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Abstract 
The Samoa Islands were struck by the September 2009 earthquake of Mw 8.1. 
We study the effect on the land level by means of GPS monitoring and on 
ocean level by tide-gauge records. This allows us to present a new picture of 
the interaction of crustal movements, gravitational adjustment and sea level 
changes. The land level exhibits a co-seismic uplift followed by a post-seismic 
crustal subsidence. The ocean level records a fall, significantly larger than the 
uplift and delayed by several months, followed by a significant rise, by far ex-
ceeding the crustal subsidence and delayed by several months. This indicates 
a significant contribution from changes in gravity (geoidal eustasy), besides 
relative sea level changes due to crustal movements. High amplitude, and 
high frequency changes in tidal range provide evidence of changes in gravity 
and geoidal eustasy. 
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1. Introduction 

The Samoa Islands are located in the Southwest Pacific just to the NE of the ac-
tive plate boundary marked by the Kermadec-Tonga subduction zone (Figure 
1). The area has been struck by a number of high-magnitude earthquakes. We 
investigate the effects of the September 29, 2009, earthquake (Mw 8.1) on the 
land level (by GPS) and the sea level (by tide-gauges) in the Samoa Islands; the 
stations on Upolu Island in Samoa and on Tutuila Island in American Samoa.  
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Figure 1. Location of the Samoa Islands (red crosses) to the NE of the 
Kermadec-Tomga subduction zone. 

2. Geological Setting 

The Kermadec-Tonga subduction zone (Figure 1) is a part of the notorious “Pa-
cific Ring of Fire” named for its high seismic and volcanic activity in association 
with plate collision and subduction at a rate of about 24 cm/yr [1] [2] [3] [4]. 
Therefore, it is no surprise that the Tonga-Samoa region has experienced nu-
merous high magnitude earthquakes in recent times [5] [6]. 

Figure 2 summarizes earthquake events up to 2010 affecting the Samoa Isl-
ands. A major additional earthquake of Mw 8.5 occurred in June 26, 2017. The 
present paper will be focused on the September 29, 2009, earthquake of Mw 8.1 
and its effects as recorded on the Samoa Islands.  

The Samoa and American Samoa Islands constitute a chain of islands contin-
uing to the west in a number of submerged seamounts [3] [7]. The age of the 
islands grows younger to the east with an active submarine volcano located 30 
km the east of Ta’u Island (Figure 3). This is consistent with a plate moving 
westwards over a fixed hot spot. The Samoan hot spot seems to have existed for 
at least 23 million years [3]. Volcanic rocks of the Savai’i Island, the Upolu Isl-
and and the Tutuila Island have been dated at 5.21 Ma, 3.2 - 1.4 Ma and 1.53 - 
1.0 Ma, respectively (Figure 3). 

Volcanic rock from the Machias Seamount south of Upolu Island (Figure 3) 
has been dated at 0.97 Ma. Because the top of the seamount, today at a depth of 
about 700 m, seems to have been deposited under subaerial conditions [7] [8], it 
must have subsided by about 700 m or at a mean long-term rate in the order of 
0.7 mm/yr.  

The hot spot chain of active submarine volcano, Samoan islands and submerged 
seamounts are likely to be dominated by a long-term subsidence. Differential  
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Figure 2. Seismicity of the northern part of the Kermadec-Tonga subduction zone to the 
southwest of the Samoa Islands: earthquake up to 2010, subduction line and increasing 
slab depth to the west (maximum 700 km deep). The position of the September 29, 2009, 
earthquake is marked in purple. Red arrows on Upolu Island and Tutuila Island in the 
Samoa Islands give the co-seismic slip rate recorded; i.e., a horizontal slip of about 11 mm 
towards the SW. 
 

 
Figure 3. The Samoa Islands with the location of the tide-gauge and GPS stations at Apia, 
and the American Samoa with the location of the tide-gauge and GPS stations at Pago 
Pago. The islands constitute a hot-spot chain of volcanic eruption centra with the present 
center at the submarine volcano in the east. 
 

crustal movements and seismo-tectonic deformations are likely also to have oc-
curred.  

