
U 0.10 0.17 0.07 0.07 0.10 0.11 0.09 0.06 0.06 0.04 0.05 0.06 0.35 0.25 0.12 0.12
Table 3. Electron microprobe (major elements, glass, wt%), XRF (major elements, bulk, wt%) and ICP-MS (trace elements, 
ppm) analyses of glassy MORB pieces and the respective altered part of the rock (bulk) from EXCO rocks. Analyses from 
the same hand specimen are marked by ┌──┴──┐. DS = dredge, alt % = alteration of individual sample in percent. 



Quantitative assessment of chemical and mineralogical changes due to progressive low temperature alteration of EPR basalts 

 64

6.84 Ma – 42DS 

Samples contain up to 5 mm thick glassy margins, a 1-10 mm thick manganese crust and up to 4 cm thick 

alteration haloes. At the glassy margins palagonite is present along the rim of fractures, which are mainly filled 

with the main secondary mineral phillipsite (Fig.3.4) or in rare cases a mixture of phillipsite and celadonite. 

Fractures within rock interiors remain open. Olivine phenocrysts are partly altered by celadonite. Very minor 

amounts of iron oxyhydroxide, saponite and nontronite are also present within the groundmass. Phillipsite is the 

dominant secondary mineral in veins, whereas finely dispersed celadonite dominates the alteration products in 

the groundmass. 

 

Ma 2.56 2.92 2.92 2.92 4.6 6.84 8.64 
 ┌──┴──┐ ┌──┴──┐ ┌──┴──┐ ┌──┴──┐ ┌──┴──┐ ┌──┴──┐ ┌──┴──┐ 

Sample 35DS2 
bulk 

35DS2 
glass 

9DS2 
bulk 

9DS2 
glass 

9DS4 
bulk 

9DS4 
glass 

9DS8 
bulk 

9DS8 
glass 

36DS8 
bulk 

36DS8 
glass 

42DS10 
bulk 

42DS10 
glass 

43DS13 
bulk 

43DS13 
glass 

alt % 3.3 0.0 4.5 0.0 3.0 0.0 4.0 0.0 4.0 0.0 7.0 0.0 7.0 0.0 
SiO2 49.6 50.1 49.5 50.0 48.8 49.8 49.3 49.7 49.2 49.6 49.5 49.7 50.0 50.7 
TiO2 1.0 1.2 2.7 2.8 2.2 2.2 1.5 1.6 1.0 1.1 1.8 1.9 1.7 1.8 
Al2O3 15.3 15.1 12.5 12.6 14.0 13.7 15.3 14.9 16.4 15.6 14.0 13.9 14.3 14.2 
Fe2O3 10.4 10.5 16.1 16.2 13.3 13.3 10.8 11.2 10.5 10.4 12.6 12.8 12.0 12.0 
MnO 0.17 0.17 0.24 0.25 0.23 0.21 0.19 0.18 0.17 0.17 0.21 0.21 0.20 0.20 
MgO 8.7 8.5 5.5 5.7 6.6 6.8 7.7 7.7 6.8 9.1 7.2 7.1 7.4 7.5 
CaO 12.8 12.8 9.9 9.9 11.3 11.0 11.6 12.0 13.2 12.7 11.6 11.4 11.8 11.8 
Na2O 2.4 2.4 2.8 3.2 2.8 3.0 2.8 3.0 2.6 2.4 3.4 2.8 2.5 2.8 
K2O 0.07 0.04 0.18 0.17 0.31 0.17 0.25 0.15 0.07 0.04 0.19 0.14 0.14 0.09 
P2O5 0.07 0.06 0.24 0.25 0.20 0.18 0.14 0.13 0.12 0.06 0.16 0.14 0.14 0.14 
Cr2O3 n.d. 0.05 n.d. 0.01 n.d. 0.04 n.d. 0.06 n.d. 0.07 n.d. 0.02 n.d. 0.03 
total 100.5 101.0 99.6 101.1 99.7 100.5 99.6 100.5 100.1 101.2 100.6 100.1 100.3 101.3 
        
Li 5.0 4.8 7.8 10.1 6.3 5.7 4.4 4.0 6.0 4.0 7.0 6.1 6.3 6.6 
Sc 38.0 39.1 41.1 45.5 42.8 40.5 33.1 34.9 36.6 38.0 43.8 42.2 43.7 43.9 
V 260 257 456 498 382 358 230 234 245 251 358 356 346 335 
Cr 372 353 182 39 218 205 261 262 350 374 184 190 218 208 
Co 38.6 42.0 41.3 44.0 35.1 36.6 41.6 32.1 42.1 44.0 39.6 39.2 48.7 38.9 
Ni 68.0 81.8 1207 33.9 54.2 56.6 76.0 59.6 50.4 57.2 53.8 55.3 100 68.2 
Cu 82.2 83.2 50.7 54.1 68.2 59.8 64.3 58.6 95.3 98.8 51.5 60.7 105 66.5 
Zn 68.4 84.1 108 270 94.4 104 91.3 62.2 66.0 61.3 82.6 95.4 109 83.8 
Ga 15.3 13.4 20.2 19.3 18.9 18.2 14.5 15.0 15.3 15.5 16.3 18.4 16.6 15.3 
Rb 0.49 0.26 1.70 1.66 6.9 1.63 1.67 1.06 0.35 0.14 2.1 1.35 4.9 0.91 
Sr 85.3 85.2 111 118 128 117 129 131 92.5 88.9 114 114 95.9 110 
Y 21.0 21.7 54.0 54.8 38.5 39.1 23.4 24.7 20.2 20.1 38.8 35.2 35.6 33.7 
Zr 49.1 48.5 179 176 138 136 86.4 81.7 46.1 45.9 114 115 130 101 
Nb 0.74 0.72 3.9 4.2 3.7 3.6 2.5 2.5 0.54 0.51 2.8 2.9 2.6 2.1 
Cs 0.01 0.00 0.02 0.02 0.37 0.02 0.03 0.01 0.01 0.00 0.03 0.02 0.07 0.02 
Ba 4.8 2.9 16.1 14.9 21.8 14.1 16.3 11.3 4.0 1.70 11.4 11.5 50.4 7.0 
La 1.50 1.36 5.5 6.1 4.7 4.8 3.9 3.5 1.41 1.25 4.4 3.9 5.0 3.3 
Ce 4.5 4.9 16.8 19.4 13.9 14.0 11.0 10.4 4.5 4.5 12.7 11.7 12.2 10.9 
Pr 0.91 0.96 2.9 3.3 2.4 2.4 1.70 1.76 0.92 0.88 2.3 2.0 2.2 1.94 
Nd 5.3 5.6 15.8 17.9 12.9 13.1 8.7 9.1 5.3 5.1 12.3 10.8 11.8 10.6 
Sm 2.1 2.2 5.6 6.4 4.4 4.6 2.8 3.1 2.0 2.0 4.4 3.8 4.0 3.9 
Eu 0.80 0.87 1.85 2.1 1.50 1.55 1.01 1.10 0.80 0.79 1.55 1.33 1.33 1.36 
Gd 2.9 3.1 7.2 8.3 5.7 5.9 3.6 3.9 2.9 2.8 5.9 5.1 5.2 5.1 
Tb 0.55 0.59 1.32 1.52 1.05 1.08 0.65 0.70 0.54 0.53 1.08 0.93 0.95 0.94 
Dy 3.8 4.1 8.9 10.1 7.0 7.2 4.3 4.6 3.7 3.6 7.4 6.3 6.3 6.4 
Ho 0.82 0.87 1.93 2.2 1.51 1.56 0.91 0.98 0.78 0.77 1.55 1.36 1.37 1.35 
Er 2.3 2.5 5.6 6.2 4.3 4.4 2.6 2.8 2.2 2.2 4.4 3.8 3.9 3.8 
Tm 0.35 0.37 0.83 0.91 0.63 0.65 0.38 0.41 0.33 0.33 0.66 0.57 0.57 0.56 
Yb 2.3 2.4 5.4 6.0 4.2 4.3 2.5 2.6 2.1 2.1 4.3 3.7 3.7 3.7 
Lu 0.34 0.36 0.80 0.89 0.62 0.63 0.37 0.39 0.32 0.31 0.64 0.55 0.55 0.55 
Hf 1.50 1.57 4.4 4.9 3.5 3.5 2.2 2.2 1.41 1.43 3.3 3.0 3.0 2.9 
Ta 0.05 0.06 0.26 0.28 0.24 0.25 0.16 0.17 0.04 0.04 0.22 0.19 0.15 0.15 
Pb 0.30 0.24 0.78 0.94 0.56 0.54 2.5 0.42 0.22 0.21 0.48 0.46 2.7 0.65 
Th 0.06 0.04 0.33 0.28 0.27 0.27 0.21 0.19 0.04 0.03 0.25 0.24 0.20 0.14 
U 0.06 0.02 0.18 0.10 0.11 0.10 0.12 0.06 0.05 0.01 0.09 0.08 0.17 0.05 
Table 3. (continued) 
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8.64 Ma – 43DS 

The oldest rocks in the working area are characterized by alteration haloes, glassy margins (up to 10 mm), 

manganese crusts (up to 7 mm) and the presence of iron oxyhydroxide, chlorite/smectite, celadonite, saponite, 

nontronite and phillipsite as secondary minerals. Palagonite is present in the glassy margins at the outer rim of 

fractures. As in the 6.84 Ma old rocks, fractures at the outer rim are mainly filled with the main alteration 

product phillipsite and a mixture of phillipsite and celadonite, in the interior of the rocks they remain open. 

Cavities occurring in the interior are filled with celadonite or remain open. We suppose that the lack of olivine is 

controlled by the magmatic composition because there is no evidence for replaced olivine in thin sections. 

 

4.3. Mineral Chemistry 

Described are only minerals identified by microprobe analyses (celadonite, saponite and phillipsite). 

Saponite-celadonite is a transition mineral and its abundance and occurrence is related to those of both its end-

member minerals. Nontronite and chlorite/smectite were only identified by XRD-analyses and therefore no 

microprobe data or information on the occurrence in thin sections can be reported.  

 

Celadonite 

Celadonite is the most abundant alteration product in basalts from 0.12 – 4.6 Ma and is restricted to off-axis 

samples (>0.015 Ma) where it is associated with iron oxyhydroxides. Analyses are shown in Table 2. 

Celadonite is a dioctahedral mineral of the mica group, of ideal composition 

K(Mg,Fe)2+(Fe,Al)3+(OH)2[Si4O10]. Celadonite replaces primary minerals (Fig.3.3) (locally partially replacing 

plagioclase, more commonly partially or completely replacing olivine) and fills vesicles and veins. Celadonite 

shows various colors in thin section, although in contrast to the work of Alt (1993) and Laverne et al. (1996), the 

different colors do not always appear to be associated with different compositions. For example, an intense green 

color, often observed at the center of yellow-orange celadonite clots commonly originates from a micro-porous 

clump of celadonite crystals. The color appears to result from refraction in the empty pores existing between the 

microparticles of celadonite. In other cases the same appearance reflects a transition from celadonite to saponite 

(Fig.3.2). 
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In comparison to samples from the 

Troodos ophiolite (Gillis, 1987) and 

ODP samples from Leg 168 (0-3.5 Ma, 

Juan de Fuca Ridge) (Hunter et al., 

1998; Hunter et al., 1999; Marescotti et 

al., 2000; Porter et al., 2000), Leg 148 

Hole 896A (5.9 Ma, south of Costa Rica 

rift) (Laverne et al., 1996) and Leg 176 

Hole 735B (11.5 Ma South West Indian 

Ridge) (Alt and Bach, 2001), 

celadonites from EXCO basalts are 

characterized by high Fe-contents  

(Fig.4). Results from ODP samples 

show a similar behaviour for 

“iddingsite” which is in fact a mixture of 

celadonite, saponite and iron 

oxyhydroxide (Laverne et al., 1996). 

Stoichiometric calculations show the 

EXCO “celadonite” analyses to have 

greater than 4 cations in octahedral 

coordination, suggesting that the 

celadonites are interlayered with other 

phases. Other grains showing both lower 

Fe-contents and lower octahedral totals 

come from celadonite intergrown with 

saponite, whereas grains with high Fe 

and low K-contents suggests mixtures 

with iron oxyhydroxide. 

In contrast to ODP samples, the interlayer composition of the celadonite structure is dominated by K, with 

substitution by Na (Fig.5). Decreasing K-contents and increasing Na-contents also mark the transition to 

saponite. 
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Figure 4. Results of electron microprobe analyses of clay minerals. 

Interlayer K plotted against Fe#. Units are moles per O20(OH)4 from the 

calculated formulae in Table 2. Shown for comparison are clays from the

Troodos ophiolite (Gillis, 1987) and ODP samples (Laverne et al., 1996; 

Hunter et al., 1998; Hunter et al., 1999; Marescotti et al., 2000; Porter et

al., 2000; Alt and Bach, 2001). 
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Saponite 

Saponite becomes an ubiquitous phase in samples ≥ 2.92 Ma and is always associated with celadonite or 

saponite-celadonite (Fig.3.2). Petrographic evidence suggests that it either replaces or overprints the latter 

phases, suggesting that saponite forms later than celadonite under either different redox conditions, water/rock 

ratios or at higher temperatures. Saponites are characterized by a lower Fe and K, and higher Mg content than 

celadonite. There is a considerable Fe-Mg substitution in our saponites and saponite-celadonite mixtures, a 

feature which has also been reported from ODP samples (Fig.6). Furthermore EXCO saponites contain nearly no 

Al in the octahedral position resulting in the interlayer is richer in Na (Fig.5). A comparison with saponites from 

ODP holes demonstrate that Ca plays only a subordinate role in EXCO saponites, implying that the fluids 

circulating in this area are particularly Ca-poor. 

Sample 9DS8 (2.92 Ma) exhibits two types of saponite (Table 2), a low and high Fe type. Andrews (1980) 

reported that saponites occurring in oxidative environments are Mg-rich and relatively Fe-poor. Those in non-

oxidative environments are Fe-rich with a somewhat lower Mg content. These observations suggest a polyphase 

generation of saponites in sample 9DS8. 

Mixed compositions of celadonite in Hole 896A are indicating combinations of saponite and celadonite 

(Teagle et al., 1996). We also identified an illite/smectite mixed layer, occurring as a physical mixture between 

saponite and celadonite, replacing or dissolving celadonite (Fig.3.2). 

