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uptake. Figure 3, showing CH, concentration against depth at
Jackass Flats, indicates downward diffusion with net consump-
tion of atmospheric CH, to a depth of ~2m, coupled with
upward diffusion without net consumption of a subsurface
source of CH, to 2 m, where that CH, is also consumed. A
similar 2-m-thick zone of atmospheric CH, consumption was
predicted by numerical modelling of a grassland site in Illinois®*,
but the thickness of such zones has not previously been verified
by in situ measurement. This indicates that as long as a down-
ward transport pathway is available, unfavourable conditions
for methane consumption near the soil surface may allow atmos-
pheric CH, to diffuse to some greater depth, where consumption
can proceed under more favourable conditions. It also partly
explains the inconsistent success of attempts to relate CH,
uptake rate to soil moisture and/or temperature at a fixed depth
near the surface. Precise measurements of subsurface change in
CH, concentration and isotopic composition occurring in
response to change in temperature, moisture, nutrient and phys-
ical conditions of soil are needed for better characterization of
the gross CH, budget of all soil systems.

Our measurements indicate that desert soils are significant
contributors to the global CH, soil sink term. They also suggest
that the magnitude of CH, consumption by desert soils could
increase substantially if there is a net increase in arid region
soil moisture. Current general circulation models are, however,
not capable of predicting with certainty any such regional

increases (or decreases) in soil moisture in response to the
various global climate change scenarios®. O
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PROJECTIONS of the ecological effects of global climate change
often include increased frequency and/or intensity of forest fires
in regions of warmer and drier climate'>. In addition to disturbing
biological systems, widespread intense fires may influence the
evolution of the physical landscape through greatly enhanced
sediment transport®. Debris-flow to flood-streamflow sedimenta-
tion events following the 1988 fires in the Yellowstone National
Park area (Wyoming and Montana, USA) have allowed us to
examine the geomorphological response to fire in a mountain
environment. Abundant analogous deposits in older alluvial fan
sequences bear witness to past fire-related sedimentation events in
northeastern Yellowstone, and radiocarbon dating of these events
yields a detailed chronology of fire-related sedimentation for the
past 3,500 years. We find that alluvial fans aggrade during periods
of frequent fire-related sedimentation events, and we interpret these
periods as subject to drought or high climatic variability. During
wetter periods, sediment is removed from alluvial fan storage and
transported down axial streams, resulting in floodplain aggrada-
tion. The dominant alluvial activity is strongly modulated by
climate, with fire acting as a drought-actuated catalyst for sediment
transport.

Fire regimes in the high-elevation conifer forests of the
Yellowstone region are characterized by large, infrequent, stand-
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replacing events, as exemplified by the fires of 1988 (ref. 5). We
have studied the effects of such fires on the northeastern Yellow-
stone landscape (Fig. 1a), an area of steep-walled glacial trough
valleys cut in highly erodible Eocene volcaniclastic rocks. Small
tributary basins, many with ephemeral streams, feed postglacial
(paraglacial®) alluvial fans along the base of main valley side-
slopes. In burned basins, loss of vegetative cover and addition
of combustion residues to soil surfaces result in large increases
in storm runoff as overland flow*’. Beginning in summer 1989,
charcoal-rich debris flows have been generated by brief, intense
convective-storm precipitation in small, steep, intensely burned
basins with little postfire regrowth. Fine sediment, ash and
charcoal entrained by sheetwash and rilling of burned soil
surfaces combine with coarser sediment derived from channel
incision to produce the high sediment concentration of these
flows. Larger basins tend to produce more-dilute newtonian-
flood streamflows, and hyperconcentrated flows (transitional
from streamflow to debris flow)*?. Runoff from a single storm
commonly progresses towards more dilute flow but may also be
dominated by a single process. Since 1989, events have been
less frequent, mostly because of revegetation, and more dilute,
probably because of processes that decrease fine sediment
availability even on unvegetated slopes'®. Instability persists,
however, because deep incision accelerates ravelling and slump-
ing into channels of event basins.

We examined deposits produced by a range of post-1988
fire-related sedimentation processes to develop models for iden-
tification of similar deposits within alluvial fan sequences in
northeastern Yellowstone. In debris flows, large clasts settled
and were emplaced in bouldery lobes where flows became
unconfined below the alluvial fan apex. Fines-dominated run-
out slurries continued downfan, depositing thin, widespread
lobes of very poorly sorted muddy sand with abundant charcoal
and organic material (Fig. 1b). Similar charcoal-rich debris-flow
deposits are common in northeastern Yellowstone fan sequen-
ces, and provide diagnostic records of fire-related sedimentation
which can be radiocarbon-dated.

