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ABSTRACT

Mineral buffers control the composition of most vola-
tile components of magmas and dissolved species in geothermal
fluids. The only element, which occurs in significant
quantities in volcanic and geothermal fluids and is not con-
trolled by mineral buffers, is chlorine. It is argued, that
in absence of marine influence, geothermal fluids reflect
the chlorine content of associated magmatic fluids.

The chlorine content of oceanic volcanic rocks has a
positive correlation with elements, which are believed to
indicate a heterogenous source region. Since the source is
generally believed to be the Earth’s mantle, the implication
is that the mantle is heterogenous with regard to chlorine
and other volatiles. Such heterogeneities would have impor-
tant consequences for genesis and distribution of ore.

All major magma types of the oceanic environment occur
in Iceland. Their spatial distribution is closely related
to a volcanotectonic pattern, suggesting crustal control.

A geophysical model of crustal accretion in a rift zone is
used in conjunction with classical petrology to predict geo-
chemical processes in a rift zone crust. The model has two
kinematic parameters, drift rate and subsidence rate, which
combined describe trajectories of mass particles deposited
on the surface. When considered in conjunction with thermal
gradients of the rift zone a series of metamorphic reactions
and chemical fractionation processes are bound to occur,
eventually resulting in a layering of the oceanic crust.

The physical parameters result in a derived variable, rift
zone residence time, which depends on the width of a rift
zone. Long residence times in a wide rift zone lead to
multistage recycling of material. Other properties of the
model, based on geometric arrangement of productive fissure
swarms within a rift zone, explain off rift volcanism as
directly related to rift zone processes, either as plate
trapped magmatic domains or a transgressive thermal anomaly
into an older crust. Off rift volcanism is accordingly not

fed directly by mantle derived liquids.
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The model predicts that all volcanic fluids with the
exception of those, which are associated with the most
primitive olivine tholeiites, are partly or wholly recycled
through all stages of hydrothermal and metamorphic reactions.
In that sense associated volcanic and geothermal systems are
a part of the same chemical fractionation column.

It is concluded that the chemistry of fluids in vol-
canic and geothermal systems can be viewed in the perspective
of predictable crustal fractionation processes before any
conclusion need be drawn concerning more deep seated causes

for chemical anomalies.



INTRODUCTION

The evolution of knowledge on fluids in volcanic and
geothermal systems has extended over a long analytical
period followed by a short period of syntheses, where
experiment and thermodynamic deduction have brought con-
siderable clarity into what previously amounted to con-
fusion.

A major advance in the understanding of the chemistry
of volcanic gases and geothermal fluids is the realization
that some major chemical components are controlled by
mineral buffers. Since the composition of magmas, and rocks
in general, vary within relatively narrow limits in terms
of their buffer capacity, the associated fluids will always
be similar with regard to buffer controlled components at
the same PT conditions. Dissimilarities are found prima-
rily in those components, which are not buffered by the
silicate system.

The available knowledge on volcanic emanations was
reviewed by White & Waring (1963) and by Sigvaldason (1974).
Some additional analytical data has accumulated since then,
but the principal advance has been through critical
examination of existing data in an attempt to estimate
sampling and analytical errors and restore the analysis to
a form, which is consistent with thermodynamically pre-
dicted compositions (Gerlach & Nordlie, 197%5a, b, c; Ger-
lach, 1979a, b, c).

Much data is steadily accumulating on the composition
of geothermal fluids due to the economic utilization of
geothermal energy. The main effort is directed towards
detailed study of solution equilibria between hydrothermal
minerals and the fluid. A detailed review of that aspect,
as well as overall chemical compositions, is given by
Ellis & Mahon (1977) and Fyfe et al. (1978).

Due to these readily available recent reviews the
present paper will emphasize the correlation Dbetween fluid
composition and geologic environment. It will be argued

(1) that there is a correlation between the chemistry of



volcanic fluids and geothermal fluids in the same area and
(2) that volcanic fluids are controlled by processes,
which can be related to the tectonic environment of the
volcanism.

Much of the relevant evidence for the model to be dis-
cussed is geological and geophysical rather than chemical.
The chemical data on volcanic and geothermal fluids can,
however, be used to test the model, but since the chemical
evidence is incomplete and tenuous the discussion is bound

to be speculative.

VOLCANIC EXHALATIONS

Volatiles escaping from erupting volcanoes have heen
successfully sampled on a relatively few occasions.
chemical analysis of these samples have provided knowledge
on the composition of volcanic gases from a limited number
of magma types, but a wider spectrum of compositions 1is
anticipated. The restriction of the present knowledge is
implicit in the correlation between the chemical composi-
tion of volcanic products and the hazard involved in
obtaining meaningful samples from close enough quarters to
the erupting vent. Available information is therefore
restricted to volatiles escaping from relatively quiet
basaltic eruptions, but limited knowledge is available
from explosive eruptions, which gave vent to intermediate
or silicic lavas and tephras.

