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Abstract

A geodetic station (ANTC) built in bedrock in southern Chile is undergoing non-steady vertical motion within a range of
nearly 50 mm. These fluctuations are dominated by the earth’s local elastic response to the changing weight of water in a
reservoir located about 20 km away. There is also an annual periodic component of motion that is attributed to global and
regional patterns of loading, as well as a steady tectonic signal. The local loading response constrains the average elastic
structure of the area, and implies a stiffness that falls near the lower end of the range observed in rock samples.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction weigh mass changes associated with seasonality and
other short-term climate cycles then we must be able
Geodetically observed oscillations of the solid earth to calibrate the elastic response of a given area so as to
surface largely manifest earth’s elastic response to provide this balance with a locally meaningful scale.
annual and interannual changes in atmospheric andWe present here a case study from Chile that suggests
seafloor pressure, and, often more importantly, in the that this calibration can be achieved by using continu-
loads associated with snow, ice, surface and subsur-ous GPS stations to monitor crustal motion near lakes,
face water Klangiarotti et al., 2001; Blewitt et al., such as hydroelectric reservoirs, that are characterized
2001; Dong et al., 2002; Heki, 20pThe rapid growth by large and carefully measured fluctuations in water
of geodetic reference networks of Global Positioning volume.
System (GPS) receivers raises the possibility of mea- Elastic loading of the solid earth occurs at global
suring this elastic response with sufficient spatial and (Blewitt et al., 200}, regional Heki, 2003 and local
temporal resolution and coverage to provide important scales (this study). Lord Kelvin and George Darwin’s
new insights into local and regional mass fluxes asso- studies of the solid earth tides in the nineteenth cen-
ciated with the hydrological cycle. But if we are to use tury led the former to conclude that “the earth has,
the solid earth as an elastic balance with which we can on the whole, a rigidity greater than that of a solid
globe of glass of the same dimensions; and perhaps
"+ Corresponding author. greater than that of a globe of steel”. Seismologists
E-mail address: bevis@hawaii.edu (M. Bevis). later established the existence of the liquid outer core,
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but confirmed that the overlying mantle and crust do Y, and Poisson’s ratioy or, equivalently, the Lame
behave as a stiff elastic solid, at least in the seismic parameters) and i) that characterize the behavior
frequency band. Space geodetic techniques have beerof the linear, isotropic, elastic material composing the
used to infer the anelasticity)j of the earth’s mantle  half-space Turcotte and Schubert, 1982t is also

at the main tidal frequencies, at the 14-month period possible to invoke a vertically stratified earth model
of the Chandler wobble, and for the 18.6-year body composed of one or more layers overlying a uniform
tide (Smith and Dahlen, 1981; Ray et al., 2001; Wahr half-space Farrell, 1972.

et al., 2003. While the frequency dependence@fis Seismologists have developed standard models for
still not completely understood, these studies indicate the elastic structure of the earth, but these models
that at periods of-1 year mantl&) is sufficiently high were achieved by massive lateral averaging, often to
(>100) that it is quite reasonable to ignore anelastic the point of addressing only the radial variations in
effects when modeling the deformation of the solid earth structureziewonski and Anderson, 1981or
earth caused by surface loads of global or regional ex- characterizing lateral variability only in terms of con-
tent.Heki (2001) for instance, modeled snow and ice tinental versus oceanic settings. In addition, the verti-
loading in Japan using a perfectly elastic model. Un- cal resolution of most whole earth mechanical mod-
like the solid earth’s response to tidal forcing, which els is, not unreasonably, rather limited. Elastic load-
is mainly sensitive to the rigidity of the lower man- ing phenomena can be sensitive to the details of near
tle, the deformation produced by surface loads in an surface structureMarthelot et al., 1980 Laboratory
area the size of Japan is sensitive to the rheology measurements of the elastic moduli in actual rock sam-
of the lithosphere and upper mantle, including the ples exhibit surprising levels of variability (often much

asthenosphere. more than an order of magnitude), even for rocks of
We present a case study in which the surface load the same general typ8ifch, 1966; Kulhawy, 1976
has dimensions 0£50 km. We followHeki (2001)in Clearly it could be misleading to assume standard or

adopting a perfectly elastic model for the solid earth’s conventional values for the elastic parameters in order

response to this time variable load. Because our studyto model surface loading processes in a specific loca-

area is located in a tectonically active region, and in tion. Indeed, this danger is underlined by the results

the immediate vicinity of an active volcano, it might of this study.

