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Abstract

Assessments of megathrust earthquake rupture patterns provide fundamental insights into the processes that control the seismic cycle along subduction
zones. When large earthquakes occur in regions with sparse geodetic networks, as
was the case for the magnitude (M w ) 7.6 Chiloé, Chile, earthquake of 25 December
2016, estimates of vertical coseismic deformation from fixed intertidal biotic indicators provide important evidence that help to constrain fault slip. Ten months after the
Chiloé earthquake, we observed a white fringe of bleached coralline algae (Corallinaceae) along the southeastern coastline of Isla Quilán, south of Isla de Chiloé, killed
by reduced tidal wetting resulting from coseismic land uplift. Our quantitative measurements of the vertical extent of algal mortality provide the first field-based report of
the effects of the 2016 earthquake. We infer Isla Quilán coseismically uplifted by
25:8  14:3 cm. The vertical extent of mortality (VEM) and the aspect (compass
direction) of the bedrock surface are uncorrelated, but we find that exposure to waves
and shielding from insolation may prevent or delay mortality. Focusing on sites sheltered from waves, we demonstrate that with a large number of measurements (> 100),
land-level changes as low as 25 cm may be quantitatively assessed. The absence of
bleaching on Isla de Chiloé may reflect the smaller magnitude of coseismic uplift at
this location or the lack of suitably sheltered bedrock surfaces. Previously published
fault dislocation models are consistent with our field observations; however, the coralline algae data are on their own insufficient to discriminate between competing
hypotheses over the amount of fault slip. By combining our field data with space
geodetic data in a model that uses detailed fault geometry, we constrain peak slip
to ∼3 m, approximately 80% of the maximum cumulative plate convergence since
the last great earthquake in the region.

Introduction
can plates in the vicinity of the remote southern coast of Isla
de Chiloé (∼43:5° S), ending a period of seismic quiescence
in the region stretching back to the 1960 M w < 9:5 Valdivia
earthquake, the largest instrumentally recorded earthquake
globally. Inversion of seismic and Interferometric Synthetic
Aperture Radar (InSAR) data provided initial outlines of the
characteristics of the rupture, notably suggesting that the
maximum coseismic slip of up to 5 m exceeded the slip deficit accumulated since 1960 (Lange et al., 2017; Melgar et al.,
2017; Ruiz et al., 2017; Xu, 2017). Subsequent integration of
deformation recorded by continuous GPS stations—three
within 100 km of the epicenter, but none overlying the rupture—suggested a lower maximum slip of ∼2:9 m (Moreno
et al., 2018). Near-field observations from the epicentral
region are critical for ground truthing these findings. The remote and predominantly offshore location of the rupture
zone and the lack of a dense proximal geodetic network
(Fig. 1) increase the importance of such observations.

Assessing the slip distribution of megathrust earthquakes is fundamental to gain insight into the processes that
control the seismic cycle. When megathrust earthquakes occur in regions with sparse geodetic networks, estimates of
vertical coseismic deformation from fixed intertidal biotic
indicators help constrain slip magnitudes and distributions
(e.g., Plafker, 1965; Bodin and Klinger, 1986; Jaramillo et al.,
2012; Melnick et al., 2012; Haeussler et al., 2015). Even in
areas with substantial geodetic coverage, uplift measurements based on biotic markers provide independent corroborative data at higher spatial densities than Global Positioning
System (GPS) stations (e.g., Awata et al., 2008; Clark et al.,
2017). The magnitude (Mw ) 7.6 Chiloé earthquake (Fig. 1)
ruptured the boundary between the Nazca and South Ameri*Also at Millennium Nucleus The Seismic Cycle Along Subduction
Zones, Valdivia, Concepción, Valparaíso, Chile.
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Figure 1. The regional context of the 2016 Chiloé earthquake. (a) The Chilean megathrust, including the slip distribution of the 1960
Valdivia earthquake, with contours in meters (Moreno et al., 2009), and the location of the 2010 Maule and 2015 Illapel earthquakes. (b) The
2016 Chiloé earthquake including coseismic vertical Global Positioning System (GPS) offsets (arrows) and slip distribution in meters inferred from space-based geodesy (Moreno et al., 2018). The color version of this figure is available only in the electronic edition.
In this article, we focus on quantitative estimates of coseismic land-level change provided by observations of sessile
intertidal organisms. The use of fixed intertidal biota to determine the magnitude of abrupt vertical deformation is long established; members of the nineteenth century Her Majesty's
Ship (HMS) Beagle expedition measured the > 2 m width of
a band of coseismically stranded mussels to assess the uplift of
Isla Santa María during the 1835 M > 8:5 Chilean earthquake
(FitzRoy, 1839; Darwin, 1851). Increasingly, systematic approaches employed a range of intertidal flora and fauna to provide high-resolution reconstructions of abrupt changes in land
level resulting from earthquakes (e.g., Tarr and Martin, 1912;
Plafker, 1969; Plafker and Ward, 1992; Carver et al., 1994;
Meltzner et al., 2010; Jaramillo et al., 2017). Here, we focus
on coralline algae, encrusting calcareous algae of the family
Corallinaceae found at the lower limits of the intertidal range
and subtidally within the photic zone (Ortlieb et al., 1996).
Our quantitative measurements of algal mortality provide
the first field-based report of the effects of the 2016 earthquake. We seek to use our field observations to inform the
debate regarding whether coseismic slip exceeded the post1960 slip deficit and to understand the role of the 2016 earthquake within the seismic cycle of the Chilean megathrust.

