
 
 
 

A FIRST LOOK AT SITE EFFECTS AT ICELANDIC STRONG-
MOTION STATIONS USING MICROSEISMIC DATA  

 
Christian I. OLIVERA1, Benedikt HALLDORSSON2, Símon ÓLAFSSON3,  

Russell A. GREEN4 and Ragnar SIGBJÖRNSSON5 

ABSTRACT 

Iceland is located on the Mid-Atlantic Ridge, the diverging plate boundary of the North American and 
Eurasian plates in the North Atlantic Ocean.  Crossing the island from southwest to north, the onshore 
part of the plate boundary is shifted eastward, resulting in two transform zones, the South Iceland 
Seismic Zone, SISZ, and the Tjörnes Fracture Zone, TFZ, both of which are regions where earthquake 
hazard is the highest in the country, and have the greatest potential for the occurrence of large 
earthquakes.  Geologically, Iceland is characterized by basaltic lavas, as well as tuff layers, often with 
intermediate layers of sediments or alluvium.  In a first attempt to assess relative differences in local 
site conditions at recording sites of the Icelandic Strong-motion Network (IceSMN), Nakamura's 1989 
H/V Spectral Ratio, HVSR, method was applied to ambient noise data collected at IceSMN strong 
motion stations in and near the South Iceland Seismic Zone. The stability of the estimated 
predominant frequency and consistency shown by the shapes of the HVSRs for each measurement site 
gives credence for using Nakamura’s HVSR method for estimating local site effects and site 
characterization in Iceland.   
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INTRODUCTION 

Worldwide, earthquakes pose a great risk to the built environment and to life safety.  While it is 
impossible to prevent earthquakes from occurring, it is possible to mitigate the effects of strong 
earthquake shaking to reduce loss of life, injuries, and damage.  In general, when an earthquake 
occurs, seismic waves radiate away from the source and travel through the earth’s crust.  Although 
seismic waves travel through rock over the majority of their path from the source to the ground 
surface, they often pass through soil near the surface and the characteristics of the soil can greatly 
influence the nature of shaking at the ground surface.  Soil deposits tend to act as “filters” to seismic 
waves by attenuating motions at certain frequencies and amplifying them at others.  Since soil 
conditions can vary considerably over short distances, levels of ground shaking can as a consequence 
vary significantly within a small area.  One of the most important aspects of geotechnical earthquake 
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engineering practice involves the evaluation of the effects of local soil conditions on strong ground 
motions.   

 
One of the most common procedures for estimating site effects is the Standard Spectral Ratio, 

SSR, method (Borcherdt 1970). The SSR method is based on the comparison of earthquake recordings 
obtained simultaneously on a site and nearby reference site (Borcherdt 1970).  Unfortunately, it is not 
always easy to gather sufficient data to apply this technique because of high instrumentation costs and 
the need for long duration experiments, especially in regions of low seismicity.  An alternative 
approach to estimate site effects was put forth by Nakamura (1989).  The H/V Spectral Ratio, HVSR, 
method is based on recordings of ground shaking as a function of time along the horizontal, H, and 
vertical, V, directions, respectively, and calculating their amplitude as a function of frequency.  
Analyzing their ratio, H/V, as a function of frequency allows one to capture the characteristics of the 
site conditions that may amplify earthquake shaking.  Since initially being proposed by Nakamura 
(1989), the HVSR method has been widely used.  Although the method’s physical basis and 
theoretical background have come into question (Lachetl and Bard 1994, Mucciarelli 1998, among 
others), the advantages of the approach are several fold, foremost, being that it is a relatively 
inexpensive and easy method for obtaining information needed in seismic hazard and risk analysis 
(Atakan et al. 1997, Bessason and Kaynia 2002, among others).   

