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Fluids are known to be of major importance for the earthquake genera-
tion because pore pressure variations alter the strength of faults. Thus they
can initiate earthquakes if the crust is close enough to its critical state. Based
on the observations of the isolated seismicity below the densely monitored
Mt. Hochstaufen, SE Germany, we are now able to demonstrate that the crust
can be so close-to-failure that even tiny pressure variations associated with
precipitation can trigger earthquakes in a few kilometer depth. We find that
the recorded seismicity is highly correlated with the calculated spatiotem-
poral pore pressure changes due to diffusing rain water and in good agree-

ment with the response of faults described by the rate-state friction law.
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1. Introduction

In recent years, hydromechanical coupling has been proposed as a possible explanation
for many geological phenomena including the anomalous weakness of many major faults
[Sleep and Blanpied, 1992], silent slip events [Kodaira et al., 2004], aftershock occurrence
[Nur and Booker, 1972; Miller et al., 2004], and remote triggering of earthquakes [Prejean
et al., 2004]. The widely accepted understanding is that an increase of the pore fluid
pressure reduces the effective normal stress and thus the strength of faults, promoting
earthquake rupture. Direct evidence for fluids affecting the stability of faults comes from
reservoir induced seismicity [Talwani, 1997], and fluid injections in wells [Zoback and
Harjes, 1997]. Fluid triggering is also observed for natural seismicity such as earthquake
swarms where the fluid source is assumed to be in depth [Parotidis et al., 2003; Miller
et al., 2004; Hainzl and Ogata, 2005]. Furthermore, seasonal variations of the seismic
activity have been found which seems to correlate with the seasonality of ground water
recharge [Saar and Manga, 2003] and precipitation [Muco, 1999]. However, so far, the lack
of high-resolution data did not allow to prove the effect of surface water in more detail.
Based on our observations for the isolated seismicity below Mt. Hochstaufen, we are now
able to show that rainfall can trigger earthquakes via the mechanism of pore pressure

diffusion.

2. Seismicity at Mt. Hochstaufen
The Staufen Massif is an east-west striking mountain chain in SE Germany, northwest
of the town Bad Reichenhall. The most prominent summit, Mt. Hochstaufen, reaches

an altitude of 1775m (Fig.1). Belonging to the elongated fold-and-thrust belt of the
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Northern Limestone Alps, the geology of the Staufen Massif is dominated by lower to
middle Triassic limestone and dolomite [Bogel and Schmidt, 1976]. Since more than
600 years ago, earthquakes with maximum macroseismic intensities of Iy = V have been
reported in this region, which is embedded in an almost quiet surrounding. The majority
of the earthquakes occurs in the summer months, which are also characterized by having
the highest average precipitation values during the year [Kraft et al., 2006a]. To explore
the underlying mechanisms, seismic monitoring of the Bad Reichenhall area was initiated
in 2001, consisting of six permanent and three mobile short period stations (see locations
in Fig. 1). In 2002, this network recorded more than 1100 earthquakes with a maximum
magnitude of M; = 2.4, mainly concentrated in two swarm type sequences following above-
average rainfall in March and August. For the first time, these data allow a detailed
analysis of the activity in this rare example of an isolated but critical system.

The observed seismicity is inconspicuous in its magnitude-frequency distribution that
follows the Gutenberg-Richter law with a typical b-value of 1.1£0.1 for magnitudes larger
than M;=-0.2. Below this value the distribution deviates from the Gutenberg-Richter law,
indicating incomplete data collection. We therefore restrict our analysis to M; > —0.2
events. Hypocenter locations are derived for a subset of these events using a 2D-velocity
model with topography. Groups of events with very similar wave forms are identified by
cluster analysis and relocated using the master event technique [Kraft et al., 2006b]. In

this way, over 500 locations were obtained, shown as points in Fig. 1.
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3. Seismicity Model

In order to test the hypothesis that rainfall triggered seismicity, we calculate the pore-
fluid pressure changes at depth in response to the surface rain. Assuming a homogeneous
crust and spatially uniform rainfall, we can restrict our analysis to the one-dimensional
case. The process of fluid pressure relaxation can be approximately characterized by a
system of equations describing the dynamics of fluid saturated porous elastic solid [Biot,
1962]. A diffusion equation describing the evolution of fluid mass alteration per unit

volume, m, can be uncoupled [Rudnicki, 1986; PHASE Research project, 2005

om ’m

where z is the depth coordinate, D the hydraulic diffusivity, and Q(z, t) a fluid mass source.
If porosity is assumed to be constant, the alteration of pore pressure p is proportional to
the mass alteration m and the same equation holds for the pore pressure alteration where

Q(z,t) now defines the pressure source. The solution of the diffusion equation is given by

t oo

p(z,t) = / / 2G(z — zp,t — 7)Q(20, T)dzodT (2)

—00 —0O0

with Green’s function G(z — zp,t — 7) = [4xD(t — 7)]7%° exp[—(z — 20)?/4D(t — 7)]
[Barton, 1989]. The factor of 2 results from the fact that the total fluid mass which can
only migrate into depth must be conserved [Landau and Lifschitz, 1966]. In our case,
the source is given by the linearly interpolated rain rate measured at four daily sampled
meteorologic stations surrounding Mt. Hochstaufen. Because we are only interested in
pressure deviations from the stationary state, we consider the deviation of the rainfall

from the long-term mean, namely Q(z,t) = pg(h(t) — h)d(z). The average rain amount
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h is calculated from the precipitation data from 1995-2001 at the same meteorological
stations. To avoid boundary effects, we start the integration of Eq.(2) at 1/1/2001.

