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Abstract

Seismic reflection data and well-log information in combination with computer modelling can be used to
understand quantitatively the kinematic development of extensional sedimentary basins and passive margins.
The starting point of such studies is usually the lithospheric stretching model. In the future, more recent advances
in igneous petrology may provide different constraints and lead to new insight. These advances are based upon
work carried out at mid-ocean ridges but may also be applicable to the continental lithosphere. A fundamental
tenet is that the elemental composition and volume of melt produced during stretching is strongly dependent
upon three parameters: the equilibrium thickness of the lithosphere, the potential temperature of the astheno-
sphere, and the degree of lithospheric stretching. The elemental composition and volume of rift-related igneous
rocks can potentially be used to place important constraints on basin evolution. Here, a brief and incomplete
summary of these recent advances in igneous petrology is given. Three examples where subsidence and
magmatism information can be usefully combined are discussed.

1. Introduction causes subsidence and the replacement of litho-
spheric mantle by less dense asthenosphere
Much of our current understanding of the way  which causes uplift. If the initial crustal thickness
in which extensional sedimentary basins form is greater than 18 km, the net effect will be
relies on the large amounts of well-log informa-  subsidence. During the post-rift phase, the ther-
tion, seismic reflection and wide-angle data, and  mal anomaly caused by upwelled asthenosphere
gravity data that the oil industry has been in- decays exponentially by approximately one-
strumental in collecting over the last twenty  dimensional heat flow. As cooling proceeds, the
years. It is now generally accepted that such density of the upper mantle increases and sub-
basins form by lithospheric stretching (McKen-  sidence occurs. This second phase of subsidence
zie, 1978; Jarvis and McKenzie, 1980). This is exponential in form and is unfaulted.
model divides basin evolution into two main Over the last 14 years, the lithospheric stretch-
periods: the syn-rift or initial subsidence phase ing model has been applied to large numbers of
and the post-rift or thermal subsidence phase (fig.  extensional sedimentary basins and margins
1). During the syn-rift period, the lithosphere  throughout the world (see e.g., Sclater and Chris-
undergoes rapid stretching. Within the lower tie, 1980; Le Pichon and Sibuet, 1981; Royden et
crust and lithospheric mantle, bulk pure shear al., 1983; Barton and Wood, 1984). There is now
(i.e. stretching) is thought to be accommodated general agreement that this model provides a
by plastic creep while the brittle upper crust good description of the kinematic evolution of
deforms by simple shear on approximately planar  these basins. More sophisticated schemes which
faulting. Syn-rift subsidence is a consequence of  include faulting of the brittle upper crust can also
two competing effects: crustal thinning which  be developed (fig. 2). Recent work in the Do-
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Fig. 1. Series of cartoons to illustrate basic concepts underpinning lithospheric stretching model. a) Profile
of Bas a function of distance. b) Lithosphere at instant of stretching showing syn-rift subsidence, crustal thinning,
and upwelling asthenosphere. Note stable geotherm (a) and stretched geotherm (b). Area between two geotherms
controls magnitude of thermal subsidence. ¢) Lithospheric section after thermal anomaly has decayed and thermal
subsidence occurred (shaded). 8 = 50 corresponds to stretching to infinity at mid-oceanic ridge.

lomites of Northern Italy and on other Tethyan
margins shows that the lithospheric stretching
model accounts satisfactorily for the post-Per-
mian history (Wooler et al., in press). Water-
loaded subsidence curves from the Dolomites are

shown in fig. 3 together with fitted theoretical
subsidence curves. We show these data to illus-
trate the quality of subsidence information that is
available from exposed on-shore areas and to
emphasise that this information is often much
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initial block width =15 km

Fig. 2. Synthetic basin calculated assu
every 5 Ma represent sediment la
included.

more detailed than that available from uncom-
pressed basins offshore.

The main purpose of this review is to show
how recent advances in igneous petrology can be
used to enhance our understanding of extensional
sedimentary basins. We also want to emphasise
that combining subsidence and magmatism may
be a fruitful approach. The former records verti-
cal motions at the top of the lithosphere while the
latter records (indirectly) vertical motions at the
base of the lithosphere.