The presented study aims at using ambient noise data to provide quantitative estimates 
regarding the relative differences in site response at those recording stations of the Icelandic Strong-
motion Network (IceSMN) located in the South Iceland Seismic Zone.  To assess conditions of high 
relative differences in seismic risk arising from local site effects, the HVSR method was applied using 
single station ambient noise measurements recorded at selected IceSMN strong motion stations, shown 
in Figure 1.  The study intends to demonstrate the applicability of Nakamura's method in estimating 
local site effects and site characterization (i.e., rock site, soil site, lava rock site, etc.) and provides a 
reliable estimation of the predominant frequencies at several sites throughout the two most seismically 
active and populated regions in Iceland, the SISZ.   

LOCAL SITE EFFECTS AND THEIR METHODS OF ESTIMATION  

The evidence for site effects and their influence on damage distribution have been observed and 
investigated over the past few decades with the progression of various instruments and their 
availability for measuring ground motions.  In general, the methods used to estimate site effects can be 
categorized into two major groups: the theoretical (numerical) and the experimental methods.  The 
theoretical calculations of site response are based on the available geotechnical information pertaining 
to physical parameters of a site’s sub-surface structure (Idriss and Seed 1968), while the experimental 
methods are somewhat more effective in the sense that they are based on calculating the frequency 
spectrum directly from recorded ground motions.  The two widely used experimental methods are the 
SSR (Borcherdt 1970) and HVSR (Nakamura 1989).   

In Borcherdt’s (1970) SSR method, the horizontal records at each studied site are compared 
with the horizontal records for the same event at a nearby bedrock site (or reference site) through 
spectral ratios.  The ratio of the response spectrum of a record at a given site divided by the response 
spectrum of the record (for the same event) at the reference site is considered to be a measure of the 
site effects on ground motion, if the following two assumptions are valid (Bonilla et al 1997, 
Borcherdt 1970): (1) the reference site is free or almost free from local amplification effects and can 
be used at least for relative estimates of the local amplification, which is the case when the reference 
site is located on unweathered bedrock, and (2) the distance between the source and the receivers is 
much greater than the distance between the receivers themselves.  Despite its effectiveness in 
estimating site amplification, concerns with the method’s definition of a reference site have been 
raised.  Studies have shown that the simple geological identification of stiff-soil/rock-mass outcrops 
do not warrant, by itself, the absence of site effects (Pileggi et al 2011). 

Despite the SSR method’s ability to estimate site amplification, the method’s dependance on 
the availability of an adequate reference site (one with negligible site response) and earthquake data 
pleads for an alternative non reference site method.  Unlike the SSR method, the Nakamura (1989)  
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HVSR method is a single station approach for estimating site effects.  The HVSR method uses three 
component single station ground motion records, and involves the ratio of the combined horizontal 
Fourier amplitude spectrum, H, to vertical, V, Fourier amplitude spectrum at the studied site.  This 
spectral ratio, H/V, usually shows a peak, which closely corresponds to the predominant frequency 
(frequency at which maximum ground amplification occurs) of the investigated site.  Though most of 
the method’s applications have used ambient noise data, Nakamura's (1989) HVSR method has also 
been shown to be applicable to strong ground motions (e.g., Wood et al 2011).  Furthermore, studies 
described in Nakamura (2000, 2008), Lermo and Chávez-García (1993), and Sato et al. (2004), among 
others, have shown that HVSRs of ambient noise and strong ground motions are similar to each other.  
However, despite it being a relatively inexpensive and easy approach for obtaining information useful 
for seismic hazard and risk analysis, the method’s theoretical background has come into question, 
particularly in regards to the source of ambient noise and the method’s inability of estimating the 
ground amplification. Additionally, questions have been raised about the method’s ability of 
estimating the predominant frequency of complex multi-layer systems (Cid et al 2001).  Nevertheless, 
the method has successfully been used to estimate predominant frequencies, and its use of ambient 
noise data makes it even more desirable as it can be practically applied at any time and place.   

