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Geologic time



Minerals –
Evolution of Diversity

Source: Hazen at al. (2008) 



Schichtsilikate (sheet silica)







alkaline

subalkaline

Chemical classification of igneous rocks (TAS-Diagram)



• Atmophile elements are generally extremely volatile 
• Lithophile elements are those showing an affinity for silicate 

phases 
• Siderophile elements have an affinity for a metallic liquid phase. 
• Chalcophile elements have an affinity for a sulfide liquid phase. 



Two principal applications of radiogenic isotope geochemistry:

1) Geochronology
uses the constancy of the rate of radioactive decay
 Dating method

2) Tracer studies
Uses the differences in the ratio of the radiogenic daughter isotope 
to other isotopes of an element. (as e.g. in biology)
Origin of volatiles, minerals & rocks

Isotope Geochemistry



Archean-eon craton were found in the area of the Nuvvuagittuq
greenstone belt in northern Quebec.

• Different ages determined: ca. 3.7 billion years  and ca. 4.3 billion years.
• Dispute so far unsolved… 
• Evidence for fossils of microorganisms discovered in these rocks, which would be 

the oldest trace of life yet discovered on Earth.



Age determination of Nuvvuagittuq
Greenstone Belt

• U-Pb dating on zircons minimum of 3.7 billion years old.
Done 2007 on zircons found within granitic intrusions that cut portions 
of the belt, and therefore, are younger than the features it cuts. 
-> This measurement is widely accepted. 
-> It alone does not provide a maximum age. 

• Sm-Nd dating and Nd isotope fractionation in 2012 age of 4.3 billion 
years

->  dating of intruding gabbros and measuring neodymium isotope
fractionation in less-deformed members of a sub-unit. 

->The age of 4.3 billion years would make the NGB the oldest known 
rocks on Earth. 

• Detrital zircons from quartz–biotite schists max age of 3780 Ma.

 This  study states that the age of 4.3 billion years reflects isotope 
ratios inherited from Hadean crust that was melted to form the 

parent rocks of the NGB. 



Source: Oschmann, Evolution der Erde (2018)



Source: Oschmann, Evolution der Erde (2018)



Source: Oschmann, Evolution der Erde (2018)



Source: Oschmann, Evolution der Erde (2018)



Source: Grosch & Hazen (2015) Astrobiology

Coevolution of the geosphere and 
biosphere before the Great Oxidation 
Event from the onset of possible 
subsurface bioalteration at around 4.0 
billion years ago until modern-style 
tectonic environments operating on 
Earth’s surface at ca. 3.0 billion years ago. 



Source: Grosch
&

 Hazen (2015) Astrobiology



i-vii: representative Archean petrographic images of the mineral assemblages expected at 
different locations on early Earth, with subsurface fluid-rock-microbe interactions forming 
a range of hydrated minerals 

Surface environments on the Hadean-early Archean Earth and the role subsurface 
microbes may have played in shaping Earth's mineral evolution
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Surface environments on the Hadean-early Archean Earth and the role subsurface 
microbes may have played in shaping Earth's mineral evolution
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Progressive stages of alteration of subseafloor volcanic glass from the in situ oceanic crust: 

Cartoons represent the bioalteration
model of Thorseth et al. (1992, 1995) 
with increasing degrees and extent of 
microbe-fluid-rock interaction. 

Some important chemical reactions 
(with corresponding available energy) 
that would have provided energy for 
microbial lithoautotrophs (from 
Edwards et al., 2005; Cockell, 2011) 
living in the Hadean-early Archean 
subseafloor environment

(a) clusters of granular alteration 
textures in which individual 
granules are a few microns across; 

(b) more extensive granular and 
mossy alteration textures along a 
fracture network; 

(c) extensive tubular alteration 
extending more than 100 microns 
into fresh glass. 

All samples contain smectite and iron 
oxides in the alteration textures.

Source: Grosch & Hazen (2015) Astrobiology



Melt – Glass – Minerals / Rocks in Lava Flows & Complexes

Schematics of the upper part of a komatiite lava 
flow (simplified from Arndt et al. 2008). 

