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Streamﬂow and Water Well Responses to
Earthquakes
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Earthquake-induced crustal deformation and ground shaking can alter stream ﬂow and
water levels in wells through consolidation of surﬁcial deposits, fracturing of solid rocks,
aquifer deformation, and the clearing of fracture-ﬁlling material. Although local conditions affect the type and amplitude of response, a compilation of reported observations
of hydrological response to earthquakes indicates that the maximum distance to which
changes in stream ﬂow and water levels in wells have been reported is related to
earthquake magnitude. Detectable streamﬂow changes occur in areas within tens to
hundreds of kilometers of the epicenter, whereas changes in groundwater levels in wells
can occur hundreds to thousands of kilometers from earthquake epicenters.
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groundwater levels and stream flow (21).
Liquefaction and consolidation also can occur in the nearfield to the intermediate field
(22), and far-field effects most likely result
from the interaction of aquifer properties and
transient strain during the passage of seismic
waves. Here, we review observations from
studies of hydrologic responses to earthquakes and compile observations on the relations between surface and subsurface response, distance from the epicenter, and
earthquake magnitude.

ffects of earthquakes on the direction,
at scales ranging from pores to continents.
quantity, and rate of surface and subThe great variety of reported hydrological
Groundwater Response
surface water flow have been noted for
responses to earthquakes may be systemThe development of seismographs and automatcenturies. Over the past several decades,
atized by considering near-field versus fared water level monitors in the early 20th century
measurements of hydrological response to
field, transient versus sustained, and rapid
led to the now common observation that seisnumerous earthquakes have quantified changes
versus delayed responses. More specifically,
mically induced oscillation in water levels in
in both surface water (streamflow) and groundwe suggest that it is helpful to distinguish
wells provides a form of hydroseismograph.
water levels in wells (1, 2). As a result of these
between near-field effects within about one
Both near-field and far-field well responses can
observations, a variety of mechanisms have
rupture length of the fault, intermediate-field
include high-frequency oscillations (23–27) and
been proposed to explain hydrological responseffects from 1 to 10 fault-rupture lengths
step responses that may be either transient or
es to earthquakes (Fig. 1). Changes in streamaway, and far-field effects at greater distancsustained (28, 29). Analytical solutions have
flow and water levels in wells have been
es. It is also useful to distinguish the transient
been developed for both the high-frequency
attributed to expulsion of fluids from the seisresponse to passage of seismic waves and the
(ranging from seconds to minutes) oscillation of
mogenic zone (3), pore-pressure diffusion after
effects of liquefaction from more sustained or
groundwater levels and porestrain occurs in the upper
pressure fluctuations in recrust (1, 4, 5), compression
sponse to the passage of seisof shallow aquifers (1, 6–8),
mic waves (2, 30, 31), as
increased permeability of
well as the strain amplificasurficial materials resulting
tion that leads to well level
from either shaking of nearoscillations. Such a response
surface deposits (9–11) or
depends on the interaction
opening of bedrock fractures
between the flow in the well
(12–14), and decreased perand the flow into and out of
meability resulting from
the aquifer (32). The particuconsolidation of surficial de- Fig. 1. Interactions between earthquakes and hydrological processes.
lar amplitude of transient
posits (15–17 ). Although
high-frequency well response at any given site is
often relegated to the status of strange or
permanent responses arising from aquifer
a result of the site-specific effect of the interaccurious phenomena, pore-pressure responses
compression or dilation. Transient response
tion of the aquifer properties and the volumetric
to distant earthquakes may trigger local earthranges from rapid oscillations in water levels
strain associated with propagating seismic
quakes (18), and chemical and thermal changes
in wells to increased stream flows that last for
waves (33).
in hydrological systems have been suggested
weeks, whereas sustained response can perSustained changes in water levels in wells
as having potential use in earthquake presist for months or reflect permanent changes
depend on both the structure of the aquifer and
diction (19, 20). Moreover, interactions
in aquifer properties. Rapid response initiates
the direction and magnitude of local seismically
between seismological and hydrological
during ground shaking (coseismic), whereas
induced strain (2). A good example of such
processes offer the potential for new indelayed response arises after ground shaking
effects is provided by postseismic water level
sights into the temporal and spatial variabilceases (postseismic). These different styles of
decreases in wells situated on bedrock ridges,
ity of hydrological properties and processes
response reflect different mechanisms, as
changes that have been attributed to water table
well as proximity to the epicenter and geo1
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The causes of delayed farfield changes in water levels in
wells hundreds to thousands of
kilometers from an epicenter
are not well understood. Brodsky et al. (29) proposed that
local ground shaking can loosen
fracture-blocking colloidal material, which in turn results in
changes in water pressure.

