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ABSTRACT 
 
Catalán, P.A.; Cienfuegos, R., and Villagrán, M., 2014. Perspectives on the long-term equilibrium of a wave 
dominated coastal zone affected by tsunamis: The case of Central Chile. In: Silva, R., and Strusińska-Correia, A. 
(eds.), Coastal Erosion and Management along Developing Coasts: Selected Cases. Journal of Coastal Research, 
Special Issue, No. 71, pp. 55–61. Coconut Creek (Florida), ISSN 0749-0208. 
 
The capability to predict the long term evolution of coastal state parameters can be severely affected by neglecting 
major geomorphic forcings. Among these, the effect of tsunamis as been largely neglected along the Chilean coast. In 
this contribution, we present a qualitative and descriptive assessment of the sudden change induced by the tsunami on 
a coastal location in Central Chile, and the consequent recovery process. The latter is driven mostly by strong wave 
forcing, with a very fast recovery capactity. The necessity and consequences of including tsunamis in long term 
evaluations fo coastal morphology are briefly discussed. 
 
ADDITIONAL INDEX WORDS: Morphological change, morphological recovery, tsunamis. 
 

 
           INTRODUCTION 

One of the main objectives of coastal and nearshore science is 
to have the capacity to predict coastal state parameters. Having 
such capacity is relevant not only for basic science purposes, but 
also because it would allow improved development and 
assessment of coastal infrastructure; and enhanced policies for 
coastal management and planning, among others. However, this 
is not an easy task, because a wide range of spatial and temporal 
timescales concur and interact in the nearshore, regardless of 
whether fluid, morphological or fully coupled approaches are 
considered.  

Typically, an a priori discrimination on the approach to be 
used is taken, based on the timescales and length scales to be 
resolved. In this way, a purely fluid based approach is used 
when the timescales are relatively short, of the order of a few 
wave periods, when it is assumed that morphological changes 
are minimal and would have little effect on the hydrodynamics. 
However, even at this short scales, some significant changes can 
take place that would have cumulative consequences on the 
overall behavior of the system. As a response to this, models 
with partial feedback or fully coupled can be used instead, but 
typically this approach is somewhat costly in terms of 
computational time and resources. For long-term evolution, one 
of the key aspects is to follow the evolution of shorelines, which 

are related to changes in the large scale conditions of the 
systems. One of the most typical examples are many current 
assessments of the impact of climate change on the coastal zone, 
where modeled trends and changes in wave forcing and mean 
water levels are estimated as bulk quantities over relatively large 
domains and timespans. These estimations in turn, can be used 
to assess the impact of the phenomenon on the coastal 
environment through several methodologies. As an example, 
model estimates of mean water level change along the Chilean 
coast typically do not exceed 30 cm level increase (Church et 
al., 2013), but even these moderate changes could induce 
erosive adjustments along the coast, and could trigger a cascade 
of affectations to coastal morphology and infrastructure.  

What is being relevant in this assessment is that a very long 
time scale of evaluation is being considered (in this case, O(100) 
years), with a process, which can be considered very gradual in 
terms of its impact.  But within the same time frame, large 
earthquakes and destructive tsunamis affect several coasts 
around the world, including the Chilean coast. These episodic 
events can induce significant effects at the local morphological 
level at very short time scales (over a few minutes) but over 
relatively large spatial scales (a few to O(100) kilometers). 
Earthquakes can also induce coseismic deformation over large 
areas and longitudinal extent of the coastal zone, even without 
triggering a tsunami. If a tsunami occurs, the strong 
hydrodynamic forcing associated can have large sediment 
transport capacity, also affecting the coast at more local scales.  
In this regard, some researchers have proposed that long lasting 
coastal tsunamigenic imprints could be used to reconstruct 
incomplete tsunami records (e.g., Bryant et al., 1996; Gianfreda 
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et al., 2001; Scheffers and Kelletat, 2003). The underlying 
assumption is that tsunamis do have the capability to alter 
permanently coastal morphology. In contrast, Kench et al., 
(2008) argue that tsunamis can affect short- and mid-term 
seasonal dynamics of beaches, but that the effect decays in time 
leaving no long-term imprints. Liew et al., (2010) supports this 
idea and suggest that no intervention is needed to recover coastal 
environments, as they would do in short times. Clearly, a 
consensus has not been reached yet. 