Tectonic Setting and the 2016 Earthquake
The convergence of the Nazca and South American
plates, at a rate of 66 mm yr−1 (Angermann et al., 1999),
drives the seismicity of the Chilean megathrust. Prior to
the 2016 earthquake, the 1960 Mw 9.5 Valdivia rupture
extended over an along-strike distance of ∼1000 km (Plafker

and Savage, 1970), defining the extent of the Valdivia seismic segment (Fig. 1a). Moreno et al. (2009) inverted field
estimates of coastal emergence and submergence derived
by Plafker and Savage (1970) together with resurveyed
triangulations and leveling lines to infer the distribution of
slip in 1960, obtaining slip exceeding 25 m at the latitude
of Isla Guafo, immediately southwest of Isla de Chiloé.
GPS velocities collected between 2002 and 2009 suggest
spatially heterogeneous post-1960 locking (Moreno et al.,
2011) with four highly locked regions distributed over the
∼1000kmlong rupture, including an area with a radius
of approximately 50 km around Isla Guafo (43.6° S). The
coincidence of this locked patch with the occurrence of high
slip in 1960 suggests this asperity may be a persistent feature
over several earthquake cycles (Moreno et al., 2011).
The 2016 Chiloé earthquake occurred on the
northeastern, down-dip flank of the interseismically locked
Guafo patch, beneath the southern coast of Isla de Chiloé
(Fig. 1b). Propagating from ∼15 km depth to the intersection
between the subducting plate and the continental Moho
(∼30 km), the rupture was confined to an area of approximately 15–20 km radius within the main seismogenic zone
(Ruiz et al., 2017; Moreno et al., 2018). A lack of slip at
shallow depths (seismogenic failure domains A and partly
B, compare with fig. 15 in Lay et al., 2012) precluded the
generation of a tsunami; only small waves (< 20 cm) were
observed instrumentally. Inversions of geodetic and teleseismic data suggest peak slip between 2.9 (Moreno et al., 2018)
and 5.0 m (Melgar et al., 2017), potentially exceeding the
maximum accumulated slip deficit of ∼3:7 m implied by
assuming full interseismic locking since 1960.
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Figure 2. Field survey locations. (a) The southern coast of Isla de Chiloé and outlying islands. Contours indicate forward modeled
coseismic vertical land-level change in 2016 resulting from inferred slip distribution of Moreno et al. (2018). Contours are at 0.05 m intervals,
with uplift positive. (b) Coralline algae survey sites on the southeastern coast of Isla Quilán and the western coast of Isla Refugio. (c) Coralline
algae survey sites around Punta Rocosa. The color version of this figure is available only in the electronic edition.
The area north of the 1960 Valdivia rupture zone was
affected by the 2010 Maule earthquake (M 8.8), which
had a rupture length of ∼500 km (Moreno et al., 2012). An
analysis of surface displacements using continuous GPS
stations spanning ∼1000 km around the 2010 rupture shows
an asymmetric rotation pattern and accelerated inland motion
in two regions (Melnick et al., 2017). These two regions
coincided with locations of the 2015 Illapel (M w 8.3,
30° S–32° S) and 2016 Chiloé earthquakes (Fig. 1a), leading

Melnick et al. (2017) to interpret that the 2010 earthquake
caused increased plate locking in these two regions during
a superinterseismic phase.