Erupting basaltic liquids have a temperature in the
range from 1050°C to 1200°C, and represent the hottest
natural materials on the surface of the Earth. High
temperature, and generally difficult access make sampling
difficult. 1In addition the infrequent opportunity to
obtain samples have generally resulted in each team of

people preforming this task only once in a lifetime, using



improvised and often primitive equipment. The result
is an incongruous set of data obtained with different
methods of sampling and analysis over a period of the
last 70 years.

A comprehensive review of available data up to 1960
was compiled by White & Waring (1963). Up to that time
the best available data on volatiles associated with
basaltic volcanism had come from Hawaiian volcanoes in
the period from 1912 to 1917 (Jaggar, 19u40). After 1960
a few other basaltic volcanoes have been sampled with
some success (Table 1).

First attempts to correlate the observed analytical
data with compositions predicted on the basis of thermo-
dynamic calculations were made by Ellis (1957), Krauskopf
(1953) and Heald, Naugthon & Barnes (1963). It soon
became evident that many, if not most, of the data were
inconsistent. The types and quantities of components
could in many cases not have been at equilibrium at the
reported temperatures. Two main reasons for this
inconsistency were apparent. First, atmospheric and
humidity contamination and second, reaction of the high
temperature gases with the sampling equipment.

Nordlie (1971) attempted to evaluate the nature and
amount of contamination of volcanic gas samples from
Hawaii. He was able to demonstrate an improved correspon-
dence with predicted equilibrium compositions by
subtracting atmospheric air and meteoric water from the
reported analytical values. Gerlach & Nordlie (1975a,
b, ¢) reviewed existing data on volatiles associated with
basaltic volcanism. By carefully selecting only those
data which appear to be of high quality they were able to
delimit a compositional volume in the C-0-H-S tetrahedron, which
is bounded by a C/S ratio larger than 0.5 and a C/H ratio smaller
than 1 (Fig. 1). A further limitation on compositional variation
of natural high temperature gases is set by commonly observed
oxygen buffers in terrestrial magmas. The extreme limits are

the QFM (quartz-fayalite-magnetite) and the HM (hematite-



-magnetite) buffers. Temperature limits in Gerlach &
Nordlie s (1975a) study were set at 1250 and 800°C.
Although defined on the basis of best available analysis
from basaltic magmas, all analyses of Cl-poor volcanic
and fumarolic gases, regardless of petrographic association,
have atomic compositions that plot within these limits.

The range of possible atomic compositions can be
further constrained. Most igneous rocks are known to
have crystallized at a fugacity of oxygen close to the
QFM buffer, and the majority of gas samples considered to
be good to excellent have a composition falling close to
that buffer at the respective collecting temperatures.
This correspondence between the QFM buffer composition
and collecting temperature indicates that the gas 1is
buffered by the magma and not vice versa.

In spite of the relatively narrow compositional
volume defined by the above constraint the available
volcanic gas analysis may not be representative of the
volatile content of a magma at moderate to high pressure.
Differential degassing, due to solubility differences of
volatile species in the silicate liquid will continuously
alter the atomic proportions of the remaining volatiles
in solution. If degassing occurs along with cooling and
the QFM buffer is maintained, material transfer between
liquid and gas phases depends to a large degree on the
sulphur content of the gas phase, since the buffer surface
in the C-0-H-S volume is considerably inclined towards
the S-corner at low temperature. Degassing of an intrusion
or an ascending mamga with only slight lowering of
temperature at large decrease in pressure results in a
large variation of the relative amounts of the main
species C02, S0, and 1,0 without substantial material
transfer between liquid and gas phases since the QFM buffer
surface in the C-0-H-S volume is nearly parallel to the
SOQ-COQ—H
1975a).

Gerlach & Nordlie (1975a) compared the highest

2O plane at high temperature (Gerlach & Nordlie,

quality gas samples from Etna, Surtsey and Hawaii and



found them to plot within a narrow compositional band in

a C/S to C/H diagram (Fig. 2). The trend can be inter-
preted as a compositional evolution as degassing advances.
If projected back to an "initial gas phase" (to the right
in Fig. 2) the trend indicates that the first gas phase

to form would be rich in sulphur (802) and carbon (COZ)
relative to hydrogene (H20). Gerlach (1979a) looked in
more detail at the Surtsey gases and found a time dependant
evolution, which could be expressed as preferential loss

of CO2

years of continuous volcanic activity.

from the magma reservoir over a period of three

While differential degassing may be a dominant factor
in shaping the compositional trend of gases sampled from a
single volcano, differences between volcanoes may be due
to actual differences in the original volatile contents of
magmas generated from different sources. Compositional
restrictions due to buffering and differential degassing
prevent any definate conclusion to be drawn about regional
variations in the C-0-H-S system, but the limited data
indicate that such variations may exist. In contrast it
can be shown with a higher degree of confidence that
elements such as chlorine, which is not controlled by
mineral buffers, varies significantly between areas. This

will be discussed in connection with geothermal fluids.