Calculating Holocene subsidence rates from former sea level data calls for 
some sort of stable reference level. Some authors have used an assumed Mid 
Holocene high sea level datum, which implies that their calculations remain 
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quite hypothetical [9] [10]. 
Dickinson [9] mentions two sites on Upolu Island; a beachrock at about ±0 m 

at Maninoa (westernmost Upolu) dated at about 4400 BP, and a beachrock at 
−2.25 m at Mulifanua (south central Upolu) dated at about 2800 BP. In compar-
ison with our studies in Fiji [11], this would, in the first case, imply stability and, 
in the second case, a subsidence of about 0.6 mm/yr.  

Sand et al. [10] investigated the Manono Island just west of Upolu (Figure 2). 
They record a habitation layer at a level between present mean and low tide level 
dated at about 2100 BP. With a corresponding sea level at about −0.5 m [11] this 
would suggest a minor subsidence in the order of 0.25 - 0.50 mm/yr (certainly 
much less than the rate of −1.1 - 1.2 mm/yr as suggested by Sand et al., 2016). 

Goodwin and Grossman [12] undertook a stratigraphic and sedimentological 
survey at two sites on the south-central part of Upolu Island. The data cover the 
last 4500 years and record the interaction of modest changes in sea level and 
crustal movements. It seems not possible to isolate any long-term trends, how-
ever.  

3. The Mw 8.1 Earthquake and Tsunami in 2009 

On September 29, 2009, the Samoa region was struck by a magnitude Mw 8.1 
earthquake [5] [13]. The epicenter was located 200 km south of the main Sa-
moan Island chain, and at a depth of about 18 km below the seafloor. The 
earthquake was caused by normal faulting in association with the bend of the 
plate boundary SW of the Samoan Islands (Figure 4). 

Because it was a normal faulting in the seabed, it set up a huge tsunami com-
posed of, at least, 4 separate waves [14] [15]. The maximum tsunami wave height 
 

 
Figure 4. The Samoa 2009 earthquake originated from a normal fault just east of the 
main subduction boundary (Hayes et al., 2017). At Apia (Samoa Islands) and Pago Pago 
(American Samoa) is recorded in a co-seismic vertical jump and a horizontal SW jump of 
11 mm. 
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was 11.9 m, which implies that it reached a maximum level in the relation be-
tween earthquake magnitude and tsunami wave height [16]. 

The tsunami had disastrous effects along the coasts of the Samoa and Tonga 
Islands [5]. In total, 183 people were killed in the Samoa Islands. 

Because it was a normal fault seismic event, we can a priori assume that the 
seafloor was affected by vertical crustal movements. The a posteriori proof of 
subsidence comes both from GPS records and from tide-gauge records to be ex-
plored below. 

4. The GPS Records at Samoa and American Samoa 

Continual measurements of changes in the land level by means of GPS are 
available from Upolu Island in Samoa and from Tutuila Island in American Sa-
moa (Figure 3). The records are accessible from the SONEL [17] and JPL [18] 
databases. The SONEL records are more detailed but end in 2014. The JPL 
records end in 2018, and hence provide a longer record. 

4.1. Tutuila Island in American Samoa 

The GPS station (known as the ASPA station) lies 7 km to the NE of the tide 
gauge station location. The SONEL [19] record provides a very detailed record 
of the changes in land level from 2002 to 2014 (Figure 4). It gives a perfect im-
age of the crustal response to a major earthquake; viz a pre-earthquake period of 
stability, an instantaneous co-seismic jump of +3.58 cm at the September 29 
earthquake of 2009, followed by a post-seismic subsidence of 9.10 cm in the first 
4 years. The post-seismic subsidence decreases exponentially. It represents a 
crustal relaxation from the earthquake deformation. The rate of subsidence for 
the last 2 years (2012-2014) was 10.5 mm/yr (Figure 5). The pre-seismic rate is 
hard to see in Figure 5 graph of daily data. A graph of the weekly data from 2002 
 

 
Figure 5. GPS record of the September 29, 2009, deformation at the ASPA station on 
Tutuila Island; a co-seismic jump of +3.58 cm followed by a post-earthquake subsidence 
[19]. 
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to 2008 [19] gives a continual mean subsidence of −0.60 ± 0.20 mm/yr. This is 
important, because it suggests that Tutuila Island may be experiencing a weak 
long-term subsidence. 

The JPL record [20] covers the period 2002-2018 (Figure 6). It shows a 
pre-seismic period of weak subsidence (0.07 mm/yr). There is no record of the 
co-seismic vertical uplift so well documented in Figure 5. There is a clear 
post-seismic subsidence; a rapid fall of −3.87 cm followed by a subsidence, which 
for the last 6 years had a mean rate of 10.0 mm/yr. Consequently, the subsidence 
has continued for more than 8 years.  