Study Location
Our investigations focus on the southern coastline of
Isla de Chiloé and the southeast of Isla Quilán (also known
as Guapiquilán) (Fig. 2). Paleozoic and early Triassic
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metamorphic rocks form the majority of central and southern
Chiloé, with Tertiary volcanism locally exposed on Isla Quilán (Muñoz et al., 2000; Duhart and Adriasola, 2008). The
shorelines of southeastern Isla Quilán and the adjacent Isla
Refugio possess exposed bedrock headlands and widespread
sand, gravel, or boulder beaches (Fig. 2b). Adjacent to the
settlement of Inio, the Río Inio estuary marks a center of Holocene fine-grained sedimentary accumulation. The rocky
headland of Punta Rocosa lies at the mouth of the estuary
(Fig. 2c). The remote location and very difficult access for
much of the coastline prevented us from surveying other
areas of southern Chiloé. The region of interest is microtidal,
with a modeled great diurnal range of 1.56 m at Isla Quilán
and 1.70 m at Punta Rocosa (Egbert and Erofeeva, 2002).
The bedrock outcrops and boulder accumulations
around Isla Quilán and Punta Rocosa provide suitable environments for the development of sessile biotic communities.
Although little published work relates to the southern coast
of Chiloé, Velásquez et al. (2016) describe intertidal biota
from analogous sites in northern Chiloé, 140–180 km north
of the sites investigated in this article. They report 16 sessile
taxa, but do not attempt to subdivide crustose coralline algae
into different genera. Velásquez et al. (2016) report the greatest abundances of coralline algae—up to 100% coverage—in
the lower middle and lower quartiles of the intertidal range.
Co-occurring sessile taxa in the low intertidal zone include
the cholorophyte Codium dimorphum, the branched coralline
algae Corallina officinalis and the phaeophytes Durvillaea
antarctica and Lessonia spicata.
The southern coastline of Chiloé lies within the zone of
coseismic subsidence during the 1960 Valdivia earthquake
(Fig. 1a). Comparison of the pre- and postearthquake lower
growth limits of terrestrial vegetation suggests subsidence of
2:1  0:2 m at the Quilanlar estuary, approximately 5 km
east of Inio (Plafker and Savage, 1970). We observed ghost
forests of dead but standing trees in locations now occupied
by tidal marsh, tidal flat, or beach environments in the Inio
estuary and on Isla Quilán, which we interpret as evidence of
substantial relative sea level rise associated with coseismic
subsidence in 1960. The living counterparts, a mixture of
Podocarpus nubigena, Sophora cassioides, Nothofagus
dombeyi, and species of the Myrtaceae family, are found
above the highest reaches of current tides.

Field Approach
Lying above the rupture zone of the 2016 earthquake,
southern Isla de Chiloé experienced coseismic vertical deformation on a centimeter to decimeter scale (Fig. 2a) (Lange
et al., 2017; Melgar et al., 2017; Ruiz et al., 2017; Xu, 2017).
Coseismic uplift and subsidence were experienced along
coastlines as abrupt decreases or increases in relative sea
level. The direction, magnitude, and spatial pattern of these
sea-level changes largely reflect the amount and distribution
of slip on the fault (Thatcher, 1984; Nelson, 2007; Shennan
et al., 2016). Because the distribution of many sessile