GEOTHERMAL FLUIDS

High temperature aqueous fluids occur in most areas
of active or relatively recent volcanism. This close
association of volcanism and geothermal activity led early
students of the phenomena to believe that both the water
and chemicals dissolved in hot spring water and constituents
of fumarolic gases were of magmatic origin (see f.i. Barth,
1950). First doubts about such direct magmatic derivation
of geothermal fluids were expressed by Einarsson (18942),

who held the view that hot s=»ring waters of Iceland were



of meteoric origin and that the dissolved elements were
derived from wall rock leaching. In the early sixties

it became evident from studies on deuterium and oxygen
isotopes that most of the water in geothermal fluids was
of meteoric origin (Craig, 1963). Furthermore, experimen-
tal studies on rock water interaction in the temperature
range up to 300°C showed that most of the dissolved
elements in geothermel fluids were in solution equilibrium
with a mineral assemblage stable at the respective
environmental conditions (Ellis & Mahon, 1964, 1967). At
the same time it became clear that a few important elements
contained in geothermal fluids were not controlled by
mineral buffers. Especially chlorine and boron and some
cations with very large ionic radius would always favour
the aqueous phase relative to any solid. This together
with the assumption that all chemicals of geothermal
fluids were derived from rock/water interaction, led to
calculations of rock volumes necessary to provide some of
these incompatible elements in amounts enough to sustain
present production rates over a geologically estimated
lifetime of a geothermal system. The rock volumes needed
were truly enormous (Ellis, 1966). Drilling into geo-
thermal areas has not given any convincing proof of
thorough leaching of these elements although substantial
decrease has been noted, especially for chlorine. The
elements sulfur and carbon are always heavily enriched in
hydrothermally altered rocks of geothermal areas and
although these elements can be derived from wall rock
leaching at hydrothermal conditions there is little or

no field evidence of a depleted source rock. The theory
that all chemical elements are derived by wall rock
leaching is therefore open to question.

Alternatively elements like chlorine, sulphur and
carbon could be derived from a degassing magma. Even so,
the problem of volume remains if a stagnant magma body
1s assumed. Episodic refilling of a magmatic reservoir
is needed in order to explain the flux of chemicals and

heat in a long lived geothermal system. Such episodic



magmatic activity has now been observed in Iceland
(Bjdrnsson et al., 1979). It is noteworthy that this
particular event has established a direct link between
the magma and the associated geothermal system. Intense
degassing of the magma, as it intrudes to a level at

2-3 km depth in the crust, temporarily exceeds the buffer
capacity of the hydrothermal system. Reaction rates are
not fast enough to cope with occasional pulses of acid
volcanic gases resulting in drastic lowering of pH of the
geothermal water from 9 to 1.8 (Oskarsson, 1978; Gislason
& Arndorsson, 1976).

Table 2 lists examples of high temperature geothermal
waters, demonstrating the observed compositional spectrum.
The analysis selected for this table are all of the sodium
chloride type, representing fluids contained in water
reservoirs above 200°C. Elements controlled by mineral
buffers have a limited concentration range. The most
dramatic differences are among the elements chlorine and
boron, which are not compatible with any mineral of the
wall rock. If the wall rock is assumed to be the source
for the incompatible elements a specific environment or
a specific process have to be assumed. High chlorine can
result from leaching of marine sediments, or the hydro-
thermal fluid can be circulated sea water. This can be
proven in many cases, but frequently such an origin can
only be assumed with different degree of probability.
Another possibility is a low rock/water ratio, where very
large volumes of rock are leached by small amounts of
water. A third possibility is concentration by steam loss
from a stagnant water reservoir. Very high chlorine
concentrations resulting from steam loss do, however,
require high initial amounts of chlorine or large initial
water volumes or both.

All these possible mechanisms of brine formation do
require special conditions which can develop in a number
of geological environments. One would therefore not

expect any pronounced regional pattern to the distribution



of thermal brine versus more dilute geothermal waters
associated with volcanism. There is, however, a pattern,
on a global scale, which may possibly be related to
systematic regional differences in the composition of
magmatic fluids.

The evidence for different chlorine concentrations of
volcanic gases in oceanic and continental volcanism 1is
indicative but tenuous. Very low concentrations of chlorine
are reported in volcanic gases from Hawaii and Iceland, and
the chlorine contents of basaltic roecks from Iceland are
very low (Sigvaldason & Oskarsson, 1976). In contrast
chlorine seems to be present in high concentrations in
volcanic exhalations from continental volcanoes (White &
Waring, 1963).