Charcoal remains suspended in more-dilute lows and is there-
fore rare within fire-related hyperconcentrated-flow and stream-
flow fan deposits. Many alluvial fan stratigraphic sections in
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FIG. 1 a Map of the northeastern Yeliowstone area, showing the Soda Butte
and Slough Creek drainages, where dating of Holocene fire-related and other
alluvial deposits was done. Because of intense burns covering entire low-
order basins, the steeper areas of Yellowstone have generated a number
of large fire-related sediment transport events from 1989 to 1991 (refs
28, 29). One example is the ‘12 km' event (centre) of July 1989, dominated
by debris flow; deposits of this event are shown in b. Fines- and charcoal-rich
run-out facies cover ~40% of the alluvial fan, which is roughly outlined by
the deposits. These facies are also prevalent in Late Holocene stratigraphic
sections of alluvial fans.

Yellowstone, however, contain thin, burned-in-place soil surface
layers. Preservation of these charcoal-rich layers without bio-
turbation requires rapid burial; post-1988 fire-related sediments
have buried an intact 1988 burned surface in several localities.
Using this analogue, we interpret hyperconcentrated-flow and
streamflow facies units directly overlying well preserved burned-
in-place layers as probable fire-related deposits (less confidently
interpreted as fire-related than are charcoal-rich debris-flow
deposits). Data from 25 stratigraphic sections in northeastern
Yellowstone show that fire-related debris-flow and probable
fire-related sediments make up ~30% of the volume of late
Holocene alluvial fan materials. A substantial part of the remain-
ing volume is likely to be reworked or nondiagnostic fire-related
sediment. Fire has been an important factor in sediment trans-
port from slopes and low-order channels into storage on alluvial
fans.

We identified and radiocarbon-dated 18 fire-related debris-
flow events and 17 probable fire-related sedimentation events
spanning the past 3,500 years in the Soda Butte and Slough
Creek drainages of northeastern Yellowstone (Figs 1 and 2).
Data on earlier Holocene events (not shown) are relatively
sparse because of limited exposure. Tree-ring calibrated'' ages
are plotted in the histogram in Fig. 2; where multiple calibrated

FIG. 2 Summary of fire-related sedimentation and other aliuvial activity in
the Soda Butte and Slough Creek drainages for the past 3500 years.
Histogram and probability density curves show the distribution of calibrated
14C dates™ (in calendar years) on 35 independent events interpreted as
either fire-related debris flows or probabie fire-related sedimentation events
(see text). Solid circles and error bars above the left end of the curve depict
calibrated age(s) and 1o calibrated age ranges for five dated charcoal
fragments from a single fire-related debris-flow unit; only the youngest date
is included in the curve. Top of diagram shows time of activity on the T2,
T3 and T4 axial stream terraces, including floodplain aggradation (patterned
bars) and downcutting between levels (sloping lines), as constrained by
associated calibrated **C dates (solid circles and error bars). Symbols are
dashed where activity is uncertain. Date with arrow on error bar (<) denotes
a minimum limiting age for T3 floodplain aggradation, and date directly above
represents a local time of downcutting to T4 level.
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ages are possible for one radiocarbon date, the date is plotted
in the interval containing the greatest area underneath the cali-
brated probability density distribution (CPDD) for that date.
The normal distribution defined by the '*C date and its analytical
standard deviation is transformed to a CPDD through the
calibration curve in the computer program CALIB''. Probability
density curves in Fig. 2 are constructed by summing individual
CPDDs for the same 35 dates shown in the histogram, where
each date contributes an equal portion of the area under the
curve. The highest frequency of variation in the curve largely
represents multiple possible calibrated ages for single events
(compare histogram and curve). The curve is truncated at AD
1872 because historical records and stratigraphic relations con-
strain the youngest fire-related event to before that date. The
peak near AD 1700 probably represents the last widespread
fires in Yellowstone, as recognized in ~350-yr dendrochrono-
logical>'? and lake sediment'’ fire histories.

