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FIG. 4 The composition profiles (measured by EDS) along a trace on the
cross-section of the resolidified zone in the pulsed-laser-treated samples
with nominal compositions of 35 and 50at.% Al. The decrease in the
average aluminium content of the resolidified zone is an indication of
aluminium loss, possibly due to evaporation. However, the rise of
aluminium concentration near the surface of both samples indicates
solute partitioning by rejection of aluminium into the liquid at the later
stages of regrowth.

laser treatments, the resolidified zones were sliced perpendicular
to the treated surface. The cross-sections of resolidified zones
were initially examined by optical metallography; no dendritic
structure was observed. Energy- dispersive spectrometry (EDS)
along a trace on the sections (Fig. 4) confirms that there is
significant compositional inhomogeneity in both samples as a
result of rapid solidification. The decrease of the average alumi-
nium content of the resolidified zones (especially in the NiAl
sample with 50 at.% Al) indicates the possible loss of aluminium
due to evaporation. Both profiles show a local maximum in the
resolidified region near the substrate. This initial rise in the
aluminium content can be interpreted as follows. The initial
growth velocity in the region near the substrate, where non-
equilibrium effects are negligible, is expected to be relatively
low. Therefore, according to the equilibrium phase diagram
(Fig. 2), the initial solid growing into a nickel-rich (B-rich)
liquid would contain more Al than the liquid. However, as
solidification proceeds, the interface accelerates and the non-
equilibrium effects emerge. The solid grows into a liquid which is
even more enriched in Ni, owing to the evaporation of Al. These
two factors may explain the subsequent drop in the Al concentra-
tion. But the most important result is the rise in the Al content of
the solid near the surface (the right of both composition profiles)
indicating the rejection of Al into the liquid during regrowth; this
could happen only if the partitioning had inverted (as in Fig. 3c).
As shown by the two composition profiles, overall loss of Al does
not affect the (predicted or observed) direction of the partition-
ing. Indirectly, the experiments provide evidence that rapid
solidification can induce chemical disorder even in NiAl, for
which the disordered state cannot readily be retained®. The
disordered state persists only in a transient layer behind the
solid-liquid interface, but has profound effects on partitioning.
These findings emphasise the differences in the solidification
behaviour between ordered and disordered phases due to the
energetic effects of site-ordering. In particular, there is the
unprecedented demonstration that rapid growth may result not
in reduced partitioning—always regarded as an advantage of
rapid solidification processes—but in increased partitioning.
Such an increase in partitioning may lead to the appearance of
second phases and is likely to be a problem in welding and surface
treatments of intermetallic compounds. On the other hand, the
existence of a zero-partitioning point (for example I in Fig. 3) may
be of use in producing chemically uniform intermetallic com-
pounds where significant segregation would normally be expected.
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A detailed kinetic analysis of the solidification of the ordered
phase in this model system, or of y' phase in the NiAl system’,
shows that the inversion of partitioning can, for certain values of
growth velocity and composition, be associated with the liquidus
temperature falling below that of the solidus; in this case there is
‘solutal superheating’ (as opposed to ‘solutal undercooling’ which
makes the interface morphologically unstable'®, and absolute
stability of the solid-liquid interface in a way essentially different
from that due to capillarity effects'’. Again, this is of practical
relevance as planar-front solidification is often desirable in the
directional solidification of intermetallic compounds, but may be
difficult to achieve in these systems with high thermal conductivity.

It follows from modelling and experiment that the reliable
analysis of solidification in systems in which the major constituent
is a compound will be possible only if account is taken of the
chemical-order effects. O
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A WIDESPREAD retreat of alpine glaciers' and melting of tropical
ice-cap margins®” has been observed in recent decades, over
which time a general climate warming at lower altitudes has
been documented®. Moreover, some ice-core records provide
evidence suggesting that mid-tropospheric temperatures in the
tropics have been greater in recent decades than at any time
during the past 2,000-3,000 years’. Here we examine the pro-
cesses controlling mountain glacier retreat by comparing high-
altitude air-temperature measurements for the past few decades,
to the temperatures predicted by a model atmosphere forced by
the observed global pattern of sea surface temperature in a 19-
year simulation’. The comparison strongly indicates that the
observed changes in freezing-level height (the altitude of the
0 °C isotherm) are related to a long-term (over decades) increase
in sea surface temperature in the tropics, and the consequent
enhancement of the tropical hydrological cycle. Although changes
in this cycle are likely to affect high-elevation hydrolegical and
ecological balances worldwide!®!, tropical environments may be
particularly sensitive because the changes in tropical sea surface
temperature and humidity may be largest and most systematic at
low latitudes.