SEISMICITY AND GEOLOGY IN ICELAND 

Some of Iceland’s most destructive earthquakes have originated within the SISZ.  Since 1896, when a 
sequence of six moderate-to-strong earthquakes (larger than M6) ruptured the SISZ in a period of two 
weeks over a distance of 50 km (Einarsson et al. 1981; Stefánsson and Halldórsson 1988), four 
damaging earthquakes have occurred throughout the SISZ: (1) 1912 M6.0 in easternmost part of the 

 

Figure 1. The 34 IceSMN strong motion stations (represented by blue triangle symbols) and moderate-to-strong earthquake 
events (represented by red stars) recorded by the network since its deployment.  The inset picture at the bottom right shows 

the IceSMN strong motion stations in and near the South Iceland Seismic Zone, SISZ, in the lowlands of south Iceland.  
The inset picture at the top left shows the ICESM strong motion stations in the Tjörnes Fracture Zone, TFZ, in north 

Iceland.   
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SISZ, (2) 1987 M6.0 in Vatnafjoll, (3) 2000 two M6.5 in south Iceland, and (4) 2008 M6.3 in the 
Ölfusá district (Bellou et al. 2005; Bjarnason et al. 1993; Einarsson 1991; Halldorsson and 
Sigbjörnsson 2009; Halldórsson et al. 2007; Pagli et al. 2003; Sigbjörnsson et al. 2009; Vogfjord 
2003).  Although not as well documented as the SISZ, strong earthquakes of magnitudes up to 7 have 
been recorded in the TFZ.  From the 20th century upwards, the most significant earthquakes to occur in 
the TFZ include: the 1910 M7.0, 1934 M6.2 in Dalvik, 1963 M7.0 in Skagafjordur, 1976 M6.2 in 
Kopasker, and most recently, the October 2012 and April 2013 swarm of earthquakes reaching 
magnitudes 5.3 and 5.6.   

Earthquake induced effects are increased by the varying and complex geological features 
throughout Iceland, and in particular, the SISZ and TFZ.  In the SISZ, the bedrock geology was 
formed during the Upper Pliocene and Pleistocene (Sæmundsson 1979) and is overlain by a surface 
geology dominated by stacked layers of basaltic lava rock and unconsolidated sediments.  The soil 
cover varies throughout the SISZ: in the north, the soil cover is usually thin where the underlying 
basaltic lavas and hyaloclastic, or volcanic breccia, rocks are exposed; in the west, the thin 
sedimentary cover is composed of silt and clay from the meandering Ölfusá river; in the south coast, 
the surficial cover is dominated by coastal depositional processes, including aeolian sediments; and in 
the east, a similar cover dominated by coastal depositional process such as aeolian sediments are 
common, as well as deposits from the Ölfusá river (Atakan et al. 1997).  Unlike the SISZ, the 
geological structure and history of the TFZ is not well documented as it is mostly offshore.  The 
majority of the geological studies conducted in the TFZ have focused on the Tjörnes peninsula 
(Gudmundsson 2007; Sæmundsson and Karson 2006; Saemundsson 1974).  The oldest present rock in 
the Tjörnes is a 8.5-10 Ma old basalt (Sæmundsson and Karson 2006).  Most of the lowest strata is of 
young Quaternary basal, originating from the nearby Grjothals shield volcano (Saemundsson 1974) 
and is overlain by Tjörnes beds, or sedimentary layers, which in some areas are 500 m thick 
(Gudmundsson 2007). 

DATA AND METHODS  

Ambient noise is defined as low amplitude vibrations generated by natural disturbances such as wind, 
sea tides, or of man-made origins such as traffic, industrial machinery, household appliances, etc. 
(Triantafyllidis et al., 2006).  Continuous measurements of ambient noise, with minimum one-hour 
recordings, were performed at seven ICEARRAY II strong motion stations using a REF TEK 130-01 
Broadband Seismic Recorder and Lennartz LE-3D/5s Seismometer from the Icelandic instrument 
bank, Loki, which is operated through the Icelandic Meteorological Office, IMO.   