intertidal organisms along rocky coastlines closely reflects
certain tidal levels, they may be used as precise and reliable
indicators of current and past sea levels (Laborel and
Laborel-Deguen, 1996; Laborel, 2005; Rovere et al., 2015).
Approaches for estimating coseismic uplift using sessile
species predominantly focus on changes in the lethal limit,
the elevation of the upper growth boundary above which the
particular organism cannot survive (Kaye, 1964). When
coseismically uplifted, organisms are raised above the lethal
limit, resulting in mortality. The magnitude of uplift can consequently be derived through simply measuring the vertical
extent of mortality (VEM), the difference in the upper limit
of the dead organism and the upper limit of the living, postearthquake counterpart (Bodin and Klinger, 1986; Carver
et al., 1994).
Our field investigations, undertaken during low tides in
August and October 2017, focused on identifying the upper
limits of pre- and postearthquake coralline algae to establish
the VEM. The crustose or rock encrusting forms of these calcareous red algae are widely distributed around the world,
occurring from the lower limits of the intertidal zone down
to the limit of the photic zone (Adey and Macintyre, 1973;
Lagabrielle et al., 2003). Their lethal limit is controlled by
tidal inundation, with desiccation, elevated temperatures, and
solar radiation resulting in the mortality of colonies that are
exposed above water level for more than a few hours (Ortlieb
et al., 1996; Martone et al., 2010). Mortality is accompanied
by a characteristic color change from pink, purple, or light
brown to white, with the bleached white colonies conspicuous for months after the bleaching event (e.g., Bodin and
Klinger, 1986; Ramírez-Herrera and Orozco, 2002). The
dead algae may be eroded over time by wave action, leading
to underestimation of the magnitude of uplift if VEM
measurements are not completed within months of the earthquake (Lagabrielle et al., 2003). Postseismic deformation
may also influence the distribution of the living postearthquake algae, with subsidence allowing recolonization of the
lower margin of the bleached zone, further supporting the
need for rapid assessments (Ramírez-Herrera and Orozco,
2002).
Our investigations of coralline algae in south central
Chile follow their successful application for estimating
coastal uplift associated with the 1995 Antofagasta earthquake (Ortlieb et al., 1996), the 2010 Maule earthquake
(Castilla et al., 2010; Farías et al., 2010; Vargas et al., 2011),
and the 2014 Iquique earthquake (Jaramillo et al., 2017) in
northern and central Chile. Ortlieb et al. (1996) and Vargas
et al. (2011) note that the VEM is typically greater in locations
more exposed to wave splash. Furthermore, uncertainty estimates are also greater for more exposed locations due to greater
variability in the measured VEM (Vargas et al., 2011). Vargas
et al. (2011) suggest uncertainties of 10–20 cm for sheltered
sites and 20–60 cm for areas highly exposed to waves. For
each sampling site, we made a qualitative judgment on whether
the site was sheltered, moderately exposed, or highly exposed
to waves. We limited our measurements to bedrock sites with
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largely parallel limits of the bleached and living algae colonies,
avoiding detached blocks that could have moved during the
earthquake. We also avoided areas with ponded water that
might reduce or prevent desiccation. Cracks may enable wicking of water to higher elevations (Haeussler et al., 2015),
allowing isolated algae patches to survive at elevations above
the main zone of encrustation. We avoided measuring these
isolated patches, but note that the conglomeritic nature of the
bedrock and the lack of smooth surfaces result in a degree of
variability in the elevation of the upper limits of dead and living
algae. By taking repeated VEM measurements at a horizontal
spacing of 20–50 cm at sites with clearly defined limits, we
sought to reduce this uncertainty.
Following Ramírez-Herrera and Orozco (2002), we
measured the VEM along vertical surfaces using a tape measure. We report our measurements at the centimeter scale;
however, the use of a tape measure introduces a small but
unquantified uncertainty. Nevertheless, we assume that this
uncertainty is not significant in comparison to the variability
in the growth limits of the algae and in the consequent VEM.
We report concurrent measurements of the aspect of the
bedrock surface to the closest 10°.
Although Lemoine (1913, 1920) described four species
from Isla de Chiloé, we do not attempt to classify the coralline algae encountered due to limited taxonomic analyses
and difficulties in identification in the field (Meneses, 1993;
Ortlieb et al., 1996; Castilla et al., 2010; Velásquez et al.,
2016).

Survey Results
We observed a laterally discontinuous band of bleached
coralline algae visible at low tide during our two visits to Isla
Quilán, eight and ten months after the 2016 Chiloé earthquake (Figs. 2b, 3a,b). Living algae at lower elevations beneath this white band retained their living brown or pink hue
(Fig. 3c). During our second visit, in October 2017, we measured the VEM 103 times at five discrete but closely spaced
sites in the southeast of Isla Quilán or the western coast of
Isla Refugio (Fig. 2b, sites 1, 2, 4, 5, and 6). We noted the
presence or absence of bleaching at a further seven sites on
Isla Quilán (Fig. 2b, sites 3a, 3b, 3c, 7, 8, 9, and 10) and three
more sites around Punta Rocosa at the mouth of the Inio estuary (Fig. 2c, sites 11, 12, and 13).
The mean VEM at the five Isla Quilán measurement
sites ranged from 23.3 to 28.7 cm (Table 1). The mean of
all 103 VEM measurements (2σ) was 25:8  14:3 cm,
with the data displaying a Gaussian distribution (Fig. 4a).
At sites 3b, 3c, 7, 8, and 10, we observed bleaching but could
not quantify the extent of mortality. Sites 3b, 3c, 8, and 10
lacked vertically inclined bedrock surfaces in which accurate
measurements could be made; however, we observed bleaching on both subhorizontal bedrock outcrops and rounded
boulders (Fig. 3e). Site 7 displayed bleached algae, but
lacked clearly identifiable living algae, preventing us from
ascertaining the postearthquake lethal limit.

