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R E P O R T S  

~ i \ u i t i  The >mailer the doanhill barr~er, the 
~ l o \ e rwe expect 1 ,  to be to unity, and hence 
tile shorter the downhill path length, I e the 
geometr~caldistortion from the correspond- 
Ing minimum Recent appllcat~ons of thls 
principle extend to enzyme catalysis and pro- 
rein englneermg For example, correlat~on be-
t ~ \een the transition state structure and desta- 
blllzdt~on of the natne state of chymotrypsin 
inh~b~to r7 by mutatlon suggests that unfold- 
Iny proceeds by way of an ensemble of relat- 
~ i itransition states ( 2 4 )  Using the present 
lesults in d more quantltatlLe fashion, per- 
h ~ p i  In iombmat~on w ~ t h  models such as 
'Lla~cui theory (Zi) ,  i i  a likely area of future 
I e~carch 

Onc aspect of the con~plex phenomenolo- 
n\ of glasses 1s the appearance of anomalous 
&. 

hedt capacities and conduct~vities at low tem- 
perature It has been suggested that these 
properties dre due to quantum tunnel~ng bc- 
tneeli pa r s  of mlnima referred to as t ao -
!e\eI \!stems (TLSs) (26-28) Angell (29) 
hLi5 further ahsoclated TLSs wlth the low- 
trequencq excess \ ~brat~onaldensity of states 
obserled in many glasses, known as the "bo- 
son peak " For tunneling between two mini- 
m d to be slgn~ficant, they must be separated 
h i  ~i lo^, narroa barr~er, wh~ch  suggests that 
the present theory may apply. Results are 
bhonn In I - ~ g  3 for more than 10" pathways 
calculated for s e ~ e r a l  bulk model atomic 
glas\-formers, as described In deta~l  else- 
&here (30)  T h ~ sdatabase contalns a number 
o f  i e n  short paths. and we see that these do 
lridced hd\e i ,  - I The asymmetric "stair-
c,i\c" profile now establ~shed for long-range 
Interaction\ abo\e IS  expected to produce 
niort. effic~erit Iocd relaxation to Ion-energy 
4tructureq Howe~er ,  t h ~ sobser\at~on in itself 
I \  nor suffic~ent to predict the glass-formmg 
propenslt) whlch depends on longer-ranged 
correlation5 bemeen features of the PES 

f I~gh-resolution spectroscopy has recentlq 
pro\ lded deta~led Insight Into the dynamlcs of 
neaklq bound complexes, particularly water 
clusters (31).and has inspired much theoret- 
ical work. The present theory is equally ap- 
plicable to small molecules, and results are 
presented in Fig. 4 for pathways between the 
.'cro\tn" and global minimum geometries of 
iH.0);. calculated ab initio with various dif- 
ferent basis sets and treatments of the corre- 
Idt~oli energy Agaln. u e  see that r, 1s close to 
unltl for the low-barrier side of the path, and 
thc r'rtio 15 generally nearer to ~ t s  ideal calue 
for the shortest path lengths. It may be pos- 
ilble to exploit such results in quantum dy- 
namliy ca!culat~ons and analysis of Intermo- 
leculdr force\ 

i'orrelat~ons between structure. dynamlcs. 
'rnd thermodynamics are ~mportant through- 
out molecular sc~ence The present results 
pro\-ide new tools to tackle such problems. 
\+ith 3 wide range of possible applications. 
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Active Normal Faulting in the 
Upper Rhine Graben and 

Paleoseismic Identification of 
the 1356 Base1 Earthquake 

Mustapha Meghraoui,'* Bertrand Delouis,' Matthieu Ferry,' 
Domenico Giardini,' Peter H~ggenberger,~ Ina S p ~ t t k e , ~  

Michel Granet' 

We have identified an active normal fault in  the epicentral area of the Basel 
(Switzerland) earthquake of 18 October 1356, the largest historical seismic 
event in central Europe. The event of 1356 and two  prehistoric events have been 
characterized on the fault wi th  geomorphological analysis, geophysical pros- 
pecting, and trenching. Carbon-14 dating indicates that the youngest event 
occurred in the interval 610 t o  1475 A.D. and may correspond t o  the 1356 Basel 
earthquake. The occurrence of the three earthquakes induced a total  of 1.8 
meters of vertical displacement in the past 8500 years for a mean uplift rate 
of 0.21 millimeters per year. These successive ruptures on the normal fault 
indicate the potential for strong ground movements in the Basel region and 
should be taken into account t o  refine the seismic hazard estimates along the 
Rhine graben. 