The horizontal components (latitude and longitude) record a co-seismic slip 
of 11.1 mm to the SW in 134˚ (Figure 2; [20]). 

Figure 6 record shows a total absence of traces of the June 26, 2017, Mw 8.5 
earthquake, indicating that this earthquake followed other mechanisms and spa-
tial distributions. 

4.2. Upolu Island in Samoa 

The GPS station (at Fagali’i airport) is located 3.5 km to the SE of Apia, where 
the tide gauge station is located. The SONEL [21] record provides a good record 
of the changes in land level from 2002 to 2014 (Figure 7), although the record is 
not as clear as the one from Tutuila Island (Figure 4). It shows a fragmentary 
pre-seismic record, a co-seismic jump in the order of 2 - 3 cm, and a 
post-seismic subsidence in the order of 6 - 7 cm. 

The JPL [22] covers the period 2002-2018 (Figure 8). It shows a pre-seismic 
period of weak subsidence (−1.17 mm/yr), and a post-seismic subsidence begin-
ning with a −1.44 cm subsidence in the first year followed by a continual subsi-
dence of −5.89 mm/yr during the last 8 years.  

The pre-seismic rate of subsidence (−1.17 mm/yr) is important because is 
suggests that the Upolu Island may be experiencing a weak long-term subsi-
dence. 

The horizontal components (latitude and longitude) record a co-seismic slip 
of 11.2 mm to the SW in 130˚ (Figure 2; [22]). 
 

 
Figure 6. GPS according to JPL [20] showing a weak pre-seismic subsidence of 0.07 mm/yr and 
an exponential decreasing post-seismic subsidence; a rapid fall of −3.87 cm followed by a mean 
rate over the last 6 years of −10.0 mm/yr. 
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Figure 7. GPS record of the September 29, 2009, deformation at the station SE of Apia on 
Upolu Island; a co-seismic jump in the order of 2 - 3 cm followed by a post-earthquake 
subsidence of 6 - 7 cm [21]. 
 

 
Figure 8. GPS according to JPL [22] showing a weak pre-seismic subsidence of −1.17 
mm/yr, no co-seismic uplift but a post-seismic subsidence beginning with a rapid fall of 
−1.44 cm followed by a fairly stable subsidence of −5.89 mm/yr during the last years 7 
years. 

 
Figure 8 record shows a total absence of traces of the June 26, 2017, Mw 8.5 

earthquake, indicating that this earthquake followed other mechanisms and spa-
tial distributions. 

5. Tide Gauge Records at Apia and Pago Pago 

There are two tide gauges; one at Pago Pago on Tutuila Island in American Sa-
moa (station 539; [23]) and one at Apia on Upolu Island in Samoa (station 1840; 
[24]) and. The location of the stations is marked in Figure 3. 

5.1. The Tide-Gauge at Pago Pago 

The tide-gauge of Pago Pago, American Samoa, is managed by NOAA/NOS 
[25]. The source of data is PSMSL [23], station 539. It covers the period 1948-2016 
with a completeness of 93% (Figure 9). Spanning 68 years, this record qualifies 
for analysis of sea level changes.  
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At a superficial view, Figure 9 may look like recording a sea level acceleration 
(of +0.152 mm/yr2). A more correct analysis reveals that it records a pre-seismic 
relative sea level rise (partly due to subsidence) of −2.21 ± 0.81 mm/y [25], a 
somewhat unclear co-seismic sea level fall (due to uplift) of 5 - 8 cm, and 
post-seismic sea level rise of 19 - 22 cm within a year (due to subsidence and 
gravitational effects) followed by variations around a seemingly stable level dur-
ing the last 6 years. 

5.2. Tide-Gauge at Apia 

The Apia tide-gauge station is, in fact, two separate stations. Station 743 of 
PSMSL [26] covers the period 1954-1971 (with a completeness of 82%). It shows 
a fairly straight trend of −0.19 mm/yr. Much more important is the Apia-B sta-
tion or station 1840 of PSMSL [24]. It covers the period 1993-2016 with a com-
pleteness of 97% (Figure 10). Since 1998, it is a part of the Australian National 
Tidal Facility SEAFRAME project [27]. 