The last 10 years have seen great advances in
the quantitative understanding of how basaltic
magmas are generated in and extracted from their
source regions in the asthenospheric mantle (e.g.,
Ahern and Turcotte, 1979; Foucher et al., 1982;
McKenzie, 1984; Klein and Langmuir, 1987;
McKenzie and Bickle, 1988). There are now two
independent methods by which we can predict
accurately the thickness and the composition of
basaltic melts which form the crust at both nor-
mal and anomalous oceanic spreading centres
(McKenzie and Bickle, 1988; McKenzie and
O’Nions, 1991). At mid-ocean ridges, the litho-
spheric plates separate passively and the asthe-
nosphere upwells adiabatically to fill the space.
The primary control on the volume and compo-
sition of melt produced by adiabatic decom-
pression in these regions is the potential tempera-
ture of the asthenosphere. In continental regions
undergoing extension, the factors governing melt
production are much more numerous (Latin ef al.,
1990). In particular, the volume and composition
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ming rift period of 60 Ma and total time of 150 Ma. Isochrons drawn
yers if sediment supply keeps pace with subsidence. Compaction effects

of melt produced from the asthenosphere may be
obscured by mixing with melts generated from
metasomatised lithosphere. As yet there is no
quantitative framework governing volatile-con-
trolled melt generation in the lithospheric mantle.
At the present time, therefore, our ability to use
observations of magmatism to make quantitative
predictions is somewhat limited. Instead, em-
phasis is placed on making predictions which
explain the magmatism and which are consistent
with independent measurable quantities (such as
stretching factors calculated from subsidence
analyses or estimates of crustal thinning). Des-
pite such complications, the volumes and com-
positions of basaltic magmas erupted in regions
of continental lithospheric extension may be used
to place broad constraints on important par-
ameters such as the temperature of the astheno-
sphere and the thickness of the lithosphere. As
our quantitative understanding of how lithos-
pheric melts are produced and how they interact
with asthenospheric melts increases, the useful-
ness of igneous petrology as a tool for studying
sedimentary will probably grow.

The first part of this paper is a brief summary
of melt generation at mid-ocean ridges. We de-
scribe how models based on parameterisations of
melting experiments (McKenzie and Bickle,
1988; Watson anf McKenzie, 1991) and inver-
sion of rare-earth element (REE) concentrations
in basaltic melts (McKenzie and O’Nions, 1991)
provide accurate predictions of the thickness and
composition of the oceanic crust (McKenzie and
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Fig. 3. Sub

al. (in press) for details). Solid vertical bars, water-load
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Bickle, 1988; Nicholson and Latin, 1992; White
et al., in press). A simple extension of these
models may be used in an attempt to quantify
magmatism in continental rifts. In the second part
of the paper, we very briefly discuss the mag-
matic activity associated with three different con-
tinental rifts: the Mesozoic North Sea basin, the
Mesozoic Porcupine basin (west od Ireland), and
the Cenozoic Kenyan Rift. Discussion of each
basin is simplified and far from complete.

None of the material presented here is new.
Our aims are to communicate some of the recent
advances in linking magmatism and subsidence.,
The interested reader should refer to the cited
references.

2. Quantitative models for melt production

Quantitative models for melt production are
based on the ocean-ridge system. The reasoning
behind this approach is clear: mid-ocean ridges
are by far the most important sites of basaltic melt
generation on Earth today. The global rate of melt
production at ridges is ~21 km3y-! (Fowler,
1990), more than 7 times that produced in con-
tinental and oceanic intraplate settings and about
3 times that produced at destructive margins.
More importantly, the melts which are sampled
at oceanic ridges are thought to be relatively
uncontaminated samples of primary astheno-
spheric melts, despite having undergone some
low-pressure crystal fractionation. In contrast to
other tectonic settings, there is no lithosphere
present at mid- ocean ridges. Elsewhere, the
presence of old lithosphere may complicate the
melt generating process and also contaminate
melts en route to the surface. Therefore, ridges
provide a window through which to view the
melting process in the asthenosphere. An ob-
vious goal of igneous petrologists has been to
understand how these melts are generated and
extracted from their source regions in the asthe-
nosphere. An understanding the physics of this
general process is clearly required before the
relationship between magmatism and plate tec-
tonics in more complex (e.g., continental) re-
gions can be tackled.

