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Several clustered slow earthquakes have been recorded by a geodetic inter- 
ferometer in  central Italy. The strain rise times of the events range from tens 
t o  thousands of seconds, and the seismic moment scales with the square root 
of the rise time. This scaling law contrasts with the conservative assumption 
of constant rupture velocity-in fault modeling but is consistent with the oc- 
currence of a slow rupture propagation analogous t o  heat diffusion in a slab. 

Slow earthquakes have been observed in 
Japan and California as nearly exponential 
strain changes with durations ranging from 
about 1 hour to 3 days and strain steps larger 
than 3 X lo-' (1-4). Indirect evidence for 
slow earthquakes comes froin seismograms 
with anomalous long-period spectral behav- 
ior (5-9). In these cases, the durations of the 
slow eaithquakes range from a few seconds 
(5) to a few hundred secoilds (6-9, but there 
is no general acceptance ainoilg the geophysi- 
cal corninunity of the need to invol<e slow 
earthquakes to explain low-frequency ampli- 
tude and phase anomalies (10). Slow earth- 
quakes not only suggest that faults can sus- 
tain i-uptures over a wide range of time scales 
but also that the slowness can be in the 
i-upture velocity (slow i-uphlre propagation) 
(3), in a low slip rate (a long rise tiine, that 
is, a long time for slip to achieve 63% of its 
peak value) (4), or both. No scaling relation 
between seisinic moment and duration has 
been deteimined. 

A geodetic interferometer is located 1400 m 
under the free surface in a seismically active 
region of the Apennines, central Italy, beneath 
Gran Sasso (42"2S1N, 13'34'E) (11). We ana- 
lyzed 180 slow strain changes, mainly gathered 
d~uing one sequence that started on 21 March 
1997 (Figs. 1 and 2) (12). The large number of 
slow signals are for small-amplitude strain 
changes (4 X 10-l0 to 2 X lo-') and the lack 
of similar observations repoited in the literature 
could be due to lower sampling rates (2, 4), 
higher noise levels, irregular worldwide distri- 
bution of slow earthquakes (7) or lack of ap- 
propriate insb-ument sensitivity to detect signals 
like those we report. 

Froin March 1997, a few seismic swailns 
occurred within a radius of 200 krn from the 
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interferoineter (Figs. 2 and 3), after more than 
1 year of background diffuse seisinicity dur- 
ing which only two ininor swailns took place. 
The swarms were characterized by magni- 
tudes up to 4.1 and were concentrated into 
three main sequences named Matese, Massa 
Martana, and Colfiorito. The Colfiorito se- 
quence was the beginning of the Umbria- 
Marche 19 9 7-9 8 sequence. 

It is unlikely that the three seisinic se- 
quences had any direct effect on producing 
the strain changes seen at Gran Sasso because 
of the small amplitude of the seisinic waves 
and of the coseismic defoimations. Occur- 
rence times of the slow events are random 
relative to the times of the seisinic transit 
beneath the insti-uinent. No correlatioil has 
been found with ineteorologic data (temper- 
ature, air pressure, or rainfall), regional earth- 
quakes, worldwide large earthquakes, or 
events detected by the local short-period seis- 
mic network, managed by Servizio Sisinico 
Nazionale (threshold ibf, - 1). The inter- 
ferometer has never recorded similar signals 
during the transit of either long-period sur- 
face waves from distant eaithquakes or shoit- 
period body waves froin local earthquakes. 
The slow events were not more frequent by 
day than by night or at any one paiticular 
hour, and no unusual activity occurred in the 
nearby undergrouild nuclear physics labora- 
tories during their occurrence period. 

After removing the effects of the tides fro111 
the strain data (13) we fitted an exponential 
function to each slow event to retxieve the 
amplitude and iise time of the strain change 
(Fig. 4), Illdependently of the occurrence time, 
the locatioil of the contemporaneous seisinic 
swain1 (Fig. 21, or the sign of the signals (26 of 
the 180 events give a negative difference be- 
tween the extensioil of the baseline pelpendic- 
ular to the Apennines and the extension of the 
baseline parallel to the Apeimines), nearly all of 
the points are distributed between a straight line 
parallel to the best-fit one (slope = 0.5), and the 
threshold level. 