The Apia-B station records a pre-seismic sea level rise of 1.99 mm/yr, a 
co-seismic sea level fall (uplift) of 4.55 cm lasting for 4 months, and a 
post-seismic rapid rise in sea level of 10.0 cm lasting for 12 months and followed 
by semi-stability during the last 6 years. 

By comparison with the GPS records (Figure 6 and Figure 7), we can be sure 
that the signal in 2010 is caused by the 2009 earthquake, and has nothing to do 
with the ENSO-events recorded in 1998, 2005 and 2016. 

The SEAFRAME [27] data provides an improved picture of the deformation 
in sea level in association with the 2009 earthquake (Figure 11). Figure 11 gives 
separate graphs for the high-tide level (HTL), the mean-tide level (MTL) and the 
low-tide level (LTL) with a tidal range in the order of 1.35 m. No changes of any 
of the tidal parameters are recorded right at the earthquake on September 29, 
2009. In December 2009, the low-tide level starts to fall, and by mid-January,  
 

 
Figure 9. Tide-record from Pago Pago with the date of the 2009 earthquake marked with red line. 
At the earthquake, there was a 5 - 8 cm fall in sea level (due to the co-seismic uplift) followed by a 
19 - 22 cm rapid rise in sea level in 2010 (due to the post-seismic subsidence and changes in grav-
ity) and fluctuations around a stable mean sea level in following 5 years (to be compared with the 
GPS record of Figure 5). The low peaks in 1983, 1998, 2005 and 2016 mark ENSO events. 
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Figure 10. Tide-gauge record from the Apia station recording a pre-seismic sea level rise of −0.19 
mm/yr, a co-seismic sea level fall (due to uplift) of 4.55 cm and a post-seismic rapid rise in sea level 
of 10.0 cm lasting for 12 months (due to subsidence and gravitational changes) followed by fluctua-
tions around a stable mean sea level during the last 6 years (to be compared with the GPS record of 
Figure 7). The 1998 sea level drop refers to the ENSO event in 1998. 

 

 
Figure 11. Complete tide-gauge record from Apia (SEAFRAME, 2018) with changes in 
high-tide level (HTL), mean-tide level (MTL) and low-tide level (LTL). Besides the crustal 
movements recorded in MTL (cf. Figure 10), there were significant changes in tidal 
range. (1) The earthquake strikes, (2) by mid-January 2010, the tidal range has increased 
by 65 cm, and (3) by mid-June 2010, it has decreased by 80 cm. The 1998 and 2005 signals 
are ENSO events. 
 
2010 (i.e., 3.5 months after the earthquake), it has fallen by 42.0 cm. At the same 
time, the tidal range has increased to 2.0 m (i.e., a rise by 65 cm). Then the trend 
reverses and by mid-June, 2010 (i.e., 9.5 months after the earthquake), the 
low-tide level rises by 98 cm at the same time as the high-tide level falls by about 
46 cm, giving a tidal range of only 55 cm. 

Figure 12 gives the changes in tidal range from 1993 up to 2017. It shows 
minor oscillation within a zone of 125 - 145 cm. Right after the 2009 earthquake,  
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Figure 12. Changes in tidal range recorded at the Apia station (Figure 11). The normal 
level fluctuates between 125 and 145 cm (marked with a blue zone). Right after the 2009 
earthquake, the tidal range increased to 200 cm and then fell to 55 cm, indicating signifi-
cant changes in gravity in association to the seismically induced crustal movements. This 
is a novel observation on coastal seismotectonics. 

 
the tidal range experiences very strong swings; viz by +65 cm in mid-January 
and −80 cm in mid-June. This can only be understood in terms of significant 
changes in gravity involved in the post-earthquake changes. This is a novel and 
important observation, which makes any recalculation of observed relative sea 
level changes during the first years following the earthquake very complicated, if 
not impossible. 

The changes in mean sea level (MTL) record a 7.1 cm lowering in mid-January, 
2010, followed by a 25.0 cm rise up to mid-February, 2011 (16.7 months after the 
earthquake). This is similar to the uplift/subsidence signals recorded in the 
PSMSL mean sea level record of Figure 10, and the GPS uplift/subsidence 
record of Figure 7. The amplitude changes (−7.1 cm and +25.0 cm) are larger 
than in Figure 10. 

Figure 12 and Figure 13 graphs reveal that we—as a function of the 2009 
earthquake—are dealing with a complicated interaction in crustal movements, 
gravitational compensation and sea level changes. This means that sea level ana-
lyses should be restricted to the pre-seismic period. 