It has long been believed that the melt is
generated by adiabatic decompression as the
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asthenosphere upwells passively beneath the
ridge axis (e.g., Green and Ringwood, 1967).
More recently this process has been quantified
(McKenzie and Bickle, 1988).

Furthermore, contrary to earlier ideas, physi-
cal arguments (McKenzie, 1984; Cheadle, 1989)
strongly supported by chemical and isotopic evi-
dence (e.g., disequilibrium in U-series isotopes)
for fractionation of incompatible trace elements
(Gast, 1968; McKenzie, 1985), suggest that ba-
saltic melts must be easily and rapidly extracted
from their source regions even when the melt
fractions are as small as 0.001. The picture which
has emerged is one of dynamic melting in which
melt fractions with different chemical composi-
tions, produced at different depths within the
upwelling asthenosphere will be continually ex-
tracted and mixed together as they rise to the
ridge axis (e.g., Klein and Langmuir, 1987; Elliot
etal., 1991; Nicholson and Latin, 1992). At any
instant, the amount of melt present within the
solid will be small while the amount of melt
already lost from the solid will depend upon its
pressure and will control the chemical composi-
tion of the instantaneous melt fraction. The
chemical composition of the melt which erupts to
form mid-ocean ridge basalt (MORB) therefore
represents some average of the melt fractions
produced at different levels beneath the ridge.
The total thickness of the melt produced (the
oceanic crust) is simply the integral of melt frac-
tions produced at all levels in the upwelling as-
thenosphere (i.e., a weighted average).

If we can describe the way in which the asthe-
nosphere melts as it ascends and what the com-
positions of the different melt fractions will be,
then it should be possible to calculate the average
composition and the total thickness of the melt
produced and compare the predictions with ob-
servations.

We will now describe two different and
independent techniques (see original papers
by McKenzie and Bickle, 1988 and McKenzie
and O’Nions, 1991 for full descriptions), one
based on melting experiments and the other on
inversion of observed rare-earth element (REE)
concentrations in the melt, which have been
used to accurately predict the average composi-
tion of MORB and the thickness of the oceanic
crust.
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2.1. Parameterisations of melting experiments

One method used to describe how the asthe-
nosphere melts during adiabatic decompression
is empirical and relies on the large body of data
now available from equilibrium (i.e. batch) melt-
ing experiments on anhydrous lherzolite at dif-
ferent temperatures and pressures (McKenzie
and Bickle, 1988). At a given temperature (T),
experiments provide information about the press-
ure (P) at which melting starts (the solidus P), the
P at which melting is complete (the liquidus P),
the variation of melt fraction (X) with P, and the
variation of melt composition with X. By parame-
terising the available experimental data McKen-
zie and Bickle (1988) were able to construct
curves in P-T space which define the solidus, the
liquidus, and the variation in X between solidus
and liquidus (see fig.4). It should be noted that
similar (but analytical rather than empirical) ex-
pressions for the solidus and the variation of X
with P and T have been derived by other authors
(e.g., Ahern and Turcotte, 1979) and have been
used extensively in the literature (e.g., Foucher et
al., 1982; Furlong and Fountain, 1986). How-
ever, since none of these authors used the com-
positional data provided by the experiments none
were able to predict melt compositions.