When a tsunami strikes, the coastal environment can be 
affected by a sudden departure of its quasi-equilibrium state and 
a new equilibrium state needs to be reached. The relaxation time 
of those systems is uncertain and can be affected by a wide 
range of conditions, such as sediment supply, forcing strength, 
and the coastal configuration, among others (Liew et al., 2010). 
Consequently, incorporating these events in long-term 
assessments of coastal evolution is of paramount importance for 
coastlines subject to recurrent earthquakes.  

Although this fact has been long recognized in several areas 
of the world, the most prominent data to date are related to the 
two large tsunamis of 2004 Indian Ocean tsunami; and 2011 
Great Eastern Japan tsunami. Observations suggest that the 
effect and rate of change of the response could vary among 
different locations and coastal configurations. Liew et al., 
(2010) monitored the recovery process of Banda Aceh area after 
2004 Indian Ocean tsunami, identifying six different 
morphological configurations. They found very short relaxation 
times (fast recovery) of the coastline and beaches, whereas river 
mouths and coastal lagoons were the slowest. Paris et al., (2009) 
and Choowong et al., (2009) also observed variability in the 
response, with beaches recovering very vast, and some sand 
barriers being restored to a significant degree less than a year 
later. More recently, Tanaka et al.,  (2012), Adityaman and 
Tanaka (2013) and Liu (2013) observed changes at local scale 
post the Tohoku 2011 event in Japan, and followed the recovery 
process, although they focused on the shoreline evolution of 
beaches and river mouths. One relevant aspect is that in some 
cases, a new equilibrium state was reached, typically under the 
influence of coastal structures. 

In the present work, we present a qualitative assessment of the 
rate of change observed in the coastal zone of Mataquito, after 
the February 27, 2010 Maule Earthquake and Tsunami. This 
area can be described as a wave dominated coast (Davis and 
Hayes, 1984). While mostly descriptive in its scope, the 
evolution of the system highlights a highly resilient system, 
capable of recovering over very short time periods (hence short 
relaxation time), reaching a similar configuration to that of 
before the event. 

 
SITE DESCRIPTION AND TSUNAMI IMPACT 

On February 27, 2010, a Mw 8.8 earthquake hit central Chile 
causing widespread damage but relatively few casualties despite 
its magnitude (Madariaga et al., 2010). The epicenter was 
located offshore Maule but the rupture area, at the interface 
between the Nazca and South America plates, extended over 
several hundreds of kilometers (e.g., Vigny et al., 2011). The 
massive rupture generated devastating tsunami waves that 
affected more than 600 km of the Chilean coastline and the 
Archipelago Juan Fernández, located 660 km offshore 

Valparaíso. Coastal communities were severely hit during 
several hours after the shock (Fritz et al., 2011; Yamazaki and 
Cheung, 2011). 

 
 

 
Figure 1. Study area and estimated location of the epicenter of the Feb. 
27, 2010 Maule earthquake. Right images correspond to estuaries 
characteristic of the central Chile coast. 

 
 

The event had complex slip pattern along the interplate fault, 
which was highly inhomogeneous along the 500 km long and 
200 km wide rupture zone as estimated by different inversion 
methods and sources (e.g., Vigny et al., 2011; Farías et al., 
2010), with at least two uplift spots: one offshore Bucalemu 
(34º39'S, 72º03'W) and the other inland Cobquecura (36º08'S, 
72º47'W). Numerical modeling of the event suggests that 
tsunami waves could have had multiple focal origins. As 
tsunami waves propagated towards the coast, additional 
complexities arose because of the steep continental shelf and the 
numerous submarine canyons, embayments and headlands 
present in the Chilean central-south coast (e.g., Yamazaki and 
Cheung, 2011; Aránguiz, 2012). Despite the large earthquake 
magnitude, the tsunami was relatively moderate, with average 
runup of about 10 m, much less than those generally observed in 
the 2004 Indian Ocean Tsunami and 2011 Great Eastern 
Tsunami. In contrast to Maule tsunami, morphologic studies 
following those events were carried out in locations with 
inundation levels typically in excess of 10 m, and runups above 
30m where not unusual. 

On the other hand, river mouths in central Chile are 
characterized by strong interactions between sporadic but large 
flooding events from Andean rivers, resulting in significant 
sediment discharges to the Pacific Ocean. Under normal 
conditions, these sediments are redistributed by longshore 
currents generated by south-west dominant waves. This typically 
results in the formation of sand spits or coastal barriers, giving 
origin to estuaries, lagoons or wetlands when river discharge is 
low. Examples of these typical configurations can be found in 
the estuaries of the rivers Mataquito, Llico, Boyeruca and 
Bucalemu, near the area of interest of this work, (as seen in 
Figure 1) but they are ubiquitous between latitudes 33-40S. 
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Figure 2. (a) Aerial view of the Mataquito River Mouth after the 2010 earthquake and tsunami. (b) Morphological changes in the Mataquito River 
Mouth. (c) Gauge level at the DGA Licantén River Station, (d) Tsunumi runup measurements along the Mataquito east river bank. 