5

We observed or measured bleaching at most aspects
on Isla Quilán, with a notable exception between 150° and
210° (Fig. 4b). We do not find any relationship between the
VEM and the aspect of the bedrock surface for aspects from
330° through to 90° (r2  0:001;n  100). Two moderately
exposed south-facing sites on Isla Quilán (Fig. 2b, sites 3a, 9)
displayed no bleaching, with pigmented and therefore presumably living algae at the highest extent of coralline algal
growth (Fig. 3d). We did not observe any bleached algae at
the three moderately or highly exposed sites around Punta
Rocosa (Figs. 2c, 3f). These sites also share predominantly
southerly aspects of 140°–200°.

Thresholds of Evidence Creation and Preservation
The absence of bleaching at sites 3a and 9 on Isla Quilán
(Fig. 2b), despite the occurrence of bleaching at adjacent
sites assumed to have experienced a similar magnitude of
uplift, implies the existence of a threshold for bleaching that
is not solely dependent on elevation with respect to the tidal
frame. The two unbleached sites on Isla Quilán are moderately exposed to wave splash, and we propose that the combined effects of shielding from solar radiation due to their
southern aspect, overhanging vegetation, and continued wetting may have prevented or delayed algal mortality. Although
these environmental factors may exert a control on the presence or absence of bleaching, the extent to which they individually or in conjunction influence the magnitude of the
VEM remains unclear. Our hypothesis that increased wave
splash may contribute to preventing or delaying bleaching
contrasts with previous investigations that suggest the VEM
increases with increasing wave exposure (Ortlieb et al., 1996;
Vargas et al., 2011), highlighting the need for further comprehensive assessments of the environmental controls on coralline algae bleaching.
Lagabrielle et al. (2003) highlight that subaerial erosion
of the uppermost colonies of bleached algae may, over time,
reduce the observed VEM. Their study of algae uplifted
by the 1999 Mw 7.5 Ambrym earthquake, Vanuatu, notes
lowering of the upper limit of bleached algae by several decimeters over 26 months following the earthquake, with near
complete loss in some areas. We did not observe any evidence for erosion of bleached algae 10 months after the
2016 Chiloé earthquake; algae at the upper limit had been
partially colonized by chlorophytes, but otherwise appeared
intact and undamaged.
Postseismic deformation may influence the preservation
of the magnitude of the coseismic uplift signal. Continued
postseismic uplift may increase the VEM, whereas subsidence may allow recolonization of the lower margin of the
bleached zone. Inverse modeling suggests maximum preearthquake interseismic uplift rates of 10 mmyr−1 at Isla
Quilán (Melnick et al., 2018). The extent to which this rate
changed following the earthquake is unclear; however, earthquakes rupturing the deeper regions of the seismogenic zone
have been characterized by short, low amplitude postseismic
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Figure 3. Field photographs of coralline algae survey sites on (a–e) Isla Quilán and (f) Punta Rocosa. (a,b) Conspicuous uplifted and
bleached algae at sites 1 and 2. (c) Living algae at site 5 in an area with predominantly poorly defined growth limits. (d) Site 3a with no
evidence of algal bleaching. (e) Site 3b displaying bleaching on mobile substrates and bedrock approximately 20 m from site 3a, but lacking
vertically inclined surfaces suitable for vertical extent of mortality (VEM) measurement. (f) Living algae at site 13 in an area of low-surface
coverage and poorly defined upper growth limits. The color version of this figure is available only in the electronic edition.
deformation (e.g., Béjar-Pizarro et al., 2010; Melgar et al.,
2017). Therefore, the amplitude of postseismic deformation
and the influence on the observed VEM might be limited. At
Quellón (Fig. 1b), 70 mm of coseismic subsidence in 2016

was followed by 30 mm of postseismic uplift by October
2017 (Fig. 5). If Isla Quilán also experienced a reversal of
the coseismic motion during the postseismic period, our
VEM measurements may underestimate the magnitude of
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(a)

7

(b)

Figure 4. (a) Vertical extent of coralline algae mortality at Isla Quilán. (b) Rose diagram showing the aspect of sites with VEM measurements or observations of the presence or absence of bleaching. The color version of this figure is available only in the electronic edition.