The chlorine content of geothermal fluids coincides
with this pattern of chlorine distribution in oceanic and
continental volcanic fluids. Geothermal waters in Iceland
are extremely dilute with respect to chlorine, con-
taining few tens to maximally few hundreds ppm Cl. Only
where sea water influx is positively proven does the
chlorine content exceed this low level. Geothermal fluids
associated with submarine ridge volcanism like the Red Sea
brine or the recently discovered East Pacific Rise hydro-
thermal activity (Cyamex, 1979) are examples where sea
water plays a dominant role, but as soon as oceanic ridge
or intraplate volcanism occurs on land then chlorine is
extremely low in the associated geothermal fluid.

In view of the capacity of chlorine to form complexes
with a number of rare metals it is indicative that Iceland
is absolutely barren with regard to any economic deposits
of ore, while ore deposits are found on the oceanic bottom
in a similar, but submerged, volcanotectonic environment
(Cyamex, 1979).



Practically all geothermal areas on continental
boarders, associated with subduction zone volcanism,
produce fluids containing one to three orders of magnitude
higher chlorine than fluids associated with oceanic vol-
canism. One may speculate that chlorine, and other incom-
patible elements in hydrothermal processes are captured
by marine sediments deposited on the oceanic plate and
subducted beneath continental boarders. Remelting of the
subducted slab would result in magmas highly enriched both
in water and other volatiles, which due to the sedimentary
involvement would have an entirely different halogen and
other incompatible element content than magmas of the ocean
ridges (Anderson, 1974; Fyfe, 1977). Due to buffering
the proportion of components in the C-H-0-S system would,

however, be similar in both cases.

VOLCANIC AND GEOTHERMAL FLUIDS IN RELATION TO GEOLOGICAL
SETTING

Volcanic and geothermal fluids are integral parts of
a dynamic system which modern geology attempts to describe
in terms of a plate tectonics theory. The formation of a
new crust at the ocean ridges by transfer of material from
the Earth’s mantle is one of the most important steps in
the dynamic processes described by the theory. 1In fact,
if any geologic process can be called '"primary" then it
would be the crustal accumulation resulting from oceanic
magmatism and volcanism.

In the oceanic environment a few general types of magma
compositions occur. Each type is characteristic of a well
defined volcanotectonic environment, such as a rift zone or
an oceanic island. The oceanic magmas can be grouped into
three mineralogic systems, based on coexisting minerals at
three different invariant points in the basalt tetrahedron

of Yoder & Tilley (1962): olivine tholeiite, tholeiite



and nepheline basanite. All three mineral systems
are controlled by the same main components, olivine,

plagioclase and pyroxene, while orthopyroxene, quartz and
nepheline are the fourth phase respectively in each system.
None of these minerals excert any control on the composi-
tion or amount of volatiles in the system. Another non-
volatile group of elements is incompatible with the
structure of these principal mineral components and there
seems to be a general positive correlation between vola-
tiles and incompatible elements such as potassium (Sigvalda-
son & Oskarsson, 1976).

There is currently a heavy emphasis in petrogenetic
theory on the occurrence pattern of incompatible elements.
They are believed to reflect chemical properties of the
source region of oceanic magmas, the Earth’s mantle. It is
ultimately concluded that the Earth’s mantle is heterogenous
with respect to incompatible elements, and hence volatiles,
both vertically and laterally.

All principal magma types of the oceans occur in
Iceland. An occurrence pattern correlates with tectonic
properties of the crust. Chemical and isotopic evidence,
which elsewhere is thought to indicate mantle heteroge-
neities, is found in Iceland displayed in a regular, repetitive
array. Unless the crust is a fine scale mirror image of
the mantle, one must assume that crustal processes play a
much more important role in controlling the chemical com-
position of oceanic volcanic rocks than implied from
current genetic models.

The details of this pattern are described by Oskars-
son, Sigvaldason & Steinthdrsson (1979) who propose a model
to explain the petrochemistry of oceanic rocks with special
emphazis on Iceland. In its present initial state the model
seems capable of eliminating a number of current paradoxes,
without creating serious new ones. The model is a frame
into which it is possible to incorporate available informa-

tion on natural fluids at high temperature and pressure and
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it allows predictions to be made, which can be tested by

direct observation. A brief description of the model is

given below, but for geological and petrological evidence
the reader is referred to the original paper by Oskarsson
et al. (1979).

THE KINEMATIC MODEL OF OCEANIC PETROGENESIS

Bodvarsson & Walker (1964) presented a model of plate
accretion at a rift zone, which was later quantified by
Pdlmason (1973). In Pdlmason’s treatment the accretion
process is described in terms of two parameters, drift
rate away from the rift and subsidence due to material
accumulation at the surface of the rift zone. The subsi-
dence rate, assuming isostatic equilibrium, is directly
related to volcanic productivity. Fig. 3 is a schematic
presentation of the model. It describes the paths of
material particles deposited at the surface. Depending on
the distance from the rift zone median line, material
particles are carried down and sideways at different
inclination angles. Numeric values of the kinematic para-
meters allow isochrones to be calculated, showing that
material deposited at the margin of the rift zone 1 m.y.
ago is at the surface 10 km away from the rift zone margin
but material deposited at the same time within the rift
zone 1is at a depth of up to 10 km and still within the
rift zone.