 
 
Tidal currents influence coastal morphology in such 

systems but in a much lesser extent since tidal amplitudes in 
central Chile ranges between 1-2 m, hence microtidal.  

The Mataquito River Mouth (34º58'S, 72º2'W) is a narrow 
and shallow bar-built estuary located almost halfway between 
the uplift spots of Cobquecura and Bucalemu (Figure 2-a). 
Before the earthquake, the morphologic configuration was 
characterized as a long sand spit pointing to the north, forcing 
the river to run parallel to the shoreline over ca. 9 km, 
enclosed by the barrier and a range of coastal hills (Figure 2-
b). The area had been largely unaffected by human endeavors, 
and it has an ample supply of sediment both from alongshore 
transport from the Mataquito and Maule rivers, as from the 
nearby Dunas de Putú, a large dune field located just south of 
the estuary. According to satellite images, aerial photographs 
and field surveys, the spit geometry was estimated to be 2-3 m 
in height, with a mean width of 130-150 m and an emerging 
sand volume of ca. 2 x106 m3, yielding an average volume of 
220 m3/m. An overview of the pre-2010 sand spit evolution 
based on sporadic photographs of the site, showed that it 
remained essentially stable since the previous large 
earthquake, the Mw9.5 1960 Valdivia event, with a slow 
migration of the sand spit tip towards the north. This 
prompted coastal intervention with a small groin during the 
early 2000s. In Figure 2-c can also be seen the tsunami 
signature on a river gauge located a few kilometers upstream 
of the estuary (DGA, 2010).  There was no hard nor anecdotal 
evidence of the sand barrier being subject to large erosional 
processes due to wave action. 

We conducted surveys in the area of the Mataquito estuary 
early on 2010, where we measured water marks, runup levels 
and inundation lines as part of the Tsunami Survey Team 
(Fritz et al., 2011). Measured run up were in the 6-8 m range 

and water level in the 4-7 m range. These values were 
significantly less than the 36 m runup that affected the study 
area of Lhok Nga (Paris et al., 2009), the 10-12 m water 
levels estimated in Banda Aceh (Liew et al., 2010) but 
compare well with those the Vellar estuary (Pari et al., 2008). 
It is of note, however, that the latter is considered far field.  

Anecdotal eyewitness reports indicate that around 20 
minutes after the shock, a south-to-north large amplitude but 
slow surge, was observed without causing significant damage. 
Two additional bore-like waves arrived within the following 
20 to 30 min -running parallel to the coast from opposite 
directions.  

Despite these moderate water levels and runup, it was 
readily observable (as seen in Figure 2b and 2c, taken in April 
2010) that the estuary was affected by a complete system 
reset, on which the sand spit was completely washed away. It 
is considered that most of this change is due to the tsunami 
action, as the estimated coseismic subsidence in nearby Duao 
(ca. 10 Km to the north) is about 1 m (Farías et al., 2010), 
therefore less than the estimated sand spit height. The effect 
of subsidence of about 0.8 m can also be seen in the river 
gauge record seen in Figure 2c. Despite the large amount of 
sand removed, no clear indication of sand deposition in the 
lowlands east of the original river was found, either at this 
location or further south. It is assumed then that most of the 
sediment was thus carried offshore. 

As a result of the change, waves were breaking over the 
prior location of the sand spit but continued to propagate 
towards the former east bank of the river. A series of 
complementary environmental surveys carried out between 
March 12 and May 10 (2010) showed changes in water 
density, temperature and salinity, emphasizing the tsunami 
impact on the estuary dynamics. 
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Figure 3. Satellite images showing the evolution of the Mataquito River mouth from 2004 to 2012 (images modified from Geoeye and GoogleEarth). 
Red marker indicates the groin position for reference. Yellow arrows indicate the distance between the groin and northern limit of the river discharge. 

 
 
Fishing activities formerly carried out within the estuary 

were impacted by both the loss of shelter to wind-wave attack 
and the change in the estuary ecosystem. Nearby locations 
visited during the survey also suffered significant changes and 
local fishermen later reported increased exposure to the winter 
wave climate. 