Table 1
Summary of Coralline Algae Survey Data

Location

Isla Quilán/
Isla Refugio

Punta Rocosa,
Isla de Chiloé

Site
Number

Latitude
(°)

Longitude
(°)

Number of
Measurements

Mean
VEM
(cm)

Standard
Deviation
(cm)

Mean
Aspect
(°)

Degree
of Wave
Exposure

1

−43.41894

−74.25331

40

27.4

6.8

31

Sheltered

2
3a
3b

−43.41714
−43.41095
−43.41081

−74.25099
−74.24069
−74.24061

15
–
–

25.1
–
–

6.6
–
–

59
170
130

Sheltered
Moderate
Sheltered

3c

−43.40992

−74.23958

–

–

–

270

Sheltered

4
5

−43.42138
−43.42107

−74.24784
−74.25425

26
3

25.3
28.7

7.5
10.7

352
227

Sheltered
Sheltered

6
7

−43.42155
−43.42225

−74.25694
−74.25701

19
–

23.3
–

7.1
–

35
140

Sheltered
Sheltered

8

−43.42325

−74.25905

–

–

–

230

Sheltered

9
10

−43.41234
−43.41834

−74.24683
−74.25217

–
–

–
–

–
–

190
250

Moderate
Sheltered

Total
11

−43.36237

−74.13142

103
–

25.8
–

7.14
–

200

Moderate

12
13

−43.36757
−43.36760

−74.13046
−74.12961

–
–

–
–

–
–

160
140

High
High

See Table A1 for complete dataset. VEM, vertical extent of mortality.

Notes

No bleaching observed
Bleaching evident but
lacking vertical bedrock
Bleaching evident but
lacking vertical bedrock
Poorly defined growth
limits in most areas
Lacking clearly
identifiable living algae
Bleaching evident but
lacking vertical bedrock
No bleaching observed
Bleaching evident but
lacking vertical bedrock
No bleaching observed,
poorly defined living limit
No bleaching observed
No bleaching observed,
poorly defined living limit
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80
60
Up (mm)

Predictions from both models highlight maximum uplift occurring trenchward, either ∼10 or ∼30 km west of Isla Quilán (Fig. 2a).
The lack of bleaching observed at Punta Rocosa suggests any coseismic uplift at this location did not exceed
the evidence creation threshold. Our interpretation of the Isla
Quilán observations suggests moderately exposed, southfacing colonies may remain unbleached even in the event
of uplift of ∼25 cm. As the Punta Rocosa sites are predominantly south facing and are moderately or highly exposed,
we cannot rule out a small amount of uplift. Furthermore,
Vargas et al. (2011) propose uncertainties in excess of
20 cm for areas highly exposed to waves, providing additional evidence that these sites are not suited to recording
centimeter-scale deformation. The models of both Lange
et al. (2017) and Moreno et al. (2018) predict the hinge line
between regions of uplift and subsidence lies to the east of
Punta Rocosa, with the site having experienced uplift of 5–
15 cm (Fig. 6).

Common-mode filtered
GrAtSiD fit

40
20
0
–20

2017

2018

Figure 5. Coseismic and postseismic vertical displacements recorded by GPS station QLLN at Quellón (see Fig. 1b for location).
We apply a common mode filter and model the time series with the
GrAtSiD algorithm (Bedford and Bevis, 2018). The vertical bar
indicates the timing of our VEM measurements at Isla Quilán in
October 2017. The color version of this figure is available only
in the electronic edition.