We now follow the petrological and chemical development
of material particles described in the model. Extra-
polated thermal gradients within and outside a rift zone
have been estimated by direct measurements in drill holes
and by implication from heat flow data (Pdlmason, 1973).
This allows us to draw a generalized thermal structure.
Fig. 4 summarizes the result. Material travelling towards
higher temperature passes through various stages of meta-

morphic reactions. Hydrothermal alteration in geothermal
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systems of the rift zone results in low grade zeolite
facies assemblages. Further subsidence carries the
material through successive stages of metamorphic reac-
tions establishing greenschist, amphibolite and eventually
granulite facies.

Experimental work on the melting behaviour of hydrated
basalt by Holloway & Burnham (1972) and Helz (1973, 1976)
provides guidelines for some details of the process. Two
isotherms represent jumps in the chemical evolution of
the subsiding rock pile. The first represents the break-
down of mica and alkalifeldspar at about 700°C to form
silicic melts. The second is the amphibole breakdown
temperature at about 900°C. The formation of partial melts
in the subsiding pile results in chemical fractionation
since the melts segregate and move upwards relative to the
residue. The result is a layering of the oceanic crust
where the composition of each layer is predictable.

While within the rift zone the subsiding crust
generates two types of magmas: 1) a magma of the granite
system and 2) a magma of the nepheline basanite system
(alkali olivine basalt).

Since the model prescribes the nature of the starting
material and the composition of partial melts and melt
residues certain predictions can be made concerning the com-
position of the volatile content of the magmas. First,
however, some further properties of the model have to be
described.

Material and energy to drive the model comes from a
deep mantle source. As a first approximation the material
is assumed to be primitive olivine tholeiite, the most
common magma type produced on narrow submarine ridges. No
other types of mantle derived magmas are required. This
magma is injected into the crust and has three possible

evolution paths.

(1) Direct extrusion to the surface after minimal

reaction with the crust.



- 13 -

(2) Residence in and reaction with silica depleted
high grade amphibolite, where the olivine
tholeiite mixes with nepheline basanite melts.
The mixture will evolve by fractional crystalli-
zation towards the olivine tholeiite invariant
as long as the olivine tholeiite is the larger
part of the mixture. Incompatible and volatile
element content will be entirely but predict-
ably different from the primitive olivine

tholeiite.

(3) Residence in and reaction with silica enriched
low grade amphibolite, where the olivine
tholeiite mixes with liquids of the granitic
system. The mixture will evolve by fractional
crystallization towards the quarts tholeiite
invariant.

Incompatible and volatile element contents are
predictably different from melts of case 1 and
2

Any combination of the above evolution paths can occur
in nature.

Still another property of the model becomes evident
when we pass from the simple generalized sketch of Fig. i
to more complicated natural conditions. An oceanic rift
zone 1is usually pictured as a single fissure passing
through the crust. In nature this is somewhat more com-
plicated since there is usually a set of productive
fissures, a fissure swarm, running along the rift 2zone.
Most of the worlds rift system is a series of fissure swarms
arranged end to end with frequent offsets at fracture zones.
Occasionally two or more fissure swarms are arranged
parallel, or in an en echelon pattern resulting in a con-
siderable widening of the rift zone. This occurs at
locations where magmatic productivity is above average,
the socalled hot spots of the oceans. This, however, is
not associated with higher rate of drift. If two or more

fissure swarms are arranged in parallel then interference
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occurs between the kinematic parameters of individual
swarms. Only those fissure swarms which are next to the
margin of the rift zone will contribute to plate accre-
tion. The crustal section between the marginal fissure
swarms will subside due to accumulation of volcanic products
at the surface.

Assuming steady state we can put crustal accretion as
equivalent to net input of mantle derived material into
the rift zone crust. Variable rift zone width at constant
drift rate then represents a rock reservoir of variable
volume. Reservoir volume divided by annual input is the
average residence time of material in the reservoir if
complete mixing occurs. Chemical fractionation due to the
uneven thermal distribution in the reservoir and the effect
of interfering kinematic parameters result in large
deviations from that average. Chemical elements with
affinity for the liquid phase will tend to be captured
within the crest of the thermal anomaly and become gradually
enriched. The actual residence time of these elements may
approach the age of the rift zone. The width of a rift
zone therefore adds a time variable to crustal accretion
processes, with inevitable consequences for the growth of
radiogenic isotopes. The expected result is that the crust
of a wide rift zone would evolve to a higher degree and
fractionate more completely than the crust of a narrow rift
zone. Simultaneously a drastic change in the volatile com-
position and content of the rift zone magmas occurs, which
should also be reflected in stable isotope ratios of oxygen,
sulfur and carbon.