Although most dated samples from fire-related sediments were
aggregates of charcoal fragments, we obtained five dates on
individual charcoal fragments from one debris-flow unit (Fig.
2). Distributions for four of these dates strongly overlap, imply-
ing that aggregate sample dates primarily reflect one age of
charcoal: that from the associated fire.
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Fire-related alluvial fan sedimentation events show strong
clustering within the intervals of 800 BC-AD 350 and AD 650-
1250, and sediment accumulation rates indicate concurrent rapid
aggradation of the northeastern Yellowstone fans. Records of
non-arboreal pollen'* and the relative abundance of xeric- and
mesic-adapted small mammals'® in northern Yellowstone indi-
cate that effectively drier summer conditions prevailed over these
intervals. Maxima of fire-related debris-flow activity occur
around 350-100BC and AD 1000-1200 (Fig. 2); the latter
maximum occurs within the widely recognized Mediaeval Warm
Period (~AD900-1300'® with optimum at ~AD 1090-
1230718 It thus seems that fire-related sedimentation is most
active during centennial-scale drought-dominated periods
(Fig. 3b).

Our analyses of historical records (1895-1989) of climate and
fires in Yellowstone show that 36% of the temporal variance in
annual burn area is explained by drought-related surface climate
variables for the concurrent summer and preceding winter'.
Because large fires may occur with short, severe drought (1-2 yr),
and subsequent intense precipitation is also required to mobilize
sediment, an alternative (but not exclusive) hypothesis is that
fire-related sedimentation is generated by high short-term cli-
mate variability. The relatively low precision of '*C ages makes
this possibility difficult to evaluate. Coincidentaily, evidence
for high decadal to interannual variability combined with
anomalous warmth is seen in tree-ring series from the western
United States’>?' and Fennoscandia®” around AD 1160, corre-
sponding roughly with a major peak in fire-related debris-flow
activity in northeastern Yellowstone (Fig. 2).

FIG. 3 Sketches of idealized Holocene alluvial activity modelled after Soda
Butte Creek, with arrows denoting dominant modes of sediment transport;
exaggerated for clarity. a Activity during wetter periods, characterized by
high snowmelt runoff (s), erosion of alluvial fans (ef) by fan channel incision
and fan toe undercutting, and floodplain (fp) widening and aggradation along
the lower axial stream, where sideslope sediment input is low. An older
terrace (ot) remains from a previous period of floodplain aggradation. b,
Activity during drier periods, with recently burned siopes supplying abundant
sediment for debris-fiow transport to aggrading alluvial fans (af). The axial
stream is incising within a narrow active floodplain (fp), leaving the former
wet-phase floodplain of a as a terrace (t).
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We obtained calibrated '*C dates on Soda Butte and Slough
Creek axial stream sediments, from a variety of stratigraphic
settings and sample types (Fig. 2). Although the late Holocene
trend in lower Soda Butte Creek has been one of downcutting,
this trend has been interrupted by periods of floodplain widening
and aggradation which are recorded in terrace deposits. Each
of these periods corresponds to a minimum of fire-related fan
sedimentation. Floodplain deposits of the T3 and T4 terraces
began aggrading shortly after major episodes of fire-related
sedimentation, probably as these sediment loads reached down-
stream locations®. The relatively low fire-related activity preced-
ing T2 floodplain aggradation, however, implies that fluctuations
in hydroclimate and annual snowmelt runoff (which produces
most of the water and suspended sediment discharge in these
streams at present>’) may more effectively control axial stream
activity than slope-derived sediment supply. Local palaeoen-
vironmental data'*'® characterize periods of floodplain aggrada-
tion as effectively wetter, particularly the T3 floodplain aggrada-
tion period culminating around AD 350-650 (Fig. 2). In this
same period, we have also found evidence for large-scale slump-
ing of previously stable Pleistocene deposits, greatly increased
activity of a travertine-depositing spring and an increase in
channel sinuosity in lower Soda Butte Creek. These changes are
consistent with higher groundwater levels and increased
frequency of small overbank floods. Sharply declining fire-
related sedimentation and early T4 floodplain construction fol-
lowing AD 1200 are coincident with onset of the Little Ice Age
elsewhere in North America'®?"**, Although a large pulse of
fire-related sedimentation precedes this period, floodplain
widening and aggradation of the T4 terrace is relatively minor,
and is more consistent with the slight increase in effective pre-
cipitation due to cooling implied by local palacoenvironmental
data'*', With increased average stream power in wetter periods,
the dominant alluvial activity switches to removal of sediment
from alluvial fan storage and downstream transport. Increased
sediment discharge causes temporary reversal of the downcut-
ting trend in lower reaches of axial streams, and floodplain
aggradation results (Fig. 3a).