To quantify the effect of the pressure changes on seismicity, we use the framework
of rate-state friction [Dieterich, 1994; Dieterich et al., 2000] which properly takes into
consideration the rate- and slip-dependence of frictional strength and time-dependent
restrengthening observed in laboratory experiments. This concept has already been suc-
cessfully applied to explain earthquake clustering in nature such as aftershock activity
[Scholz, 1998]. In this theory, the seismicity rate A is inversely proportional to the state
variable v describing the creep velocities on the faults, namely \(z,t) = r/(7y(z,t)),
where 7 is the stationary background rate and 7 the tectonic loading rate. The evolution
of the state variable is given by dy = (dt — ydCFS)/(Aco) with A being a dimensionless
fault constitutive parameter usually ~0.01 [Dieterich, 1994; Dieterich et al., 2000]. In
our case, the Coulomb failure stress C'F'S changes due the constant stressing rate 7 and
the variation of the pore pressure p, altering the effective normal stress ¢ = g, — p on the
faults. We track the evolution of v by considering sufficiently small times steps leading to
stress increments of ACFS(z,t) = 7 At + p(p(z,t + At) — p(z,t)). We choose time steps
of 0.5 days and set the coefficient of friction p to the typical value of 0.6 [Byerlee, 1978].

The state variable is iterated according to

_acrs At
T —

izt A8 = Fy(z e F 4 2 (3)

starting from the background level, that is, 7y(z,0) = 1. Because the pressure changes

are assumed to be much smaller than the effective normal stress, we can use Ao as a
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constant free parameter. The rate depends additionally on the value of the background

rate r, the relaxation time t, = Ao /7, and implicitly on the hydraulic diffusivity D.

4. Results

The estimation of the four parameters is carried out by the maximum likelihood method.
The likelihood function L, which is the joint probability function for a given model, is
constructed by multiplying the probability density function of each of the data points
together. For a given rate A(z,t), the log-likelihood with respect to the N earthquakes

occurring at the depth interval [z,, z;] at times ¢; can be determined by

N te z1
In L(r, o, A0, D) = S A(zi,t) = [ [ Az Dydzat (4)
=1

ts 20

where t;=1/1/2002 is the starting and t.=1/1/2003 the ending time of the activity [Ogata,
1998; Daley and Vere-Jones, 2003]. We account for the uncertainty of earthquake locations
by evaluating the formula (4) for z; which are Gaussian distributed around the determined
values. According to the localization procedure, the location errors vary between 50m and
2km with a median of 200m.

For the earthquakes in the depth interval 1-4 km, the result of the parameter grid-
search is illustrated in Fig.2. The maximization of the likelihood function (Eq.4 ) yields
r=0.45+0.05 [days™'], t,=180+60 [days], Ac=110£10 [Pa] and a hydraulic diffusivity
D= 3.3+0.8 m?/s, where the errors refer to a 63%-decrease of the likelihood function.
Considering a typical value of A = 0.01, our estimated Ac-value would yield
an effective normal stress of only 11 [kPa] which requires very high in situ
pore pressure in this region (see further discussion in section 5). The result-

ing diffusivity value, which corresponds well to the range of values obtained from fluid
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injection experiments (e.g., [Shapiro et al., 1997]), is slightly higher than the previously
estimated value for the same region of 0.75+0.35 m?/s [Kraft et al., 2006a]. However,
the previous result is based only on fitting single pressure-front curves to first locations
of the observed activity and did not incorporate the complete pressure field. Using our
estimated value for hydraulic diffusivity, we calculate now the pore pressure variations
at depth from the observed rainfall (Fig.3a). The comparison of the observed seismic
activity with the resulting spatio-temporal pressure field is shown in Fig.3b and with the
forecasted earthquake rate in Fig.3c. In either case, the observed seismicity (indicated by
stars) corresponds well to elevated values of the calculated functions, indicating a strong
spatial and temporal correlation. In Fig.3d, the calculated and observed earthquake rate,
including also the events without hypocenter information (M; > —0.2), are compared in
the form of time series representing the number of earthquakes per day. The correlation
between these time series and between those of observed earthquake rate and rainfall
is quantified by their cross-correlation coefficient, shown in Fig.4. While the seismic-
ity is not correlated with the rain data at zero time delay, it shows some correlation if
the seismicity is shifted backwards 8 days (R;q:=0.47). On the other hand, the earth-
quake rate calculated from the pore pressure changes at depth is strongly correlated at
zero delay time with a maximum correlation coefficient, almost doubling that of the rain
data (R;u.:=0.82). Note that the value of the hydraulic diffusivity that maximizes the
likelihood function in Eq. (4), is also found to maximize the linear correlation coefficient

indicating the consistency of our parameter estimation.
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5. Discussion