be objected that it is conceivable that the elastic re-

sponse to surface loading may be modified by the exis-

tence of a mid or lower crustal magma chamber, or by 2. Geodetic observations of surface loading in

a viscous component of deformation associated with Antuco, Chile

creep of an unusually hot lower crust or a shallow as-

thenosphere characterized by unusually high degrees Our interest in the vertical deflections attending hy-

of partial melting. Nevertheless we begin our analy- drological loading of the earth’s surface began sev-

sis by assuming a perfectly elastic response (i.e. thateral years ago when we recognized that one of the

other modes of deformation can be neglected in a first continuous GPS stations we had established in the

approximation) and attempt to justify this assumption Southern Andes, primarily for the purpose of study-

only a posteriori. ing active tectonic processes, was undergoing unusu-
When considering loads of limited spatial extent ally large vertical fluctuations which were strongly

it is often reasonable to ignore the curvature and to- anti-correlated with the water level in a nearby reser-

pography of the earth, and to treat it as an elastic voir (Fig. 1). This station (ANTC) is located near the

half-space l(ove, 1929; Farrell, 1972 The relation- village of Antuco and about 20 km from Lago Laja,

ship between the load and the associated deflectionone of the largest reservoirs in ChilEig. 2g. This

of the earth’s surface is sensitive to the elastic prop- lake (which is also known as Laguna de la Laja) came

erties of the subsurface in the general vicinity of the into existence after an eruption of Volcan Antuco con-

load. For a uniform half-space, the response to sur- structed a natural dam across an adjacent river val-

face loading depends only on the geometry of the load ley. Because Lago Laja is used to generate hydroelec-

and a pair of elastic constants (e.g. Young’'s modulus, tricity its water level is continuously monitored, and
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Fig. 1. Crustal motion at continuous GPS station ANTC near 50 i : : - .
Antuco, Chile, and the water volume history for Lago Laja, a 0 10 20 30
reservoir located about 20km from ANTC (s€eg. 2). (a) The DISTANCE FROM ANTC [KM]

daily site position time series for ANTC manifests the motion of . . .
this station relative to the stable core of the South American plate. 19 2. A map showing the geometry of the loading problem and
The black curves represent a simple model for each component the elastic model. (a) The GPS station ANTC, the active olc

of displacementTable 3. (b) The volume of water in Lago Laja Antuco an_d Lago Laja, all Ioca_ted in Southern Chile close to
relative to an arbitrary reference surface. the Argentine border. The dots in the lake represent the centers

of a suite of circles, organized in a regular grid, used to model
the load represented by a lake water volume change of31km

. . Each of these circular loads has a radius equal to one half of the
the relationship between water level and water volume gig spacing. (b) The vertical motion of the surface produced in

has been established through a careful topographicresponse to this incremental load, for the profile indicated by the
analysis. dashed line in (a).

The geodetic time series at ANTEif. 1) is ex-
pressed in a reference frame attached to the stable core
of the South American plate&kéndrick et al., 2001 This vertical fluctuation is clearly anti-correlated in
This time series is composed of daily geodetic solu- time with the change in the volume of water in Lago
tions in which (to the best of our abilities) the influence Laja (Fig. 1B, and therefore with the changing weight
of all astronomical tides, including the pole tidedng of the lake.
et al., 2002, has been removed. The motion of ANTC In order to quantify the influence of the lake, we
has a steady secular component associated with inter-assume that the east (E), north (N) and upward (U)
seismic deformation of the leading edge of the South components of displacement at ANTC can each be
American plate in response to locking of the main expressed as the superposition of three modes of
plate boundaryHevis et al., 200L Superimposed on  deformation: (i) a steady, linear displacement with
this steady velocity is a fluctuation most strongly de- time constituting the interseismic (tectonic) veloc-
veloped in the vertical component of motidfid. 19. ity, (ii) a time-varying displacement which is strictly
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Table 1

Best fit model for the east, north and upward components of displacement at station ANTC, for the simplest class of model in which the
periodic displacement component at ANTC (nominally associated with global and regional loading) consists of a single harmonic with a
periodicity of 1 year