 

Phillipsite 

Phillipsite is the volumetrically most abundant 

alteration product in rocks older than 4.6 Ma and 

is restricted to glassy rinds in basalts older than 1 

Ma. It commonly fills fractures created by glass 

dissolution (Fig.3.4) and has a distinctive K2O 

content and SiO2/Al2O3 ratio (Table 4) compared 

to those reported, for example, from the Troodos 

ophiolite (Gillis, 1987). The relatively high K2O 

content in our phillipsites compared to Troodos 

phillipsites is probably the result of the interplay 

between K and Ca in the circulating fluids. In 
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Figure 6. Results of electron microprobe analyses of clay 

minerals demonstrating Mg-Fe substitution in saponite and 

saponite-celadonite. Units are moles per O20(OH)4 from the 

calculated formulae in Table 2. 
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view of the exchange of K, Na and Ca in 

the zeolite structure, a limited Ca 

availability (as suggested by the saponite 

chemistry, see above) implies that, to 

maintain charge balance, the zeolites will 

incorporate more alkalies. Phillipsites from 

Hole 896A show smaller portions of 

alkalies. In the case of the area studied 

here, it seems that the phillipsites 

preferentially take up K. Dissolution of 

glass and alteration of plagioclase probably 

makes large amounts of Si and Al available 

for the formation of the abundant 

phillipsites in rocks older than 6 Ma. 

 

4.4. Geochemical fluxes 

Compositions of fresh glass and 

immediately adjacent alteration haloes 

from the same rock were compared to 

quantify the chemical fluxes that result from low temperature alteration (Table 3). By comparing parts of the 

same rock, we exclude all variations in chemistry which result from magma genesis (there is a large variation in 

magma composition between sampling sites related to the petrogenetic processes at the ridge axis, see 

Grevemeyer et al., 2002). A comparison of oxidation haloes and “fresh” rock interiors was not made because 

even the rock interior has undergone a slight alteration and therefore does not wholly reflect the initial pristine 

magmatic composition (Staudigel et al., 1996). 

The calculation of chemical flux is based on the method of Gresens (1967) which was later modified by 

Grant (1986). The concentration of a component in the altered rock is compared to that in the original through a 

mass change term 

 

Ci
A=MO/MA(Ci

O+∆Ci) 

Dredge 29DS2 36DS7 42DS10 42DS10 43DS13 43DS13 
Ma 1.16 4.6 6.84 6.84 8.64 8.64 

mineral phillipsite phillipsite phillipsite phillipsite phillipsite phillipsite
SiO2 53.9 60.3 60.3 49.2 59.3 55.5
TiO2 0.14 0.01 0.03 0.28 0.04 0.18
Al2O3 17.3 21.1 21.2 19.1 20.6 18.4
FeO 2.3 0.12 0.18 2.2 0.49 2.7
MnO 0.14 0.09 0.02 0.26 0.05 0.31
MgO 0.26 0.03 0.05 0.44 0.05 0.31
CaO 2.4 0.12 0.07 0.29 0.09 0.19
Na2O 5.0 4.0 3.6 4.4 3.7 5.0
K2O 5.7 6.2 6.6 5.2 6.1 6.7
P2O5 0.07 0.03 0.01 0.07 0.04 0.11
Cr2O3 0.05 0.03 0.01 0.02 0.01 0.04
total 87.2 92.0 92.1 81.4 90.6 89.5
   

Number of ions on the basis of 32 oxygens 
Si 11.336 11.609 11.605 10.987 11.614 11.350
Al 4.276 4.789 4.810 5.014 4.753 4.438
Ti 0.022 0.002 0.005 0.047 0.007 0.028
Fe 0.405 0.020 0.029 0.416 0.083 0.464
Mn 0.025 0.014 0.004 0.049 0.008 0.054
Mg 0.083 0.009 0.013 0.146 0.016 0.096
P 0.013 0.004 0.002 0.013 0.007 0.019
Cr 0.008 0.004 0.002 0.003 0.002 0.006
Ca 5.033 0.024 0.015 0.069 0.019 0.042
Na 1.023 1.491 1.366 1.922 1.420 1.996
K 1.532 1.525 1.624 1.467 1.540 1.754
total 23.755 19.493 19.475 20.133 19.470 20.247
   

standard deviation 
n 1 10 53 1 48 21
SiO2 1.87 2.45  3.16 2.64
TiO2 0.02 0.06  0.06 0.13
Al2O3 0.87 0.96  1.46 1.11
FeO 0.08 0.28  0.81 1.24
MnO 0.16 0.06  0.09 0.27
MgO 0.02 0.06  0.08 0.32
CaO 0.05 0.06  0.16 0.23
Na2O 1.23 1.25  1.10 0.37
K2O 0.43 0.87  1.17 0.62
P2O5 0.03 0.02  0.13 0.06
Cr2O3 0.02 0.02  0.02 0.03
total 2.10 1.84  3.43 3.71
Table 4. Average electron microprobe analyses and calculated 

formulae for phillipsite from EXCO rocks (wt%), n = number of 

analyses. Standard deviation is given in wt%. 
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where Ci
A = concentration of component i in the 

altered rock; MO = mass of the original, fresh rock; 

MA = mass of the altered rock; Ci
O = concentration of 

component i in the original rock; and ∆Ci = change in 

concentration of component i. Results for elements 

from individual samples are plotted as Ci
A vs. Ci

O , 

where all data points lie along an arc of a circle 

centered on the origin (Fig.7). By evaluating which 

points group together, it is possible to evaluate which 

elements are appropriate for calculation of the mass 

change term (MO/MA), which is then used to calculate 

elemental gains and losses (results are shown in Table 

5). 

Samples of all ages are enriched in K2O, Rb, Cs, 

Ba and U, however, only the older off-axis samples 

show significant gains in these elements in their 

oxidation haloes (Fig.8). The degree of enrichment 

generally increases with age, MgO, Li, Cr, Ni, Cu, 

Ga, Pb and Th show minor gains and losses with no 

apparent systematics with age. The high Ni and Pb 

value in 9DS2, 9DS8 and 43DS13 might be the result 

of an analytical problem. Zn is enriched in all samples 

from the ridge axis, but shows no systematic 

behaviour in older samples either. All other elements appear to be behaving essentially as immobile elements. 

In the following we compare our results with those from DSDP/ODP holes to show the significance of our 

results for more general, globally-relevant mass balance calculations. DSDP sites 417 and 418 penetrate 365 m / 

217 m into 118 Ma old basement. Alteration in Hole 417A is probably the most intense of any DSDP/ODP 

basement core, with highly oxidized, alkali-enriched and Mg-depleted rocks (Alt and Honnorez, 1984). The 

calculated geochemical fluxes at these sites show the crust to be taking up Cs over Rb and K, with characteristic 

K/Rb and Rb/Cs ratios of 510/65 (Staudigel et al., 1996), similar to our results (average of 404/53).  
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Figure 7. Examples of plots of the concentration data for 

glass-altered rock pairs for sample 29DS3 (1.16 Ma) (A) 

and 9DS4 (2.92 Ma) (B), rescaled to allow evaluation of 

which elements may be considered “relatively immobile” 

during the alteration process. The concentration data have 

been standardized so that the sums of squares equal 1, 

thereby resulting in all data points lying along the arc of a 

unit circle (Humphris et al., 1998). Mobile elements are 

labeled on the diagram. 
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Dredge Ma alt SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Li Sc V Cr Co Ni Cu Zn Ga Rb Sr Y Zr Nb Cs
21DS4 0.000 0.3 % 1% -7% 3% -4% -11% 2% 7% -10% 15% -2% -9% 3% 8% 14% 6% 7% 10% 54% 5% 29% 5% -4% -13% 5% 21%
18DS9 0.015 0.0 % 1% -7% 2% -1% -6% -1% 2% 1% 16% 3% -22% 2% 2% 3% 2% 8% 7% 14% 1% -8% 1% 0% -2% -1% -4%
20DS3 0.015 0.5 % 8% -1% 10% 4% 6% 7% 11% 9% 1% 12% -9% 9% 12% 16% 8% -4% 1% 850% 13% -2% 3% 0% -1% -1% -6%
22DS2 0.120 3.0 % -5% 3% -10% 7% -6% -14% -5% -4% 122% n.d. -7% 5% 3% -14% -3% -19% -29% -2% -4% 314% 8% 0% 3% -1% 1921%
28DS1 0.650 2.7 % 8% -8% 5% 9% -2% 28% 7% 8% 57% 62% -14% 2% 9% 19% -6% -15% -11% 1% 17% 1% 5% 0% -2% 5% -55%
28DS3 0.650 2.5 % -2% -16% -6% 0% 1% 15% -4% -9% 6% 41% 12% 3% 3% 4% 6% 0% -2% -5% 1% 8% 3% 0% -1% 1% 68%
29DS2 1.160 2.7 % 1% -2% 1% 7% 51% 4% 5% -4% 20% -4% -55% 7% 11% 19% 1% 1% -5% 26% 17% 190% 24% 8% 4% 4% 1016%
29DS3 1.160 2.0 % -5% -9% -5% 6% 3% -5% -3% -12% 67% 0% 4% 1% 0% -9% -1% -1% -1% -8% -8% 9% 1% 2% -5% -3% 44%
35DS2 2.560 3.3 % 2% -10% 5% 2% 1% 6% 3% 3% 61% 17% 7% 1% 5% 9% -5% -14% 2% -16% 18% 94% 4% 0% 5% 7% 122%
9DS2 2.920 4.5 % 7% 4% 7% 7% 3% 4% 7% -5% 17% 2% -17% -3% -1% 407% 1% 3734% 1% -57% 13% 10% 1% 6% 9% 0% 10%
9DS4 2.920 3.0 % -3% -4% 1% -1% 9% -4% 2% -8% 80% 10% 10% 5% 6% 6% -5% -5% 13% -10% 3% 321% 9% -2% 1% 2% 1571%
9DS8 2.920 4.0 % 1% -8% 4% -2% 5% 2% -1% -3% 70% 10% 12% -3% 0% 1% 32% 30% 11% 49% -2% 61% 0% -4% 7% 4% 163%
36DS8 4.600 4.0 % -2% -6% 4% 0% 2% -26% 3% 5% 84% 112% 50% -5% -4% -7% -5% -13% -5% 6% -3% 139% 3% -1% -1% 4% 185%
42DS10 6.840 7.0 % -7% -11% -5% -8% -5% -6% -5% 14% 28% 4% 6% -3% -6% -9% -6% -9% -21% -19% -17% 44% -7% 3% -7% -9% 68%
43DS13 8.640 7.0 % -3% -7% -1% -2% -2% -4% -1% -12% 52% -2% -7% -2% 1% 3% 23% 44% 54% 28% 7% 433% -15% 3% 26% 24% 328%

Dredge Ma alt Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U Mass change term
21DS4 0.000 0.3 % 12% 4% 4% 4% 3% 3% 3% 1% 0% -1% -4% -6% -8% -10% -12% -15% 3% 0% -36% -39% 0.9764
18DS9 0.015 0.0 % -3% 0% 0% -1% 0% 1% 0% -1% 0% 0% -1% 0% -1% 0% 0% 1% 0% -2% -1% 6% 0.9772
20DS3 0.015 0.5 % 259% -4% -6% -4% -4% -4% -4% -5% -4% -6% -5% -3% -4% -6% -6% -8% -9% -12% -7% 4% 0.9138
22DS2 0.120 3.0 % 4% 4% 2% 2% 2% 0% 0% 0% 0% 0% 0% 0% 1% 1% 0% 1% -4% -14% -2% 38% 1.0418
28DS1 0.650 2.7 % 14% 2% -3% -1% -3% -3% -3% -3% -2% -4% -2% -2% -4% -4% -2% -4% -1% 17% 5% 71% 0.8978
28DS3 0.650 2.5 % 697% 2% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% -1% -3% 1% 19% -7% -20% 0.9945
29DS2 1.160 2.7 % 36% 1% -2% -1% -1% -2% -4% -4% -3% -4% -4% -2% -4% -4% -6% -5% -3% 9% 0% 46% 0.9593
29DS3 1.160 2.0 % 42% 2% 4% 3% 2% 5% 4% 5% 3% 4% 4% 3% 5% 3% 6% 2% 1% -6% -5% -4% 1.0145
35DS2 2.560 3.3 % 71% 14% -5% -2% -2% -3% -5% -3% -3% -4% -3% -2% -3% -1% -3% -1% -4% 26% 33% 262% 0.9663
9DS2 2.920 4.5 % 16% -3% -6% -6% -5% -6% -5% -6% -6% -5% -4% -2% -2% -3% -3% -1% -3% -10% 27% 91% 0.9277
9DS4 2.920 3.0 % 54% -1% -1% -2% -3% -4% -3% -4% -4% -4% -4% -3% -3% -3% -3% -1% -2% 3% -1% 13% 1.0066
9DS8 2.920 4.0 % 46% 12% 7% -2% -3% -6% -7% -7% -6% -6% -6% -4% -4% -4% -5% 2% -4% 516% 13% 83% 0.9833
36DS8 4.600 4.0 % 133% 12% 0% 2% 1% 0% 0% 1% 1% 1% 0% 1% 0% 1% 1% -3% 15% 4% 4% 214% 1.0123
42DS10 6.840 7.0 % -8% 5% 2% 6% 7% 7% 10% 9% 9% 10% 7% 7% 7% 8% 9% 4% 6% -2% -3% 1% 1.0695
43DS13 8.640 7.0 % 601% 51% 10% 11% 9% 2% -4% 0% -1% -2% 0% 0% 0% -1% -2% 2% -1% 310% 41% 264% 1.0197

Table 5. Relative gains (+) and losses (-) of elements in alteration haloes or bulk rock relative to their respective glass rims. Elements which are believed to be mobile are marked bold, , alt = alteration of 
individual sample in percent estimated from thin section.
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When we compare the geochemical flux, using the same calculation for global flux as Staudigel et al. (1996) for 

our off-axis (≥0.12 Ma) EXCO samples, 417/418 flux for K2O is about 10 times higher than EXCO flux (Table 

6). Similar to the EXCO samples, the 417/418 cores are enriched in U. Uranium uptake in these cores is 

connected to the precipitation of carbonate coupled with the possibility of U redistribution under oxidising 

conditions whereas U uptake in the EXCO samples could be controlled by iron oxyhydroxides. The uptake of 

REE in the crust is related to the precipitation of Fe-Mn oxide particles. 

Hole 896A (290 m thick volcanic section) and 504B (571.5 m volcanic section) in 5.9 Ma old crust show 

similar fluxes to those in the EXCO area. Chemical changes include increased Mg, K, Rb, B, Cs, Li, CO2 and 

H2O contents, as well as local uptake of P2O5 (Alt et al., 1996b). In Hole 504B here is a downward decrease of 
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Figure 8. Gain/loss diagram for trace elements during the alteration process (comparison between fresh glass and 

oxidation haloes / bulk rock (relative %). 

