
Time-Domain Observations of a Slow Precursor 
to the 1994 Romanche Transform Earthquake 

Jeffrey J. McGuire," Pierre F. Ihmle, Thomas H. Jordan 

Low-frequency spectral anomalies have indicated that some large earthquakes are 
preceded by extended episodes of smooth moment release, but the reality of these slow 
precursors has been debated because they have not been directly observed in the time 
domain. High-gain seismograms from the 14 March 1994 Romanche Transform event 
(moment magnitude M, 7.0) show a precursory ramp with a moment of 7 x 1018 newton 
meters beginning about 100 seconds before the arrival of the high-frequency P waves. 
This precursor was the Initial phase of a slow component of slip that released nearly half 
of the total moment of the earthquake. Such behavior may be typical for large earth- 
quakes on the oceanic ridge-transform system. 

Since the early work of Kanamori and Cipar 
( 1  ) on the great 1960 Chilean earthquake, 
episodes of slow, smooth mornent release 
have been postulated to precede and initiate 
some large earthquakes. New techniqi~es 
based on  the use of low-freauencv seismic 
spectra have recently been developed for the 
detection and analysis of slow precursors (2 ,  
3). Their application to a catalog of large 
events has revealed that slow precursors are 
rare in continent; and convereence zones " 
but appear to be colnrnon features of earth- 
quakes on the oceanic ridge-transform sys- 
tem (4). For example, Ihml6 et al. (3)  found 
that the great Macquarie Ridge earthquake 
of 23 May 1989, which had a moment mag- 
nitude (Mw) of 8.2, was preceded by a slow 
precursor with a mornent release of about 
3 x 102@newton meters (Nm),  equivalent to 
a M,\ 7.6 event. However, no precursor was 
evident on high-gain broadband seismo- 
grams in the interval i~nmediately before the 
arrival times of the high-frequency P waves 
(3). This observation has led some to reject 
the slow-precursor hypothesis (5). 

The  detection of slow nrecursors as tirne- 
domain signals at teleseisrnic distances is 
difficult because the ambient level of seis- 
mic noise rises rapidly at frequencies below 
about 3 lnHs 16). We reuort here the de- . . 
tection of such signals for the 14 March 
1994 earthquake on  the Romanche trans- 
form fault in the central Atlantic Ocean 
(Fig. 1)  (7). This large earthquake ( M ,  7.0) 
comprised at least two ordinary ruptures: a 
small preshock (subevent A in Fig. 2) fol- 
lowed approximately 16 s later by the main 
shock (subevent B). At  the lowest noise 
station, Tamanrasset, Algeria (TAM),  a 
low-passed version of the P wave showed a 
distinct ramp in front of the main shock 
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(Fig. 2).  The  amplitude of the ramp exceed- 
ed the noise level for at least 100 s before 
the high-frequency (subevent A )  arrival 
time, and there is some suggestion that its 
beginning may have preceded subevent A 
by as much as 300 s. 

Although TAM showed the precursor 
most clearly, the signal was visible at all 
other stations at which the first swing of the " 
low-passed, main-shock P wave was greater 
than a factor of 3 above the noise level 
(upper part of Fig. 3).  O n  each of the six 
records that satish this criterion, the main- 
shock P wave was preceded by a ramp of the 
same polarity, and in all six records the ramp 
had a consistent relative slope and duration. 
Because the low-noise stations covered all 
four quadrants of the focal sphere and sam- 
pled epicentral distances ranging from 28" to 
73", these observations confirm that the 
ramp is a source signal with a radiation pat- 
tern similar to that of the main shock. rather 
than a propagation effect. Given the coher- 
ency of the six low-passed records, we 
stacked them to obtain a composite wave- 
form (lower Dart of Fie. 3) .  When corrected 
for thk grouidelay of ;he low-pass filter, the 

Fig. 1. Map showing the Harvard centro~d mo- 
ment tensor (CMT) locat~on and mechanism of 
the 14 March 1994 Romanche Transform earth- 
quake (7). Triangles show the locations of the SIX 

selsmc stations used in the P-wave stack; these 
stations sample ail four quadrants and lie away 
from nodes in the radiat~on pattern. 