From top to bottom, the section shows four levels 
exhibiting different structures:
brecciated pillow lava; massive glassy zone 
fragmented by polygonal fractures; vesicle-rich
level; glass-skeletal olivine (spinifex texture) level. 
The glassy zones are represented using different 
grey colors

(Meunier et al., 2010)



Melt – Glass – Minerals / Rocks in Lava Flows & Complexes

(Hughes et al. 1999)



Melt – Glass – Minerals / Rocks in Lava Flows & Complexes

(Hughes et al. 1999)
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Ages and age ranges of major events cycles preserved in Earth history (with sources)



Source: Hawkesworth et al. Ann Rev EPS (2017)

Ages and age ranges of major events  cycles preserved in Earth history (with sources)



Plate Tectonics and the Archean Earth

• Higher mantle temperature in the Archean precluded or limited stable 
subduction,
 requires a transition to present day plate tectonics from another 
tectonic mode.

• Plate tectonics can be demonstrated on Earth since the early 
Paleoproterozoic (since c. 2.2 Ga), but before the Proterozoic Earth’s 
tectonic mode remains ambiguous.

• The Mesoarchean to early Paleoproterozoic (3.2–2.3 Ga) represents a 
period of transition from an early tectonic mode (stagnant or sluggish lid) 
to plate tectonics.

• The development of a global network of narrow boundaries separating 
multiple plates could have been kick-started by plume-induced 
subduction.

Source: Brown et al. Ann Rev EPS (2020)



THE ARCHEAN ROCK RECORD
Survivorship Bias and the Geological Record in the Archean

• Rocks older than Paleoarchean in age (>3.6 Ga) are rare.

• Age distribution of detrital zircon grains and magmatic rocks shows a 
marked decline in the amount of preserved crust older than Neoarchean 
(>2.8 Ga).

 To what extent is preserved crust older than Neoarchean is representative,
in terms of either relative volume of rock types or the processes it records?

a) Is this crust the surviving remnants of a much larger 
volume that was destroyed? 

b) was there only ever a small volume produced? 

??? How significant is the scarcity of Eoarchean crustal rocks and the almost 
complete absence of a Hadean rock record?



THE ARCHEAN ROCK RECORD
Lithological differences between pre- and post-Archean geology

• Archean continental crust is compositionally distinct from younger andesitic 
continental crust

• Archean upper crust may have been more mafic than post-Archean emergent 
crust

• Exposed Archean crust mostly comprises higher-grade gray gneiss terrains and 
lower-grade granite–greenstone belts. 
 probably lower and upper levels of the ancient continental crust, 
respectively ( Johnson et al. 2016), but they have also been interpreted as 
analogs of modern active continental arc margins and associated backarcs.

• Gray gneiss terrains are volumetrically dominated by sodic granitoids of the 
tonalite–trondhjemite–granodiorite (TTG) series. TTGs are compositionally 
similar to, but subtly different from, modern adakites that mostly form by 
partial melting of subducting hydrated oceanic crust. 

-> Were TTGs also products of slab melting, or are other tectonic settings 
likely?

Source: Brown et al. Ann Rev EPS (2020)



tonalite–trondhjemite–granodiorite (TTG) series

Source: Brown et al. Ann Rev EPS (2020)

THE ARCHEAN ROCK RECORD
Lithological differences between pre- and post-Archean geology

- Results of partial melting and fractional crystallization
- Typical for all Archean cratons (thick continental crust)
- high Na/K ratios



• In addition to felsic domes, granite–greenstone belts comprise sequences of 
mainly (metamorphosed) basalt, with subordinate ultramafic to felsic volcanic 
rocks and various sedimentary rocks.

• A significant feature is the common occurrence of komatiites, high-Mg 
(MgO > 18 wt%) lavas that are rare in the post-Archean rock record. 
 unusually high mantle temperatures required to form komatiites 
 commonly explained by invoking more vigorous plume activity 

promoted by higher temperatures at the core–mantle boundary.

• Majority of Archean lavas were erupted subaqueously, suggesting not large 
landmasses had emerged before the late Archean–early Proterozoic. 

• However clear evidence for  continental settings in Archean preserved, 
including signs of active explosive  effusive volcanisms, geysers, hot springs 
and pools. 

Source: Brown et al. Ann Rev EPS (2020)

THE ARCHEAN ROCK RECORD
Lithological differences between pre- and post-Archean geology



THE ARCHEAN ROCK RECORD
Petrogenesis of Archean Crust compared to present-day Crust

• Modern arc basalts have characteristic compositions reflecting partial melting, 
on average at∼100 km depth below the active magmatic arc, of depleted 
mantle that was hydrated and enriched in incompatible elements through 
interaction with fluids derived from subducted materials. 