 EXCO EXCO EXCO 504Bb 417/418c  

 Si ridge-axis 
fresh (ppm) 

SA ridge-axis
altered (ppm)

Si off-axis 
fresh (ppm) 

SA off-axis 
altered (ppm) ridge axisa off-axisa 600 m VZa a  

Rb 1.40 1.49 1.12 1.52 5.9 103 81  x 106 mol/yr
Cs 0.019 0.02 0.02 0.09 0.03 3.0 1.5  x 106 mol/yr
Ba 13.2 24.9 10.0 24.1 497 597  x 106 mol/yr
U 0.10 0.09 0.07 0.13 -0.2 1.5 0.9  x 106 mol/yr
K2O 1222 1358 983 1527 8.3 33.5 34.5 332 x 109 mol/yr
Table 6. Comparison of geochemical fluxes derived for EXCO samples with Hole 504B and Hole 417/418. Negative 

values indicate flux into the ocean, positive values indicate flux into the crust. 
a Flux (mol/yr) = [(SA-Si)(g/kg)*crustal production rate (3.45 x 106 m2/yr) * density (2800 kg/m3)] / molecular weight 
(g/mol) (Bach et al., 2003). 
b Data for flux calculation taken from: Bach et al. (2003, Table 4). VZ = volcanic zone. 
c Data for flux calculation taken from: Staudigel et al. (1996, Table 6). 
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K2O contents, suggesting a decreasing influence of seawater with depth. The geochemical flux for EXCO mobile 

elements is similar to those calculated for 504B, only the magnitude for Cs and U is about 2 / 1.6 times higher.  

As in our study, there is no or little change in REE in Hole 896A (Teagle et al., 1996). The permeability of the 

upper ~200 m of basement in both holes is sufficient to support circulation in ridge flank basement (Fisher et al., 

1990; Fisher et al., 1994; Becker, 1996).  

If we consider the permeability of the ocean crust on ridge flanks and compare the results of calculated fluxes 

from the upper volcanic section of drill sites with our dredged samples we see a very similar picture. This 

suggests that dredged samples from the seafloor provide a representative picture of the alteration occurring 

within the upper hundreds of meters of this crust. 

 

5. Discussion 

Low temperature alteration of the ocean crust as it ages is controlled by local and regional variations in 

lithology and primary porosity; the type, thickness, and lateral extent of sediment cover; and the seafloor 

topography (Fisher, 1998; Marescotti et al., 2000). In the EXCO area, sediment thickness increases only slowly 

with distance from the ridge axis, reaching 30m on 7 Ma old crust (Hauschild et al., 2003). Data from seismic 

observations show a large increase in velocity in Layer 2 rocks with age (Grevemeyer and Weigel, 1997). Heat 

flow values are low close to the ridge and show a fast recovery to almost lithospheric conductive cooling values 

at a very young age of 9.3 Ma (Villinger et al., 2002). Sediment pore fluids extracted along the EXCO transect 

show lower values of K and Ca compared to seawater (Mottl and Wheat, 2000). The different secondary mineral 

assemblages in the EXCO rocks provide a record of changing conditions during the first 9 Ma of crustal aging. 

Although all samples were in contact with seawater, their alteration characteristics from both oxidative and non-

oxidative conditions. We attribute this to strong similarities in the chemical environment on the micro-

environment of a single pillow (open or sealed cracks leading to more oxidizing or reducing conditions, 

respectively) or macro-scale of the upper crust as a whole (more or less sediment covered leading to weaker or 

stronger exchange with the oxidising ocean water respectively). 

 

5.1. Evolution of low temperature alteration 

Three alteration types, which probably reflect separate stages in the progressive alteration, occur in the 

uppermost crust. We stress that these stages are not strictly sequential and that the inferred conditions probably 

overlapped and may even be coeval. 
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1) Dissolution of glass. Incipient alteration is characterized by partial replacement of glass by palagonite 

(devitrified glass). Alteration is very minor at the ridge axis but increases significantly off-axis, especially in 

rocks from the oldest locations (6.84 and 8.64 Ma) where palagonite is more abundant (10 %). Whereas 

palagonite is found in all samples, smectite and phillipsite only occurs off-axis, indicating formation at more 

advanced stage of alteration (e.g. Stroncik and Schmincke, 2002). Comparison of fresh glass with palagonite 

shows that K, Ti, Fe and H2O are gained and Si, Mn, Mg, Ca and Na are depleted as glass alters. Smectite 

acts as a sink for a significant portion of the elements liberated by palagonisation (Staudigel and Hart, 1983) 

whereas phillipsite probably competed with the palagonite for the available dissolved K. Other studies 

report significant losses in Mg, Si, Al, Ca, Na, P and Mn during the palagonitization of volcanic glass (e.g. 

Staudigel and Hart, 1983; Singer and Banin, 1990). 

2) Precipitation of iron oxyhydroxide. Iron oxyhydroxides are found in oxidation haloes, disseminated in the 

groundmass and as Fe-staining on outer surfaces and along fractures. Depositional sequences show that iron 

oxyhydroxides predate celadonite at the ridge axis, whereas off-axis these phases can also be coeval 

(Fig.3.5). The axial samples are likely too young for seawater/rock interaction to provide the necessary high 

concentrations of alkali and Si to enable the precipitation of celadonite (Andrews, 1980). Iron 

oxyhydroxides are often mixed up with celadonite as reported in Hole 896A (Teagle et al., 1996). In ODP 

holes 1023-1032 drilled during Leg 168 the formation of iron oxyhydroxide associated with celadonite 

occurred during an early oxidative alteration period (Hunter et al., 1999). Pichler et al. (1999) also reported 

this stage as one of the first alteration stages for oceanic crustal rocks in general.  

3) Formation of alteration haloes and secondary minerals (celadonite, saponite-celadonite, saponite and 

phillipsite). Concentric alteration haloes adjacent to fractures and veins did not develop until 0.12 Ma. The 

haloes are characterized by the occurrence of clay minerals and iron oxyhydroxides in fractures, voids and 

the groundmass. Secondary minerals only occur off-axis and replace interstitial glass (phillipsite), primary 

minerals (celadonite) and Fe-oxyhydroxides (celadonite, saponite) in veins, vesicles and voids. Alteration 

haloes with Fe-oxyhydroxides and celadonite develop at a relatively early stage, under oxidizing conditions 

at low temperature (<50°C) (e.g. Alt et al., 1992; Alt, 1993; Marescotti et al., 2000). The EXCO samples 

were in contact with seawater and therefore temperatures should be around 2°C. Saponite-celadonite and 

saponite were precipitated subsequent to celadonite, indicating a change towards more reducing conditions 

within these lavas at the seafloor. This is a typical sequence in dredged (Pichler et al., 1999) and drilled 

volcanics (e.g. Alt, 1999). Zeolite probably formed in response to an increase in pH of the circulating fluid 

resulting from the consumption of H+ related to the breakdown of plagioclase (Laverne et al., 1996).  
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5.2. Fluid circulation in the crust 

Basement temperatures for the EXCO area are lower than those expected for conductive cooling of the 

lithosphere but are typical for young oceanic crust covered by a discontinuous thin veneer of pelagic sediment. 

Basement temperatures inferred from the heat flow data and pore fluid chemistry are significantly lower than 

those inferred for the eastern flank of the Juan de Fuca Ridge. These low temperatures are consistent with the 

alteration characteristics for rocks recovered from exposed basement highs. This suggests that if these 

topographic features act as discharge zones, the venting fluids are cool and likely strongly seawater-dominated. 

This conclusion is supported by data for the seamount located close to the sampling locality 36DS (4.6 Ma) 

which stands approximately 800 m above the surrounding sedimented seafloor. A heat flow value of 618 

mW/m2, 275% of the expected conductive heat loss, suggests that this seamount is an outflow point for 

circulating fluids (Villinger et al., 2002). The rock samples collected close to this suspected discharge site exhibit 

no extraordinary alteration features, in agreement with the suspected temperature at the sediment-basement 

interface of only about 14°C and the supposedly extremely focussed nature of the discharge (Villinger et al., 

2002). 

The secondary mineral and altered bulk rock compositions can provide direct information about the 

compositions of the circulating fluids. Pore fluid data from sediments taken immediately above the magmatic 

basement in the area studied show that the fluids circulating in this basement have lower K and Ca than Pacific 

seawater (Mottl and Wheat, 2000). As shown by the pore water chemistry most of the pore fluids are diffusing 

upward (Devey et al., 2000), suggesting that their chemistry provide a clue to the basement fluids and therefore 

their depletion in K and Ca are because of celadonite formation. The EXCO samples show that K is taken up by 

celadonite formation in the volcanic basement and EXCO celadonites have lower K-contents than celadonites 

from other parts of the world (Fig.4), and are lower in Ca than, for example, the Troodos and ODP celadonites 

(Fig.5). The high abundance of celadonite compared to saponite suggests that much of the alteration occurred 

under oxidizing conditions, which implies high seawater/rock ratios (e.g. Alt et al., 1992). This conclusion is 

supported by the high absolute iron contents of celadonite and their close association with iron oxyhydroxides. 

The Fe necessary for iron oxyhydroxide formation is available from the breakdown of olivine and the reactions 

occurring during the penetration of seawater through the rock (e.g. dissolution of glass). The transition from iron 

oxyhydroxide and celadonite to Mg-rich and then Fe-rich saponites results from a progressively more reducing 

nature of the circulating fluids (e.g. Marescotti et al., 2000) (Fig.9). Subsequent increasing sediment thickness 

and the local formation of alteration rinds leads progressively to a more limited exchange of the circulating fluids 

with the open ocean, the fluids become more reducing and saponite becomes a stable phase. 
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These links between fluid chemistry and 

alteration mineralogy open up the possibility 

of using successive alteration mineral 

parageneses to track evolving pore fluid 

composition during progressive alteration. 

 

5.3. Geochemical fluxes 

5.3.1. K2O, P2O5, Rb and Cs 

The EXCO samples demonstrate that, with 

the exception of K2O, all major elements are 

essentially immobile during alteration except 

during the breakdown of glass to palagonite. 

High K2O-contents of the altered EXCO rocks 

are due to the presence of celadonite and typical of basalts altered at low temperature by seawater-derived fluids 

(e.g. Alt and Honnorez, 1984). Depending on local conditions, the magnitude of the flux is varying with age, but 

is significantly higher off-axis (e.g. comparing ridge axis and off-axis geochemical flux for K2O, off-axis flux is 

about 4 times higher, Table 6). Phosphorus enrichment in a few of the samples could be associated with the 

formation of secondary hydrous ferric oxides, which formed from the breakdown of olivine and titanomagnetite 

(Böhlke et al., 1981) 

The gain of K2O and local uptake of P2O5 is also reported for rocks from the volcanic section of Hole 896A 

and 504B (Alt et al., 1996b), as well as DSDP 417/418 (Staudigel et al., 1996). The geochemical K2O flux for 

the EXCO area is about the same as in Hole 504B, but only tenth part of DSDP 418/418 (Table 6). The reported 

enrichment of Fe in volcanics in 896A and 504B is not shown by the EXCO samples, probably the result of the 

minor pervasive concentration of secondary minerals in the groundmass and the focused precipitation in 

fractures. 

The EXCO samples are systematically enriched in Rb and Cs. Although the enrichments of these two 

elements are broadly correlated, the quantities of secondary minerals and therefore the intensity of alteration in 

off-axis samples is too small to allow the calibration of the Rb or Cs enrichments as an alteration index. The 

concentrations of these elements can easily be increased during alteration because they are readily supplied by 

seawater (Hart et al., 1974). Also they are incorporated in, or absorbed on, secondary clay minerals (Hart et al., 
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Figure 9. Plot of EXCO clay minerals with the hypothesized

evolution from oxidizing to reducing alteration (cation proportions)

(Marescotti et al., 2000). 
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1974), leading to increases in their concentrations in the altered off-axis samples (Table 3 and 5). The very high 

enrichment of Cs in a few samples (more than 1000%) is in good agreement with the Rb enrichment. An 

increase in the sensitivity to alteration in the order K>Rb>Cs and a consistent enrichment during the alteration in 

the order Cs>Rb>K, as reported in other dredged volcanics (Pichler et al., 1999), can not be recognized in the 

EXCO samples. The geochemical flux for Cs is about 2 times higher than in Hole 504B, Rb shows only a 

slightly more enriched flux. 

When comparing the magnitude of flux for the mobile elements with Hole 504B, the geochemical flux in the 

EXCO samples is only slightly higher, but significantly lower than those reported for DSDP 418/418 (Table 6). 

 

5.3.2. Ba and U 

Ba and U are both enriched in the alteration haloes. The enrichment of Ba in altered rocks is due to its uptake 

into secondary minerals (clays and zeolites) at low temperature (Mottl, 1983). Studies from ODP Leg 157 Site 

953 (off Gran Canaria) show high Ba concentrations in some phillipsites (Utzmann et al., 2002). However, Ba is 

not enriched in 42DS (6.84 Ma), where phillipsite is the main alteration product in veins, and there is no 

correlation between Ba enrichment and enrichment in alkali elements or the prevalence of secondary minerals. 

We conclude from these observations that the Ba enrichment is primarily associated with the presence of 

phillipsite and that the very heterogeneous distribution of phillipsite in the groundmass makes a representative 

bulk rock sampling of this alteration product difficult. This is in contrast to the alkali elements which are 

associated with the much more homogeneously disseminated celadonite. 

The enrichment of U appears to be broadly connected to the enrichment in Rb and K and so associated with 

the formation of celadonite during the most oxidative phase of alteration. Strong U enrichments have also been 

reported for the oxidatively-altered rocks of Hole 735B (Bach et al., 2001) and Hole 504B (Bach et al., 2003) as 

well as an U uptake connected to the precipitation of carbonate (Staudigel et al., 1996).  

 

5.2.3. Global importance 

There might appear at first inspection to be several reasons why a comparison of our results from the EXCO 

area with those from Leg 168 near the Juan de Fuca ridge might not be appropriate, such as the differences in 

sediment thicknesses and the expected temperatures at the sediment-basement interface. Nevertheless, the EXCO 

alteration sequence is similar to that seen at the Juan de Fuca Ridge, where Fe-oxyhydroxide+celadonite, 

saponite and phillipsite were sequentially deposited over a time period of 0 – 3.5 Ma (Hunter et al., 1999). The 

EXCO sequence shows similar stages for the precipitation of secondary minerals and element flux for initial low 
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temperature alteration under seawater-dominated conditions. A major difference between the EXCO and Juan de 

Fuca transects is that the Juan de Fuca volcanics have undergone a more pervasive reducing stage due to the 

overlying sediments and therefore limited seawater recharge. It is interesting to compare conditions inferred for 

the EXCO basaltic outcrops to those for Baby Bare, a basaltic outcrop on 3.5 Ma old crust located ~ 100 km east 

of the Endeavor Segment of the Juan de Fuca Ridge. There, warm fluids (25°C) that emanated from the seafloor 

are interpreted to have reacted at higher temperatures (62-64°C) within the crust. Spring waters are enriched in 

Mn, Co, Ni, and Zn, indicating that the ocean crust is a source for these elements (Wheat et al., 2000; Wheat et 

al., 2002). EXCO samples show that these elements are immobile, indicating that the chemical flux documented 

for the eastern flank of the Juan de Fuca are not representative of those away from continental margins. 