Some recent studies of high-elevation records in Europe
have shown that surface air temperature measured at several
isolated mountain peaks has risen by more than 1 °C during the
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past century. The inferred warming is consistent with oxygen
isotopic changes (6'*O) which indicate warming in the past 100
years, with the greatest change occurring in the past few decades’.
Although such isotopic records are open to various interpreta-
tions, the implied temperature record is largely consistent with
similar records constructed from sea surface temperatures (SST)
and air-temperature records on land®*!. Furthermore, there is
clear evidence! from at least one tropical glacier than extensive
surface melting occurred sometime during the past two decades,
for the first time in several hundred years. Other studies'*® have
documented upward trends in tropical tropospheric temperature
and moisture content in recent decades'".

Here we compare the observed changes in freezing-level
heights, derived from radiosonde measurements in the tropics,
to those obtained using the results of a numerical model simula-
tion of the atmospheric response to observed SST in the period
1970-88. Further comparison of the temperature changes in high-
elevation environments is made by using 40-45 years of surface
temperature records from weather stations situated above 1,000 m
in elevation, and vertical temperature profiles from about 75
radiosonde stations'®" in the tropics (the region from 30°N to
30°S).

The numerical simulations were performed with the ECHAM?2
and ECHAM3 climate models (Max Planck Institute) configured
to give spatial resolution of approximately 5.5° and 2.8° latitude
(T21 and T42 spectral truncations). Nineteen-year climate simu-
lations, with prescribed global observed SST for the period 1970-
88, were conducted with each model’. Two sets of radiosonde data
were used to evaluate the modelling results: a set of 65 radiosonde
stations distributed throughout the tropics from about 30°N to
30° S, with data available for the period 1970-86, and a second set
of 10 stations in South America'’, with a longer record (1958-90)
which were situated mainly in a meridional direction. The air-
temperature observations from the 12:00 oMt daily soundings
(except for Lima in Peru, where only the 00:00 oMT soundings
were available) were used to estimate the geopotential height of
the local freezing surface by simple linear interpolation between
the two levels straddling the 0 °C air-temperature value. The data
contained information at significant level heights, as well as at the
standard pressure levels. The monthly mean height of the 0°C
surface was calculated by averaging the calculated, daily freezing-
level heights.

Figure 1 shows the evolution of the freezing-level surface (FLS)
anomalies (in each instance, the mean over the period of record
for each calendar month was removed) averaged over the tropics
(30°N-30°S) in the T21 and T42 model runs (the heavy solid and
heavy dashed curves, respectively), together with the correspond-
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FIG. 1 Anomaly time series of the average height (in metres)
of the 0°C surface (the FLS) in the tropics (1970-88),
derived from the ECHAM2-T21 and ECHAM2-T42 simula-
tion as described in the text. Also shown is the equivalent
change in freezing-level height from a network of 65 radio-
sonde stations located from 30°N to 30°S for the period
1970-86. Linear trends of 4.7 and 6.5 myr~* for FLS height
in the T21 and T42 simulations are for the period 1970-86.
The values in parentheses (6.7 and 8.5 myr~* for T21 and
T42, respectively) are for 1970-88.
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ing value (thin solid line) obtained by averaging the values from
the data from the 65 radiosonde stations binned into 5° latitude
bands. The temporal increase of the freezing-level height from
1970 to the late 1980s, in the deep tropics (~15°N-15°S),
amounts to about 110 m (calculated from the total linear trend
over the analysis period). A latitude profile comparison of the
simulated annual-mean freezing-level height changes, for the two
models, is given in Fig. 2. For comparison, the equivalent changes
based on the radiosonde data are shown by large filled circles. The
patterns are quite similar, but the magnitude of the changes in the
T42 run is greater, and both simulations may underestimate the
observed changes in FLS in the deep tropics (~10°N-10°S).
There are substantial differences between the model results and
the observations, at latitudes less than about 10° N, which reflect,
at least in part, sampling differences between them. There are also
seasonal differences (not shown) in FLS height which are evident
in the simulation, but the critical feature is the general increase of
FLS height in the tropics during this time. The spatial detail of the
T42 simulation is more realistic and is the one considered below.