 Relative to MORB, arc basalts:
1) are enriched in large ion lithophile elements (LILE); 
2) show fractionated rare earth element (REE) patterns, with preferential 

incorporation of light REE (LREE) over heavy REE (HREE); 
3) are depleted in high field strength elements, leading to pronounced 

negative anomalies in Nb, Ta, Zr, Hf, and Ti. 

!!  Although these characteristics are taken as a reliable proxy for subduction in 
many studies, they also occur in basalts derived from subduction-modified 
lithospheric mantle. 

Source: Brown et al. Ann Rev EPS (2020)



• fundamental questions: 

1?   do modern arc basalts really provide the key to the genesis of 
Archean basalts with similar compositional characteristics?

2?   are there plausible mechanisms by which hydrated crust can be 
recycled into the mantle other than by subduction?

->  Numerical modeling suggests that subduction and dripping of the 
lowermost crust and crustal overturns may represent plausible 
alternatives

THE ARCHEAN ROCK RECORD
Key Features of Archean Geology

Petrogenesis of Archean Crust compared to present-day Crust

Source: Brown et al. Ann Rev EPS (2020)



• The so-called arc signature is also found in most TTGs, which show 
extreme REE fractionation, with high chondrite-normalized La/Yb ratios 
(LaN/YbN > 15) and preferential enrichment of Sr over Y (SrN/YN > or  
20) Not withstanding that some TTGs may have formed through 
fractional crystallization the pronounced HREE and Y depletion in most 
TTGs (∼80%) is interpreted to record partial melting of hydrated basaltic 
rocks (amphibolite) at depth within the stability field of garnet. 
Although garnet may indicate pressures >1.5 GPa based on 
experimental studies of amphibolite, its stability is highly sensitive to 
bulk rock Mg# [atomic Mg/(Mg + Fe2+)] and garnet may be stable at 
pressures as low as 0.7 GPa.

• This lower pressure is within the range of thickness for primary crust 
generated during the Archean, and melting this crust may not require 
subduction.

THE ARCHEAN ROCK RECORD
Key Features of Archean Geology

Petrogenesis of Archean Crust compared to present-day Crust

Source: Brown et al. Ann Rev EPS (2020)



• Around 20% of TTGs record a high-pressure signature, considered to 
record extraction from an eclogite residue at pressure >2.0 GPa, 
corresponding to the extreme depths (>60 km) experienced by younger 
crustal rocks only during deep subduction. 

 such high-pressure TTGs have recently been interpreted to represent 
fractionated sanukitoid (high-Mg diorite) melts derived by 
partial melting of chemically enriched hydrated lithospheric mantle.

THE ARCHEAN ROCK RECORD
Key Features of Archean Geology

Petrogenesis of Archean Crust compared to present-day Crust

Source: Brown et al. Ann Rev EPS (2020)



How to interpret isotope signatures

Source: Brown et al. Ann Rev EPS (2020)



Source: Brown et al. Ann Rev EPS (2020)



Present-day plate boundaries

Source: Brown et al. Ann Rev EPS (2020)



Source: Hawkesworth et al. Ann Rev EPS (2017)

Schematics of continental and oceanic lithosphere 
note the thick stable nature of Archean cratons



Source: Brown et al. Ann Rev EPS (2020)

Vertical Tectonics: stagnant lid



Source: Brown et al. Ann Rev EPS (2020)

Vertical Tectonics: stagnant lid and lithosperic drips



Source: Brown et al. Ann Rev EPS (2020)

Vertical Tectonics: stagnant lid



Source: Nebel et al. (2014)

• Rising mantle plumes melt deep in the hot Hadean 
Earth. 

• The hottest parts of the plume melt deepest, in the 
presence of majoritic garnet, to produce high-
temperature komatiites, leaving a high Lu/Hf ERR 
residual component in the rising plume. 

• The komatiitic melts, together with basaltic melts 
produced by melting cooler parts of the plume, erupt 
at the surface to form a thickened komatiitic–basaltic 
crust, which subsequently melted during burial and 
produced the preserved Hadean zircons.

• The residual mantle, after plume melting, had a Lu/Hf 
that was complementary to this Hadean crust. 

• This hot residual material continued to rise in the 
plume and it collected under the Hadean crust where, 
together with congealed asthenospheric mantle, it 
formed to the lithosphere under the Hadean crust. 

• The ERR was the dominant component of the plume 
contribution to this lithosphere.

Isotopes in early Archean rocks record a plume-driven convection cycle in Hadean

ERR: Early Refractory Reservoir



Source: Nebel et al. (2014)

• Cooling of the lithosphere gave rise to 
cold drips, which were the dominant 
form of downward convection in the 
Hadean mantle.