The enrichments of Rb, Cs, Ba, U and K during alteration and the sequence of secondary minerals in our 

study are similar to those found in studies of drilled rocks of Leg 118 Hole 735 (Hart et al., 1999) and Leg 176 

Hole 735B (Bach et al., 2001). Enrichments in Rb, Cs, K, U and P in gabbros from the uppermost 40 meter 

below sea floor (mbsf) and in rocks from 500 – 600 mbsf, respectively, are reported in these two studies. Thus it 

appears that, although our samples are dredged from the surface of the basaltic oceanic crust, the alteration-

induced chemical changes we have documented are applicable to the low-temperature alteration of deeper parts 

of the basaltic or gabbroic crust. 

It has been suggested, from comparisons of up to 57 Ma old basalts with either fresh precursors from the 

ridge axis or their palagonitized margins, that strong enrichments in REE can occur in weathered dredged basalts 

(Ludden and Thompson, 1979). These changes are not observed for our samples, presumably because alteration 

was not intense enough to mobilize REE. 

Using the estimated percentages of alteration given in Table 3 and the chemical differences between altered 

and fresh parts of the same sample presented in Table 5 it is possible to estimate the compositional changes 

which will have occurred in MOR basalt within 9 Ma. As this is the least extreme but most ubiquitous alteration 

to be expected on the seafloor, these compositional changes will have affected ALL submarine basalts. As can be 

seen from Figure 8, these chemical (as opposed to mineralogical) changes have in fact been fully completed by 

the time the basalts are 120 kyr old. The elements are enriched significantly, after this time it is only the 

percentage alteration of the sample which varies with time. Table 7 shows the chemical effects of this type of 

seafloor weathering on two of the most commonly-used average basalt compositions – namely N-MORB from 

Hofmann (1988) and Sun and McDonough (1989). We expect that ALL ocean ridge basalts, with the exception 

of those < 120 kyr, will have suffered AT LEAST this amount of pervasive alteration. With increasing age and 

sediment cover it is to be expected that the exchange with seawater will cease, at which point the elements 
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scavenged by the rocks from seawater as shown in Table 7 

will be sealed within the crust. Using a total crustal 

production rate of 3.45 x 106 m2/yr (Bach et al., 2003), a 

density for the basaltic crust of 2800 kg/m3 and a depth of 

600 m to which this type of low-temperature alteration 

takes place (as reported in the volcanic section of Hole 

504B, Alt et al., 1996a), we calculate that the crust absorbs 

at least 1.3 x 107g Cs, 3.8 x 108g Rb, 3.5 x 109g Ba, 1.6 x 

107g U and 9.5 x 1010g K per year from the oceans. Our 

calculated extraction of K from the ocean into the crust 

represents only 0.1 % of the river input (0.74·1014 g/year) 

(Thompson, 1983) into the ocean. The explanation for this 

imbalance is that we calculate only the pervasive uptake of 

K in the groundmass, ignoring the amount of K taken up 

by secondary minerals in veins. As the altered part of the 

rock contains voids and veins filled with secondary 

minerals, the total uptake of K into the crust will be much 

higher. The volume of rock being altered is so miniscule 

relative to the volume of the oceans that this scavenging 

has no noticeable effect (< 0.0001% change) on the 

composition of the oceans. The composition of the oceanic 

crust, on the other hand, is affected significantly. 

 

Hofmann Sun & McDonough 
 (1988)   (1989)  

 N-MORB altereda  N-MORB altereda

SiO2 50.45 50.43   
TiO2 1.615 1.611  Ti  7600 7582
Al2O3 15.255 15.255   
Fe2O3 10.426 10.429   
MgO 7.576 7.571   
CaO 11.303 11.304   
Na2O 2.679 2.678   
K 883.7 901.5  600 612
P  510 514
Li  4.3 4.3
Sc 41.37 41.37   
Co 47.07 47.15   
Ni 149.5 149.7   
Cu 74.4 74.5   
Rb 1.262 1.335  0.56 0.59
Sr 113.2 113.2  90 90
Y 35.82 35.84  28 28
Zr 104.24 104.43  74 74
Nb 3.507 3.512  2.33 2.33
Cs 0.01408 0.01618  0.007 0.008
Ba 13.87 14.71  6.3 6.7
La 3.895 3.913  2.5 2.5
Ce 12.001 12.008  7.5 7.5
Pr 2.074 2.076  1.32 1.32
Nd 11.179 11.185  7.3 7.3
Sm 3.752 3.752  2.63 2.63
Eu 1.335 1.335  1.02 1.02
Gd 5.077 5.076  3.68 3.68
Tb 0.885 0.885  0.67 0.67
Dy 6.304 6.303  4.55 4.55
Ho 1.342 1.342  1.01 1.01
Er 4.143 4.143  2.97 2.97
Tm 0.621 0.621  0.456 0.456
Yb 3.900 3.900  3.05 3.05
Lu 0.589 0.589  0.455 0.455
Hf 2.974 2.974  2.05 2.05
Ta 0.192 0.192  0.132 0.132
Pb 0.489 0.507  0.30 0.31
Th 0.1871 0.1879  0.12 0.12
U 0.0711 0.0739  0.047 0.049
Table 7. The calculated effects from pervasive 

seafloor weathering for rocks >120 kyr of two of the 

most commonly-used average basalt compositions 

(Hofmann, 1988; Sun and McDonough, 1989). Rb, 

Cs, Ba, U and K are expected to be mobile during 

alteration, other elements show only minor changes 

and are given for completeness. Altered composition 

is calculated on the basis of Table 5 (rocks from 0.12 

– 8.64 Ma). 

 

aAltered composition: 100/
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Ci = Element concentration in N-MORB. 

Ei = Gain or loss of element concentration in percent 

from EXCO rocks (from Table 5). 

Si = Altered sample in percent from EXCO rocks 

(from Table 5). 
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6. Summary & conclusions 

The EXCO sampling transect documents changing conditions in the uppermost oceanic crust with age over 

the time period 0-9 Ma. Secondary mineral assemblages and chemical fluxes documented for discrete crustal 

ages provide key constraints concerning the timing of alteration stages. Samples from the ridge axis contain no 

secondary minerals and nearly no chemical change (<1 % alteration). Secondary minerals develop surprisingly 

very early, between 0.015 and 0.12 Ma. The 0.12 Ma old sample contains, with the exception of phillipsite, all 

identified secondary minerals. The first occurrence of phillipsite is found at 1.16 Ma. Over the following 8 Ma 

no other new minerals join the alteration assemblage and based on local parameters, only the redox conditions of 

the fluids circulating through the rocks and the intensity of the alteration appear to change. The dominant 

secondary minerals in our studied samples are celadonite (0.12 – 4.6 Ma) and phillipsite in rocks older than 6 

Ma. 

The transition from oxidizing to more reducing alteration conditions is consistently evident in crust ≥2.92 

Ma, reflecting the continued evolution of the fluid as it becomes isolated from the open ocean through the 

formation of alteration rinds and sealing of fractures with secondary minerals and, away from basement 

exposures, by the progressive thickening of the sediment blanket. Alteration begins with the palagonisation of 

glass and the formation of Fe-oxyhydroxides. During the next stage of alteration, K bearing minerals (iron 

oxyhydroxide-celadonite) become the dominate phases which require substantial supplies of Fe and K from very 

low temperature seawater-dominated fluids. Iron that is necessary for the precipitation of iron oxyhydroxide is 

available from the breakdown of olivine and the reactions occurring during the penetration of seawater through 

the rock (e.g. dissolution of glass) or from reactions of the fluid with the deeper basement. 

The onset of saponite formation at ~2.92 Ma marks a change from seawater-dominated circulating fluids to 

more reducing fluids, a change from Mg to Fe-rich saponite compositions also reflects ever more reducing 

fluids. Phillipsite joins the secondary mineral assemblage at 1.16 Ma, always associated with glass dissolution 

and is the dominant secondary phase in crust >6 Ma. 

The uptake of K2O, Rb, Cs, Ba and U in altered basalts indicate oxidizing conditions and high water/rock 

ratios, and occurs within a few million years of crustal formation. The geochemical flux is considerable higher 

off-axis, but the gain and loss of elements in the off-axis appears only to be influenced by local parameters such 

as basement topography and the reaction of the circulating fluids within the rock and not upon time. The 

geochemical flux is only slightly higher than those calculated for Hole 504B, but significantly lower (one tenth) 

than in DSDP 417/418, probably the most intense of any DSDP/ODP basement core. The seawater - ocean crust 

exchange relative to the volume of the ocean is so small that there is no effect on the composition of seawater, 
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but considerable changes in bulk chemical properties of altered ocean crust occur. This means that the average 

composition of the upper oceanic crust cannot be taken as that of N-MORB using compiled literature values but 

that a correction factor for alteration must be taken into account. 
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A
ppendices 

file 21DS1 glass repeat BHVO-1.D 0.495 accuracy BIR-1HA.D 0.201 accuracy

Sample 21DS1
glass

21DS1
glass rep1

21DS1
glass rep2

21DS1
glass rep3

21DS1
average SD (%) BHVO-1

20282
BHVO-1
20414

BHVO-1
average

BHVO-1
SD(%)

BHVO-1
standard

deviation
ave-std

BIR-1
19808

BIR-1
20413

BIR-1
average

BIR-1
SD(%)

BIR-1
standard

deviation
ave-std

Li 6.4 6.4 6.1 5.7 6.2 5.3% 4.6 4.6 4.6 0.8% 4.6 -0.3% 3.0 3.1 3.1 2.8% 3.6 -15.0%
Sc 43.1 43.1 40.8 38.5 41.4 5.3% 33.1 30.4 31.8 6.0% 31.8 0.0% 43.6 43.9 43.7 0.5% 44.0 -0.6%
V 320 320 307 294 311 4.1% 358 311 334 10.0% 317 5.4% 341 341 341 0.0% 310 10.1%
Cr 245 245 235 225 238 4.1% 304 286 295 4.1% 289 2.1% 413 380 397 5.8% 370 7.2%
Co 38.6 38.6 37.3 36.0 37.6 3.3% 46.9 43.4 45.2 5.6% 45.0 0.3% 51.5 51.0 51.2 0.7% 52.0 -1.5%
Ni 65.2 65.2 62.8 60.5 63.4 3.6% 122 124 123 1.2% 121 1.5% 164 164 164 0.0% 170 -3.5%
Cu 63.3 63.3 60.8 59.0 61.6 3.3% 143 132 138 5.3% 136 1.2% 117 113 115 2.6% 125 -7.8%
Zn 140 140 135 134 137 2.4% 108 106 107 1.2% 105 1.7% 65.4 62.6 64.0 3.1% 70.0 -8.6%
Ga 15.3 15.3 15.2 15.0 15.2 1.0% 25.1 27.1 26.1 5.4% 21.0 24.5% 16.9 14.4 15.6 11.5% 16.0 -2.3%
Rb 1.19 1.19 1.22 1.19 1.20 1.1% 10.0 9.1 9.6 6.5% 11.0 -13.0% 0.20 0.20 0.20 1.7%
Sr 122 122 123 123 122 0.5% 446 391 419 9.4% 403 3.8% 114 111 112 2.2% 110 2.0%
Y 32.0 32.0 32.0 31.7 31.9 0.4% 26.5 24.1 25.3 6.9% 28.0 -9.6% 14.9 14.9 14.9 0.2% 16.0 -6.9%
Zr 103 103 102 101 102 0.8% 194 166 180 10.7% 179 0.6% 14.2 14.5 14.4 1.6% 18.0 -20.1%
Nb 2.7 2.7 2.6 2.6 2.7 0.9% 19.2 16.8 18.0 9.5% 19.0 -5.4% 0.52 0.51 0.52 1.0% 0.60 -13.9%
Cs 0.02 0.02 0.02 0.02 0.02 4.0% 0.10 0.11 0.11 0.9% 0.13 -19.1% 0.00 0.01 0.01 11.4%
Ba 11.2 11.2 11.3 11.2 11.2 0.2% 147 131 139 8.3% 139 -0.2% 6.8 6.7 6.8 2.0% 7.0 -3.5%
La 3.7 3.7 3.6 3.6 3.6 0.7% 16.9 15.2 16.0 7.5% 16.0 0.2% 0.63 0.63 0.63 0.2% 0.63 -0.1%
Ce 11.7 11.7 11.6 11.5 11.6 0.8% 40.6 37.7 39.2 5.2% 39.0 0.5% 1.87 1.94 1.91 2.6% 2.0 -4.7%
Pr 2.0 2.0 2.0 2.0 2.0 0.9% 5.9 5.4 5.7 6.0% 6.0 -5.6% 0.38 0.39 0.39 1.8%
Nd 10.8 10.8 10.8 10.7 10.8 0.6% 26.8 24.3 25.6 6.9% 25.0 2.4% 2.4 2.4 2.4 0.2% 2.5 -3.4%
Sm 3.8 3.8 3.8 3.8 3.8 0.6% 6.8 6.2 6.5 5.6% 6.2 4.9% 1.12 1.16 1.14 2.5% 1.10 3.8%
Eu 1.34 1.34 1.35 1.33 1.34 0.5% 2.23 2.07 2.15 5.4% 2.06 4.3% 0.53 0.54 0.54 1.3% 0.55 -2.4%
Gd 5.0 5.0 4.9 4.9 4.9 0.8% 6.7 6.2 6.5 5.7% 6.4 0.9% 1.85 1.87 1.86 0.8% 1.8 3.5%
Tb 0.89 0.89 0.90 0.89 0.89 0.3% 1.03 0.93 0.98 7.0% 0.96 2.0% 0.37 0.37 0.37 0.4%
Dy 6.1 6.1 6.1 6.0 6.0 0.4% 5.8 5.4 5.6 5.4% 5.2 7.7% 2.6 2.7 2.7 1.3% 4.0 -33.3%
Ho 1.28 1.28 1.28 1.28 1.28 0.1% 1.08 0.99 1.04 6.2% 0.99 5.0% 0.59 0.59 0.59 0.1%
Er 3.6 3.8 3.8 3.8 3.7 2.7% 2.7 2.5 2.6 7.5% 2.4 7.5% 1.72 1.71 1.72 0.7%
Tm 0.53 0.53 0.54 0.54 0.53 1.0% 0.36 0.34 0.35 4.3% 0.33 5.5% 0.26 0.25 0.26 0.6%
Yb 3.4 3.4 3.5 3.5 3.5 1.6% 2.2 2.0 2.1 5.0% 2.0 5.5% 1.71 1.68 1.69 1.1% 1.70 -0.3%
Lu 0.51 0.51 0.53 0.52 0.52 1.4% 0.30 0.27 0.29 6.6% 0.29 -1.3% 0.26 0.25 0.25 0.6% 0.26 -2.3%
Hf 2.8 2.8 2.9 2.8 2.8 0.9% 5.0 4.7 4.8 4.5% 4.4 10.0% 0.62 0.62 0.62 0.4% 0.60 3.9%
Ta 0.19 0.19 0.19 0.19 0.19 0.1% 1.25 1.13 1.19 7.4% 1.20 -0.8% 0.04 0.04 0.04 0.3%
Pb 1.26 1.26 1.28 1.31 1.28 1.9% 2.2 2.1 2.2 4.3% 2.6 -17.2% 3.2 3.0 3.1 4.4% 3.0 3.6%
Th 0.18 0.18 0.18 0.19 0.18 1.6% 1.38 1.24 1.31 7.2% 1.10 19.3% 0.03 0.03 0.03 4.2%
U 0.06 0.06 0.06 0.07 0.06 5.3% 0.47 0.43 0.45 5.9% 0.01 0.01 0.01 1.3%