 
SAND SPIT RECOVERY 

In the months following the events, we assessed the sand 
spit evolution by using different sources of images, both 
satellite and a newly deployed video monitoring system 
(Cienfuegos et al., 2014). A sample of the images is seen in 
Figure 3. The top row images are from 4 years and 2 months 
prior to the event, evidencing the overall stability of the 
system, with no significant changes within a period of four 
years (2004-2008). The second row highlights the change 
induced by the tsunami, but also the rapid recovery observed 
just 7 months after the event, when the sand spit reformation 
included infilling of sediments on the south face of the groin 
located around the former river mouth location (depicted by a 
red line in the pictures) and a migrating sand bar moving 
north from the southern edge of the system. At some point 
between the end of 2010 and the beginning of 2011 the river 
had two connections to the sea. However, the northern breach 
was filled with sediments during early 2011, leaving only one 
connection several kilometers south of its former exit, next to 

the groin. Aside from this difference in the placement of the 
river outlet, the overall configuration of the system was 
similar to prior the event (compare the configuration of 
January 2008 with that of January 2011), indicating an 
extremely fast recovery in less than one year. Subsequent 
images show again a rather stable system, where the sand spit 
grows at a lower rate and also a slow migration of the river 
outlet to the north is apparent. 

After three years, the sand spit is completely reformed, 
encircling the river and leaving only a narrow outlet to ensure 
the river discharge to the sea. It is important to note, that the 
location of the outlet is still several kilometers south from the 
location it had prior to the tsunami event, and the groin that 
was erected to stabilize the inlet is now buried under sand. 
The once eroding beach at the groin site has now grown and is 
nearly 100 m. wide.  

A quick quantitative estimation of the recovery process can 
be performed based on the area coverage of the sand spit 
when observed in plan view. Although this methodology 
neglects the actual height of the dunes (hence volume), it can 
be used as a proxy for the recovery. To do this, we selected a 
rectangular control area spanning most of the northern section 
of the sand spit. The evolution of the areal coverage is shown 
in Figure 4, where it can be seen that the tsunami induced a 
sudden loss of coverage, but the system quickly replenished 
the surface, to levels similar to those prior the event. An 
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overall asymptotic trend can be observed, with a rapid change 
during the first few months, and then a gradual increase more 
recently, suggesting the near equilibrium state. 

During these years, the area has been characterized by a 
persistent drought (Villagrán et al., 2011). Because of the 
lesser relative influence of the river discharge, the system 
reformed to a configuration that is now more close to a costal 
lagoon than it was before the tsunami. Once the sand spit 
encircled the river, it started to evolve much slower, probably 
because a new quasi-equilibrium state was reached. 

 
DISCUSSION 

While morphological changes along the central-south 
Chilean coastline produced by the February 2010 earthquake 
and tsunami are certainly eye-catching, they seem to be a rule 
more than an exception since similar patterns have been 
reported by Darwin after the 1835 earthquake (Darwin, 1846) 
and after the 1960 Valdivia earthquake and tsunami 
(Weischet, 1963a, b), although these works focus more on the 
coseismic deformation rather than local scale morphological 
changes. Similarly, significant erosion has been reported for 
the large tsunamis in the Indian Ocean and in Japan. 
However, despite the Maule tsunami being more moderate 
than those events, no other event has recorded such level of 
volumetric erosion. Paris et al., (2009) report cross-sectional 
volumes eroded reaching up to 80 m3/m, whereas here the 
mean volume eroded was about 220 m3/m. Even if a 1 m 
subsidence is taken into account, the eroded volume still 
exceeds 100 m3/m.  

 
 

 
Figure 4. Estimates of areal coverage by the sand dune as a 

function of time. Dates are given relative to the time of the event. 
Shaded areas indicate different calendar years, and keys at the bottom 
correspond to images in Figure 3. 

 
 

The area affected can be described as an open coast with a 
barrier beach with a coastal lagoon, according to the six types 
of coast defined by Liew et al., 2010, identified by areas 
where beaches were completely eroded and the coast pushed 
back to the location of the inland bank of the river. Sand 
barriers as this were eroded also in India (away from the 
coseismic deformation, Pari et al., 2008) and Japan (Nanakita 

River, Tanaka et al., 2012). They have been described to be 
eroded also in the 1755 tsunami in Portugal (Andrade, 1992). 