Recycling of material in the rift zone results in
repeated hydration of the same material in the uppermost
crustal layers, and dehydration as the low melting hydrous
minerals break down at depth. One expected result is an
accumulative exchange of oxygen isotopes between meteoric
water and the rocks of the rift zone. Fig. 5 shows the
correspondence between oxygen isotope ratios of Icelandic

basalts and the surficial width of the fissure swarms



where they were produced. It should be noted that all
basalts plotted in this figure are completely fresh, a
good deal of them between 2 and 200 years old.

If the oxygen isotope ratios are plotted against
incompatible elements, such as potassium or other evolutio-
nary indicators, a similar correspondence results. The
weight of evidence therefore favours the interpretation
that the low oxygen isotope ratios in these evolved basalts
result from isotope exchange with meteoric water in a
multistage recycling process. If so, then magmatic gases,
water as well as sulfur and carbon, contained in basaltic
melts are derived to varying degree from the breakdown of
hydrated minerals, sulfides and carbonates, formed
initially in shallow geothermal systems.

I have sofar described processes in the rift zone crust
implied by the kinematic model of petrogenesis. These
processes are strongly influenced by two possibly inter-
related factors, the productivity of the rift zone segment
and the geometrical arrangement of the producing fissure
swarms. The geometry has still further implications, which
influence the chemistry of the volcanic products and allows
further testing of the theory.

Fig. 6 is a map of Iceland showing the pattern of
fissure swarms which constitute the rift zone across the
country. Injection of mantle derived olivine tholeiite
occurs preferentially at one locality on each fissure swarm
and magma is then injected laterally away from that location
into the adjacent fissures (Bj6rnsson et al., 1979). The
point or area where primitive magmas enter the crust has a
surficial expression in socalled volcanic centers. Here
large amounts of magma are stored and evolve. We refer to
such magmatic accumulation as magmatic domains in the crust.

Rifting at the plate boundary is episodic. We see no
reason why rifting should be statistically distributed
among many parallel fissure swarms. On the contrary,
rifting may be confined to one or two fissure swarms within

a broad rift zone for extended periods of time. When that
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happens marginal fissure swarms become an integral part
of the drifting plate. A magmatic domain then drifts
away from the rift zone and is permanently decoupled from
its source of mantle derived magma. Volcanic activity
continues on a gradually diminishing scale and becomes
increasingly alkaline as the crustal generated magmas
become dominant in proportion to the olivine tholeiite
inherited from the rift zone. Such decoupled or remnant
volcanic centers are prominently evident to the east and
west of the Icelandic rift zone and we suggest that
alkaline volcanic islands of the oceans may be generated
in the same way.

Another implication of rift zone geometry can be
deduced from Fig. 6 and Fig. 4. Due to the broadening and
bending of the rift zone across Central Iceland a situation
is created where fissure swarms of one part of the rift
zone extend into a crustal section which was formed
previously by another part of the rift zone. The result
is a transgressive heat anomaly which extends from the
rift zone termination and causes remelting of the older
crust. The isotherms of the anomaly have assumedly a
downward inclination away from the rift zone termination
and volcanic products observed on the surface correspond
to melting of successively deeper layers. Due to the
earlier fractionation and layering of the crust the vol-
canic products of the transgressive zone have a variable
but geometrically arranged compositional pattern.

The kinematic model of petrogenesis therefore defines
three types of oceanic volcanism:

1) Rift zone volcanism,

2) Decoupled or remnant volcanism and

3) Transgressive volcanism.

Implicit in this classification is that only the rift zone
volcanism has any direct communication with the Earth’s

mantle.
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VOLATILES AND THE KINEMATIC MODEL

Several authors have recently questioned the appli-
cability of Rubey s (1951) model of excess volatiles,
mainly because of the recycling processes, which inevit-
ably occur as a consequence of subduction at continental
margins (Fyfe, 1977).

The recycling of material in a broad rift zone is
confined to a geologically monotonous area and is therefore
less complicated than the reworking of material in a sub-
duction zone. A few relevant tests can be made. Input of
volatiles into the rift zone magma systems comes from two
major sources, the Earth s mantle and the atmosphere and
hydrosphere. In Iceland the simplifying situation prevails,
that the input from the hydrosphere is meteoric water, in
contrast to submerged parts of the rift zones where sea
water is involved in the hydrothermal alteration of the
uppermost crustal layers.