Appendix 1. Data quality control information derived from the analysis of sample repeats, standard reference material and blanks for trace elements by ICP-MS.
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file BHVO-2 repeat accuracy 141.D 155.D 156.D 173.D 174.D 186 187 accuracy

Sample BHVO-2 BHVO-2
rep1

BHVO-2
rep2

BHVO-2
rep3

BHVO-2
average

BHVO-2
SD(%)

BHVO-2
standard

deviation
ave-std BHVO-2 BHVO-2 BHVO-2 BHVO-2 BHVO-2 BHVO-2a BHVO-2b BHVO-2

average
BHVO-2
SD(%)

BHVO-2
standard

deviation
ave-std

Li 3.6 3.7 3.9 4.0 3.8 5.2% 5.0 -23.6% 3.6 3.6 3.4 3.3 3.4 4.6 4.5 3.8 11.8% 5.0 -24.3%
Sc 28.9 30.9 31.9 32.5 31.1 5.1% 32.0 -2.9% 28.9 29.5 28.2 27.5 28.6 31.9 32.0 30.1 6.0% 32.0 -6.0%
V 304 323 331 335 323 4.3% 317 2.0% 306 314 300 287 302 320 321 313 4.6% 317 -1.3%
Cr 281 294 305 306 297 3.9% 280 5.9% 281 287 274 271 278 268 269 283 4.8% 280 1.1%
Co 40.5 41.8 42.3 43.1 41.9 2.6% 45.0 -6.8% 40.7 41.3 39.3 37.9 39.4 42.5 42.6 41.0 4.0% 45.0 -8.8%
Ni 105 108 110 110 108 2.2% 119 -9.2% 105 108 101 102 103 111 113 107 3.7% 119 -10.3%
Cu 111 114 116 116 114 2.3% 127 -9.9% 111 113 108 107 109 116 117 113 3.2% 127 -11.2%
Zn 88.7 92.7 94.4 94.8 92.6 3.0% 103 -10.1% 92.5 112 87.1 93.1 124 101 90.1 97.3 11.5% 103 -5.5%
Ga 21.6 22.5 22.8 22.8 22.4 2.5% 21.7 3.4% 21.7 22.2 21.2 20.5 21.2 25.5 25.6 22.5 7.3% 21.7 3.8%
Rb 8.6 8.8 9.0 9.0 8.9 2.1% 9.8 -9.7% 8.64 8.86 8.46 8.22 8.47 8.88 8.91 8.71 2.9% 9.80 -11.1%
Sr 389 398 402 401 398 1.5% 389 2.2% 388 398 378 368 379 388 387 389 2.8% 389 0.0%
Y 23.0 23.5 23.7 23.7 23.5 1.5% 26.0 -9.8% 23.1 23.6 22.6 21.9 22.6 23.8 23.7 23.2 2.7% 26.0 -10.8%
Zr 169 171 175 173 172 1.5% 172 -0.2% 169 173 166 160 166 165 164 168 2.7% 172 -2.3%
Nb 16.6 16.8 16.9 16.8 16.8 0.7% 18.0 -6.7% 16.8 17.0 16.2 15.8 16.2 16.7 16.6 16.6 2.2% 18.0 -7.9%
Cs 0.09 0.09 0.09 0.09 0.09 0.9% 0.09 0.10 0.09 0.08 0.09 0.11 0.11 0.09 8.7%
Ba 130 130 130 129 130 0.4% 130 -0.1% 131 133 126 122 126 129 129 129 2.3% 130 -0.9%
La 14.7 14.5 14.5 14.5 14.5 0.5% 15.0 -3.0% 14.8 15.0 14.3 13.8 14.2 14.8 14.8 14.5 2.4% 15.0 -3.1%
Ce 35.5 35.1 35.1 34.8 35.1 0.8% 38.0 -7.5% 35.5 36.1 34.5 33.3 34.1 37.0 36.9 35.3 3.1% 38.0 -7.2%
Pr 5.1 5.1 5.1 5.1 5.1 0.8% 5.1 5.2 5.0 4.9 5.0 5.3 5.3 5.1 2.8%
Nd 23.6 23.4 23.4 23.2 23.4 0.7% 25.0 -6.6% 23.7 24.1 23.1 22.2 22.7 24.1 24.1 23.4 2.5% 25.0 -6.4%
Sm 6.0 5.9 5.9 5.9 5.9 1.0% 6.2 -4.6% 6.0 6.1 5.8 5.6 5.7 6.2 6.2 5.9 2.9% 6.2 -4.2%
Eu 1.97 1.95 1.95 1.93 1.95 0.8% 1.97 2.0 1.93 1.86 1.90 2.0 2.0 1.96 2.8%
Gd 5.9 5.8 5.8 5.7 5.8 1.3% 6.3 -7.7% 6.0 6.0 5.8 5.6 5.7 6.2 6.2 5.9 3.3% 6.3 -6.7%
Tb 0.92 0.90 0.89 0.88 0.90 1.8% 0.90 -0.2% 0.92 0.94 0.89 0.86 0.88 0.94 0.93 0.90 2.9% 0.90 0.5%
Dy 5.2 5.1 5.1 5.0 5.1 1.5% 5.2 5.3 5.1 4.9 5.0 5.4 5.4 5.2 3.2%
Ho 0.96 0.95 0.95 0.93 0.95 1.5% 1.04 -8.9% 0.98 0.99 0.94 0.91 0.93 0.98 0.98 0.95 2.7% 1.04 -8.3%
Er 2.4 2.4 2.4 2.4 2.4 1.3% 2.4 2.5 2.4 2.3 2.3 2.4 2.4 2.4 2.3%
Tm 0.32 0.32 0.31 0.31 0.32 2.0% 0.32 0.33 0.31 0.30 0.31 0.32 0.33 0.32 2.7%
Yb 1.9 1.9 1.9 1.9 1.9 1.8% 2.0 -5.2% 1.95 1.98 1.91 1.82 1.88 1.95 1.96 1.91 2.6% 2.0 -4.4%
Lu 0.27 0.26 0.26 0.26 0.26 2.2% 0.28 -6.2% 0.27 0.28 0.26 0.25 0.26 0.27 0.27 0.26 2.5% 0.28 -5.6%
Hf 4.5 4.3 4.3 4.2 4.3 2.2% 4.1 5.8% 4.5 4.5 4.4 4.1 4.3 4.4 4.5 4.4 2.7% 4.1 6.4%
Ta 1.11 1.09 1.07 1.05 1.08 2.2% 1.40 -22.7% 1.12 1.14 1.09 1.05 1.08 1.10 1.10 1.09 2.4% 1.40 -22.1%
Pb 1.78 1.79 1.77 1.78 1.78 0.4% 1.45 1.71 1.42 1.53 1.39 1.44 1.31 1.58 12.0%
Th 1.22 1.23 1.22 1.22 1.22 0.4% 1.20 1.8% 1.23 1.24 1.19 1.15 1.18 1.16 1.16 1.20 2.7% 1.20 -0.1%
U 0.41 0.41 0.41 0.41 0.41 0.6% 0.42 0.43 0.41 0.39 0.40 0.53 0.39 0.42 9.2%

Appendix 1. (continued)  
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file 138.D 139.D 169.D 170.D 171.D 172.D 184 185     WASH4D WASH5.D  

Sample blank blank blank blank blank blank Blank1 Blank2 blank 
average  System-

blank  wash4 wash5 wash 
average 

Li 0.00 0.01 0.01 0.00 0.00 0.00 -0.03 -0.03 0.00 0.00 0.00 0.00 0.00
Sc 0.02 0.03 0.03 0.02 0.03 0.02 0.00 0.00 0.02 0.00 0.12 0.15 0.13
V -0.05 0.13 0.01 -0.02 -0.03 -0.05 0.00 -0.02 0.00 0.00 0.08 -0.05 0.02
Cr 0.11 0.26 0.13 0.14 0.09 0.06 0.06 0.05 0.11 0.00 0.18 0.03 0.11
Co 0.03 0.05 0.02 0.05 0.03 0.03 0.01 0.02 0.03 0.00 0.02 0.00 0.01
Ni 0.03 0.11 0.05 0.10 0.06 0.02 0.01 0.00 0.04 0.00 0.06 -0.01 0.03
Cu 0.03 0.11 0.04 0.08 0.91 0.02 0.00 0.02 0.15 0.00 0.05 0.00 0.02
Zn 2.90 1.96 1.10 6.70 3.78 3.47 1.00 3.68 3.07 0.00 0.03 -0.02 0.01
Ga 0.00 0.02 0.01 0.00 0.00 0.00 0.02 0.02 0.01 0.02 0.02 0.01 0.01
Rb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sr 0.01 0.11 0.06 0.04 0.04 0.01 0.00 -0.02 0.03 0.00 0.10 0.00 0.05
Y 0.01 0.01 0.00 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01
Zr 0.18 0.09 0.02 0.02 0.11 0.01 0.11 0.00 0.07 0.00 0.05 0.00 0.03
Nb 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.03 0.04 0.03 0.04 0.03 0.02 0.02 0.00 0.03 0.00 0.02 0.00 0.01
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ce 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ho 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Er 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Yb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Lu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hf 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb 0.02 0.02 0.01 0.03 0.05 0.01 0.00 0.01 0.02 0.00 0.00 0.00 0.00
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Appendix 1. (continued)  

 
 

standard deviation 
sample 21DS4 18DS9 20DS3 22DS2 28DS1 28DS3 29DS2 29DS3 35DS2 9DS2 9DS4 9DS8 36DS8 42DS10 43DS13

Ma 0 0,015 0,015 0,12 0,65 0,65 1,16 1,16 2,56 2,92 2,92 2,92 4,6 6,84 8,64
n 10 10 5 25 10 10 10 10 9 11 9 10 7 7 10
SiO2 0,25 0,24 0,07 0,22 0,23 0,23 0,16 0,06 0,16 0,23 0,28 0,20 0,32 0,54 0,21
TiO2 0,05 0,02 0,03 0,04 0,02 0,03 0,02 0,04 0,06 0,03 0,05 0,05 0,03 0,05 0,04

Al2O3 0,14 0,07 0,19 0,09 0,06 0,08 0,07 0,11 0,09 0,08 0,10 0,11 0,09 0,13 0,11
FeO 0,15 0,10 0,13 0,07 0,06 0,07 0,11 0,06 0,08 0,13 0,13 0,11 0,09 0,13 0,09
MnO 0,01 0,02 0,02 0,02 0,02 0,03 0,03 0,01 0,02 0,03 0,02 0,01 0,02 0,02 0,02
MgO 0,11 0,08 0,10 0,07 0,07 0,09 0,04 0,05 0,15 0,09 0,11 0,10 0,10 0,16 0,05
CaO 0,17 0,13 0,08 0,10 0,09 0,07 0,09 0,11 0,08 0,06 0,15 0,12 0,08 0,08 0,08

Na2O 0,06 0,07 0,07 0,07 0,04 0,05 0,09 0,03 0,06 0,07 0,11 0,09 0,06 0,09 0,05
K2O 0,01 0,01 0,01 0,01 0,01 0,01 0,02 0,01 0,01 0,02 0,01 0,01 0,01 0,02 0,01

P2O5 0,04 0,03 0,04 n.d. 0,02 0,02 0,04 0,04 0,03 0,02 0,03 0,02 0,02 0,02 0,02
Cr2O3 0,01 0,02 0,02 0,02 0,01 0,02 0,02 0,01 0,03 0,01 0,02 0,02 0,02 0,03 0,01

Appendix 2. Standard deviation of microprobe analyses together with the number of individual spots measured and used to 
calculate the mean values. 
 
 

BHVO-1 accuracy
sample BHVO-1 

1 
BHVO-1 

2 
BHVO-1 

2 
BHVO-1 
average 

BHVO-1 
SD(%) 

BHVO-1 
standard

deviation 
ave-std 

SiO2 50,0 49,9 49,8 49,9 0,2% 49,9 -0,1%
TiO2 2,8 2,8 2,8 2,8 0,2% 2,7 1,6%
Al2O3 13,7 13,6 13,6 13,6 0,5% 13,8 -1,1%
Fe2O3 12,0 12,2 12,3 12,2 1,4% 12,2 -0,5%
MnO 0,16 0,16 0,17 0,16 3,5% 0,17 -3,9%
MgO 7,3 7,2 7,2 7,2 1,1% 7,2 0,0%
CaO 11,5 11,4 11,4 11,4 0,7% 11,4 0,1%
Na2O 2,5 2,5 2,4 2,5 1,0% 2,3 9,1%
K2O 0,54 0,53 0,54 0,54 1,1% 0,52 3,2%
P2O5 0,29 0,28 0,29 0,29 2,0% 0,27 5,0%
total 100,8 100,4 100,5 100,5 0,2% 100,5 0,0%
Appendix 3. Data quality control information derived from the analysis of standard reference material for major elements by 
XRF.
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1. Introduction 

The study of low temperature alteration in magmatic rocks is focused on chemical and mineralogical 

investigations, but only in rare cases do these investigations provide pertinent photomicrographs as a helpful tool 

for the identification of secondary minerals. For identifying secondary minerals under the microscope, 

fundamental knowledge about the mineralogical alteration features in thin sections are necessary. However, most 

atlases about rocks and minerals in thin section provide mainly information about primary minerals or the 

structure of unaltered rocks [e.g. MacKenzie and Adams, 2001; MacKenzie and Guilford, 1980]. The best 

information is available from an atlas with an intense focusing on “normal” or higher degree of alteration, but 

with only limited illustrations about low temperature alteration [Delvigne, 1998]. This low temperature alteration 

atlas provides an descriptive overview about the identified secondary minerals and the alteration features 

(oxidation haloes, void / vein filling) in basalts, as well as the problems occurring when identifying secondary 

minerals under the microscope. The aim is to provide self-contained photomicrographs of distinct alteration 

products that people can use as a base for the work with low temperature altered basalts. 

