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ABSTRACT: Thick deposits of post-glacial sediments are widely found along the coastline and close to main riverbeds in
South Iceland. This work studies the feasibility of using a joint inversion of dispersion and ellipticity curves to characterize
deep alluvial sand sites in the South Iceland Lowland. For this purpose, MASW (Multichannel Analysis of Surface Waves),
small-aperture MAM (Microtremor Array Measurements) and MHV SR (Microtremor Horizontal-to-Vertical Spectral Ratio)
field tests were conducted at selected locations along the Markarfljét River. The results provide the Vs profiles of the tested
sites down to bedrock level at 120—-190 m depth, along with the fundamental frequency (f;) of the soil strata. Furthermore,
simple correlations between f;, and bedrock depth are evaluated against the measurement results, in order to identify suitable
relationships for preliminary assessment of bedrock depths based on MHVSR measurements in South Iceland.

RESUME: D’épais dépots de sédiments post-glaciaires sont largement répandus le long du littoral et a proximité des
principaux lits des riviéres du sud de I’Islande. Ce travail étudie la faisabilité¢ de 'utilisation d'une inversion conjointe des
courbes de dispersion et d'ellipticité pour caractériser les sites de sable alluvionnaire profond dans les basses terres du sud
de 1Tslande. A cette fin, des tests sur le terrain MASW, MAM & petite ouverture et MHVSR ont été menés a des endroits
sélectionnés le long de la riviere Markarfljot. Les résultats fournissent les profils Vs des sites testés jusqu'au niveau du
substrat rocheux a 120-190 m de profondeur, ainsi que la fréquence fondamentale (f;) des strates du sol. De plus, des
corrélations simples entre f, et la profondeur du substrat rocheux sont évaluées par rapport aux résultats de mesure afin
d'identifier les relations appropriées pour une évaluation préliminaire des profondeurs du substrat rocheux sur la base des
mesures MHVSR dans le sud de 1'Islande.

Keywords: Non-invasive site characterization; shear wave velocity; bedrock depth; South Iceland Lowland.

1 INTRODUCTION

The South Iceland Lowland is characterized by strike-
slip earthquake activity and a geological environment
shaped by volcanism and glacial impacts. Thick
deposits of post-glacial sediments, resulting from
repeated glacial outburst floods and accumulation of
volcanic-originated materials, are widely found along
the South Iceland coast and close to main riverbeds.
The local soils are mostly normally consolidated
coarse-grained basaltic materials and are often loosely
compacted due to a rapid sediment build-up in
catastrophic events.

This work focuses on an area along the Markarfljot
River in South Iceland, between the Markarfljot
Bridge and the Landeyjar Harbor (Figure 1a). The area
is close to the eastern boundary of the South Iceland
Seismic Zone (SISZ). The soil deposits along the
glacier fed river primarily consist of sand and sandy
gravel and were mainly created in outburst events. The

river is highly dynamic with the river mouth moving
in a cyclical pattern along a few-kilometre wide part of
the coastline. It carries an estimated 100,000-200,000
m? of sand to the coastal zone annually (Pétursson et
al., 2020).

Borehole logs for a site around 4.5 km east of the
current study area indicate layers of sand and gravel
down to a depth of 80 m and unspecified sedimentary
layers down to 168 m. The borings were terminated
before reaching competent bedrock. Seismic refraction
surveys conducted in the 1970s (Mott MacDonald and
Linuhonnun, 2004) further showed thick sediment
formations in the area. The minimum sediment
thickness was estimated as 40-50 m near the farm
Kross, ca. 12 km west of the current study area. The
depth to bedrock was then found to increase towards
east, reaching up to 250 m near the farm Bakki, 2-3 km
west of the Markarfljot River. No data exists for the
sites considered in this work.
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Non-invasive methods, specifically Multichannel
Analysis of Surface Waves (MASW), Microtremor
Array Measurements (MAM) and single-station
microtremor measurements, are used to evaluate the
shear wave velocity (Vs), depth to bedrock (H) and
fundamental frequency (fy) for selected sites within
the area. Subsequently, simple equations relating fj
and H are evaluated against the results to identify
suitable correlations for preliminary assessment of
bedrock depths for deep soil sites in South Iceland.

2 SITE CHARACTERIZATION

The surface wave tests in the Markarfljot area (Figure
1a) consisted of four MASW arrays (at S1-S4), two
small-aperture MAM arrays (at S1 and S4) and single-
station measurements at several locations, including
S2 and in the vicinity of S3. This section provides an
overview of the data acquisition (DAQ) and analysis.
A more comprehensive description is given in
Olafsdottir et al. (2023).