The parameterisations can then be used to
calculate T-P paths above the solidus followed as
asthenosphere of a given potential temperature
(T, = the T on the solid adiabat extrapolated to
surface P) decompresses adiabatically. The T
gradient above the solidus depends on the latent
heat lost during melting and is a function of the
entropy change (85 ~ 400 J kg-1°C-!). For a
given T), the total amount of melt generated on
upwelling to the surface is calculated by integrat-
ing the melt fractions produced along the relevant
curve. Athigh T,’s (e.g., 1500 °C), melting starts
deeper (fig. 4c)) and the thickness of melt pro-
duced will be larger than for lower values of 7,
(e.g., 1300 °C; fig. 4b)). The average composi-
tion of the melt is found by taking a weighted
average of the compositions of all the melt frac-
tions produced at different depths along the path.
The thickness (~7 km) and average composition
of the crust at «normal» mid-ocean ridges (those
at ~2 km water depth) compare well with those
calculated for adiabatic upwelling of astheno-

sphere with T, = 1300 °C. The composition and
thickness of the crust in anomalous ridge seg-
ments such as Iceland have been shown to be
consistent with predictions made for a T, of
~1500 °C (Nicholson and Latin, 1992; White et
al., in press) presumably because here the ridge
coincides with a hot upwelling plume in the
asthenosphere. The 7, of the asthenosphere
would, therefore, appear to be the main control
on melt production at mid-ocean ridges. These
calculations are entirely in agreement with and
help to quantify global correlations observed be-
tween ridge-axis depth and basalt compesition
(Klein and Langmuir, 1987).

Since the parameterisations can be used to
calculate the T-P-X path taken by upwelling as-
thenosphere, then they should also be able to
predict the volume and composition of melts
produced from the asthenosphere during exten-
sion of the lithosphere. However, the T}, is now
no longer the only parameter of importance. It is
also necessary to know the position of the geo-
therm prior to extension (i.e. the initial thickness
of the mechanical boundary layer) and the
stretching factor (3 = initial thickness/stretched
thickness). Figure 4b) shows the results of instan-
taneously stretching, by different values of 3, a
steady-state geotherm for a mechanical boundary
layer (MBL) initially 100 km thick overlying
asthenosphere of normal T}, (i.e. 1300 °C). Note:
1) melting first takes place in the thermal bound-
ary layer (TBL) at the base of the lithosphere; 2)
no melting is predicted until the MBL has been
thinned to ~50 km (i.e. B ~2.5); 3) an initially
colder (i.e. thicker) MBL would require a greater
stretching perturbation in order to intersect the
solidus; 4) a hotter asthenosphere would require
a smaller stretching perturbation for solidus in-
tersection (fig. 4c)); 5) conductive cooling during
thinning of finite duration has been shown to
reduce the volumes of melt predicted by the
instantaneous model for a given value of .

In a rifted region where B, the equilibrium
MBL thickness, the rift-duration, and where the
thickness and composition of rift-related basalts
are all known, the model predictions can be tested
(Latin et al., 1990). This test has been performed
in the North Sea and is briefly discussed below.
It is, however, important to note at this point that
the parameterisations can only be used to predict
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Fig. 4. a) Cartoon illustrating lithosphere geometry produced by B =2.PS = pure shear. Grey = crust; dot
pattern = upwelled asthenosphere. b) Adiabatic upwelling due to stretching of convective geotherm by different
values of 83, as labelled (redrawn from McKenzie and Bickle, 1988). Mechanical boundary layer thickness = 100
km; kinematic viscosity =4 X 10'> m?s~'; interior potential temperature = 1280 °C. Curves between solidus and
liquidus show melt fraction by weight. c) As for b) with interior potential temperature 1480 °C.

129



Dave Latin and Nicky White

the volume and composition of melt produced
from the asthenosphere (i.e. melt from anhydrous
lherzolinte). Testing is made difficult if some or
all of the magmatism observed results from melt-
ing of volatile-enriched portions of the MBL.
Although the MBL remains separate from the
convective interior, regions close to its base may
trap small melt fractions (which have a low ca-
pacity to carry heat, in other words a low Peclet
number) liberated by some mechanism from the
asthenosphere. Whatever this mechanism, very
small melt fractions will be likely to contain high
concentrations of incompatible trace elements
and volatile components (McKenzie, 1989).
There is now abundant evidence, both from the
isotopic and chemical composition and min-
eralogy of erupted magmas and the xenoliths they
entrain, for such metasomatised regions within
the oceanic and continental MBL (cf. Menzies
and Hawkesworth, 1987). Model predictions
must therefore be tested with care and any melt
liberated from the lithosphere must somehow be
distinguished from asthenospheric melts.