precursory ramp can be seen to occur at least 
90 s before the subevent A arrival time. As 
illustrated in Fig. 3, a similar stack of another - ,  

strike-slip earthquake yielded 110 such pre- 
cursor 18). . , 

The A and B subevents have an unusual 
space-time relation that also suggests precur- 
sory moment release. We picked the P-wave 
times of the two subevents on all records 
with clear arrivals (Fig. 4 and Table 1) (9) ,  
located them relative to the background seis- 
micity ( l o ) ,  and aligned the seismicity with 
the Africa-South America plate boundary 
on a high-resolution map of the altimetric 
gravity field (Fig. 5)  (1 1 ,  12). We found that 
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Fig. 2. Vertical-component records of the P wave 
from the 1994 Romanche Transform earthquake 
at the high-performance seismic station TAM. The 
top panel shows the raw broadband trace at two 
magnifications (both labeled BHZ) and a detided, 
low-pass-filtered version of the same seismo- 
gram (labeled LOW), revealing the precursory 
ramp beginning at least 1 min before the high- 
frequency arrival time (t = 0). The low-pass filter is 
a four-pole Butteworth with a 6-mHz corner. Ver- 
tical scales are digital units of the seismogram 
(counts). Arrows show the arrival-time picks for 
subevents A and B, with zero time set to be the 
high-frequency (subevent-A) arrival t~me. A com- 
parlson of the lower two traces in the top panel, 
which have the same magn~fication, shows that 
the ampl~tude of the hgh-frequency nolse is sub- 
stantally greater than that of the low-frequency 
precursor, masking the latter on the unfiltered 
record. The lower panel is the same low-passed 
record at a longer time scale, with dashed lines 
approximating the noise level. The two low- 
passed records have not been corrected for the 
group delay of the filter, wh~ch IS 10 s. 
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the two subevents were separated by 83 2 15 
km and 16.7 -+ 1.0 s. Therefore. a model of 
the rupture initiating at subevent A and 
propagating directly to subevent B requires a 
rupture velocity of 5.0 2 1.0 km/s, which 
exceeds the shear-wave speed in the upper 
oceanic lithosphere and thus the typical rup- 
ture velocity of shallow-focus earthquakes 
(13, 14). Moreover, the locations of sub- 
events A and B lie along an azimuth of 
N37 2 8"E, which is at a significant angle to 
the strikes of the inferred fault planes for 
both subevents (Fig. 5). These data suggest 
that the two events occurred on separate 
fault planes and were initiated by a common 
precursof. 

The location of subevent A. the small 
preshock (MU - 6), is consistent with its 
being on the primary active trace of the 
Romanche transform fault, but subevent B, 
the main shock, is located sienificantlv north 
of this feature, in a valley wgh a trend' nearly 
~aral le l  to the transform fault (15). The 
directivity inferred from the azimuthal vari- 
ation of the P waveforlns indicates that the 
main shock propagated to the east. N o  after- 
shocks were teleseismically recorded, so we 

Table 1. Differential t~mes for subevents A and B 
together with the station az~muths and epcentral 
distances (9). 

Azimuth Distance B - A 
Station (degrees) (degrees) time (s) 

ECH 
SSB 
TAM 
LBTB 
BOSA 
BDFB 
LPAZ 
SJG 
ANMO 
CCM 

could not determine its rupture length, but 
standard scaling relations would imply that it 
was 50 to 70 km (14). This d i s ta~~ce  approx- 
imates the length of a seislnic gap just south 
of the main shock, where the valley of the 
main fault trace is interrupted by a large 
bathymetric high (1 5). 

It is not ~ossible  to locate the slow nre- 
cursor relative to the main shock, but mo- 
ment-tensor il~versions exclude the possi- 
bility that the precursor occurred on a fault 
connecting subevents A and B (12). One 
scenario (among many) consistent with the 
available data is that smooth slip at depth 
in the normally aseislnic region redistribut- 
ed stress in the region and triggered seismic- 
itv in both the westernmost nortion of the 
Romanche (subevent A )  and the neighbor- 
ing fault valley to the north of the seismic 
gap (subevent B).  

We also investi~ated the 1994 Rolnanche - 
Transfor111 earthquake using the spectral syn- 
thesis and inversion methods applied in ear- 
lier studies of slow earthquakes (2-4). We 
estimated the alnplitude (total-moment) 
spectrum MT(w) (Fig. 6A) and phase-delay 
(time-shift) spectrum Ilt(w) (Fig. 6B) of the 
source at 1-mHz intervals from 1 to 50 mHz. 
using a colnbination of body waves, surface 
waves, and free oscillations (1 6. 17). The 
different wave types yielded consistent results 
throughout their regions of overlap. The 
phase-delay spectrum is nearly constant across 
the entire frequency band, but the amplitude 
spectrum shows a sharp break at about 10 
mHz. This pattern is similar to that observed 
for other slow earthquakes by Jordan (2) and 
Ihlnlk and Jordan (4), \vhich they interpreted 
as compo~und sources. According to this hy- 
pothesis, the amplitude break results from the 
s~lperposition of an ordinary fast rupture, 
which dominates the spectrum at high fre- 
auencies. and a smooth transient of loneer u 

duration, which dominates at  low frequencies. 