East North Upward
Lake loading (mm/kr) 1.02+ 0.08 0.59+ 0.05 —7.37+ 0.22
Tectonic velocity (mm per year) 15.08 0.04 —0.66 + 0.03 0.03+ 0.12
Periodic component
Period=1 year

Amplitude SIN (mm) —0.13+ 0.08 —0.16 + 0.05 547+ 0.21

Amplitude COS (mm) —0.56+ 0.08 —0.39+ 0.05 2.69+ 0.22

Total amplitude (mm) 0.57 0.42 6.09

Phase 1) —167.3 —158.0 63.8
RMS misfit (mm) 2.37 1.57 6.41

This harmonic is constructed from a sine and a cosine term, so as to allow arbitrary phase. All uncertainties represent 1-sigma standard
errors.

proportional to the volumey, of water in the lake, ing shape. These models produced very little improve-
and (iii) a time-varying displacement representing the ment in the fit of the model to the GPS observations,
response at ANTC to global and regional patterns of and as a result we prefer the simpler modelle J
environmental loading (as well as any local loading already described.
other than that produced by the lake). Because there If we examine the loading coefficients associated
have not, until very recently, been any other continuous with the E, N and U components of motion, we see that
GPS stations located in this part of Chile, we cannot they all appear to be statistically significant in their
estimate this third mode of deformation using direct difference from zeroTable J). Nevertheless, because
observations, and so, in order to perform a preliminary the loading coefficients for the E and N components
analysis, we resort to the assumption that it can be ap-are small in terms of their absolute size, we are con-
proximated using an empirical periodic function. Our cerned that systematic errors associated with the GPS
initial analysis assumes a particularly simple form for analysis (which can produce slowly-changing biases
this function: a pure sinusoid with a period of 1 year. of magnitude~1 mm in the horizontal, and-3 mm
The parameters or coefficients of this composite model in the vertical) could make this statistical interpreta-
were obtained by a least squares analysis, and the bestion misleading. The RMS misfits associated with our
fitting curves are shown ifrig. 13 and described in  models for the E, N and U componentsid. 1) are
Table 1 Only the E and U components of displace- 2.37, 1.57 and 6.41 mm, respectively. If we eliminate
ment at ANTC contain large signals. The E compo- the lake loading component of the model, and keep
nent is dominated by a large tectonic sigrall6 mm only the linear and periodic components, then the RMS
per year), whereas the U component is dominated by misfits are increased to 2.46, 1.63, and 8.06 mm, re-
the combination of a lake loading signal (7.4 mmf&m  spectively (corresponding to changes of about 4% in
producing a total variation of~23mm of displace-  the horizontal, and about 26% in the vertical). This in-
ment) and a smaller periodic component of motion dicates that the lake loading term makes very little dif-
(~12mm peak-to-peak amplitude). This last compo- ference to our ability to model the horizontal compo-
nent is largely responsible for the apparent phase shift nents of motion at ANTC. Furthermore, even though
between the U and the lake level time serieg( 1). the ratio of horizontal to vertical displacement mag-
We performed a suite of similar analyses in which nitude at ANTC (due to lake loading) depends on the
we assumed that the periodic term could be expressedunknown value of Poisson’s ratio, for any value of the
as a linear combination of sinusoids of differing fre- elastic constants the east component of displacement
guency (and with adjustable amplitude and phase) in should be very much larger than the north component
order to explore annually periodic functions of vary- of displacement, since the lake is located well to the
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east of ANTC and has roughly equal areas north and ¥(v) FROM OBSERVED VERTICAL LOADING SIGNAL

south of ANTC. Since the E and N loading coefficients " |
(Table ) are similar in magnitude, we conclude that _ —
one or both of these estimates are corrupted by sys- g L -
tematic error and are not credible. However, we are r
confident that we are clearly resolving a loading signal 4 7o} Bt
in the vertical time series. The fit of the model curve g‘ I -
to the U time series ifrig. 1is impressive given that 2 .|
this model enjoys only five degrees of freedom. For 2 I
the rest of this study, we restrict our attention to the £ [ SN s
vertical loading signal observed at ANTC. Q sop Yiv)
SRR e s s ‘,Z’_Z‘.Zig‘.:i‘_i?_‘_ -----------
3. A uniform elastic half-space model % 0.1 0.2 03 0.4 0.5