• These cold drips, which emanate from 
the base of the lithosphere, include a 
significant fraction of the ERR. 

• The balance of the ERR remained in the 
Hadean lithosphere, where it was later 
sampled by melting in Archean 
subduction zones

• Subsequent convective erosion erased 
the ERR and incorporated it into the 
convective mantle over a period of 
approximately a billion years.

Isotopes in early Archean rocks record a plume-driven convection cycle in Hadean

ERR: Early Refractory Reservoir
SCLM: sub-continental lithospheric mantle



Source: Hawkesworth et al. Ann Rev EPS (2017)

Tectonic processes and its control on evolution of lithosphere on early Earth



• Vertical tectonics:
stagnant lid separated by a thermal boundary layer from a vigorously 
convecting Hadean mantle. 
 only single zircon grains remain (predominantly from Australia's 
Narryer Gneiss Terrane but also other cratons) 

• Transitional tectonics:
Archaean passive stagnant-lid tectonics, with a continuous crustal cover 
on top of a convecting mantle 

• Active plate tectonics: 
Plate tectonics with subduction zones at convergent plate margins 
shape the Earth surface throughout the Phanerozoic, Proterozoic and 
possibly part of the Late Archaean
-> early active plate tectonics: hot subduction
-> later active plate tectonics: cold subduction

Tectonic processes on early Earth



Source: Hawkesworth et al. Ann Rev EPS (2017)



Tectonic processes  for the formation of Archean TTGs

- Hypothesized Neo-Archean hot subduction:
The subducting slab is young and hot, thus when it is heated, it 
partially melts to generate TTG magmas, which rise and intrude 
into the continental crust.

- Delamination:
heavier mafic crust delaminates into the lighter mantle.
P, T increases induce partial melting of the delaminated block to 
generate TTG magma, which rises and intrudes to the crust.

- Underplating:
Mantle plume rises to the base of the mafic crust and thickens the 
crust. The partial melting of the mafic crust due to the plume 
heating generates TTG magma intrusions. 

Source: https://commons.wikimedia.org/w/index.php?curid=74383755 Modified from Moyen & Martin (2012)



Tectonic processes  for the formation of TTGs

ACP granites:
Archaean crustal rogeny granites, 
formed by remelting of earlier, silicic 
crust. 
Plutonic rocks with a markedly 
elevated K content compared to TTG.

Sanukitoids:
potassic diorites with elevated Mg, 
Cr and Ni;
Proposed to have formed by 
interactions of TTG melt with 
peridotite.

Source: Nebel et al. (2018)



Example of an exposed TTG complex

Source: Nebel et al. (2018)



Concept of melt generation in a broad temporal context on early Earth

Sequence of events based on the chemical evolution of granitoid melt 
compositions through time &  computational modelling of the evolution of 
Archaean crust. 

Source: Nebel et al. (2018)



Concept of melt generation in a broad temporal context on early Earth
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1. Before the Mesoarchean–Neoarchean, a stagnant lid or sluggish lid or lid 
and plate tectonics mode, with a deformable (squishy) lithosphere and 
either intermittent (unstable) subduction or subduction on a locally 
confined scale, may have been dominant. A hotter mantle prohibited 
widespread stable subduction and plate tectonics, and magmatism was 
largely due to upwelling mantle and plume–lithosphere interactions.

2. During a Mesoarchean–Neoarchean transition, as secular cooling 
overwhelmed heat production, plate tectonics emerged, possibly in part 
via plume-initiated retreating subduction cells that generated proto-
continents.

3. The rise of proto-continents and enhanced erosion to provide sediments at 
their edges may have enabled initiation of subduction under the proto-
continents by spreading of continental margins over oceanic lithosphere. 
This process could have stabilized subduction and promoted the spread of 
plate tectonics globally, as recorded by the widespread appearance of high 
and intermediate T/P metamorphism in the Neoarchean. 
The formation and breakup of the supercratons, and the formation of the 
first supercontinent Columbia, demonstrate that plate tectonics was fully 
developed by the early Paleoproterozoic.

Plate Tectonics and the Archean Earth 
Summary Points

Source: Brown et al. Ann Rev EPS (2020)



1. Geochemical criteria need to be identified to distinguish impact-induced 
from plume-induced melt products, so that we may determine the 
contribution of each process to the formation of the Hadean and 
Eoarchean tonalite-trondhjemite-granodiorite crust.