However, the evolution of these other sites has been 
variable. The recovery of the Vellar estuary was considered a 
slow process by Pari et al., (2008), whereas Liu (2013) 
obtains a large recovery rate of about 70% within 4 months at 
Nanakita River. For the case of Mataquito, the recovery rate 
presented here is also fast, although slightly less than that of 
Liu (2013). However, care must be taken when comparing 
these rates since it is necessary to take into account that the 
surface eroded was twice that of Nanakita. If area coverage is 
considered, the recovery rate here was of 90,000 m2/month, 
whereas in Nanakita it was roughly 13,000 m2/month (Li, 
2013) 

It must be noted as well, that the behavior of sand barriers 
such as Mataquito have been considered to behave different to 
that of beaches (e.g., Liew et al., 2010). Beaches in turn have 
shown very fast recovery rates both in Indian Ocean and in 
Japan tsunamis, including bayhead, parabolic and straight 
coast beaches. In addition, beaches have been reported to 
have very fast recovery rates under other events such as 
hurricanes (e.g., Wang et al., 2006) or during normal cycles 
of erosion under storms (e.g., Thom and Hall, 1991). In 
particular, Thom and Hall (1991) report cross-sectional beach 
volumes of the same order as the original configuration of the 
sand barrier. They observed an accretion phase composed of a 
very fast recovery that gradually slowed down in time, similar 
to the trends observed here. However, the main difference is 
the degree of erosion induced by the tsunami, which nearly 
doubles the one observed by Thom and Hall (1991). 

In summary, the large magnitude of the erosive process and 
its fast recovery makes this case a unique scenario that should 
be studied in more detail, addressing for instance, the 
conditions that favored such recovery rates. On one hand, 
open coasts like this offer ample accommodation space for the 
sediment to be deposited, even if no inland deposition is 
considered. Goto et al., (2011) suggest that the surfzone is 
one of the main areas of sediment supply, and also a receptor 
of sediments transported during the tsunami. Therefore, the 
sediment deposited can be transported by wave driven 
processes which can be enhanced in a wave dominated coast 
such as the Chilean, providing conditions for these 
geomorphologic crises to be reversed in relatively short times.  

Whether the end state of the system will be similar to that 
prior is still needs to be determined. However, a brief analysis 
can be made on this regard with a few assumptions. First, it is 
possible to assume the forcing to remain constant. In the 
present case, the wave climate energy levels should not be 
affected by the tsunami, although the coseismic deformation 
could eventually induce changes in the coastal morphology 
affecting the latter stages of wave propagation. Secondly, the 
assumption that the tsunami does not affect sediment supply 
and it only represented a sudden redistribution of sediment, 
which was then available to be relocated by currents and wave 
action. If these were true, it could be expected that in within a 
certain period of time, the system will approach a 
configuration similar to the prior quasi-equilibrium state. 
Indeed, this appears to have been the situation observed here. 
Anecdotal accounts in other areas north of Mataquito, such as 
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Boyeruca (cf., Figure 1) also suggested recovery to pre-
tsunami conditions with short relaxation times. The high 
energy wave climate of the study area and the lack of 
evidence of sediment deposition inland suggest that the 
conditions were best suited for a short relaxation time. 

However, care must be taken when these processes are 
considered in unison with other processes over longer time 
periods. For instance, the recurrence of these large tsunamis 
in the southern coast of Chile is about 50 years or more. On 
the other hand, varying sea level and wave climate owing to 
climate change is analyzed within a 100-year window. It is 
possible to speculate that system resets separated over a 
century could be restored by different wave conditions. 
Moreover, the case study presented herein suggests that even 
moderate tsunamis can have a significant impact on coastal 
morphology. Hence, it is possible that a change in forcing 
between resets could lead to different quasi-equilibrium 
configurations or different recovery period of coastlines.  

 
CONCLUSIONS 

In this work we present a case study of severe coastal 
erosion under the action of a moderate tsunami following the 
2010 Maule Earthquake in Central Chile. A qualitative 
assessment of the recovery process of a sand barrier shows a 
recovery to nearly initial conditions within two years, with the 
most accelerated recovery phase during the first few months.  

Comparison of these results with those observed in two 
other events show that a degree of variability in the expected 
recovery rates is present. Despite the differences in recovery 
time, our results point in the direction that coastal morphology 
is generally resilient to these sudden changes, an aspect that is 
considered relevant for the long term analysis and the ability 
to predict medium to long term coastal morphology. It is 
speculated that this is due to the high energy levels of the 
wave climate in the region. 

It is noted that care must be taken when these events are 
considered in unison with other sources of coastal change 
with different time scales such as varying sea level or 
coseismic land level changes. While trends can be estimated 
for sea level change, the random nature of earthquakes and 
their land deformation signatures and the effects of their 
associated tsunamis, makes it difficult to assess its effects. 
More research and monitoring activities are needed on this 
regard. 
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