The input of material from the Earth’s mantle could
be estimated from knowledge on the volatile content of the
most primitive olivine tholeiite. Studies on the volatile
content of rapidly chilled glass margins of primitive
olivine tholeiite lavas, which extruded under high hydro-
static pressure on the ocean bottom, have shown that the
water content of such magmas must be very low. The solu-
bility of water in basaltic magmas (Hamilton et al., 1964)
is high enough to prevent the formation of a separate gas
phase at the observed water contents and pressure of extru-
sion (Moore, 1965, 1970). The water content of rapidly
chilled glass is in the order of 0.1 to 0.4%. The lower
value may be more realistic, considering that practically
all processes of evolution would tend to increase the
water content of the melt. Delaney et al. (1978) have
argued on the basis of very low water contents of glass
inclusions in phenocrysts from rapidly chilled glasses,
that the water content of primitive olivine tholeiite may

be still lower. In contrast the carbon dioxide contents
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of chilled olivine tholeiite glasses from the deep ocean
are approximately equivalent to what would be expected
from CO2 solubility at the respective hydrostatic pressure
(Delaney et al., 1978). Small vesicles found in these
glasses are probably due to exsolution of CO2 gas (Moore,
1965). Evidence for voluminous release of CO2 from a
shallow (3 km) basaltic magma chamber is found in the
Krafla area in North Iceland, where a drastic increase in
the CO2 content of fumarole gases is associated with
magmatic intrusion from depth (Oskarsson, 1978).

Delaney et al. (1978) found that the average molar
ratio of CO2 to SO2 in chilled glassy boarders of olivine
tholeiite from the sea bottom is about 3. The molar ratio
of CO2 to HZO is in the order of 0.6. This gives a con-
siderably higher ratio of carbon and sulfur to hydrogen
than what is found in most analyses of high temperature
volcanic gases from basaltic eruptions. Gerlach & Nordlie
(1975a) were aware of this difference and concluded that
the main reason was different solubilities, which led to
early depletion of carbon and sulfur during ascent. That
interpretation, however, assumes the same or similar
initial composition of volatiles in basaltic magmas in
general. The chemical composition of lavas from which it
was possible to collect high temperature gases is, however,
widely different although they are all basalts in a general
sense. They range from a tholeiite on the island of Hawaii
to a basalt transitional between a tholeiite and an alkali
basalt from Erta Ale in Ethiopia and an alkali olivine
basalt on Surtsey, Iceland. The kinematic model suggests
that these magmas are either crustal derived or heavily
contamined by crustal material in contrast to a primitive
mantle derived olivine tholeiite.

The analysis of components within the C-0-H-S system
do not provide any constraints on that theory due to
buffering and differential degassing, but the very large
decrease in the C/H ratio from the olivine tholeiite to

the alkali basalt would be the expected result if the alkali
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basalt is derived from remelting of hydrated material,
which had lost CO2 in previous fractionation processes.
Studies on isotopic ratios of the respective elements,
both in volcanic gas samples and residual volatiles in
rocks should be able to provide a conclusive test for such
processes, but this remains to be done.

The behaviour of the halogens, chlorine and fluorine,
in volcanic and geothermal systems can be predicted and
tested with greater confidence than the C-0-l-S group of
elements. In essence the prediction is based on the very
great affinity of fluorine to minerals of the amphibole
group, and the importance of amphiboles in crustal meta-
morphism. In contrast, chlorine is truly incompatible with
any major mineral phase and will always become concentrated
in the liquid phase, be it water or silicate melt.

The Cl1/F ratio in primitive mantle derived olivine
tholeiite is approximately 3 (Sigvaldason & Oskarsson, in
prep.). Any closed system evolution of a primitive melt
by fractional crystallization is unable to alter that ratio.
Evolution by reaction with a crustal envelope containing
amphibole will, however, tend to decrease the ratio in the
magma since residual amphiboles of the crust contain
fluorine in excess of chlorine as a result of the separation
of crustal derived liquids. The reaction between a primi-
tive olivine tholeiite and a fractionating crust within a
rift zone will therefore recycle fluorine in contrast to
chlorine, which is continuously lost to the hydrosphere
at a much faster rate.

The fractionated crust leaving the rift zone is there-
fore enriched in fluorine relative to chlorine and any
liquids derived by melting of that crust should have much
lower C1l/F ratios than the magmas of the rift zone. Un-
fortunately none of the analysis of high temperature
volcanic gases include determination of fluorine, but some
indirect evidence exists.

One of the hazards of volcanic eruptions in Iceland

is fluorosis in grazing animals caused by excessive fluorine
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produced by the volcanoes. A study of records on damage
done by various eruptions through the past centuries
revealed that in some eruptions there is no mentioning of
fluorosis in spite of proximity of the volcano or heavy
ash fall. Mapping of these cases shows that fluorosis
was not reported in connection with eruptions occurring
within the rift zone while fluorine poisoning is severe
when eruptions occur on the transgressive volcanic belt
in South Iceland.

This observation prompted a closer study of halogens
in volcanic products of Iceland. Oskarsson (1979) found
that sublimates deposited from fumes on cooling lavas were
chlorides in the rift zone but fluorides and chlorides in
the transgressive volcanic zone and Sigvaldason & Oskarsson
(in prep.) find a close correlation between the Cl/F ratio
of volcanic rocks in Iceland and their volcanotectonic

position.