To understand the damage produced by past within a 10-km radius around Basel, and 
earthquakes and to forecast future earthquake castles, towers, and churches within a 200- 
scenarios. an analysis of potentially active km radius were damaged (2, 3) (Fig. 2). The 
faults and related seismogenic behavior is Basel region belongs to an area with a low 
required. An earthquake on 18 October 1356 seismicity level and a long seismic cycle. 
destroyed the city of Basel, Switzerland. and Basic knowledge on seismogenic faults in 
damaged large parts of the upper Rhine gra- this area is lacking, and the hazards evalua- 
ben (Fig. 1). This large earthquake had an tion depends on the sporadic occurrence of 
epicentral intensity of IX to X on the MSK large earthquakes. To determine the activity 
scale (I)and an estimated magnitude of 6.0 to and recurrence rate of earthquakes near 
6.5 (2. 3).Thirty to 40 castles were destroyed Basel. we need, first, to identify the fault 

i ~ 
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along which the 1356 earthquake occurred 
and, second, to reconstruct its seismogenic 
history. 

The Base1 region belongs to the upper 
Rhine graben and its related Cenozoic rift 
system, which is limited to the south by the 
fold-and-thrust belt of the Jura Mountains. 
The background seismicity of the graben is 
relatively modest in comparison with that of 
other continental rifts. Regional studies with 
local seismic networks show a more pro- 
nounced seismicity to the east and south of 
the graben; the seismogenic layer has a depth 
of about 15 km within the graben, reaching 
20-km depth beneath the Black Forest and 
Swiss Jura Mountains (4). Until now, the 
nature of the 1356 earthquake has remained 
an open question, and several authors have 
discussed the possible seismogenic structures 
in the area (5). Focal mechanisms calculated 
for several tens of earthquakes with Richter 
magnitude (Md 5 5 in the region of the 
southern upper Rhine graben and northern 
Alpine foreland show the predominance of 
normal faulting and strike slip with ENE- 
WSW direction of extension (6). 

We identified the NNE-SSW-trending 
Basel-Reinach escarpment, which is 8 km 
long and 30 to 50 m high, as the surface 
expression of an active fault (Fig. 3). Oligo- 
cene sandstones with intercalated clay layers 
dipping 10" west constitute the pre-Quaterna- 
ry substratum that crops out along the scarp. 
The substratum is overlain by a succession of 
alluvial terraces, and the uppermost terrace is 
attributed to the middle Pleistocene (7). At 
depth, seismic profiles across the fault scarp 
show about 100 m of vertical offset at 600-m 
depth, which may correspond to the lower 
Oligocene (Web fig. 1) (8). At the surface, 
the linear morphology of the scarp also indi- 
cates the active character of the fault. Young- 
er terraces attributed to the Pleistocene, 
which likely belong to the old meanders of 
the Birs River, are uplifted along the scarp 
(Fig. 3). 

The examination of aerial photos shows 
late Pleistocene and Holocene deposits that 
constitute alluvial terraces as well as young 
alluvial fans visible along the scarp toe. Al- 
though the fault is not directly visible, its 
presence can be inferred from the exposed 
old meanders and steplike morphology along 
the scarp that suggest its progressive uplift 
during the late Quaternary. Furthermore, the 
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lnstitut de Physique de Globe (EOST-IPAS). 5 rue Ren6 
Descartes, 67084 Strasbourg, France. Zlnstitut of Geo- 
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drainage pattern visible on the footwall block 
is characterized by short and deep stream 
incisions along tributary creeks to the east 
and long meandering streams to the west, 
which illustrate a morphological asymmetry 
typical of an active normal fault (Fig. 3). The 
fault-controlled escarpment is visible irnrne- 
diately south of the city of Basel, but it is 
partly hidden by the suburban settlements, 
agricultural fields, and small forests. The 
fault zone is located between the steep slope 
of the scarp and the flat fields of the Birs 

Valley. To locate the fault more precisely for 
trenching, we carried out electrical resistivity, 
ground-penetrating radar, and seismic reflec- 
tion profiles across the scarp and the adjacent 
young alluvial fan. 

We dug several trenches at each of two 
sites (Fig. 3). The three trenches at site 1 were 
not longer than 10 .m because of trees, but 
they displayed faulted young deposits. Four 
parallel trenches (T1 to T4) at site 2 crossed 
75 m of the scarp; trenches T1 and T3 were 
about 70 m long each, and trenches T2 and 

Fig. 1. Seismotectonic framework of the 
central European region around Basel 
(74). Grabens are limited by Quaternary 
faults. Squares depict the instrumental 

520 seismicity from 1910 to 1990 (I< M < 
5.5). Circles correspond to the historical 
seismicity since 1350 (M > 5.0). 

Fig. 2. lsoseismals Vlll and IX to X of the 1356 Basel earthquake and the locations of damaged 
medieval castles (2,3). The active fault (solid black line) is in the Birs Valley, south of Basel. Note 
also the locations of caves (red squares) and Berg and Seewen lakes (blue squares) in the area (12). 
The magnitude of the Basel earthquake and spatial distribution of the damage suggest a shallow 
focal depth and a fault length of 10 to '15 km; events of this size are generally expected to induce 
coseismic surface deformation. 
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T4, each about 20 m in length, were dug to surface deformation was found in all of the Fig. 4). At site 2, the main fault consists of 
constrain observations of faulted late Quater- trenches, confirming the geomorphological two branches with minor antithetic faulting 
nary units. Evidence of normal faulting and and geophysical observations (Web fig. 1 and and warped units (9). 