The high correlation indicates that our model is a good approximation of the underlying
processes, although we have strongly simplified the real world. In particular, the crust is
assumed to be a homogeneous half-space which certainly is an over-simplified model of the
local geology, where systems of open fractures are observed [Weede, 2002] extending from
the surface to depth of at least 100m. Thus a likely situation is a localized channeling of
larger volume of precipitation into a limited number of open fractures, resulting in
strongly amplified hydraulic head changes. If fluid diffusion is assumed to be
confined within deep fracture zones, the physics of rate-state friction and fluid
pressure diffusion within an equivalent porous medium model (e.g., Berkowitz
et al. 1988) would be the same. The only effect would be that the estimated
value of the parameter Ao would be amplified in the same way as the pressure, because
the evolution of the state variable 7y (Eq. 3) is invariant under identical
amplification of p, 7, and Ao.

Furthermore, we have neglected in our model seasonal effects such as snow coverage as
well as coseismic stress changes induced by the earthquakes themselves, which are known
to trigger local aftershocks according to the Omori law [Stein, 1999]. Previous studies of
natural swarm activity in the Vogtland region, Central Europe, indicate that aftershock
sequences are embedded in the swarm activity and can even dominate it [Hainzl and
Ogata, 2005]. However, for the Mt. Hochstaufen region, simple stacking of the activity

relative to the largest events indicates that aftershocks play only a minor role.
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Assuming homogeneous conditions, the absolute pressure variation during the year is
found to be between 0.5 - 1.3 kPa in the depth range between 1-4 km, where most of the
earthquakes occurred. This is in the same range as the effects of earth tides [Tolstoy et
al., 2002]. However, inserting tidal stresses (calculated from volume strain at 2 km depth
below Bad Reichenhall) as the loading mechanism into our model yields a maximum effect
of only 15% compared to the rainfall induced rate changes. The underlying reason is the
higher frequency of the tidal stress changes. The relative effect of tides would be further
reduced in the likely case that rain is collected in open fracture systems at the surface

(see above).

6. Conclusions

Although some seasonal variability of seismicity related to ground water recharge and
precipitation has been previously observed [Saar and Manga, 2003; Muco, 1999], we can
show here for the first time a statistically significant causal relationship between rainfall
and earthquake activity for an isolated region. Our analysis of the high quality meteo-
rological and seismic data in the Mt. Hochstaufen region yields clear evidence that pore
pressure changes induced by rainfall are able to trigger earthquake activity even at 4
km depth via the mechanism of fluid diffusion. Assuming homogeneous condition, stress
changes of the order of millibar are found to trigger the earthquakes. This is much less
than usually observed for the bulk of induced earthquakes in fluid injection experiments
(in the order of 10 bar), even though some fraction of those events has been triggered by
similar tiny pressure changes [Zoback and Harjes, 1997; PHASE Research project, 2005].

Our results indicate an extreme sensitivity of the crust with regard to minute changes.
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However, the existence of deep open faults channeling larger volume of precipitation would
lead to significantly higher stress changes which could explain the sensitivity of the seis-
mogenic volume in the Mt. Hochstaufen region. In any case, the high correlation between
rain-induced pressure changes at depth and seismicity opens the possibility of forecasting

future earthquake rates on the basis of rainfall data in this region.
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Figure 1. Map of Staufen Massif as well as EW and NS profiles through the summit of
Mt. Hochstaufen (1775m) with the located earthquakes in the year 2002 (dots). Map borders
are longitude 12°40" - 12°57'E and latitude 47°40.5" - 47°55.5' N. Triangles mark seismological

stations installed in 2002.

Figure 2. The result of the parameter search for maximizing the likelihood value. Additionally,

the maximum as well as the 63% decrease of the likelihood value are plotted as horizontal lines.

Figure 3. The spatiotemporal pattern of (b) pore pressure and (c) estimated earthquake rate as
the result of the surface rain rate (a) in the case of one-dimensional linear diffusion with hydraulic
diffusivity D=2.9 m/s*. Earthquake locations are marked by white stars (big: errors<100m).
(d) shows the daily number of detected earthquakes (green) in comparison with the theoretical

rate for the 1-4 km depth interval (red).

Figure 4. The linear correlation coefficient as a function of the time shift between the time
series of the daily observed number of earthquakes and (i) the daily rain amount (dashed line)

and (ii) the theoretical rate of earthquakes in the 1-4 km depth interval (solid line).
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