Streamﬂow Response

mented from earthquake epicenters as a function of earthquake magnitude (40). We compiled data for 221 gauging stations where
streamflow response was reported for more
than 16 earthquakes, and we show in Fig. 3
that the limiting distance to which liquefaction has been reported also defines the upper
limit to the envelope of reported streamflow
responses to earthquakes. Although this compilation suggests that the maximum extent of
streamflow responses is limited by the ability
of liquefaction to occur, this does not mean
that liquefaction is the exclusive cause of
increased flow. Whereas other mechanisms
likely affect near-field streamflow response,
we suggest that liquefaction generally may be
the limiting control on the distance to which
such response occurs.
In some cases, near-field–to–intermediatefield streamflow responses appear more closely related to structural changes. In the 1983
Borah Peak earthquake, increases in stream
flow occurred on the down-dropped hanging
wall of the fault, whereas no response was
observed on the footwall. Streamflow responses to the 1999 Chi Chi earthquake in
Taiwan showed a pattern of increased and
decreased stream flow, corresponding to areas of
compressional and extensional deformation (35).
Areas with the greatest increase in stream flow in
response to the 2001 Nisqually earthquake were
located in the Seattle Basin on the down-dropped
side of the deep seismogenic normal fault (17).
Hence, streamflow response to earthquakes can
reflect a range of mechanisms that give rise to
sustained versus transient and rapid versus
delayed response. Consequently, a key challenge for studies of hydrological response to
earthquakes is to elucidate the circumstances
that favor each mechanism.