2.2. Inversion of REE concentrations

An alternative approach to quantifying the
melting process in the asthenosphere beneath
mid-ocean ridges relies on inversion of REE
concentrations in the erupted basalts. The inver-
sion technique is used to obtain the variation of
X (melt fraction) with D (depth) in the melting
region beneath the ridge axis. When the variation
of X with D is known it can be used to calculate
the melt thickness but, as is discussed below, it
does not provide a direct estimate of the T,. The
inversion scheme relies on aknowledge of: 1) the
REE concentrations in the erupted melt, 2) the
REE concentrations in the source mantle, 3) how
the types and proportions of mineral phases in the
mantle vary as a function of P and hence D, and
4) the partition coefficients which govern the
distribution of the various REE between melt and
solid phases. The parameters used to obtain the
results presented in fig. 5, and throughout the rest
of this paper are identical to those used by
McKenzie and O’Nions (1991).

The inversion proceeds via a series of forward
models. A Rayleigh melting model is assumed

(i.e. the melt is extracted from the solid residue
as soon as it is formed) and is used to calculate
the REE concentrations of model melts produced
by different variations of X with D. X is forced to
increase monotonically with decreasing D. A
«best-fit» model for the variation of X with D is
found by minimising the difference between cal-
culated and observed REE concentrations. These
calculations are particularly sensitive to the sta-
bility ranges of gamet, spinel and plagioclase
within the host peridotite, which themselves vary
with P according to the T of the mantle. Thus the
transition over which garnet is converted to spi-
nel occurs at approximately 80 to 60 km if the
mantle has a T}, close to 1300 °C but is between
100 and 80 km when the T}, is some 200 °C
higher. As a result, the technique cannot provide
an accurate estimate of T, and it is necessary to
have some additional knowledge to constrain the
T, and therefore the depth of the garnet-spinel
transition. For «normal» mid-ocean ridges (i.e.
where the water depth is =2 km) a depth of
(80-+60) km is used for the transition, whereas in
anomalous areas (e.g., Iceland) a depth of
(100+80) km is assumed.

The technique has now been successfully ap-
plied to «normal» and to anomalous ridge seg-
ments (McKenzie and O’Nions, 1991; Nicholson
and Latin, 1992; White et al., in press). Figure 5
shows the results obtained on inverting tholeiitic
basalts from Krafla, Iceland (Nicholson and
Latin, 1992). The average REE concentrations
together with the variance of the data are shown
in fig. 5a) (open circles and error bars) where they
have been normalised to estimated depleted
upper-mantle REE concentrations (Ratio). The
maximum value of X (after correction for fractio-
nal crystallisation) is significantly larger (~0.3)
and melting persists to greater depths (~140 km)
than is the case for normal ridge segments. The
best-fitting model was obtained by assuming a
source region containing the REE concentrations
estimated for primitive mantle (McKenzie and
O’Nions, 1991). The predicted melt thickness
(~22 km) compares well with the estimate of
oceanic crustal thickness (~20 km) determined
by modelling synthetic seismograms (White et
al., in press). Again the average major-element
composition, calculated by applying the parame-
terisations to the X- D relationship obtained from
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Fig. 5. a) Element concentration ratio for olivine tholeiites from Krafla with respect to primitive mantle.
Heavy line shows values calculated from melt distribution obtained by inversion. Fine continuous and dashed
lines show concentration ratios calculated from estimated upper and lower bounds respectively to melt fraction.
b) Distribution of melt fraction by weight (X) with depth (D) from inversion, and after correction for fractional
crystallisation (short dashes). Estimated upper and lower bounds are shown as fine continuous and dashed lines,
respectively. Stability ranges assumed for plagioclase, spinel, and garnet are indicated. Total melt thickness
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the inversion, compares well with the observed
average. In this example, the variation of X with
D is very similar to that calculated from the
experiments assuming a 7, of 1500°C (fig. 4c),
B = 50). The reason why there should be such
good agreement between the two different
methods in this case is not yet clear. All of the
observations are consistent with melt generation
above a plume some 200°C hotter than, and
chemically distinct from, normal asthenosphere
which is depleted relative to primitive mantle.