All illustrations are digital photomicrographs made with a Nikon Coolpix 800 under either a Leica polarizing 

microscope from thin sections or a Leica binocular from hand pieces. Used magnifications under the microscope 

are 40x, 100x and 400x. To provide high quality and realistic colors, contrast and brightness were post processes 

with a computer program (Adobe Photoshop 5.5). This uniformity provides a better homogeneity of colors in all 

pictures. The pictures were taken either in plane-polarized light (PPL) or under crossed polars (XPL), in some 

cases the same field of view is shown under both conditions. 

 

2. Preliminary work 

The atlas is based on a study focused on alteration of basalts from the Southern East Pacific Rise [Schramm 

et al., submitted]. The sampling program was located in an area concentrated between 14-16°S, extending from 

the spreading axis out to 9 Ma old crust. Rock samples were recovered by dredging on topographic highs or 
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close to seamounts (35DS and 36DS) and show generally an increasing degree of alteration with distance from 

the spreading axis and therefore with time. The occurrence of all alteration features like oxidation haloes or 

secondary minerals were confirmed by X-ray diffraction, X-ray fluorescence and microprobe analysis. Detailed 

information about the magmatic and chemical evolution of these rocks are given elsewhere [Schramm and 

Devey, submitted; Schramm et al., submitted]. 

 

3. Problems 

Secondary minerals can be easily distinguished from primary minerals in thin sections, e.g. by their irregular 

shape or their replacing character. Nevertheless, the identification of different kinds of secondary minerals yields 

many problems. Clays can be identified as secondary minerals, but without microprobe analyses or additional 

information from XRD-analyses it is not possible to determine particular clay minerals. Colors and the 

homogeneous or heterogeneous distribution in voids and veins or the replacement of primary minerals can be 

taken as an helpful tool to minimize these problems. Nevertheless, clays can be confused with palagonite or Fe-

oxyhydroxide and sometimes clay minerals only cover/overprint primary minerals, so microprobe analyses of 

clay-looking minerals in thin section can still yield analyses of primary minerals like plagioclase or pyroxene. 

Moreover, different colors do not always represent different compositions. 

In the following the alteration features of the rocks are illustrated in photomicrographs, with a 

characterization of the identification problems and how to minimize or solve these problems. 

 

4. Photomicrographs 

All illustrations are shown with their sample number, age and a short description. The location of the 

alteration features are indicated by a box in the overview photomicrograph of each thin section. All descriptions 

are based on thin section observations. 

 

4.1 Glass / palagonite (Pic.1-4) 

The dissolution of glass is characterized by partial replacement with palagonite. Fresh glass was identified by 

its homogeneous yellow-beige appearance under PPL (1, 3, 4) and opaque appearance under XPL (2). For this 

reason it can be easily differentiated from the heterogeneous brown-gold-orange colored palagonite. Palagonite 

is focused at the outer rim of the sample (2, 3, 13, 14) and along small cracks and shows a concentric alignment 

with changing shades of colors towards the center, reflecting different degrees of palagonization, best visible 
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under XPL (2, 14). The occasional occurrence of dark brown variolites at the glassy margin which form around 

small crystal seeds like plagioclase, increases towards the rock interior (3. 4). 

 

4.2 Alteration haloes (Pic.5-8) 

Many samples are characterized by the presence of oxidation haloes. These haloes can be identified as dark 

gray or brownish bands in the rock at the outer rim of the sample (5, 6) or associated along fractures (5, 7, 8). 

They form by contact with the circulating fluids and represent the most altered areas in these low temperature 

altered rocks. The haloes are related to fluid conduits such as fractures or other surfaces. These areas are 

characterized by higher amounts of secondary minerals, giving this part of the rock a darker color in contrast to 

the generally less altered rock interior (5-8). In some cases, when many small fractures are present, the least 

altered rock interiors can have a patchy occurrence, probably reflecting higher porosity and/or permeability (7, 

8). 

Black haloes represent a transition zone from the glassy margin to the oxidation haloes and consist of 

increasing amounts of variolites, best illustrated in thin section 22DS1, 35DS4 and 43DS13 (see Appendix). 

 

4.3 Void filling (Pic.9-12) 

The occurrence of voids (cavities or vesicles) in all EXCO rocks is only up to 3 % but many samples from 

other parts of the ocean can have higher vesicularity. Voids can be present throughout the whole rock, but 

predominantly towards the glassy margin, especially when pillows are present. Most of the voids in the least 

altered part of the rock (mainly the rock interior) remain open, whereas voids in the oxidation halo are lined or 

filled with secondary minerals (9-12). The size can be up to 4 mm, but most voids are below 1 mm. Due to the 

small size, most void filling material can only be identified under the microscope. Secondary minerals are Fe-

oxyhydroxide (21, 22), clays (celadonite (9, 26-30), saponite (27-30)) and phillipsite (10-12), depending on 

redox conditions or degree of alteration. They always grow towards the void center. Depositional sequences in 

many thin sections show that Fe-oxyhydroxides precipitates first and celadonite predate saponite and phillipsite. 

A possible sequence of clay minerals is shown in Fig.1. Additional, all phases can be coeval and mixtures 

especially between phillipsite and clay minerals occur (41, 42). Other void filling material can be infiltrated 

sediment, foraminifera or pieces of Mn-crusts (10). 
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Figure 1. Possible depositional sequence of clayey void filling material. The disappearing minerals (e.g. FeOOH between

C and E) are being replaced progressively. Arrows indicate direction of infiltration. A. Open void in a basaltic

groundmass. B. Void lined with FeOOH (22). C. Void completely filled with FeOOH (21). D. Void filled with FeOOH

and lined with celadonite (23, 24, 26). E. Celadonite completely replacing or covering FeOOH (9). F. Redox change

towards more oxidizing conditions indicating by the partial replacement of celadonite by saponite, resulting in a mixture

of saponite-celadonite at the inner wall of the void. G. More oxidizing conditions cause the increased precipitation of

saponite towards the void center (27-30). H. All celadonite is replaced or covered by saponite and saponite-celadonite. I.

Void completely filled with saponite. Not all voids in the rocks are completely filled with clay minerals, they can also be

filled or lined with other secondary minerals (e.g. phillipsite) or remain open. 

4.4 Vein filling (Pic.13-20) 

Veins are filled by the same secondary minerals as voids. In rare cases palagonite also fills veins and 

mixtures between phillipsite and clay minerals are more common (18, 37-39). At the glassy margin many veins 

are bounded by palagonite and are lined or filled with phillipsite (13, 14) or a mixture of phillipsite and clay 

minerals. In some cases groundmass particles and trace amounts of sediment can also be present (16). At the 

oxidation halo veins can also be filled with celadonite and Fe-oxyhydroxide (15). Sometimes, where veins are 

connecting oxidation haloes and the rock interior (15), celadonite shows a change in its composition with high 
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Fe and low Mg content located on the outer margin of the oxidation halo towards decreasing Fe and increasing 

Mg content at the border between oxidation halo and the less altered rock interior, where most veins remain 

open. 

 

4.5 Secondary Minerals 

4.5.1 FeOOH (Pic.21, 22) 

Fe-oxyhydroxides are the first secondary minerals that precipitate in the rocks and are found in oxidation 

haloes lining or filling voids and veins (21), disseminated in the groundmass and as Fe-staining on outer surfaces 

and along fractures. In thin section Fe-oxyhydroxides can have a very homogeneous appearance, but they also 

occur as irregular distributed spotted minerals which could be needles of goethite (22). Their red brown 

appearance is a good criteria for the distinction from celadonite (23, 24, 26). However, mixtures can also occur 

and it is not always possible to distinguish between these two phases. 

 

4.5.2 Celadonite and saponite (Pic.23-32) 

Celadonite is a dioctahedral mineral of the mica group, of ideal composition 

K(Mg,Fe)2+(Fe,Al)3+(OH)2[Si4O10] [Jackson, 1997]. The composition of the celadonite shown here, is 

characterized by higher amounts of Fe in the octahedral position [Schramm et al., submitted]. Celadonite occurs 

predominantly in oxidation haloes, replacing primary minerals (locally partially replacing plagioclase, more 

commonly partially or completely replacing or overprinting olivine or pyroxene, 23, 24, 31, 32) and Fe-

oxyhydroxide (26) and fills vesicles and veins. It occurs in shades of yellow (23, 24), orange (31, 32) and green 

(27-30), and it appears reddish brown at high Fe content (15) and can easily be confused with Fe-oxyhydroxide. 

The very often occurring orange color is the result of a contamination with Fe-oxyhydroxide. Nevertheless, the 

different colors do not always appear to be associated with different compositions. For example, an intense green 

color, often observed at the center of yellow-orange saponite and celadonite clots commonly originates from a 

micro-porous clump of celadonite crystals (27-30). The color appears to result from refraction in the empty pores 

existing between the microparticles of celadonite. In other cases the same appearance reflects a transition from 

celadonite to saponite. Based of the limited resolution of the optical microscope it is not always possible to 

distinguish between these two possibilities. The only indications are the very low totals of microprobe analyses 

in the microporous celadonite regions (totals < 20%) which can be used to distinguish these two similarly-

colored mineral occurrences. 



Colored atlas of low temperature alteration features in basalts 

 97

In terms of physical appearance and optical properties celadonite can also be easily confused with palagonite 

and saponite. In contrast to the heterogeneous and concentric alignment of palagonite under XPL, celadonite 

exhibits a fine grained laminar texture (28, 30). In some cases, where celadonite occurs in voids it is replaced at 

the outer rim by saponite, indicated by a color change to the more orange saponite (27, 29). Nevertheless, 

celadonite can also occur in a similar color, making the interpretation more difficult. Celadonite is also replacing 

olivine at intramineral fissures and progressing to complete replacement of olivine where only the pseudomorph 

gives a clue to the nature of the primary mineral (32). It also covers plagioclase and pyroxene so that the 

appearance under the optical microscope looks like celadonite (23, 31). No pseudomorph of the primary mineral 

is visible, but analyses with the microprobe still yields the composition of the primary mineral. 

Saponite is a trioctahedral member of the smectite group with an ideal structural formula of (Ca, 

Na)X
0.66(Mg)VI

6(Si7.34Al0.66)IV
8.0O20(OH)4 where IV, VI and X represent tetrahedral, octahedral and exchangeable 

interlayer sites [Deer et al., 1962]. In this study it is characterized by a lower Fe and K, and higher Mg content 

than celadonite [Schramm et al., submitted]. In thin section it appears yellow-orange, fills voids and is always 

associated with the replacement or overprinting of celadonite or saponite-celadonite (27-30, a transition mineral, 

its abundance and occurrence is related to those of both its end-member minerals), suggesting that saponite 

forms later than celadonite under either different redox conditions, water/rock ratios or at higher temperatures. In 

the rocks studied here it never occurs in veins nor it is associated with the replacement of primary minerals. 

 

4.5.3 Phillipsite (Pic.33-42) 

Phillipsite is a monoclinic zeolite mineral with the formula (½Ca, Na, K)3(Al3Si5O16)6H2O [Deer et al., 

1977]. In this study it is characterized by higher amounts of K2O (~6 wt %) [Schramm et al., submitted]. It is 

restricted to glassy rinds and commonly occurs in fractures and veins left by the dissolution of glass growing 

towards the center (20, 35-38) until the vein is completely filled (13, 14, 19, 33, 34). Only trace amounts of 

phillipsite occur in voids (10-12), lining the inner wall always associated with the occurrence of glass or 

palagonite. Phillipsite can be easily identified by its white complex fibrous crystals (39, 40), only when 

occurring together with clay minerals can an identification be difficult due the heterogeneous overprinting with 

clay minerals (37-39, 41, 42). In this case the two phases occur as an irregular gray-brown material. Microprobe 

analyses of these mixed phases yield a phillipsite composition with an advanced Fe-content, reflecting the 

incorporation of clay minerals. 
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35DS4 - 2-56 Ma - Glass and palagonite - PPL 
lass with palagonization and plagioclase along the outer rim. Note the small contamination with clay minerals 
ong the outer surface (B1, DE1), distinguishable by the spotted presence and brighter orange color. Spinel 
curs as dark brown mineral at C2 and DE3. 
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35DS4 - 2-56 Ma - Glass and palagonite - XPL 
lass is easily identified by its opaque appearance, palagonite shows a brown-gold-orange irregular dotted 
currence and can therefore be distinguished from the contamination with clay minerals (best visible in DE1-2). 
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TS 
22DS1 - 0.12 Ma - Glass - PPL 
esh glass at the outer rim. Note the increasing amount of variolites towards A5, the palagonization along small 
acks (FG2) and the presence of Mn-coating at the margin (EF1). Elongate crystals at A2, B3 and D4 are 
agioclase. 
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36DS8 - 4.6 Ma - Glass & variolites - PPL 
esh glass with increasing amounts of variolites towards the center (G5). Variolites form around small crystal 
eds like plagioclase (D3), are more resistant to alteration and can be remain as small dots on the rock surface 
ter all glass is removed by alteration. 
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29DS2 - 1.16 Ma - Alteration halo 
e gray halo is concentrated along the surface of the rock (top) and fractures which are pathways for the 

rculating fluids. The two areas of the brighter colored rock interior are separated by a halo along a small 
cture (D3-4). Note the darker color of the oxidation halo towards the top of the sample, indicating increasing 
ounts of circulating fluids. 
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9DS4 - 2.92 Ma - Alteration halo 
alo concentrated along the outer rim of the rock. The minor occurrence of fresh glass indicates that the left side 
s the top of the sample. 
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43DS3 - 8.64 Ma - Alteration halo 
tchy occurrence of the least altered rock interior (lighter gray areas), probably an effect of higher amounts of 
all fractures and therefore higher porosity and/or permeability. Beige colored cemented sediments are visible 

 A1-3, a brecciation cemented by sediments at the area around F5. 

 

 101

43DS3 - 8.64 Ma - Alteration halo 
ose up of the above picture (CD3-4) illustrating the least altered part of the rock interior in the center, 
dicated by the brightest gray color. Note the decreasing amount of small fractures towards the center and 
erefore decreasing water rock interactions. The halo possesses a darker color and a dark gray appearance for 
e rest of the sample. 
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28DS1 - 0.65 Ma - Void filling - PPL 
oids located in the oxidation halo, partly (D3-4) and totally (CD2) filled by celadonite. Celadonite is also 
stributed within the groundmass (e.g. E1). White primary minerals (e.g. B2, C4) are olivine, elongated crystals 
 the groundmass are plagioclase. 
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29DS2 - 1.16 Ma - Void filling - PPL 
oid at the outer rim of the sample in a basaltic groundmass, lined with sediment and partly filled with clay 
inerals (F2), phillipsite (D3), foraminifera (DE3-4)and fragments of manganese crust (E2). 
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TS 
36DS7 - 4.6 Ma - Void filling - PPL 
pen void in a glassy matrix lined on the inner side with small amounts of phillipsite and clay minerals. The tiny 
rous crystals of phillipsite are growing from the palagonitized area around the void. 