POISSON'S RATIO, v

We have found that for each cubic kilometer of wa- Fig. 3. The solid black curveY(v), shows the possible combina-
ter added to Lago La_ja_ the ground at ANTC is dis- tions of Young's modulusy, and Poisson’s ratioy, that are con-
placed downwards by about 7.4 mm. We model this Sistent with our elastic Iqading mogel and the relgtionship between
effect using a uniform elastic half-space model based water volume changes in La_go Laja and the vertical dlsplacemen‘t

. . . measured at ANTC. The thin dashed curves represent the nomi-
on the analyt'cal solution for the surface dlsplacement nal 95% confidence interval associated wiiiv). The vertical and
field induced by a circular load_¢ve, 1929; Farrell,  norizontal grey lines indicate the typical rangesyimndv associ-
1973_ We approximate the incremental lake load us- ated with various rock types, according Tarcotte and Schubert
ing a suite of 1280 circular |Oad§i@. 23’ each ap- (195_32) The abbreviations are: S: §andstone, L: limestone, GN:

. . gneiss, B: basalt, GR: granite, D: diabase, GA: gabbro.
plying the same uniform pressure to the surface of the
half-space, and exerting a net force equal to that as-
sociated with 1 krd of water in the lake. We compute
the surface displacement associated with each circu-
lar loading element, and find the total vertical dis-
placement field by linear superposition. The vertical
displacement field depends solely on the geometry of
the lake, and on a single constafit= (1 — v?)/7Y,
which depends only on Poisson’s ratipand Young’s
modulus,Y, for the half-space. Any combination ¥f
andv that leaves<C unchanged will produce an iden-
tical vertical surface displacement field in response
to a given surface load. In order to match the ob-
served rate of displacement at ANTC, we require-
(5.20+0.16) x 10~ Pa L. We illustrate the resulting 4. Interpreting low apparent stiffness
displacement field along a profile starting at ANTC
and extending 30 km to the ea&iq. 2b). Our simple In this section, we seek to explain the low elastic
elastic model suggests that close to the middle of the stiffness inferred for the earth’s crust beneath Lago
lake the ground depresses about 40 mm for each cubicLaja and Antuco—does this result indicate possible
kilometer of water added to the lake (implying total shortcomings in our measurement technique or in our
vertical range of more than 12 cm between late 1996 mathematical model? We first consider the possibil-
and early 2002). ity that our determination of the loading coefficient

As noted above, we cannot resolve the separate val-(7.4 mm/kn?) is somehow biased, and that this has
ues ofY andv from the vertical loading signal mea- led to a biased constraint on the crustal stiffness of
sured at ANTC, but we can infer a curve that describes the area. The water entering the lake is largely de-

all pairs of values foly andv that are consistent with
our observations. This curve is shownHig. 3, along

| with the characteristic ranges &fand v for various
rock types, as determined by laboratory measurements
(Turcotte and Schubert, 1982Ve see that no matter
what value we assume for the effective value foly

in the vicinity of Lago Laja appears to fall near the
bottom of the range established by laboratory mea-
surements.
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rived from the melting of ice and snow, and ignoring
the reduction of this hydrologic load in the watershed

of the lake, while inferring the response associated

with filling of the lake, will cause us to underesti-
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5. Searching for a phase lag associated with
anelasticity

We now return to the issue of anelasticity mentioned

mate the magnitude of the lake loading coefficient at in the introduction, and seek to justify our adoption of

ANTC. However, this bias would cause us dwer-
estimate the stiffness of the crust (i.€Y), whereas

a purely elastic model on grounds somewhat broader
than Occam’s razor and the minimal nature of our ob-

we seek a systematic error producing the opposite ef- servational geometry (only one clearly resolved com-
fect. Furthermore, because we are already modelling ponent of motion at a single point). Although it is

a large part of the local snow and ice load signal in
the harmonic component of our modé&kble 1), and

because the remaining anharmonic component of lo-

cal snow and ice loading would have a very different
form (structure) than the lake volume curve over a
nearly 6-year period, the magnitude of this bias is
probably very small. Some simple numerical exper-
iments suggest that it is not likely to exceed a few
percent.
A more likely explanation for the low elastic stiff-

ness implied by our numerical model is that we in-
voked auniform elastic half-space, and, even at the

not possible to characterize the influence of a volcanic
magma chamber or more diffuse viscoelastic behav-
ior of the subsurface without knowing, among other
things, the geometry associated with such rheology,
any significant level of energy dissipation in the sys-
tem must manifest itself as a phase or time lag be-
tween the temporal variation in the surface load (i.e.
the driving force) and the associated crustal deforma-
tion or response (cfRay et al., 200L Accordingly