A slipping fault generates a displacement 
field at a distance R mainly conlposed of an 

elastic wave train LLJR,~) and of a quasi-static 
compoilent ~r~(R, t ) .  Both quantities are actu- 
ally vectors and depend on the azimuth of the 
observer, but z~_(R,t) = hj,,(t - RIP)I(pPR) 
(far-field component) and cc,(R.t) ;= MO(t - 
RIP)I(p,R2) (intermediate-field component), 
where i%(t - RIP) is the delayed time-de- 
peildeilt seismic moment, hi,(t - RIP) is the 
delayed moment rate, p is the rigidity, and P 
is the wave speed, here assumed to be inde- 
peildeilt of frequency (14). Strain, E, can be 
obtained by differentiating displaceinent with 
respect to R, thus (E_/E<) ;= (RIPT), where 7 

is the characteristic tiine of the seisinic mo- 
ment time fuilction. In our observations, the 
strain step is inuch larger than the radiated 
pulse, so that sigilals relate to the intermedi- 
ate-field coinponeilt and strain scales with 
lIR3. If sources were distributed at random 
distailces from the interferometer, points in 
Fig. 4 would be scattered. Thus, spatially 
clustered sources are more likely. Their dis- 
tance froin the instrument is 5 100 lull; oth- 
erwise, the far-field component of the short- 
est events (T = 10 s) would have been re- 
corded. The area' in the Matese region, which 
was seisinically active when the slow event 
rate took its nlajor excursion, is about 140 k n  
from the interferometer, too far to be the 
source region for the slow events. 

If the seismic inoillent of the largest slow 
events is siinilar to that of the strongest earth- 
quakes of the ordinary swaims, and the sourc- 
es of the slow events share the same geomet- 
ric characteristics of ordinary seisinic sources 
in the Apennines (15), a possible source lo- 
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Fig. 1. Slow earthquake recorded by the Cran 
Sasso underground geodetic interferometer on 
15 February 1997. The two upper plots show a 
whole day of data resampled every 20 s, (A) 
before and (B) after removing tides. The slow 
earthquake is indicated by the arrow. (C) is a 
magnified view of the slow event, sampled 
every 2 s. Amplitude and rise time are about 

and 26 s, respectively. CMT, Greenwich 
mean time. 
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Fig. 2. Seismicity and slow events from 1 Feb- 
ruary 1996 to 9 September 1997. Both the rates 

S2 S3 

(in events per day) and the cumulative number 
30 of events are shown. (A) and (C) refer to earth- 

quakes ferometer in a (data radius kindly of 200 provided km from by lstituto the inter- Na- - d " --,-W 
zionale di Ceofisica). Starting times of the seis- 
mic swarms (SO. Barrea: S1. Cabbia: 52. Matese: .a 
53, Massa M'aiana; 54, cd~fiorito)' ( ~ i g .  3) are 
indicated; the other peaks in (A) arise from 
fluctuations in background diffused seismicity or 
to secondary maxima of the sequences (the 
highest peak between S2 and 53 is due to the 
second part of the Matese sequence, which came 
to an end before 53 started). (B) and (D) refer to 
the slow events recorded by the interferometer. 
The rate of slow earthquakes presents second- 
ary maximum contemporaneous to 53. Slow ac- 
tivitv continued between 53 and S4, which start- 
ed at the end of the working period of our " = . r = m a a ~ ~ ! p ~ ~ ~ ~ y c n  
interferometer and included thousands of seis- 
mic events. Runnine time of the interferometer 1996 1997 
is given by the thicvk horizontal line in (D); note 
that it was not working during the minor swarms SO and S1 

cation might be 20 km south of the inter- 
ferometer, in a well-known seismic area that 
was not observed to be active froin 1 Febru- 
ary 1996 to 9 September 1997. Modeling of a 
typical Apenniile fault (15, 16) shows that 
rotating the slipping fault by a few degrees 
can lower the signal amplitude or even 
change its sign. For each rise time, the largest 
signals would originate from the best oriented 
faults (with respect to observation of a defor- 
mation signal), while the worst oriented 
faults would give smaller signals. 

Causal interconnections of seismicity pat- 
terns in Italy and in adjacent regions and 
possible propagations of strain pulses along 
the Apennines have been suggested in the 
past (1 7) from seismic catalog analysis, If the 
proposed picture is correct, it gives direct 

evidence of contemporaneous swarms of slow 
eaithquakes and low-magnitude ordinary 
earthquakes in different places (Figs. 2 and 
3). Although triggered seismicity, even at 
long distances from the triggering event, has 
been observed after the 1992 Landers, Cali- 
fornia, USA, earthquake (18), the explanation 
in that case involved large dynamic strains 
accompanying seismic waves. In our case, 
space-time distributions of the slow eaith- 
quakes and of the ordinary seismic swarnls 
and the lack of any cause-and-effect relation 
suggest that they may be the consequence of 
a single stress redistribution phenomenon af- 
fecting a large area of the Apennines. 
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Fig. 4. Amplitude (in nanostrain) versus rise 
time of the slow earthquakes recorded from 1 
February 1996 to 9 September 1997. Negative 
and positive extensional differences are indicat- 
ed by triangles and squares, respectively. The 

41 dashed line (slope = 0.53 2 0.04) is the best f it 
12 13 14 15 straight line through the experimental points. 