Incorporating Field Data into Models

coseismic uplift due to subsequent subsidence. Nevertheless,
of Coseismic Slip
if postseismic uplift at Quellón reflects afterslip down-dip of
the mainshock, Isla Quilán may have experienced a smaller
Because our field observations are alone insufficient to
magnitude of postseismic subsidence, or continued uplift. As
discriminate between different slip models, we combine
we currently have no further constraints on the postseismic
them with space-based geodetic data to constrain the distrideformation rate or direction, we cannot
apply any straightforward correction to
our VEM-based estimate of uplift.
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The vertical extent of coralline algae
mortality suggests the 2016 Chiloé earthquake uplifted southeastern Isla Quilán by
25:8  14:3 cm. In Figure 6, we compare
this estimate with the vertical deformation
predicted by dislocation models featuring
either restricted peak slip (Moreno et al.,
2018) or peak slip exceeding the accumulated post-1960 slip deficit (Lange et al.,
2017). We project the Lange et al. (2017)
slip distribution onto the more realistic,
3D, and undulating fault geometry of Moreno et al. (2018) to eliminate differences in
surface deformation predictions resulting
from this factor. This interpolation reduces
the maximum slip in the Lange et al.
(2017) model from 4.2 to 3.8 m, closer to
the 3.7 m deficit implied by full locking,
but still greater than the deficit that would
be associated with incomplete or delayed
post-1960 locking (Moreno et al., 2011).
Our field observations are consistent with
either model, with both predicting uplift of
between 20 and 35 cm at Isla Quilán.

Punta Rocosa

0.6

–40
180

Distance from the trench (km)

Figure 6.

Predicted surface deformation (upper panel) resulting from Lange et al.
(2017) and Moreno et al. (2018) slip distributions along the transect shown in Figure 1.
Black box and whiskers represent uplift at Isla Quilán (VEM mean 2σ). Both slip
distributions use the fault geometry of Moreno et al. (2018), as shown in the lower panel.
The lower panel also depicts slip distribution of Moreno et al. (2018) along the transect.
Letters A, B, and C locate seismogenic failure domains (following Lay et al., 2012). The
color version of this figure is available only in the electronic edition.
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Figure 7. Impact of including the Isla Quilán uplift estimate (white circle) on the modeled distribution of coseismic fault slip in 2016.
Initial model specifications are provided by Moreno et al. (2018), with the additional coralline algae constraint weighted at ratios of
(a) 0.01:1, (b) 1:1, or (c) 100:1 with respect to the combined GPS and Interferometric Synthetic Aperture Radar (InSAR) data. White squares
are GPS stations at Quellón and Guafo. The color version of this figure is available only in the electronic edition.

bution and magnitude of slip on the subduction interface.
Because the initial GPS and InSAR-based model of Moreno
et al. (2018) predict a similar magnitude of uplift at Isla Quilán to our VEM observations, incorporating and upweighting
the VEM estimate as an additional constraint does not result
in any appreciable revision to this slip model (Fig. 7). Joint
inversion of coralline algae, GPS, and InSAR data indicates
the rupture of a single asperity beneath the southern coast
of Isla de Chiloé with maximum slip of ∼3 m. Peak slip
remains within 5% of 3 m as the coralline algae data are
progressively more heavily weighted (Fig. 7). The heaviest
weighting requires a modest (< 0:5 m) increase in slip to the
southwest of Isla Quilán and a decrease in slip beneath and to
the southeast of the island (Fig. 7c).

Discussion and Conclusions
Our field observations of sessile intertidal biota ground
truth the amount of coseismic vertical deformation during
the 2016 Chiloé earthquake. We interpret measurements
of the VEM of crustose coralline algae to indicate Isla Quilán
uplifted 25:8  14:3 cm. We find no correlation between the
VEM and the aspect of the bedrock surface, but note that
exposure to waves and shielding from insolation due to aspect or overhanging vegetation may prevent or delay mortality. The lack of observed bleaching at Punta Rocosa on Isla
de Chiloé may reflect the smaller magnitude of coseismic
uplift and the lack of suitably sheltered sites. We find close
agreement between our uplift estimate and the predictions of
slip models developed using space-based geodetic and seismological approaches (Lange et al., 2017; Moreno et al.,
2018). The agreement between our data and the modeling
approaches provides further support for several aspects of
this event previously noted by other authors. The Chiloé
earthquake ruptured the deeper portion of the megathrust
(Melgar et al., 2017; Ruiz et al., 2017; Xu, 2017; Moreno
et al., 2018), occurring toward the down-dip limit of a
previously identified region of high-interseismic locking