2. To evaluate hypotheses regarding the tectonics of early Earth, it is 
necessary to increase the number of metamorphic pressure, 
temperature, and age data from exposures of ancient (older than 2.8 Ga) 
continental crust worldwide. Retrieval of such data should be a priority of 
metamorphic studies.

3. To understand secular change in tectonics on Earth requires a better 
knowledge of the thermal evolution of Earth and mantle potential 
temperature and further research to resolve the contentious issue of the 
amount and temporal evolution of water in the mantle.

4. To understand the evolution of life on Earth, it is necessary to assess 
linkages between secular change in tectonic mode and the evolution of 
Earth’s atmosphere, oceans, and landscape, since these control nutrient 
supply and environment.

Plate Tectonics and the Archean Earth 
Future Issues

Source: Brown et al. Ann Rev EPS (2020)



Source: Brown et al. Ann Rev EPS (2020)



Lunar petrological evolution 



Lunar KREEP Basalts

Thorium map of the Moon 
outlining the area of the 
Procellarum
KREEP Terrane on left, on the 
Moon’s Earth-facing side.

Schematic cross section illustrating 
some of the magmatic and
volcanic processes that may have 
occurred in the Procellarum KREEP
Terrane. 

(Jolliff et al., 2000)



REE in terrestrial and lunar basalts



A comparison of key events in the histories of the Earth and Mars. 
The area of each time line is an approximation of the amount of crust preserved from 
over different epochs. The generally unmetamorphosed and well-preserved geologic 
record of early Mars is an invaluable window into the geology and prebiotic chemistry of 
the early Earth.

Source: Michalski et al.



For similar rock types and surface 
porosities, the martian crust contains 
significantly more porosity to greater 
depth than that of the Earth (left). 
Estimated thermal gradients for 
Noachian (φN) and modern (φm) Mars 
are lower than that of the modern 
continental (φc) or oceanic (φo) crust of 
Earth (right). A hypothetical 120ºC limit 
is encountered at 3-4 km depth on 
Earth, where the porosity is 1-2%. The 
same temperature limit would not be 
encountered until ~6 km depth on 
Noachian Mars or much deeper on
modern Mars.

A comparison of the average porosity of thermal gradients of the crusts of
Earth and Mars. 

Source: Michalski et al.



BREAK 



Hydrothermal Alteration  & Fluid-Rock Interaction

Metamorphism: isochemical change of rocks in response to P-, T- changes 
and/or directed stress 
Metasomatism: change of chemistry of the rocks, usually as result of fluid rock 
interaction

 Hydrothermal alteration is causing metasomatic changes.

Hydrothermal Fluids: usually hot water with dissolved ions and volatiles

Hydrothermal alteration does critically depend on:
- chemical composition of rock (mineral assemblage, glass, ..)
- physical properties of the rock 

- connected pore space (accessible to fluids)
- permeability
- internal surface area

- amount of hydrothermal fluid, and flow speed
- composition of the hydrothermal fluid, thus its pH-value, ionic 

strength, oxigen fugacity, .... 
- temperature
- pressure
- exposure time



Hydrothermal Alteration  & Fluid-Rock Interaction

Next we will explore a few types and settings:

- Palagonitization
- Serpentinitization

- Submarine hydrothermal vents
- Terrestrial hydrothermal systems, hot pools & geysirs



Tuff Cone 



Palagonite = alteration product of basaltic glass in 
interaction with water.

 quite fast interaction between water and basaltic melt / 
hot pyroclasts:

+ effusive submarine volcanism: pillow lavas, 
+ explosive subglacial or shallow submarine 

eruptions, forming tuff cones (light colored, often 
brownish palagonite tuff cones)

 slower weathering of lava into palagonite:
+ thin, yellow-orange rind on the surface of the rock. 

Palagonitization = process of conversion of mafic glass to 
palagonite.

Fluid-Rock Interaction: Palagonitization



Palagonite = alteration product of basaltic glass in 
interaction with water.

Fluid-Rock Interaction: Palagonitization

Glass fragment, plagiolcase crystals and 
vesicles in a Hyaloclastite.

Fractured hyaloclastite shards coated with brown 
pore-lining smectite



Fluid-Rock Interaction: Palagonitization

rinds of variable thickness on every mafic glass surface exposed to 
aquatic fluids. 
formed by dissolution of glass with contemporaneous precipitation 

of insoluble material at the glass–fluid interface. 
The process of palagonitization is accompanied by extensive 

mobilization of all elements involved in the alteration process, 
resulting in the depletion or enrichment of certain elements.
Extent, direction & rate of element mobility and the palagonitization

process itself depend on a number of different, complex interacting 
properties: 

(1) temperature, 
(2) time, 
(3) structure of the primary material, 
(4) reactive surface area of the primary material, 
(5) structure of the precipitating secondary phases
(6) growth rates of the secondary phases, 
(7) fluid properties such as fluid flow rates, pH, Eh, ionic

strength, and oxygen fugacity. 