Low-amplitude climate changes were sufficient to induce con-
siderable adjustments in these alluvial systems. Despite regional
variations in the nature of late Holocene climate change and
resultant geomorphological response, the timing of alluvial epi-
sodes in northeastern Yellowstone is similar to that in other
parts of the western United States?®. More gradual response to
climate variations may occur through vegetation change in the
absence of fire, but late Holocene changes in forest/grassland
ratio and vegetation density occurred mainly at lower elevations
in Yellowstone'*?’. Such changes probably had limited effects
on high-elevation alluvial systems®®, and were subordinate to
the major slope erosion and fan deposition caused by short-term
severe drought and temporary, total devegetation by fire. [J
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Reactivation of an oceanic
fracture by the Macquarie
Ridge earthquake of 1989
Shamita Das

Department of Earth Sciences, University of Oxford, Parks Road,
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THEORETICAL calculations show’ that the occurrence of an
earthquake leads to regions of increased shear stress on both sides
of the ruptured fault. If this stress increase is sufficiently large,
or if neighbouring faults are close to their failure stress, the result
may be triggering of earthquakes on pre-existing faults in the
region. A search for this effect’ produced only a few examples,
all in continental areas, where clusters of aftershocks were located
in the regions of increased stress. The linear dimensions of these
clusters were generally less than 20 km, and less than one-half of
the fault length that ruptured in the main shock. Here 1 report
an example of this phenomenon in which the fault that is reacti-
vated is a nearly 175-km-long segment of an eceanic fracture, and

FIG. 1 Map of the Macquarie
Ridge area. Bathymetric con-
tours are shown at depths of
2,000, 4,000 and 6,000 m with
the darker shading indicating
deeper regions. The star
denotes the epicentre of the 23
May, 1989 Macquarie Ridge
earthquake. The Macqguarie
Ridge complex extends roughly
north-south between South
Island, New Zealand and the
Pacific-Antarctica  spreading
centre. The box indicates the
area shown in detail in Figs 2-4.
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FIG. 2 a Relocated aftershock epicentres for all events within the box in
Fig. 1 during the period from 23 May 1989 to 31 December 1989, indicated
by solid circles. The Macquarie Ridge main shock is plotted as a star. Larger
symbol sizes indicate larger events. The 79 aftershocks had magnitudes in
the range given by 3.8=< m, < 5.6, with 10 of them being too small for ISC
to be able to assign a magnitude to them. These events are indicated by
open circles (one size). Aftershocks are seen to concentrate on two linear
zones, one being the India/Australia-Pacific plate boundary and the other
being an elongated feature to its west. Events with m, = 5.0 generally have
location errors of less than a few kilometres, with the error decreasing with
increasing earthquake magnitude. The four small aftershocks to the east
of the Macquarie Ridge have large errors of location in the east-west

its length is comparable to that of the main shock, the 1989
Macquarie Ridge earthquake.

The 23 May 1989 Macquarie Ridge earthquake (M, =38.2),
with a seismic moment 1.34x10?" N m (ref. 3), was the largest
seismic event to have occurred globally for ~12 years and the
largest on the India/Australia-Pacific plate boundary south of
New Zealand in more than 70 years (Fig. 1). The main shock
has been the subject of several studies*’. From readings of
arrival times at worldwide stations compiled by the International
Seismological Centre (ISC), all events near this earthquake for
which at least seven stations reported P-wave readings between
1 January 1964 and 31 December 1989 were relocated using the
method of joint hypocentre determination (JHD89). Figure 2a
shows the aftershock distribution and Fig. 2b the seismicity
from 1964 until the day before the main shock. Figure 3a shows
the aftershocks with their Harvard centroid moment tensor
(CMT) solutions * superimposed on the bathymetry, and Fig.
3b the same for the 25-year period preceding the event (from
quarterly listings® of CMT solutions since 1977).

The aftershock map shows that there are two linear zones
along which the aftershocks are concentrated. One is a 220-km
segment of the India/ Australia-Pacific plate boundary on which
the main shock occurred® ®. The other is a linear feature to its
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