A unified procedure was implemented to consistently process ambient noise data so that any 
similarities or differences observed could be attributed to factors other than data processing itself.  The 
procedure included (a) selecting a window length of 20 minutes from the ambient noise recording, (b) 
calculating the Fourier Absolute Spectra for the selected window and computing the geometric mean 
for both horizontal components, (c) applying the Konno and Ohmachi (1998) smoothing function with 
a smoothing coefficient of B=20, and (d) computing the horizontal to vertical spectral ratio for the 
selected window.  The final mean HVSR for each site was determined by computing the geometric 
mean of the HVSRs from all individual windows, from step (d) above.  

RESULTS AND DISCUSSION 

The stability shown by the HVSRs, and especially their relationship with the geological features 
identified throughout the network, from ambient noise data shown in Figure 2 enable the form of 
different site responses across the network: 

(1) A “clear peak” HVSR depicts a reliable predominant frequency at the site where ground 
amplification would be expected. 

(2) A “flat” HVSR indicates that a relatively uniform amplification across the frequency range is 
to be expected at the site.  In other words, no relative differences in amplification across the 
frequency range would be observed, and therefore, the site effects at those stations would be 
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uniform.  However, in some cases, where the HVSRs are not only relatively flat but have an 
amplitude in the range of one across the frequency range, compact sediments or hard rock 
sites where no significant ground amplification would be expected.   

(3) A “broad or multiple peak” HVSR depicts a more complex sub-surface model.  As was 
observed in Sivaram et al. (2012), this case could imply sub-surface topography such as a 
two-layer horizontal model with one layer at a depth corresponding to the first peak and 
another shallow layer beneath the surface with thickness closely corresponding to the second 
peak.   

In general, few studies have been conducted in an attempt to explore Iceland’s near- surface 
materials, resulting in the lack of geotechnical information, which would ultimately allow for a better 

 

Figure 2. Mean HVSR +/- one standard deviation from ambient noise measurements with a Konno and Ohmachi smoothing 
coefficient, B=20 where n is the number of available 20-min ambient noise windows used to derive the mean HVSR for the 

IceSMN free-field strong motion stations in South Iceland. 
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understanding regarding the relationship between Iceland’s sub-surface materials and their response.  
Nevertheless, this study has shown that the HVSR is a useful method for identifying dominant 
frequencies with respect to soil amplification and classifying measurement sites (i.e., rock site, soil 
site, lava rock site, etc.) when using ambient noise data.   

CONCLUSION 

In the absence of direct geophysical and geological information on site conditions at recording sites of 
the IceSMN in Iceland, this study provides new and valuable information from HVSRs using long 
duration ambient noise data. The unified procedure established for data processing of both data sets 
provides valuable information in the development of a standardized method for HVSR analysis of 
ambient noise data. Furthermore, the stability of the established predominant frequency and 
consistency shown by the shapes of the HVSRs at each site demonstrate the applicability of the 
method for estimating local site effects, in particular, estimating the predominant frequency (frequency 
at which maximum amplification is expected to occur) and site characterization (i.e., rock site, soil 
site, lava rock site, etc.).  However, further research could help verify the usefulness of the HVSR 
method for seismic risk analysis; more specifically, applying the method to strong motion data, other 
experimental techniques such as the SSR, and numerical modeling using the most real geotechnical 
data available.  Nevertheless, the results from the HVSR applied to ambient noise data recorded in 
Iceland provides the first estimates of the relative differences in localized site effects at the IceSMN 
strong-motion stations shown. In light of the strong-motion data recorded during the last three decades 
at these IceSMN, the results of this study provide a clearer view of the relative contributions of site 
effects embedded in the data, which facilitates a more accurate earthquake hazard and risk analysis.   
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