Longitude (degrees) For each value of the rise time 7, we computed 
the threshold amplitude is given by the ampli- 

Fig. 3. Location of the laser interferometer tude of the strain signal whose power spectra 
(solid circle) and of the seismic swarms which density (PSD) for a 57 long window equals the 
occurred during 1996 (+) and 1997 (X). noise PSD (1 1) (solid line). 

Because the intermediate field strain is pro- 
portional to the time-dependent seismic mo- 
ment M,(t), the observed relation between ain- 
plitude A and rise time 7 (A 6) implies the 
same scaling law between seismic moment and 
rise time (M, u: 6). The relation of seismic 
moment to rise time is different from that ex- 
pected in the case of earthquakes (19). If con- 
filmed, this scaling relation puts constraints on 
slow earthquake dynamics and more generally 
on fault mechanics. Although a slow slip rate 
might be predicted by rate-state fnction laws 
(20) no theoretical scaling relation has been 
developed. Amplitudes and rise times of prior 
observations related to slow slipping (2, 4) do 
not seein to follow any scaling law. The San- 
riku-Olu (3) and the Izu-Oshiina (21) slow 
earthquakes were modeled and ascribed to slow 
rupture propagation. Their seismic moments 
(1 X 10" to 4 X lo2, N-m and about 5 X lOI9 
Nsm, respectively) were much larger than ex- 
pected from Fig. 4, probably because of the 
completely different tectonic setting in Japan 
compared to Italy, but approximately scale with 
the square root of their durations (1 day and 1 
hour). The main slow earthquake (unmodeled, 
but maybe related to slow rupture propagation, 
like the other Japanese events) and the associ- 
ated foreshocks and aftershocks in the Irako 
borehole strainmeter record of 25 August 1976 
(21) also scale with the square root of their 
durations. 

To explain the observed scaling law, we 
considered a one-dimensional (ID) array of 
slider blocks connected by springs. Slipping is 
resisted by a dynamic friction proportional to 
the slip rate (a simple type of velocity-strength- 
ening friction). Slip propagation between adja- 
cent blocks is the equivalent of the rupture 

0 0.2 0.4 0.6 0.8 1 
Nondimensional time 

Fig. 5. Time evolution for the I D  fault model 
described in the text. Initial condition: slip = 0; 
boundary conditions: slip = 1 at x = 0 and 
slip = 0 at x = L. (A) Seismic moment; (B) 
position of the point of instantaneous maxi- 
mum slip rate. Real time is proportional to 
nondimensional time X L2. 
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propagation. We assumed that the inertial term 
in the dynamic equation is small with respect to 
the elastic and factional forces. In the continu­
ous limit, slip as a function of space and time 
obeys the same diffusion equation as tempera­
ture in ID heat conduction (22). The problem of 
transient conduction in a ID slab, when the 
temperature at one side is suddenly changed 
(slip begins) and the other side is kept at con­
stant zero-temperature (no slip at the fault end), 
can be analytically resolved (23). The time 
evolution of the seismic moment (proportional 
to the integral of the slip over the fault) is given 
by the time evolution of the integral of the 
temperature and is very similar to the signals 
recorded by the interferometer (Figs. 1C and 
5A). The seismic moment scales with fault 
width, and rise time scales with width squared. 
The seismic moment thus scales with the square 
root of rise time, in agreement with Fig. 4. 
Although the diffusion equation does not allow 
us to precisely define the velocity of the slip 
propagation, the point of maximum instanta­
neous slip-rate (Fig. 5B) propagates like the 
rupture in the decreasing velocity model used in 
(4) to fit the only event of the San Andreas 
sequence related to slow rupture propagation. If 
the model is realistic, the square root of time 
scaling would be a property of velocity-
strengthening frictional systems in case the seis­
mic moment time history is dominated by slip 
propagation. 
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climatic history (1). Large outflow channels 
empty into the northern lowlands (2), and a 
variety of distinctive morphologic features and 
geologic units occur there (3-5). Some investi­
gators have hypothesized that large standing 
bodies of water, ranging in scale from lakes (6) 
to oceans (7-10), may have existed there in past 
Mars history. High-resolution altimetry data 
from the Mars Orbiter Laser Altimeter 
(MOLA) instrument on the Mars Global Sur­
veyor (MGS) mission have underlined the un-

Possible Ancient Oceans on 
Mars: Evidence from Mars 

Orbiter Laser Altimeter Data 
James W . Head I I I , 1* Harald Hiesinger,1 Mikhail A. Ivanov,1 2 
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High-resolution altimetric data define the detailed topography of the northern 
lowlands of Mars, and a range of data is consistent with the hypothesis that 
a lowland-encircling geologic contact represents the ancient shoreline of a large 
standing body of water present in middle Mars history. The contact altitude is 
close to an equipotential line, the topography is smoother at all scales below 
the contact than above it, the volume enclosed by this contact is within the 
range of estimates of available water on Mars, and a series of extensive terraces 
parallel the contact in many places. 
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