Figure 3 illustrates the spatial distribution of annual mean FLS
changes in the T42 model simulation, which indicates that the
pattern of freezing-level height changes in the model strongly
resembles the upper-tropospheric anomaly pattern which occurs
during the course of El Nifo events in the tropical Pacific
Ocean™?'. Some of the greatest simulated warming occurs in
the region of Peru where both the Quelccaya and Huascaran ice
caps™’ are located (see Fig. 3). The question is whether this mid-
tropospheric warming is associated with the recent ~20-yr episode
of generally above average SST in the tropical Pacific*?>**. One of
the studies’ of this episode, a synthesis of observational and model
data, provides evidence indicating that the increases in tropical
SST during this period result in an enhancement of the tropical
hydrological cycle. One manifestation of such an enhancement is a
trend towards larger temperature increases with height in the
tropical troposphere. This is a consequence of a tendency for the
vertical temperature structure to approach more closely a moist,
adiabatic lapse-rate.

A further test of the SST-FLS link is shown in Fig. 4. The
annual mean changes in FLS, for the set of 10 long-term radio-
sonde stations in South America, are depicted here in the form of
box plots which represent the distribution of anomalous FLS
height for each year, among the 10 South American radiosonde
stations. There is a notable jump in FLS heights which occurs
around 1976-77. Because tropical SST changes in the 1970s have
been implicated in a variety of anomalous geophysical events®, we
compare the observed changes in tropical SST, from the late 1950s
to 1990, to the corresponding changes in FLS in South America
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FIG. 2 A comparison of the total linear trends (in metres) of the annual
mean freezing-level heights, in an 18yr global climate model (GCM)
simulation with the T21 (dashed line) and T42 ECHAM2 models, as a
function of latitude, with the corresponding changes in the observations
(solid dots). The linear trend changes for the radiosonde data (1970-86)
were binned into 5° boxes and the median value within each 5° band was
plotted.

(Fig. 4, smooth solid line). To underline the connection between
the changes in the hydrological cycle in the Pacific region and the
SST and FLS height, an index of the precipitation changes in the
tropical Pacific® is also shown (smooth dotted line). The results in
Fig. 4 suggest a fairly tight coupling of the tropical SST (arising
mostly from changes in the tropical Pacific Ocean), rainfall
changes in the Pacific and the freezing-level heights over South
America. The rainfall variations are large and strongly influenced
by the EI Nifio/Southern Oscillation phenomenon®. However, the
relative changes between all the variables are consistent over time.

One further observational test was performed to address the
latitudinal representativeness of the changes found in the radio-
sonde data. We have calculated linear (surface) temperature
trends for a longer period of temperature observations (1951-
94) using all available data from stations situated more than
1,000m above sea level. The station data are part of the US
National Climatic Data Center archives and were binned into
20°~bands from 30° S to 30° N, with a fourth band made up of all
available stations located at latitudes greater than 30°N. The
resulting temperature trends are consistent with the changes in
FLS height derived from the set of radiosonde observations
described above, and the modelling experiments (Fig. 2). That
is, surface air-temperatures in higher elevation (>1,000 m) tropi-
cal regions have risen by a few tenths of a degree Celsius since
about 1950, and there is some indication that the changes are
greater in magnitude than the corresponding changes in the
extratropics, which are only marginally positive during this period.

Our analysis provides evidence for a rise in tropical freezing-
level surface elevation that is closely coupled to increases in
tropical SST during the past few decades. This change is consistent
with the observations of the melting of high-elevation tropical ice
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FIG. 3 A comparison of the spatial distribution of the total
linear trends (in metres) in annual mean freezing-level
heights in an 18-yr GCM simulation with the ECHAM3-T42
model version.