The inversion method appears to accurately
predict the thickness and composition of melts
produced from the asthenosphere at both normal
and anomalous ridge axes. The results are gener-
ally similar to those obtained from parameterisa-
tions of melting experiments.

There are two ways in which the inversion
scheme can be applied to basaltic melts generated
in rifted continental regions. First, they, like their
oceanic counterparts, can be simply inverted to
obtain a best-fitting variation of X with D. This
approach is not entirely satisfactory since it is not
possible to tell how much the X-D distribution so
obtained has been affected by contamination of
asthenosphere-derived melts during their pas-
sage through the MBL. Nevertheless, in some
cases it is the only option (see discussion of
Kenya below). The second approach uses the
X-D relationships obtained from normal and
anomalous MORB (fig. 5) together with a knowl-
edge of B and initial MBL thickness, to calculate
the composition and thickness of melt which
might be expected from the asthenosphere (Latin
and Waters, 1991). In this case, differences be-
tween observed and calculated melt composi-
tions might be attributed to contamination of
asthenospheric melts during their passage
through the MBL. Ideally the difference should
be explained by addition of a melt which has a
composition similar to basalts observed in re-
gions of the rift where B8 is much too small to
promote asthenospheric melting and which,
therefore, must have been derived from the MBL.

3. The Porcupine basin

The first example is of a sedimentary basin
which is thought to have formed over normal

temperature asthenosphere. The Porcupine Sea-
bight Basin is a north-south—trending extensional
sedimentary basin situated on the continental
shelf west of Ireland. It is filled with sediments
which range in age from Carboniferous to present
day in age. The Mesozoic evolution of this basin
is of interest because subsidence analyses throug-
hout the basin indicate that stretching factors
increase rapidly down the axis of the basin (8 =
1.2 at the northern end, reaching 8 > 6 in the
Seabight itself; fig.6; White et al., 1992). For
normal temperature asthenosphere, one would
therefore expect to see evidence for syn-rift vol-
canism once 3 is greater than about 2.5. Gravity
and magnetic data combined with seismic reflec-
tion profiling indicates that there is a median
volcanic ridge within the basin which is probably
Early Cretaceous in age. The existence, location,
and inferred age of the Porcupine Median Vol-
canic Ridge are all consistent with the sub-
sidence-derived stretching factors (fig. 6).

A rapid but short wavelength increase in sub-
sidence (~200 m of water-loaded subsidence)
occurs during the Palaeogene, coeval with minor
magmatism. It is likely that both of these obser-
vations are related in some way to the initiation
of the Iceland hotspot.

4. The North Sea basin

In the North Sea, the amount of lithospheric
thinning can be calculated from estimates of crus-
tal thinning, from displacements across normal
faults and by subsidence analysis. Although there
is debate over the precise amount and duration of
stretching, most workers agree that the Viking,
Central and Moray Firth Graben stretched by a
maximum of about 1.5 at the end of the Jurassic.
The most significant melting in the North Sea is
of Late Jurassic age and is located at the junction
between the three graben (the Forties Volcanic
Province; fig. 7). Provisional estimates of stretch-
ing based on one-dimensional subsidence ana-
lyses suggest that this region stretched by a factor
of 2 (i.e. a greater amount than each individual
graben). This result agrees with the simple geo-
metric argument that the amount of stretching at
the junction between three graben, which each
stretches by a factor B3, is 82
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Fig. 6. Contour map showing variation in stretching factor, 3, throughout Porcupine basin, west of Ireland.

Basin-bounding normal faults indicated in thick solid line with ticks on down-thrown side. Porcupine Media
Volcanic Ridge (PMVR) is shaded; solid circles indicate location of wells.
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Fig. 7. Very simplified structural map of Central North Sea. Thin solid lines = outline of 3 graben; thick
numbered lines = contoured stretching factors; open circles = wells which reached Triassic sediments without
encountering igneous rocks; solid circles = wells in which Jurassic igneous rocks were cored.