we generalize our numerical model (more specifically,
that part associated with the first coefficienTable 1

so that the crustal displacement at ANTC at time t is

scale of the lake, the elastic structure of the earth proportional not to the volume of lake water at time

is more complicated than this. It is likely that the
actual value ofY varies in space—especially with
depth, and that our estimate f¥rreally represents a

t, but to the volume at times & 7). That is, the time
development of crustal displacement is delayed rela-
tive to that of the load by a time lag, We restrict

spatially-weighted average value. Because poorly con- 7 to positive values to respect the principal of causal-
solidated sediments in the shallow subsurface tend toity, i.e. to avoid the physical absurdity of framing a
be less stiff than competent rock at greater depth, thesemodel in which effect precedes cause. We search over

materials would reduce the average valueydfelow

a range of values for the time lag, and for each value

that normally associated with the elastic lithosphere of T we repeat our least squares analysis to obtain the
and with most of the competent rock samples used best fit between our generalized model and the vertical

in laboratory determinations of elastic moduli. This

motion time series at ANTC. We plot the RMS misfit

interpretation is supported by studies of local ocean between model and data as a functioncah Fig. 4.
loading signals recorded by tiltmeters installed near We see that the RMS misfit monotonically decreases
coastlines. These tidal signals have amplitudes as largeasrt is reduced to zero. We find no evidence for a time
as several microradians very close to the water’'s edgelag in the system.

but decay rapidly inland. This localization of the land

This finding is hardly a definitive basis for reject-

surface’s tilt response to nearby changes in seaflooring the possibility of local anelastic effects. Our model
pressure has led several workers to infer a near sur-is, after all, a relatively crude one, particularly in the

face layer of very low rigidity (e.gTakahashi, 1929;
Marthelot et al., 1980

way that it handles the composite global and regional
loading signal, which is not likely, in reality, to be

There are a few additional complications associated strictly periodic. Another objection is that there may

with the special setting of Lago Laja. It is possible

be aspectrum of time lags associated with different

that the crust in this area is more compliant (i.e. less driving frequencies, whereas we have assumed a sin-

stiff) than in most continental regions due to the ther-

gle value fort in each of the scenarios used to pro-

mal anomalies associated with active volcanism and duceFig. 4 This objection is less weighty because the
because of the presence of numerous fractures andiake volume time series is relatively narrow band and

faults.

is clearly dominatedya 1 year periodicity, and thus
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RMS MISFIT [MM]

6.4

0.2 0.3

TIME LAG, T [YEARS]

0.1 0.4

Fig. 4. The RMS misfit between the vertical displacement time
series at ANTC and a generalized loading model in which the
displacement at ANTC at timeis proportional to the volume in
the lake at some earlier time € ). Causality requires the time

lag = to be positive. The best fitting model (describedTeble 1
and Fig. 1) occurs when the response time= 0.

our search over a range of discrete time lags ought to
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two elastic parametersy(and v). By adding at least
one station 20-40 km west of ANTC (i.e. farther from
the lake), we should be able to estimate the global and
regional loading signals directly and better separate
them from the local loading signals associated with
the lake.

Itis desirable to perform similar measurements near
other bodies of water which, like Lago Laja, undergo
large variations in water volume, in order to com-
pare the effective elastic structure inferred in different
tectonic settings and using loads of different spatial
scales.

This study suggests that continuous GPS stations
can be used to study local and regional mass fluxes
associated with the hydrological cycle, and that obser-
vations made near lakes and major rivers that undergo
large and carefully monitored fluctuation in water
volume could be used to calibrate this measurement
system. However, this new tool for studying the hy-
drological cycle comes with a significant geophysical
price tag—we are going to have to probe the shallow
elastic structure of each study area in some detail in
order to ensure that our measurements are properly

capture at least some of the response delay even if notinterpreted.

all of it. We find no sign at all of a (causal) time lag in
the system, and while our analysis is rather simplis-
tic, it leaves us with no compelling reason to suppose
that a purely elastic model of the loading process is
not adequate as a first order description of surface de-
formation.

6. Discussion

To further develop our understanding of the elastic
loading process near Lago Laja, we will need to mea-
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