Streamflow changes observed after earthquakes include near-field
and intermediate-field transient
Fig. 2. Distance from epicenter (or hypocenter if reported) versus
earthquake magnitude (moment magnitude Mw, if reported) for responses and sustained changes
locations reported to have exhibited seismically induced changes that altered the low discharges
(high-frequency to persistent) in well levels or groundwater- that define base flows in the pericontrolled springs. The line represents the theoretical limit to ods between storm events. Most
coseismic strain ⬎10⫺8 derived by Dobrovolsky et al. (37). studies reporting streamflow
Compiled data were reported directly in previous publications or
changes record increased dismeasured off of maps presented in the original sources (5, 10, 13,
26, 28, 34, 41–55), with the exception of observations from the charge, and three types of mech1964 Alaska earthquake (23), which were corrected for the chord anisms have been proposed to exlength from the point of observation to the earthquake plain changes in stream flow after
epicenter, as were data for the 2002 Denali earthquake earthquakes: (i) transient stream(29). Data for the 1906 San Francisco earthquake (Mw ⫽ flow changes resulting from aqui7.9) are based on accounts reported in Lawson (56). Each
fer deformation, (ii) sustained
data point represents the response of a single well; response to a single earthquake may include many wells changes in stream discharge resulting from changes in hydraulic
(such as that from the Mw 9.2 1964 Alaska earthquake).
conductivity or the opening or
closing of near-surface fractures,
normal faults (7, 35). Water levels in wells
and (iii) transient changes resulting from condrilled in unconsolidated valley-bottom depossolidation of surficial deposits. In some cases,
its have exhibited seismically triggered rises
the absence of evidence for changes in the rate
that have been attributed to aquifer compaction
of change of stream discharge during periods
(35). A sustained change in well level reflects
between storm events has been used to argue
nonrecoverable deformation, such as from
that the properties of aquifers feeding surface
changes in aquifer storage capacity (36). Difflows did not systematically change in response
ferent styles of sustained changes in near-field
to seismic events (15–17).
Liquefaction of valley-bottom deposits
groundwater levels can arise from the interacprovides a mechanism for rapid
tion of seismic deformation, site-specific geoincreases in stream flow, belogic structure, and the topography.
cause compaction or settling of
Dobrovolsky et al. (37) derived theoretisaturated near-surface deposits
cal relations between earthquake magnitude,
could yield large volumes of
distance from the epicenter, and volumetric
runoff as a result of the high
strain and reported that, in general, detectable
specific storage that is typical
seismically induced strain exceeds 10⫺8 (38).
In a typical aquifer, compressive strain of
of shallow aquifers. Moreover,
10⫺6 could produce a pressure rise of 1 m of
liquefaction of valley-bottom
water (2), whereas strain of 10⫺8 would prodeposits occurred in areas that
duce a 1-cm rise barely detectable with highexperienced increased stream
precision instrumentation. We compiled data
flow because of the 1983 Borah
from the response of 912 wells to more than
Peak (6) and the 2001 Nis44 earthquakes and show in Fig. 2 that the
qually (17) earthquakes. Aldistance to which earthquake-induced changthough consolidation of surfies in water levels in wells have been reported
cial deposits could produce Fig. 3. Distance from epicenter versus earthquake magnitude,
increases systematically with earthquake
rapid runoff response, in some M , for gauging stations that exhibited seismically induced
w
magnitude. Moreover, the limit to which wacases it may be difficult to ex- streamﬂow response. The line represents the empirical limit to
the
distance from the epicenter, beyond which liquefaction
ter well response has been reported correplain large volumes of sussponds to the distance at which a strain of
tained streamflow increases by has been observed (39). Data represent increases in stream
10⫺8 would be expected. Hence, the coseisthis mechanism (16). Papado- ﬂow reported for the Nisqually earthquake (17), observations
compiled by Manga (15), and additional data from published
mic response of wells to earthquakes extends
poulos and Lefkopoulos (39) reports or taken from published maps (9–12, 14, 16, 50, 51, 53,
as far from earthquake epicenters as we are
reported an empirical limit to 54, 57). Data for the 1906 San Francisco earthquake (Mw ⫽
able to reasonably detect such changes in
the maximum distance to which 7.9) are based on accounts of changes in stream ﬂow and
typical near-surface aquifers.
liquefaction has been docu- spring ﬂow reported in Lawson (56).
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Time Scale of Response
The time scale over which a change in water
levels in wells occurs can be used to estimate
the maximum depth at which the subsurface
structure or fluid pressure has been altered by
an earthquake. Roeloffs (2) derived a relation
to estimate the time scale of vertical porepressure diffusion to the water table in nearsurface aquifers as a function of hydraulic
diffusivity D and depth below the water table
that a hydrologic response originated. For
typical hydraulic diffusivities of unconsolidated sands (D ⬇ 1 to 102 m2 s⫺1), seismically triggered pore-pressure response originating within 100 m of the water table would reach
the water table within hours to days of an
earthquake. For a hydraulic diffusivity more
typical of fractured rock (10⫺2 to 10 m2
s⫺1), the same pore-pressure signal would
take from hours to a year to reach the water
table. Consequently, near-instantaneous
high-frequency water level changes in a
well must result from stress or changes in
the vicinity of the well, whereas delayed or
sustained changes may involve deeper or
more distant sources.
Different mechanisms of hydrologic response to earthquakes should have different
ranges of characteristic response times, and
one also should expect to see a wide range of
time scales for hydrologic response to earthquakes, depending on the local geological
and geomorphological contexts. Streamflow
response to the Nisqually earthquake, for example, occurred within 12 hours, indicating a
shallow source, and therefore precluding expulsion of overpressured fluids in the seismogenic zone and pore-pressure diffusion after
coseismic strain in the upper crust as mechanisms for the observed streamflow changes
associated with the earthquake (17). Sustained streamflow response, such as the
greatly increased stream flow that persisted
for many months after the Loma Prieta earthquake (13, 14), indicates a deeper source,
whereas rapid transient streamflow response
to earthquakes may reflect the expulsion of
water from surficial deposits in response to
consolidation during ground shaking. Distinguishing among the potential mechanisms of
hydrological response to earthquakes should
incorporate consideration of time scales, volumes of water, spatial patterns of response
and their relation to the distribution of surficial deposits, and patterns of seismically induced strain.

Conclusions
Our comparison of the maximum distance
from earthquake epicenters for stream flow
and well response highlights differences in
the spatial extent of surface versus subsurface hydrologic response to earthquakes.
Models for the spatial limits of liquefaction
and detectable response to strain character-

ize the maximum extent of areas over which
susceptible sites respond, but the magnitude of
hydrologic response to earthquakes is inherently site-specific because of local geological conditions. The variety of interactions between hydrological and seismological processes provides opportunities for insight into controls
on the development of crustal-scale permeability and aquifer properties, fault behavior
and strength, and the nature and distribution
of seismic hazards. Moreover, the different
spatial scales over which surface and subsurface hydrologic responses to earthquakes occur suggest different general mechanisms for
near-surface sources of stream flow and
deeper groundwater response.
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