Fig. 3. Upper traces are vertical-component P 
waves for the 1994 Romanche Transform earth- 
quake for the six low-noise stations shown in Fig. 
1 .  These were the only stations for which the first 
swing of the man-shock P wave was greater than 
a factor of 3 above the noise level. All selsmo- 
grams have been detided, low-pass-ftered (four- 
pole Butterworth with a corner at 6 mHz), correct- 
ed for the group delay of the f~lter, detrended, and 
corrected for radat~on pattern (f~pped In polar~ty f 
d~latat~onal and normallzed to a common amp-  
tude), Lower traces are a stack of these SIX sels- 
mograms (heavy n e )  and a s~m~lar, SIX-stat~on 
stack for the large (M, 7.0) Mendoc~no earth- 
quake of 1 September 1994 (8) (l~ght Ilne), In both 
cases, zero t~me corresponds to the h~gh-fre- -700 -500 -300 -100 0 100 
quency arr~val t~me (labeled HF). The Romanche Time (s) 

Transform earthquake shows a precursory ramp begnnng at or before -90 s (labeled LF), whereas the 
Mendocino earth-quake does not. The delay In the arr~val tme of the h~gh-ampl~tude P wave for the 
Romanche Transform earthquake corresponds approxmately to the 16-s delay between subevent A, 
wh~ch IS the f~rst h~gh-frequency arrval, and subevent B, wh~ch IS the man shock 

The lack of a corresponding break in the 
phase-delay spectrum requires that the cen- 
troid tilnes of the two events be nearly equal, 
thus implying that the slower event begins 
first. 

T o  quantify these statements, we per- 
formed a joint in\lersion of the spectra and 
the P-wave stack for the source time func- 
tion (Fig. 6, C and D). The results show an 
event sequence that comprises a slow earth- 
quake beginning 110 s before the high- 
frequency origin time (t = 0)  and continu- 
ing for about 250 s, a preshock initiating at 
0 s, and a 29-s pulse of high moment release 
beginning at 16 s. This compound-event 
model fits the an~plitude and phase-delay 
data across the entire frequency range, as 
well as the precursor observed in the wave- 
form stack. We also inverted the s~ec t ra l  
data alone, allowing no lnornent release at 
t < 0, but fo~und that we could not simul- 
tal~eously satisfy the large amplitudes and 
flat phase delays at low frequencies. Hence, 
the spectral data confirm the existence of 
the slow precursor seen in the P-wave stack. 

The best fitting source time f~~nc t ion  has a 
total static (zero-frequency) moment of 5.4 X 
1 0 ' W ~ m .  Colnparing its amplitude spectrum 
to one from a source time f~lnction confined 
to the ~nterval 0 5 t 5 40 s (Fie. 6) indicates 
that the statlc moment released by the slo\v 
component 1s about 2.3 X 1 0 ' " ~ ~  or 43% 
of the total. About 0.7 X 1 0 ' " ~  (13%) 1s 

Time (min) 

Fig. 4. Vertcal-component P waves recorded at 
four stat~ons, show~ng (arrows) the arr~va t~me 
p~cks for subevent A on h~gh-pass-ftered sels 
mograms (lower traces) and subevent B on unfll- 
tered broadband seismograms (upper traces) 
Each trace runs from 20 s before to 30 s alter the 
subevent-A arr~va The high-pass fter IS a four- 
pole Butterworth w~th a 1 Hz corner + s the sta 
ton azmuth Statons to the northeast (for exam 
ple, TAM) have smaller t~me d~fferences between 
subevents A and B than stat~ons to the southwest 
(for example, LPAZ), ndcat~ng that subevent B 
was located northeast of subevent A (9) (Table 1) 
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released in the slow precursor. in the shallow seismogenic zone are initiated 
Because slow earthquakes occur most fre- by the loading due to slower episodes of slip in 

quently along oceanic transform faults, Ihmlk the subjacent (serpentinized?) upper mantle. 
and Jordan (4) proposed that the intrinsic The superposition of a fast event in the mid- 
stratification of oceanic lithosphere may be dle of a slow event, as seen in the source time 
responsible for their compound-event charac- function of Fig. 6D, i s  most easily accounted 
ter. According to this hypothesis, fast ruptures for by this depth relation. 