68

• Process of glass palagonitization is a two-stage process:
1) glass dissolution
2) palagonite precipitation

 these 2 processes have different controlling mechanisms, 
as well as  complex feedback mechanisms.

• Exact reaction mechanisms of palagonitization so far remain controversial

 4 general theories for the reaction kinetics of glass dissolution:

Fluid-Rock Interaction: Palagonitization

1. “Precipitate–layer hypotheses”, according to which the primary phase is protected by a 
precipitate layer. Alteration is thus controlled by diffusion through this precipitate layer.

2. “Surface-reaction hypotheses”, according to which the alteration rate is controlled by 
reactions occurring at the primary phase–fluid interface.

3. “Leached-layer hypotheses”, in which diffusion through a cation-depleted layer controls
the release of other cations deeper in the primary material. At more advanced stages, 
a steady state is developed between dissolution and development of the leached layer.

4. “Hydrated-layer hypotheses”, according to which a hydrated layer develops before 
dissolution of the primary phase. Alteration is thus controlled by diffusion of fluids into
the primary phase.



Fluid-Rock Interaction: Palagonitization



Fluid-Rock Interaction: Palagonitization



Fluid-Rock Interaction 71

Fluid-Rock Interaction: Palagonitization

Pillow breccia

Textures and fracture bearing minerals



Fluid-Rock Interaction: Palagonitization
Brecciated 

pillow

Tuff 



Fluid-Rock Interaction 73

Features of a hyaloclastite: 
A. A palagonitic rim (yellow) embayed 
along cracks into fresh basalt glass . 
B. Layered palagonite rim (left) next to 
fresh glass. Note the sharp boundary. C.
Detail of fresh quenched glass at the edge 
of a breccia shard showing small 
plagioclase euhedra and tiny acicular plag
crystals, some of them intergrown with 
cpx. A fracture lined with palagonite cuts 
vertically through the section. D. Individual 
tabular crystals of plag and plag-cpx
intergrowths coated with dark-brown 
spherulitic material near the edge of a 
glass shard. 
E. Palagonite replacing glass with acicular 
needles of plag and stellate plag-cpx
intergrowths. Most crystals are coated 
with a thin rim of brown spherulitic
material. Note the fracture pattern in the 
altered glass. 
F. Detail of a palagonitized glass shard 
showing crystal intergrowths and an 
altered skeletal olivine replaced by orange 
secondary minerals.

Fluid-Rock Interaction: Palagonitization



Fluid-Rock Interaction 74

Basaltic glass altered to yellowish brown-orange palagonite. 
Note the early stages of palagonitization surrounded by dendrites along the crack, aligned 
perpendicularly to the palagonitization front.

Fluid-Rock Interaction: Palagonitization



Fluid-Rock Interaction 75

Thin sections of palagonitic
basaltic glass shards in a 
palagonitized crystal vitric
tuff (plane-polarized light).

A. Palagonitized crystal vitric
tuff texture. 
B. Glass fragments with
palagonitic rims. 
C. Completely palagonitized
vesicular glass shard with
matrix material in vesicles. 
D. Palagonitized glass shard
containing spherulites and
filled vesicles. Individual 
vesicles are rimmed with
palagonite

Fluid-Rock Interaction: Palagonitization



Fluid-Rock Interaction 76

Fluid-Rock Interaction: Palagonitization



Fluid-Rock Interaction 77

Fluid-Rock Interaction: Palagonitization

Stroncik and Schmincke, 2001



Fluid-Rock Interaction 78

Fluid-Rock Interaction: Palagonitization

EMP element maps and 
different aging step 
materials showing the 
distribution of Fe and Mg

> 1 enrichment
<1 depletion 

of a specific element relative 
to the glass

Stroncik and Schmincke, 2001

Fe map

Mg map



Fluid-Rock Interaction 79

Fluid-Rock Interaction: Palagonitization

EMP element maps and 
different aging step 
materials showing the 
distribution of Fe

> 1 enrichment
<1 depletion 

of a specific element relative 
to the glass

 The variation of 
anysotropy is and index for 
crystallinity of the sample
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