6. Discussion 

The earthquake magnitude (Mw 8.1) and geographical extension reaching far 
beyond the Samoa Islands (Figure 3) imply that direct effects are likely to have 
affected both land and sea levels in the Samoan Islands. 

The GPS stations on Upolu and Tutuila Islands (Figure 3) both record an in-
stantaneous co-seismic uplift followed by an exponentially decaying subsidence 
(Figures 5-8). 

The tide-gauge station close-by on the same islands both record a sea level fall 
followed by a sea level rise (Figure 9 and Figure 10). The tidal parameters from 
the Upolu station (Figure 11) show large changes in the tidal range; first an 
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Figure 13. Synthesis of the observed change in land level (red) and sea level (blue) at the 
stations on Tutuila Island (a) and Upolu Island (b) in association with the September 29, 
2009, Mw 8.1 earthquake (purple line). 
 
increase of 65 cm, then a decrease of 80 cm with respect to the normal tidal 
range of about 135 cm. This indicates that changes in gravity are connected with 
the post-seismic changes in crustal and ocean levels. 

In Figure 13, we plot the changes in land level (red) and ocean level (blue 
recorded at the stations on Tutuila (a) and Upolu (b) Islands. 

Right at the earthquake, the land levels jumps up by a few cm. This uplift is 
followed by a subsidence from a slowly relaxing crust, recorded by an exponen-
tially decaying subsidence (continuing for, at least, a decade). This post-seismic 
subsidence is interpreted in terms of a viscoelastic response of the upper mantle 
[28] [29]. 

The ocean level shows a fall taking a few months to culminate. The falls in sea 
level by far exceed the amount of uplift. Together with the delay in culmination, 
this enhanced fall in sea level (with respect to amount of uplift) is indicative of 
simultaneous gravitational changes deforming the gravitational potential surface 
(or geoid). The same applies for the subsequent rise in sea level, which, by far, 
exceeds the post-seismic crustal subsidence. Besides, it is significantly delayed 
with respect to the crustal subsidence phase. 

In conclusion, Figure 13 records a combination of crustal movements, gravi-
tational change due to tectonics and geoidal eustatic changes in sea level [30]. 

The apparent sea level acceleration at Pago Pago (Figure 9) is revealed as illu-
sive due to the co- and post-seismic changes in land and sea levels. The real 
mean rate of sea level changes seems to be in the order of 0.88 mm/yr with an 
acceleration of only +0.0252 mm/yr2 [31]. 

Besides the co-seismic vertical changes in crustal level, there was also a 
co-seismic slip in horizontal direction [20] [22] of about 11 mm (as shown by 
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arrows in Figure 2). This is indicative of sudden horizontal slip in the un-
der-thrusting of the Pacific Plate of the Australia Plate.  

7. Conclusions 

We have demonstrated that an earthquake in September, 2009, affected the land 
level of Upolu Island in the Samoan Islands and Tutuila Island in American Sa-
moa by initiating a co-seismic uplift followed by crustal subsidence, and the 
ocean level at the same islands by sea level fall followed by sea level rise. Even the 
tidal amplitude was significantly deformed due to short-term changes in gravity 
and geoidal eustasy [30]. 

The effects of the 2009 earthquake observed imply the interaction of crustal 
deformation, gravitational compensation and changes in sea level as summa-
rized below. 

Co-seismic effects: 
 Vertical crustal “jump” of 3.58 cm (Tutuila) and 2 - 3 cm (Upolu); 
 Sea level fall of 5 - 8 cm (Pago Pago, Tutuila) and 4.55 cm (Apia, Upolu); 
 Horizontal “jump” in the rate of sea flow spreading by 11 mm; 
 Tsunami event of 11.9 m maximum wave height. 

Post-seismic effects: 
 Subsidence; exponentially decaying; 
 Sea level rise of 21.5 cm at Pago Pago and 25.9 cm at Apia followed by more 

stable conditions during the last 6 years; 
 Rapid changes in tidal range (±50 cm in 2011) driven by high-amplitude, 

short-frequency changes in gravity and geoidal eustasy. 
Only by combining different records of the changes in land and ocean levels 

was it possible to decode the complicated geodynamic processes linked to the 
2009 earthquake. 

The multiple forces interacting in the post-earthquake sea level changes make 
available tide-gage records from the Samoan Islands quite unsuitable for sea lev-
el studies of the post-2009 period. 
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