Fig. 5. Map of the west- 
ern part of the Ro- .F A B 
manche Transform fault, 
showing the relocated b Am a- 

earthquakes, plotted as 
points with 95% confi- 
dence ellipses (lo), and 
the altimetric gravity 
field (1 1). Beachball in- 
sets are the low-fre- 
quency source mecha- 
nism (LF) and subevent -1- 
mechanisms (A and B) 
for the 1994 Romanche 
Transform earthquake 
(12). Large dots repre- 
sent the epicenters of 
subevents A and B and -2' 1 - I 
the Harvard CMT epi- 7. 338' 33 
centroid, and the arrow 
emanating from B shows the direction and approximate length of the main rupture. The gravity anom- 
alies range from - 15 mgal (blue) to + 15 mgal (red), and the relief is illuminated from the northwest. 

The data presented here indicate that the 
slow precursor of the Romanche Transform 
earthquake grew for at least 100 s before it 
triggered a fast rupture, and the total moment 
released during the entire slow event was 
comparable to that of the main shock. This 
behavior appears to be common on oceanic 
transform faults (4), but it is in marked con- 
trast to the nucleation phases observed for 
other earthquakes, which are small and accel- 
erate quickly into inertia-dominated instabil- 
ities (18). The shape of the waveform stack 
and the absence of any observable high-fre- 
quency energy before subevent A indicate 
that the precursor's moment rate increased 
smoothly at a nearly linear rate, which implies 
that the product of the rupture and particle 
velocities during the slow phase of slippage 
must be at least two orders of magnitude 
smaller than that during the main shock (1 9). 
Hence, the designation "slow precursor" i s  
truly warranted. 
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A Long Pollen Record from Lowland Amazonia: 
Forest and Cooling in Glacial Times 

P. A. Colinvaux,* P. E. De Oliveira,U. E. Moreno, M. C. Miller, 
M. B. Bushf 

A continuous pollen history of more than 40,000 years was obtained from a lake in the 
lowland Amazon rain forest. Pollen spectra demonstrate that tropical rain forest occupied 
the region continuously and that savannas or grasslands were not present during the last 
glacial maximum. The data suggest that the western Amazon forest was not fragmented 
into refugia in glacial times and that the lowlands were not a source of dust. Glacial age 
forests were comparable to modern forests but also included species now restricted to 
higher elevations by temperature, suggesting a cooling of the order of 5" to 6°C. 

T h e  Amazon lowlands in glacial times are - 
widely thought to have been much drier 
than at present, even according to the "ref- 
uge hypothesis," so dry as to have prevented 
forest from occupying much of the basin 
( I ) ,  although this view has its critics (2-6). 
Many paleoecological data suggest cooling 
as a major climatic forcing in the Neotro- 
pics (7-10). We have tested the ice-age 
aridity and cooling hypotheses, using proxy 
data from Amazonian lake sediments (1 1 ). 

Lake Pata lies below the 300-m contour 
o n  the Hill of the Six Lakes, a low inselberg 
of ancient plutonic rocks at 0°16'N, 
66"411W in the Amazon lowland of north- 
western Brazil (12) (Fig. 1). The lowland 
vegetation of the region is dense tropical rain 
forest (DTRF) in a hot, humid climate (13). 

All the lakes on  the inselberg occupy 
small closed, steep-sided basins with flat or 
shelving bottoms under 7 to 15 m of water. 
The water level of one lake fell by about a 
meter in the 2 weeks of our visit, suggesting 
that the basins might not be completely 

sealed. The water is soft and acidic, which 
shows that these are not carbonate solution 
basins. A plausible hypothesis is that these 
are pseudo-karst lakes occupying basins 
formed by the solution of silica from an- 
cient quarzitic rocks, perhaps dating from 
pre-Pleistocene times (12). 

Lake Pata is about 300 m long and 7 m 
deep, and it occupies a large part of its for- 
ested catchment. We piston-cored the lake 
at its deepest point, reaching basement grav- 
el under 7 m of lacustrine sediment. Seven 
accelerator mass spectrometer (AMS) radio- 
carbon dates, together with five P-decay 
dates, demonstrate that sedimentation has 
been continuous, roughly constant, and ex- 
tremely slow, with an age of 30,000 years 
being reached in the first meter (14) (Table 
1).  The gross stratigraphy is simple: a sur- 
face unit ( A )  of soft blackish gyttja about 
60 cm thick that grades over several centi- 
meters into a yellower, firmer, and more 
granular unit (B)  20 cm thick, which in 
turn grades into a unit (C) of bluish black 
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