The volume and composition of syn-rift vol- ~ 1990). Results suggest that the volume and the
canism have been analysed in order to see if the  chemical composition (including isotopes) of the
observations can be explained by uniform observed igneous rocks are consistent with
stretching over normal temperature astheno-  stretching factors of 2.0, provided that the asthe-
sphere (Latin and Waters, 1991; Latin er al., nosphere started melting at a depth of 80 km.
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Fig. 8. Distribution of Miocene to recent extrusive volcanic rocks along and within Gregory Rift (adapted
from Kampunzu and Mohr, 1991) is shown by shading. Approximate locations of samples used in present study

and discussed in text are given. Miocene basalts represented by diamonds; Pliocene by inverted triangles;
Quaternary by circles; and flank basalts by squares.
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Miocene Central Rift (primitive mantle)
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Fig. 9. Upper diagram shows element concentration ratio for Miocene basalts from within East Africa Rift
zone with respect to primitive mantle (see McKenzie and O’Nions, 1991 for values). Solid line shows values
calculated from melt distribution obtained by inversion. Error bars show variation within observed average
composition whose mean value is given by solid dot. Also given is weighted mean square estimate of misfit.
Lower diagram shows distribution of melt fraction by weight (X) with depth (D) from inversion (solid line). Same
distribution also shown at 10 times magnification (dashed line). Predicted melt thickness given both before and
after correction is made for olivine fractionation. Stability ranges for spinel and garnet peridotite are indicated.
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Latin and Waters (1991) argued that such a dis-
tribution of melting with depth was consistent
with lithospheric stretching over normal tem-
perature asthenosphere. They also implied that
the normal T, is about 50 °C hotter than the value
used by McKenzie and Bickle (1988). It is now
clear that Latin and Waters’ argument is incorrect
(see White ez al., in press). Hence the magmatism
in the North Sea may be best explained by having
a small temperature anomaly in the astheno-
sphere. Subsidence analyses from the triple junc-
tion area support this notion since they show
evidence for condensed syn-rift subsidence
(White and Latin, submitted).

5. The Kenyan Rift system

The volume and composition of volcanic
rocks associated with the Gregory Rift in East
Africacan be interpreted in the light of inversions
carried out using the rare-earth element concen-
trations of the most magnesian basalts (fig. 8;
Latin et al., submitted). When the estimated vol-
ume of silicic rock (~ 70 000 km?3) is converted
into basalt (~ 650 000 km3) the total volume of
basaltic melt generated over the last 30 Ma is at
least 800 000 km3, corresponding to a melt pro-
duction rate of ~ 0.03 km3 y-! and an average
melt thickness of between 6 and 23 km every-
where beneath the rift. The mean compositions
of the basaltic magmas erupted within the rift and
on the rift flanks during the Miocene, Pliocene,
and Quaternary are taken to be representative of
the average compositions of melts produced by
fractional melting in the asthenospheric mantle.
When the rare-earth element concentrations of
the observed average compositions are inverted,
they suggest that much of the melt was produced
in the depth and temperature range of the transi-
tion from garnet to spinel peridotite (fig. 9).

Both the volumes and compositions of these
magmas are difficult to explain without requiring
the presence of a convective plume and associ-
ated elevated temperatures in the asthenosphere.
The very large volume of melt in Kenya appears
to require continuous «convective» (rather than
passive) upwelling of the asthenosphere, similar
to that which must occur beneath ocean islands
like Hawaii (Watson and McKenzie, 1991; Latin

et al., submitted). The melt production rate and
melt compositions in Kenya suggest a present-
day lithospheric thickness of (80-+90) km which
is broadly consistent with minimum stretching
factors obtained from crustal thickness estimates
and with seismic tomography.

6. Conclusions

In this brief review, some of the recent ad-
vances in igneous petrology are outlined. It is
argued that the volumes and compositions of
syn-rift melts can be combined with subsidence
and crustal thinning data in order to yield more
information about the process of lithospheric
stretching in the continents.
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