TS 
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36DS8 - 4.6 Ma - Void filling - PPL 
pen void in a glassy matrix lined with small amounts of fibrous crystals of phillipsite (best visible in C1, D1). 
nalyses show that the dark brown area around the void consists of a mixture of palagonite, groundmass and 
agioclase. 
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TS 
43DS13 - 8.64 Ma - Vein filling - PPL 
ein in a glassy matrix at the outer rim of the sample, bounded by palagonite (orange area) and filled with 
illipsite created by glass dissolution. Primary minerals in the left side of the picture are plagioclase. 
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43DS13 - 8.64 Ma - Vein filling - XPL 
illipsite appears as dark gray crystals, whereas palagonite shows a concentric alignment along the vein and the 

argin with changing shades of colors. Primary minerals at the opaque fresh glass are plagioclase. 
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35DS4 - 2.56 Ma - Vein filling - PPL 
Section of a celadonite filled vein from the oxidation halo with decreasing FeO and increasing MgO content 
towards the rock interior (right side). The decreasing influence of FeOOH is best visible in the thin section, 
where the rock interior shows a more grayish color than the brown colored oxidation halo. The color of the vein 
filling celadonite is only changing slightly from orange (A2) to a brighter orange (G2). 
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35DS2 - 2.56 Ma - Vein filling - PPL 
pen vein in a glassy matrix from the outer rim of the sample, partly filled with small groundmass particles (e.g. 
5). The orange area around the vein is covered by palagonite, not celadonite. 
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22DS1 - 0.12 Ma - Vein filling - PPL 
pen void in the rock interior, partly lined with patchy distributed celadonite (D3, C4) and FeOOH (red-brown 
rticle in C5). 
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42DS10 - 6.84 Ma - Vein filling - PPL 
ein in a glassy matrix, filled with a mixture of celadonite (orange patches) and phillipsite. The vein is 
rrounded by palagonite, brown and dark brown areas are altered groundmass, plagioclase occurs as white 
ongated crystals (EF2, AB5). 
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43DS13 - 8.64 Ma - Vein filling phillipsite - PPL (left), XPL (right) 
ein bounded by palagonite at the outher rim of the sample, filled with fibrous crystals of phillipsite. Clays are 
sible in C1 (PPL) and G1 (XPL). The dark area between palagonite and phillipsite consists of a mixture of 
tered glass / palagonite / clays. 
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43DS13 - 8.64 Ma - Vein filling phillipsite - PPL 
ein in an oxidation halo partly filled with fibrous crystals of phillipsite, growing from the inner wall of the vein 
wards the center. The sparsely occuring small red-brown spots within the phillipsite are clays, probably 
ladonite. 
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20DS3 - 0.15 Ma - Void filling FeOOH - PPL 
oid filling reddish brown secondary mineral, distributed within the partially weathered rock (DE5), identified 
 FeOOH. 
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21DS4 - 0.00 Ma - Void filling FeOOH - PPL 
ndomly distributed void filling FeOOH. Some small spots could be needles of goethite. However, due to the 
pty pores between individual  spots microprobe analyses yields totals lower than 50% and can therefore not 

nfirm the presence of goethite. 
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9DS4 - 2.92 Ma - Celadonite and FeOOH - PPL 
ladonite and FeOOH replacing primary minerals (D3). Parts of the altered primary mineral in C4-5 are 

placed (C4) or only covered (C5) by celadonite (identified as pyroxene). The difference can only be identified 
 microprobe analyses. The original shape of the pyroxene can only be supposed. 
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9DS4 - 2.92 Ma - Celadonite and FeOOH - PPL 
ose up of section D2-3 of the above picture. Celadonite (yellow) and FeOOH (red-brown) replacing a cluster 
 primary minerals with FeOOH in the center and celadonite towards the rim. 
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29DS2 - 1.16 Ma - Celadonite - PPL 
rt of an oxidation halo, showing celadonite filling voids (e.g.G3), replacing primary minerals (e.g.D4) and 
sseminated within the groundmass. 
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43DS13 - 8.64 Ma - Celadonite, FeOOH - PPL 
e vesicle is filled by FeOOH (brown) and later replaced or covered at the outer rim by celadonite (orange). 
ntinuing alteration would have caused the FeOOH to be totally replaced by celadonite. 
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9DS8 - 2.92 Ma - Void filling celadonite and saponite - PPL 
e vesicle is filled by celadonite (green)  and later replaced at the outer rim by saponite (orange), indicating a 

dox change towards more reducing conditions. The yellow-green transition zone is characterized by a mixture 
 saponite and celadonite. More reducing conditions would have caused the celadonite to be totally replaced by 
ponite. Image taken from [Schramm et al., submitted]. 
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9DS8 - 2.92 Ma - Celadonite, saponite-celadonite, saponite - XPL 
e clays seems preferentially orientated to the center. The dark areas of the green colored celadonite originate 
m a micro-porous clump of celadonite crystals and refraction in the empty pores existing between the 

icroparticles of celadonite. 
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9DS8 - 2.92 Ma - Void filling celadonite and saponite - PPL 
e void is filled by celadonite (green)  and later replaced at the outer rim by saponite (orange), indicating a 

dox change towards more reducing conditions. The yellow-green transition zone is characterized by a mixture 
 saponite and celadonite. More reducing conditions would have caused the celadonite to be totally replaced by 
ponite. 
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9DS8 - 2.92 Ma - Celadonite, saponite-celadonite, saponite - XPL 
e clays seems preferentially orientated to the center. The dark areas of the green colored celadonite originate 
m a micro-porous clump of celadonite crystals and refraction in the empty pores existing between the 

icroparticles of celadonite. 
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9DS4 - 2.92 Ma - Celadonite - PPL 
ladonite and FeOOH replacing primary minerals (D3,D2), probably olivine in an oxidation halo. Pyroxene, 
mpletely covered by celadonite is visible in E2. Even under XPL the pyroxene can not be identified by its 
lor or shape, only the microprobe analyses is identifying the mineral as pyroxene, only covered by celadonite. 

TS 
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9DS4 - 2.92 Ma - Celadonite - PPL 
n euhedral crystal of olivine, completely altered by celadonite (D3) located in an oxidation halo. The problem 
 identifying replaced or covered primary minerals is obvious in B5. The yellow-brown colored grains are 
roxene (left) and plagioclase (right), covered by celadonite. Analyses still evidence the primary mineral 
mposition. 
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42DS2 - 6.84 Ma - Phillipsite 
eins in a glassy matrix, completely filled by phillipsite (white crystals) and bounded by palagonite (orange). 
cture taken through a binocular. Image taken from [Schramm et al., submitted]. 
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42DS9 - 6.84 Ma - Phillipsite 
eins in a basaltic groundmass completely filled by phillipsite or a mixture of clays and phillipsite (yellow-
ange material at C2 - F1 and E1 - F3), bounded by orange palagonite. Picture taken through a binocular. 
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42DS10 - 6.84 Ma - Phillipsite - PPL 
pen vein in a glassy matrix bounded by palagonite, lined with phillipsite. The smaller vein remains open or is 
rtly filled with palagonite or trace amounts of phillipsite. 

TS 
 115

42DS10 - 6.84 Ma - Phillipsite - PPL 
ose up of section D3 from the above picture. Formation of phllipsite at the inner wall of the vein created by 
ass dissolution, bounded by palagonite. Continuing alteration would have caused the vein to be completely 
led with phillipsite. Image taken from [Schramm et al., submitted]. 
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42DS10 - 6.84 Ma - Phillipsite - PPL 
ein in a glassy matrix, lined with phillipsite (upper left corner) or filled with a mixture of clay and phillipsite 
rown spotted crystals). The vein is bounded by palagonite (orange) and groundmass material (variolites)  / 
tered glass (dark areas). 
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42DS10 - 6.84 Ma - Phillipsite - XPL 
nder XPL phillipsite appears in about the same color, whereas the phillipsite / clay mixture shows a darker 
lor, different from the appearance of celadonite under XPL (green or orange, definitely brighter). 
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42DS10 - 6.84 Ma - Phillipsite - PPL 
illipsite growing from the inner wall of a vein in contact with a mixture of palagonite / clays and phillipsite. 
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42DS10 - 6.84 Ma - Phillipsite - PPL 
ein filling fibrous fan-shaped growing crystals of phillipsite.  Image taken from [Schramm et al., submitted]. 
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43DS13 - 8.64 Ma - Phillipsite and clays - PPL 
illipsite (fibrous crystals), and a mixture of phillipsite and clays (brown spotted particles) filling a vein in a 

assy matrix bounded by palagonite (yellow-orange areas) at the glassy margin of the sample. 

TS 
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43DS13 - 8.64 Ma - Phillipsite and clays - PPL 
ose up of the above picture (DE3) illustrating fibrous crystals of phillipsite with decreasing amounts of clay 
inerals towards the open center of the vein. 
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Appendix – Thin sections 

An overview of the position of all photomicrographs in the thin sections. 

 
 

22:  
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21DS4 - Ridge axis 0.0 Ma 
Void filling FeOOH. PPL. 

20DS3 - Ridge axis 0.015 Ma 
oid filling FeOOH, probably needles of goethite. PPL. 
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Thin sections 

22DS1 - 0.15 Ma 
3: Fresh glass and variolites at the outer rim of the sample. PPL. 
17: Open vein in the least altered part of the rock, lined with celadonite and FeOOH. PPL. 
 
The black halo represents a transition zone from the glassy margin to the oxidation halo (C1-B4). 
 

28DS1 - 0.65 Ma 
9: Voids located at the oxidation halo, lined or completely filled with celadonite. PPL. 
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Thin sections 

29DS2 - 1.16 Ma 
10: Void in a basaltic groundmass, partly filled with sediment, clays, phillipsite and foraminifera. PPL. 
25: Disseminated celadonite in the groundmass of an oxidation halo. PPL. 
 
 
 

35DS2 - 2.56 Ma 
16: Open vein in a glassy matrix, partly bounded by palagonite. PPL. 
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Thin sections 

35DS4 - 2.56 Ma 
1: Fresh glass with palagonite at the outer rim of the sample. PPL. 
2: Same field of view as Pic.1 under XPL. 
15: Vein filling celadonite at the border of oxidation halo and rock interior, with decreasing contamination of 

FeOOH towards the rock interior. PPL. 
The black halo represents a transition zone from the glassy margin to the oxidation halo (B1-B4). 

9DS4 - 2.92 Ma 
23: Celadonite and FeOOH replacing and covering primary minerals in an oxidation halo. PPL. 
24: Close up of Pic.23. PPL. 
31: Celadonite and FeOOH replacing and covering primary minerals in an oxidation halo. PPL. 
32: An euhedral crystal of olivine, completely altered by celadonite, located in an oxidation halo. PPL. 
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Thin sections 

9DS8 - 2.92 Ma 
27: Void filling celadonite, replaced at the outer rim by saponite. PPL. 
28: Same field of view as Pic.27 under XPL. 
29: Void filling celadonite, replaced at the outer rim by saponite. PPL. 
30: Same field of view as Pic.29. under XPL. 
 

36DS7 - 4.6 Ma 
11: Open void in a glassy matrix, lined with trace amounts of phillipsite and clays, bounded by palagonite. 

PPL. 
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Thin sections 

36DS8 - 4.6 Ma 
4: Fresh glass with increasing amounts of variolites. PPL. 
12: Open void in a glassy matrix, lined with trace amounts of phillipsite. PPL. 

 
 
 

42DS10 - 6.84 Ma 
18: Vein in a glassy matrix,filled with a mixture of celadonite and phillipsite, bounded by palagonite. PPL. 
35: Open vein in a glassy matrix, bounded by palagonite and lined with phillipsite. PPL. 
36: Close up of Pic.35. PPL. 
37,38: Vein in a glassy matrix, lined with phillipsite or completely filled with celadonite/phillipsite. PPL & XPL. 
39: Fibrous crystals of phillipsite in contact with a mixture of celadonite and phillipsite. PPL. 
40: Fibrous fan shaped growing crystals of phillipsite. PPL. 
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Thin sections 

43DS13 - 8.64 Ma 
13: Vein in a glassy matrix, bounded by palagonite and filled with phillipsite. PPL. 
14: Same field of view as Pic.13 under XPL. 
19: Close up of Pic.13 & 14. PPL & XPL. 
20: Open vein in an oxidation halo, lined with fibrous crystals of phillipsite. PPL. 
26: Vesicle filled by FeOOH and celadonite. PPL. 
41: Vein in a glassy matrix,  bounded by palagonite and filled with phillipsite and a mixture of phillipsite & 

celadonite. PPL. 
42: Close up of Pic.42. Fibrous crystals of phillipsite. PPL. 
 
The black halo represents a transition zone from the glassy margin to the oxidation halo (E1-D4). 
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Abstract 

Analyses of natural glass reflect the pristine magmatic composition of mid-ocean ridge basalts (MORB). 

Glass can remain fresh for many Ma and reflect the composition before the magma starts to crystallize. For 

samples without fresh glass, analyses have to be carried out on the groundmass. Unfortunately, the groundmass 

is always effected by alteration and does not reflect the pristine magmatic composition. In addition, microprobe 

analyses of the groundmass are difficult to perform quantitatively due to the presence of crystallites. If all glass 

is altered to secondary phases, an effective and simple technique to get reliable and reproducible analyses of the 

pristine magmatic composition is melting of the freshest available rock powder with a platinum wire. The results 

show totals less than the expected natural glass composition, but all element analyses are within the analytical 

error of the microprobe. By accurate preparation of the rock powder and carefully working during the melting 

procedure, the fused rock powder will produce high quality glass that can easily analyzed by microprobe. Special 

care has to be taken with crystalline samples containing large amounts of titanomagnetite. The results will have 

higher amounts of Ti and Fe, still within analytical error, but if possible powdered groundmass from crystalline 

samples should be avoided. 

 

Keywords: volcanic glass, wire-loop, electron microprobe. 
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Introduction 

Chemical analyses of glass from mid-ocean ridge basalt provide important information about their 

geochemical composition. Due to the rapid cooling of magma upon contact with seawater, basalts from the ridge 

axis form a glass crust with a thickness of up to a few centimeters. As the crust moves off-axis, alteration will 

change the chemistry and mineralogy of the rocks, including the groundmass (e.g. Alt, 1999; Bach et al., 2003; 

Schramm et al., submitted). Glass is more resistant to alteration than primary minerals or groundmass material 

and will be altered to palagonite and / or clay minerals or remain unchanged, independent of the age of the 

sample. The oldest volcanic glass in the oceans was recovered in the Western Pacific during Ocean Drilling 

Program Leg 185 Site 801C (170 Ma) (Fisk & Kelley, 2002), providing information over the composition from 

the time of eruption. In addition, it can be very important as a precursor for a comparison of fresh and altered 

parts of the rock. 