CONCLUDING REMARKS

The kinematic model of oceanic petrogenesis is initi-
ally based entirely on geophysical parameters. Chemical
and petrological consequences of the model can be followed,
and the resulting predictions compared to actual observa-
tion. A key conclusion of the model is, that volcanic and
geothermal fluids form a part of the same system and cannot
be treated separately. This will be specially evident,
when it comes to the interpretation of isotopic ratios in
volcanic gases from evolved magmas, where a previous frac-
tionation in a geothermal system has to be considered.

Another implication of the model is, that the oceanic
crust is fractionated in a heterogenous manner, depending
on the length of the rift zone residence time. As the crust

is subducted beneath continental margins, the process of
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remelting and the resulting volcanic products will reflect
the degree of fractionation initially attained during rift
zone residence.

In an extended form the model may therefore also
apply to continental volcanism, where it might provide
guidelines for a better understanding of ore genesis and

deposition.
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FIGURE CAPTIONS
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The C-0-H-S tetrahedron. The planes C/S = .5

and C/H = 1 delimit known compositions of volcanic
gases. Other surfaces shown are defined by mineral
buffers. From above the first surface is the

HM buffer at 1250°C. Just below comes the QFM
buffer surface at 1250°C. The lowest surface is
QFM at 800°C. The range of allowed volcanic gas
compositions is outlined by the two vertical planes
and the HM 1250°C and QFM 800°C buffer surfaces
(from Gerlach & Nordlie, 1975a).

A plot of C/S versus C/H of high quality gas
analysis from basaltic lavas. The bar at the right
indicates the derived composition of Hawaiian gas
after correction for contamination and surface
degassing. Ratios derived from residual gases in
quenched basalts may show the end stage of a
differential degassing process (Gerlach & Nordlie,
1975a).

The kinematic model. The broken arrows represent
paths of particles deposited at different distance
from the rift center. Rate of subsidence (VZ)

is proportional to the rate of productivity (q/Xo)
and approaches zero at a distance Xo’ from the
rift center. Rate of drift (VX) approaches a
constant value at XO. Solid lines are isochrones
(millions of years) calculated for best available
data on drift and productivity for the Icelandic

rift zones (Pdlmason, 1974).

A simplified block diagram through a rift zone.
Solid arrows are paths of mass particles. Alterna-
ting solid and broken lines are isotherms. Mass

particle paths go through temperature maxima at
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different. depths. Where temperature maxima along
the path coincide with isotherms of significant

metamorphic reaction or melting a contact is

established between crustal layers (Oskarsson et al.,

1979).

Oxygen isotope ratios of basalts (Muehlenbachs et
al., 1974; Muehlenbachs & Jakobsson, 1979) plotted
against width of respective fissure swarms (Oskars-
son et al., 1979).

Map of Iceland showing principal volcanotectonic
features. Tholeiitic fissure systems of the rift
zone are indicated by solid lines. Off-rift
alkaline volcanism is shown by horizontal hatching

(from Oskarsson et al., 1979).
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TABLE 1

VOLCANIC GAS ANALYSES (mol.%)

Erta "Ale(1974) Showa™’
Hawaii (mean) Surtsey Shinzan
1.07 .52 0.69
33.27 11.70 9.29 65
6.73 1.59 2.80 25
53.38 77.13 81.13
11.31 7.39 u.12 1.66
0.02 .29 0.25
0.05 .92 0.89 0.1
0.14 .42 0.81 5.39
2.76
1175 1150 1125 750

KatmaiX)

S-16

13
74
13

250

The analysis from Hawaii, Erta Ale and Surtsey have been

corrected for sampling and analytical error (Gerlach,
1975a, b, c).

The analysis from Showa Shinzan and Katmai (White & Waring,

1963) are recalculated to 100% after subtraction of H

N 0

22 72

and Ar.

20>

The run of these components in the original

analysis is 99.3% in Showa Shinzan and 99.24% in Katmai.



TABLE 2

CHEMICAL COMPOSITION OF HIGH TEMPERATURE GEOTHERMAL WATER

1 2 3 y 5
810, 609 480 805 740 400
Ca 2.0 1.5 2.2 280 28000
Mg 0.5 0 0.1 8 54
Na 156 212 1050 5820 50400
K 15 27 210 1570 17500
co, 90 55 128 1653 7100
F 1.9 7.3 15
c1 63 197 1743 10420 155000
S0, 178 61 8 0 5
B 1.1 0.6 48.2 12.4 390
T°C (90.5) 216 260 340 340
pH 9.6 8.3 4.7

Concentration in mg/kg after steam loss due to boiling at
1 atm. pressure. The analysis are selected to show the

observed range in salinity of high temperature geothermal

water.

1. Hveravellir, Iceland (b).

2. Hveragerdi, Iceland (a).

3. Broadlands, drill hole 2, New Zealand (a).
4., Mexicali, Hole 5, Mexico (a).

5. Salton Sea, Hole 1, California (a).

(a) Ellis, 1977

(b) Fyfe, 1978
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