Trench T4 intercepted a fault that displaces 
Fig. 3. Geomorphology 
of the Birs Valley and 
the BaseCReinach fault 
scarp from a high- 
resolution topography 
(MNT25, Office f6d- 
Bra1 de topographie, 
DV1441) and paleo- 
seismic sites 1 and 2. 
Rivers are shown by 
blue lines. Note the up- 
lifted Birs River terrac- 
es (yellow lines) on the 
footwall along the 
northern strand of the 
fault and the south- 
ern fault continuation 
(black dashed line) 
across the Jura. 

young colluvial wedge deposits (Fig. 4 ~ ) .  This 
fault branch is located at the base of the steep 
slope of the scarp. The successive fault scarp 
degradation and related unconformities record 
the cumulative vertical movements associated 
with past earthquakes (Fig. 4B). The uppermost 
unit A below the present soil corresponds to a 
0.5-m-thick colluvial wedge deposit consisting 
of mixed gravels and silty-clay layers that post- 
date the most recent fault displacement (Fig. 
4C). Carbon-14 dating of a bulk soil sample 
collected at the base of unit A gives an age of 
460 + 25 years B.P., which yields a calibrated 
20 date of 1410 to 1475 A.D. (10). Unit B also 
consists of a 0.5-m-thick colluvial wedge de- 
posit with coarse gravels and silty-clay units at 
the base of which 14C dating of a bulk soil 
sample gives 1310 + 70 years B.P. (2u date = 
610 to 890 A.D.). Unit C is a 0.8-m-thick 
colluvial deposits comparable to units A and B 
but with nearly flat lying units of coarse and 
fine gravels, abruptly cut by the fault. The I4C 
dating of a bulk soil sample of unit C yields an 
age of 2430 + 120 years B.P. (2u date = 850 
to 200 B.C.). A succession of massive colluvial 

Fig. 4. (A) Trench T4 north wall illustrating the surface faulting with the and C. (C) Reconstruction of paleoseismic events: The fault scarp deg- 
three most recent displacements and colluvial wedge deposit A that radation and related colluvial wedge deposit A record the most recent 
postdate the 1356 earthquake. (B) Photomosaic of colluvial wedges A, B, earthquake. 
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silt layers with scattered gravels is observed 
below unit C, and the I4C dating of a bulk soil 
sample of the uppermost layers yields 7510 f 
80 years B.P. (2u date = 6480 to 6210 B.C.). 
The succession of faulted colluvial wedges B 
and C overlain by unit A indicates three seismic 
ruptures with at least 1.8 m of cumulative ver-
tical displacements (corresponding to the thick-
ness of the three colluvial wedges A, B, and C 
of Fig. 4B) during the past 8500 years. The 
most recent faulting event is bracketed between 
610 and 1475 A.D. It occurred before the dep-
osition of unit A (before 1410 to 1475 A.D.), 
and it may correspond to the 1356 A.D. Base1 
earthquake. 

The 0.5 to 0.8 m of vertical displacements 
measured in trench T4 is consistent with large 
earthquakes that rupture through the entire seis-
mogenic thickness (15 km) over a length of 15 
to 20 km (11). These fault dimensions would 
yield an estimated seismic moment M, = 3 to 5 
lo2' dyne cm (moment magnitude Mw = 6.4 to 
6.5) in good agreement with the historical esti-
mates (2, 3). However, only an 8-km-long 
Basel-Reinachfault is visible in the Birs Valley; 
the fault zone may extend to the north (below 
the city area) and to the south across the Jura 
Mountains. 

In addition to the 1356earthquake,measure-
ments from the trenches identify two other 
events that occurred between 6480 to 850 B.C. 
and 850 B.C to 890 A.D. These results are 
consistentwith (i) the analysis of growth anom-
alies in speleothems in caves and (ii) deformed 
layers in lake deposits south of the Birs Valley 
(Fig. 3) (12). A consistent pattern appears from 
these different investigations and points to a 
recurrence time for a 1356-type earthquake in 

the Base1 area of about 1500 to 2500 years. The 
occurrenceof three large earthquakesin the past 
8500 years on the Basel-Rheinachfault yields a 
mean uplift rate of 0.21 rnmlyear and is com-
patible with geodetic and seismic estimates of 
uplift rate farthernorth in the Rhine graben (13). 
We conclude that the Basel-Reinach fault ac-
commodatesthe major part of the seismic activ-
ity of the area. A Erequency-magnitude dstribu-
tion of the seismicity during the past 1000years 
has been determined for the seismic hazard as-
sessment in the greater Base1 region (Fig. 5). 
Assuming stationary seismicity, the 1000-year 
activity rate can be extrapolated for a 10,000-
year period by scaling the curve by one loga-
rithmic unit, infening 20 1356-type earthquakes 
(curve A, Fig. 5). Combining paleoseismic re-
sults along the Basel-Reinach fault, we obtain 
instead five to eight 1356-type earthquakes for 
the last 10,000 years and a more constrained 
distribution for the occurrence rate of earth-
quakes in the Base1 region (curve B, Fig. 5). 
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