Unfortunately not all recovered samples from MOR contain glass, especially more altered or older samples 

show only minor or no amounts of fresh glass due to intense alteration by circulating fluids. For reconstruction 

of mass balances or an alteration history, it is often necessary to determine compositional changes which have 

occurred between the pristine magma and the altered bulk rock by comparing the freshest and most altered part 

of the rock. If all glass is altered to secondary phases, the freshest part has to be taken from the groundmass, but 

even this part can be altered to a minor extent. Therefore the results will be different to those derived from a 

comparison to the glass composition. Microprobe analyses of groundmass most probably comprise mixed 

analyses of small amounts of minerals (e.g. plagioclase, olivine, pyroxene) and therefore are not conducive to 

this type of study. To avoid these problems, methods were invented to produce artificial glass in the laboratory. 

The first technique was described by Riboud & Muan (1962) and was later modified by Donaldson et al. (1975). 

The method comprises an effective way for melting groundmass to glass beads using a platinum wire (0.2 mm) 

and was described as the wire-loop technique (Donaldson, 1979). Samples were quenched in water and 

experiments were run for 0.05 – 168 hours in a gas mixing furnace, where PO2
 was controlled by mixing of CO2 

and H2 gases. Temperatures were 10 – 60° C above liquidus temperature. Other experiments were done using a 

platinum foil with a thickness of 0.1 mm or platinum wire with a diameter of 0.35 mm that was pressed into a 

foil (Borisov & Palme, 1997). This paper presents a successful and quick method for melting groundmass 

powder to glass using a platinum wire without a closed sample container under normal atmosphere pressure. 

Microprobe analyses of the fused glass yield comparable results to their natural composition. The simplified 

method and the shorter running time reduces the complexity of melting groundmass powder to glass. 
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Experiment 

Running procedure 

The experiment has been carried out using a “RFT transformer TST 280/6” with a power output of 6 ampere 

at the University of Hannover, Germany. The experimental setup is shown in Fig.1. The powdered starting 

material was filled into a small ceramic container (5 cm long, 2 cm wide, 1 cm high). A 0.2 – 0.3 mm thick 

platinum wire was attached between the clips and dipped into the powdered groundmass. The platinum wire is 

heated electrically until the melting procedure starts and the powder begins to glow (Fig.1). A time of 10 seconds 

is enough to produce small glass beads around the 

wire. Afterwards the power can be turned off and the 

wire can be lifted out of the groundmass. Due to the 

small diameter of the wire, the heat achievement is 

only low, so the rest of the powdered groundmass and 

the container will only take up a small part of the heat 

and the glass beads around the wire will be cool down 

in about 1 minute. 

 

Material and Methods 

All samples are basalts, dredged from the East Pa

(Exchange between Crust and Ocean) cruises. All rocks

vesicles (3 %), are plagioclase-phyric (1-5 %) with mi

22DS is more crystalline and contains higher amounts

results are reported elsewhere (Grevemeyer et al., 2002; 

Sample preparation was done with a representative,

crushed in a steel mortar and powdered with an agat

alteration, but during the melting procedure secondary m

will be vaporized. To provide a consistent melting pro

size of 150 µm. Sieving can theoretically lead to a min

no indication of mineral separating. The quantity of po

container and the wire. For the experiments reported her
Figure 1. Melting of powdered groundmass using an

electrically heated platinum wire in a ceramic container. 
130

cific Rise between 14°S and 16°S, during the EXCO 

 show a similar mineralogy, containing small amounts of 

nor olivine (1-2 %) and pyroxene (<1%). Only sample 

 of magnetite. Detailed geochemical and mineralogical 

Schramm et al., submitted). 

 homogeneous, least altered piece from the groundmass, 

e mortar. Even the freshest groundmass is affected by 

inerals (e.g. clays that comprise high amounts of water) 

cedure, the powdered groundmass was sieved to a grain 

eral separation, although the procedure used here shows 

wder necessary is dependent on the size of the sample 

e a quantity of three gram was sufficient. 
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Natural and experimental glass chips were carefully separated and washed in an ultrasonic bath to provide 

material for the determination of magmatic composition. The natural glass chips appear unaltered both in thin 

section and at high magnification (1200x) under the microprobe. Analyses were determined by a five-

spectrometer JEOL JXA 8900 RL electron microprobe (University of Göttingen). Analytical conditions were 

15kV accelerating voltage and 11-13 nA sample current. The electron beam was slightly defocused (10 µm 

diameter) to avoid the volatilization of alkalis. The raw major element data from each measured spot were 

corrected to the KL2-G MPI-DING reference glass (Jochum et al., 2000).  

 

Results 

Analyses of natural glass and glasses derived from melted powders from the groundmass, together with the 

standard deviation, are given in Table 1. The natural glass samples yield totals of ~100 %, implying that little or 

no extraneous water has been incorporated as a result of incipient alteration. Analyses of the experimental glass 

yields totals between 97 and 98 % which is probably the result of surface effects during the melting procedure. 

Electron microscope images (8500x magnification) of the fused glass show more vesicles and a more irregular 

surface than fresh natural volcanic glass (Fig.2). Such surface irregularities generally will lead to poorer 

analytical results and are presumably the cause of the lower totals for the fused groundmass samples. We suggest 

that vesicles result primarily from the outgassing during the melting process of absorbed water in the samples. 

The surface irregularities appear to have mainly angular shapes and we conclude that they are crystal remains 

which have survived the melting process. As long as they are regularly distributed and their size is well below 

the microprobe spot size, their presence should not affect the accuracy of the analysis. Only in the case of sample 

22DS we have probably mineral effects from the groundmass which have been inherited in the melt: The melted 

groundmass glass is TiO2- and FeO-richer than the natural glass. The analyses are in agreement with the higher 

amount of titanomagnetite throughout the groundmass, visible in thin sections. This can be explained by (a) 

mineral fractionation in the crushed sample before melting or (b) preferential solubility of titanomagnetites in the 

melted powder around the platinum filament. 

Contamination problems are reported for Fe-containing systems, where Fe rapidly alloys with Pt when using 

tubes or crucibles for holding melted silicates (Donaldson et al., 1975). The thin platinum wire provides a very 

small contact area to sample volume ratio and therefore reduces the problem of the reaction of Fe with Pt to a 

minimum. A comparison of the averaged results from experimental fused glass and their natural glass 

compositions shows that most of the gains or losses of elements lie within the analytical error of the microprobe 
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Table 1.

(exp). N

Standard
sample SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3 Total n 
0DS4 nat 50.6 1.7 14.1 11.0 0.20 7.5 11.7 2.7 0.10 0.12 0.04 99.7 7 
0DS4 exp 49.9 1.5 13.1 10.7 0.19 7.9 11.7 2.4 0.10 0.12 0.04 97.5 20 
D% exp 2% 28% 30% 22% 24% 32% 6% 27% 31% 46% 98%   
iff % -1% -10% -8% -2% -4% 5% 0% -12% -8% -1% 3% -2%  

      
8DS5 nat 50.3 1.8 13.9 11.3 0.22 7.1 11.3 2.9 0.13 0.13 0.02 99.1 7 
8DS5 exp 49.7 1.7 13.6 11.1 0.19 7.2 11.2 2.7 0.11 0.14 0.02 97.6 10 
D% exp 2% 4% 2% 2% 19% 2% 1% 3% 15% 34% 77%   
iff % -1% -5% -2% -2% -14% 1% -1% -8% -16% 11% 11% -2%  

      
8DS7 nat 51.1 1.9 13.9 11.4 0.22 7.2 11.5 2.9 0.11 0.13 0.03 100.5 10 
8DS7 exp 49.8 1.6 13.8 10.7 0.18 6.8 11.2 2.7 0.11 0.16 0.03 97.1 10 
D% exp 2% 9% 9% 6% 20% 9% 3% 8% 18% 23% 100%   
iff % -3% -12% -1% -6% -16% -6% -2% -7% -5% 17% -17% -3%  

      
6DS8 nat 49.6 1.1 15.6 9.4 0.17 9.1 12.7 2.4 0.04 0.06 0.07 100.2 7 
6DS8 exp 48.1 1.0 15.2 8.9 0.16 8.9 12.4 2.3 0.03 0.05 0.04 97.0 10 
D% exp 2% 5% 2% 2% 15% 3% 1% 5% 30% 36% 69%   
iff % -3% -10% -3% -5% -2% -3% -2% -6% -20% -3% -34% -3%  

      
1DS1 nat 50.9 1.8 14.4 10.7 0.20 7.5 11.7 2.9 0.11 0.15 0.03 100.4 10 
1DS1 exp 49.4 1.6 14.1 10.4 0.20 7.4 11.3 2.8 0.12 0.14 0.07 97.6 10 
D% exp 2% 2% 2% 2% 11% 3% 2% 4% 12% 31% 47%   
iff % -3% -9% -2% -3% 1% -1% -3% -6% 8% -2% 97% -3%  

      
1DS1 nat 50.9 1.8 14.4 10.7 0.20 7.5 11.7 2.9 0.11 0.15 0.03 100.4 10 
1DS1.1 exp 49.6 1.8 13.7 10.7 0.19 6.9 11.2 2.8 0.13 0.19 0.03 97.3 39 
D% exp 2% 9% 3% 8% 16% 6% 3% 5% 17% 20% 93%   
iff % -2% 2% -5% 1% -3% -8% -5% -5% 17% 29% 0% -3%  

      
2DS2 nat 49.8 1.7 14.0 11.0 0.19 7.3 11.1 2.7 0.12 n.d. 0.04 98.0 25 
2DS2 exp 48.9 2.2 13.1 12.1 0.21 7.1 11.0 2.6 0.11 0.19 0.02 97.5 60 
D% exp 4% 33% 23% 23% 24% 24% 6% 19% 28% 36% 95%   
iff % -2% 28% -7% 10% 6% -4% 0% -4% -9% n.d. -39% 0%  
 Electron microprobe analyses (wt%) of natural glassy MORB pieces (nat) and fused powdered groundmass 

ote the higher difference between natural and artificial glass analyses of sample 22DS2 (see text for discussion). 

 deviation (SD) of the experimental analyses is given in %; n = number of analyses. 
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ingle sample analyses also show only small changes in most of the elements. Due to the generally low 

tion of Cr2O3, this element shows the highest deviation in a single sample from the natural glass 

on (up to 97 %). K2O and P2O5 also show high differences (29 % to –17 %), but still within standard 

. The only element that shows a significant loss in a few samples is TiO2 (-9 % to –12 %). The loss of 

a during experiments is dependent on sample amount, diameter of the platinum wire and running time, 

er times resulting in higher losses (Corrigan & Gibb, 1979; Donaldson & Gibb, 1979). In our 

ts the melting time is very short (~10 seconds) and the loss of Fe is small and also within analytical 

ses of the fused glass of sample 22DS2 are used to discuss the dependence of chemical variation and 

egmentation along a segment of the East Pacific Rise (Grevemeyer et al., 2002). 
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Figure 2. Natural and fused glass surface images taken by an electron microscope. A. Natural volcanic glass with a very

smooth and homogeneous surface (8500x magnification). B. The fused glass shows surface irregularities with some

uneven patches, leading to lower totals when analyzing with the electron microscope (8500x). C and D. Images with

lower magnification (140x) of the synthesized glass show the presence of microbubbles, resulting primarily from the

outgassing during the melting process of absorbed water. 

 

-9
5%

average -2% -7% -3% -3% -6% -2% -2% -7% -4% 9% 10%
22DS2 exp -2% 28% -7% 10% 6% -4% 0% -4% -9% 0% -39%

TiO2 Al O2 3 FeO MnO MgO CaO Na O2 K O2 P O2 5 Cr O2 3SiO2
-80%

-60%

-40%

-20%

0%

20%

40%

60%

80%

100%

ga
in

 / 
lo

ss

 

Figure 3. Gain and loss (%) of the major elements from experimental glass beads to their natural glass composition. Note

the relatively high increase of TiO2 and FeO in sample 22DS2, due to the higher amount of titanomagnetite in the

powdered crystalline groundmass. Average = average of all samples given in Table 1. Small bars indicate the standard

deviation. 
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Summary 

Fusing of rock powder to glass beads is a very efficient method to get glass analyses from samples without 

natural glass. It is a simple and reliable technique that yields reproducible results with element losses within 

analytical error. Special attention should be paid to powdered groundmass from crystalline rocks. Differential 

melting behaviour of minerals such as titanomagnetite will affect the glass composition, resulting in higher 

amounts of specific elements (e.g. Ti and Fe). 
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Conclusions 

 

Geochemistry 

•  Magmatic evolution in the EXCO area has remained stable throughout the last 8.64 Ma and shows no 

correlation with spreading rate or off-axis discordant zones produced by fossil overlapping spreading 

centers. 

•  The backtracked data to the present day ridge axis shows that there are no variations in the magmatic 

composition with time. 

•  Significant and systematic variations of the geochemistry of basalts along the ridge axis is a striking 

feature with homogeneous and high MgO occurring in the north and more heterogeneous and low MgO 

in the south, separated by a magmatic boundary at 14°24’S. Small-scale spatial variations in chemistry 

are a robust feature along the SEPR. 

•  The observed magmatic boundary does not coincide with the left-stepping deval at 14°30’S, therefore 

magmatic boundaries along the SEPR can be independent of ridge axis discontinuities. 

•  The presence of off-axis volcanism can be identified by its trace element depleted signatures. The age of 

these samples implies the presence of an off-axis magmatic system characterized by stability on the 

several million year scale. 

 

Alteration 

•  The EXCO sampling transect documents an increasing alteration stage and a slight change in redox 

conditions with distance from the spreading axis and therefore with time. Fresh rocks were dredged at 

the ridge axis, whereas off-axis basalts contain features of seawater-generated low temperature 

alteration. 

•  Fe-oxyhydroxides and celadonite (main alteration component in 0.12 – 4.6 Ma old rocks) are the first 

alteration products, partly replaced or dissolved by saponite under more reducing conditions. Phillipsite 

is more abundant in rocks older than 4.6 Ma. 

•  The geochemical flux in the altered basalts indicates oxidizing conditions and high water/rock ratios. In 

contrast to the mineralogical changes, the gain and loss of elements appears to be affected only by local 

parameters such as basement topography and reaction of circulating fluids within the rock but not by 

time. 
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•  The seawater-ocean crust exchange affected the bulk chemical properties of the upper ocean crust even 

at ages < 9 Ma. Therefore the average composition of the upper oceanic crust cannot be taken as that of 

N-MORB using compiled literature values but a correction factor for alteration must be taken into 

account. 
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