(Moreno et al., 2011) and rerupturing an area that had experienced substantial coseismic slip (> 10 m) in 1960 (Moreno
et al., 2009). Rupture of the deeper regions of the interface
(> 15 km) may reflect interseismic loading of this region
by the strongly coupled shallower asperity (Moreno et al.,
2018).
Although earlier rupture models suggest coseismic slip
in 2016 was greater than the ∼3:7 m slip deficit accumulated
since 1960 under the assumption of persistent decadal full
locking (Lange et al., 2017; Melgar et al., 2017; Ruiz et al.,
2017; Xu, 2017), subsequent modeling implies lower peak
slip and does not require exceedance of the slip deficit
(Moreno et al., 2018). Our incorporation of a coralline algae-based uplift estimate into the Moreno et al. (2018) model
does not change this conclusion. Our modeled maximum slip
of ∼3 m constitutes approximately 80% of the cumulative
plate convergence since the 1960 earthquake and would
therefore be consistent with the release of all of the accumulated strain if plate coupling averaged 80% over this period.
Nevertheless, we stress that the amount of coralline algae
bleaching observed at Isla Quilán does not, in itself, preclude
higher slip magnitudes and that these are a product of the
fault geometry and geodetic data of Moreno et al. (2018).
Models incorporating peak slip in excess of the maximum
slip deficit also predict surface displacements within the uncertainty of our field observations (Lange et al., 2017).
Our survey of coralline algae killed as a result of uplift
during the 2016 Chiloé earthquake highlights the utility of
these sessile intertidal organisms for providing quantitative coseismic deformation estimates in the absence of other nearfield geodetic data. Our survey results and comparisons with
published models demonstrate that with a large number of
measurements (> 100) from closely spaced sites, land-level
changes as low as 25 cm may be quantitatively assessed.
Although sheltered sites provide consistent VEM estimates,
the influence of wave splash on more exposed sites remains
equivocal and further work is needed to evaluate the relative
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importance of a range of environmental controls on coralline
algae mortality in these situations.

Data and Resources
Observation of the tsunami wave height on 25 December 2016 is from the Puerto Melinka tide gauge, maintained
by the Servicio Hidrográfico y Oceanográfico de la Armada
de Chile and accessed via http://www.ioc‑sealevelmonitoring
.org/station.php?code=pmel. Global Positioning System (GPS)
displacements in Figure 1 are from Moreno et al. (2018) and
GPS time series in Figure 5 is from the Global Navigation
Satellite Systems (GNSS) data repository of the Centro Sismologico Nacional, Chile (http://gps.csn.uchile.cl/data/).
Basemaps in Figure 2 are from Google Earth version 7.3.1
(https://earth.google.com, image copyright DigitalGlobe
2018) and Bing Maps (https://www.bing.com/maps, image
copyright Earthstar Geographics SIO 2018). Figure 7 uses
Shuttle Radar Topography Mission (SRTM) data (U.S. Geological Survey [USGS], 2004) downloaded using the USGS
EarthExplorer (https://earthexplorer.usgs.gov/). All websites
were last accessed on September 2018. Figure 1 was drawn
with the Generic Mapping Tools (Wessel et al., 2013). All
coralline algae data are provided in the Appendix.
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Appendix
Table A1 provides the complete list of coralline algae
measurements, summarized in Table 1, for each of the measurement points on Isla Quilán and Isla Refugio.

Table A1
Vertical Extent of Coralline Algae Mortality and
Corresponding Bedrock Surface Aspect for Each
Measurement Point
SITE

VEM (CM)

ASPECT (°)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

39
29
23
32
19
26
28
34
35
38
26
29
43
29
40
35
18
20

20
10
10
10
0
60
20
20
20
10
40
10
30
40
40
20
40
40
(continued)
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Table A1 (Continued)

Table A1 (Continued)

SITE

VEM (CM)

ASPECT (°)

SITE

VEM (CM)

ASPECT (°)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

24
24
25
18
26
27
32
33
17
29
26
34
36
22
22
24
24
20
25
16
20
27

40
20
40
30
50
80
20
10
40
30
40
20
40
20
40
40
10
40
40
30
80
50

4
4
4
5
5
5

23
9
12
22
41
23

340
340
0
220
250
210

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

36
35
30
28
25
26
29
30
22
18
16
17
24
26
15

80
60
70
70
60
50
60
50
60
60
60
40
50
40
70

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

32
30
38
22
32
17
29
23
21
19
21
19
23
19
15
33
14
23
13

90
70
50
30
30
40
40
20
60
30
40
30
30
30
10
350
20
30
20

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

25
23
32
30
32
22
26
30
33
34
23
9
11
35
25
25
30
28
26
26
31
31
28

350
340
30
340
350
340
350
10
0
350
340
340
0
350
340
30
340
350
340
350
10
0
350

VEM, vertical extent of mortality.
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