EQ

77 %/’/ 22N
a0
-

(T

60S <.
180 120W 60W 0 60E 120E 180
L0 o e Y B B i L
200 : FIG. 4 Distribution of annual freezing-level height anomalies for 10 radio-

100 -

(Do) 1SS

-100 :
HH -0.25
N I B l N T T T A

Height anomaly (m)
o

-200

-300 Lt -0.50

i
o
o
o
-

1970

Year

154

sonde stations in South America for the period 1958-90. The results are
presented in terms of ‘box and whisker’ plots, which show approximately the
5th, 25th, 50th and 95th percentiles of the FLS height anomaly with respect
to the station means, and values falling outside these limits, indicated by
asterisks or open circles (99th percentile). The stations used were: Bogota,
Colombia; Manaus, Brazil; Lima, Peru; La Paz, Bolivia; Antofagasta, Quin-
tero, Puerto Montt and Punta Arenas, Chile; Salta and Rio Grande,
Argentina. The smoothed solid line represents the low-pass filtered,
median tropical SST anomalies (seasonal values referenced to the
1951-92 period) based on a 5° gridded dataset, and the solid dots
correspond to the time coefficients (arbitrary units, scaled to the SST axis)
of the first principal component of tropical Pacific annual mean rainfall®.
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in the Andes. Although changes in temperature are probably the
dominant mechanism which produces this melting, there is also
evidence, from both observations and models, that the changes in
temperature have been accompanied by increases in moisture
content in the lower tropoposphere'”'®, which is consistent with
the increase of the tropical SST and the resulting enhancement of
the tropical hydrological cycle. These increases in humidity would
also contribute to accelerated melting rates®.

On the basis of very long isotopic records obtained from the
various tropical ice-cap cores (of the order of several centuries to

several thousand years), the warmth recorded in the tropical
oceans in several past decades may perhaps be at an unprece-
dented level since the mid-Holocene period (~3,000-4,000yr
BP)’. Whether this recent increase is natural, anthropogenic, or
both, remains an open question. Recent evidence"", however,
suggests that high-elevation environments may be particularly
sensitive to long-term changes in tropical SST and tropospheric
humidity, which are likely to have an impact on the hydrological
and ecological balances of high-altitude zones throughout the
globe, perhaps to the greatest extent in the tropics. O
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ArtHOoUGH methane of bacterial origin is ubiquitous in marine
and freshwater sediments, economic accumulations of bacterial
gases occur mainly at depths of several kilometres in Tertiary
basins that had high sedimentation rates'”. Here we present an
integration of geochemical and isotopic data from gas and water
extracted from the Upper Devonian Antrim shale, along the
northern margin of the Michigan basin, which demonstrates
that significant volumes of bacterial gas have been generated in
organic-rich shales at depths of less than 600 metres. The Antrim
shale is mainly a self-sourced reservoir, in contrast to conven-
tional gas deposits that have migrated from a source to a
reservoir, and has become one of the most actively exploited gas
reservoirs’® in the United States. The gas-forming processes
operating at shallow depths in the Antrim shale are not
unique’, and an understanding of these processes should lead
to the identification and development of other economic, non-
conventional gas deposits around the world.

The Antrim shale is rich in organic matter (up to 20wt%),
comprised of hydrogen-rich algal material and is thermally imma-
ture (vitrinite reflectance R, = 0.4-0.6) in the area of study’. Our
study area is along the northern margin of the Michigan basin
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FIG. 1 a, Study area at the margin of the Michigan basin in northern
Michigan, USA with the subcrop of the Antrim shale shown in grey. Over
5,000 wells have been completed in the shale for commercial production
of methane. Of these, over 95% were commercially successful. Estimates®
of total Antrim shale reserves for the Michigan basin are in the range (9-
29) x 10** m?3. Gas and co-produced water were collected at the well-head.
Sampling depths ranged from 200m on the northern margin of the
producing zone, to nearly 650 m in the south. Striped areas indicate regions
of new exploration. b, Gradients in 6D values of water (shown on contours)
occur over the producing trend due to freshwater (6D ~ —90%o) influx
mixing with basinal brines (6D ~ —30%o). Well locations are shown as filled
squares. The 6D value of the water was determined using a Finnigan MAT
Delta S ratio mass spectrometer, with a precision of +2%o0. Waters were
reacted with zinc metal to liberate hydrogen gas®. ¢, A plot of
log (C,/(C, + C3)) for produced gas from the Antrim shale, showing a
steep gas compositional gradient (with increasing C,. content) from the
margin towards the centre of the basin. The value for one anomalous well
(shown as an open triangle) is not contoured as contamination is
suspected. Gas samples were obtained from the well-head using
stainless-steel cylinders, and analysed by routine gas chromatographic
techniques.
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