2.1 In-situ data acquisition

The MASW data was acquired using an array of
twenty-four 4.5 Hz vertical geophones (receiver
spacing of 0.5-2 m) and a 6.3 kg sledgehammer to
generate the impact load. Repeated shots were
collected along the same survey line whilst changing
the receiver spacing, source offset and shot position.

The MAM measurements were conducted using four
Lennartz 5 s seismometers, each coupled with a Reftek
digitizer. The seismometers were arranged in
triangular-shaped arrays (circumradius of 12 m and 24
m) whose centroid was located at the midpoint of the
respective  MASW array. The single-station
measurements at locations S2, S2b and S3a—d by the
bridge and along the river (Figure 1a) were conducted
using ETNA 2 accelerographs. As prior studies have
recommended against the use of accelerometers for
HVSR analysis (e.g., Guillier et al., 2008), the data
acquisition was repeated at stations S1 and Sla using
the ETNA 2 accelerographs and the resulting MHVSR
compared (Figure 1b). The results show that
comparable H/V ratios were obtained with both
instruments, which is considered to support the use of
the ETNA 2 accelerographs in this work.

2.2 Evaluation of fy, V5 and H

The MHVSR (Microtremor Horizontal-to-Vertical
Spectral Ratio) technique was used for evaluation of
fo. For each site, the three-component record (duration
50—100 min) was split into 50 s windows. The Fourier
spectra of each component was smoothed using the
Konno-Ohmachi function (with b = 40) and the H/V-
ratio subsequently obtained by dividing the geometric
mean of the horizontal spectra by the vertical
spectrum. The resulting MHVSR curves are given in
Figures 1b—e.
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Figure 1. (a) Aerial image of the survey area along the Markarfljot River showing the test site locations. S1-S4: Evaluation
of S-wave velocity profile, fundamental site frequency and depth to bedrock. S1b, S2b, S3a-d, S4b: Evaluation of fundamental
site frequency. (b-e) Lognormal-median MHVSR curves for individual measurement stations.
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Figure 2. Experimental R-wave (a) ellipticity and (b) dispersion curves for sites S1-S4.

A joint R-wave dispersion-ellipticity inversion was
used to evaluate Vs and H for sites S1-S4. The
dispersion curve (DC) for each site was obtained from
the active-source (MASW) and, where available, the
passive-source (MAM) data. Each MASW shot gather
was processed using the dispersion tool in MASWaves
(Olafsdottir et al., 2018). The MAM data was
processed using the MSPAC toolbox in Geopsy
(Wathelet et al., 2020), with the 50—60 min recordings
split into 12.5-15 min windows and each sub-record
processed separately. An average DC (Figure 2b) was
finally obtained by binning the dispersion data within
log-spaced frequency bands.

The RayDec technique (Hobiger et al., 2009) was
used to evaluate the R-wave ellipticity (Figure 2a),
with the recorded microtremors split into 810 min
windows. For S1 and S4, the ellipticity curves
specified as inversion targets were obtained using the
recordings of the central stations of the MAM arrays.
For S2, a single-station measurement was conducted at
the location of the MASW survey. The HVSR curves
for stations S3a—d show limited variability (Figure 1d),
thus indicating small variations in soil stratigraphy for
the 1.2 km segment between S3a and S3d. Hence, the
ellipticity for site S3 was estimated as the average
ellipticity of S3b and S3c.
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The inversion was conducted as described in
Olafsdottir et al. (2023) using the Dinver module in
Geopsy (Wathelet et al., 2020). The layer thicknesses
and Vs in each layer were treated as unknowns to be
established by the inversion, whilst the mass density
was fixed as 2000 kg/m® and the Poisson’s ratio
confined to the range of 0.2—0.5 in lack of site-specific
data. The inversion scheme was initiated five times
with 75,000-90,000 models sampled in each initiation.

Following each inversion initiation, 100 models
were randomly selected from the subset of sampled
models whose dispersion-ellipticity misfit (m) fulfils
m < 1.25mum, with my;, being the minimum misfit
value. The resulting collections of inverted velocity
profiles, along with the associated ellipticity and
dispersion curves, are shown in Figure 3 (sites S1, S2)
and Figure 4 (sites S3, S4). Figure 5 illustrates the
variation of the sediment Vs down to bedrock level and
within the upper-most 30 m. Also shown is the lowest
misfit model for each site.

The analysis points to a broadly similar velocity
structure at all four sites along the river. Specifically,
for the sandy and gravelly sediments, the developed
velocity profiles indicate an increase in Vg from 70—
130 m/s at surface to around 350—600 m/s.
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Figure 3. Joint dispersion-ellipticity curve inversion for Markarfljot Bridge sites (a-c) SI and (d-f) S2. (a,d) Set of Vg profiles
whose misfit values fulfil m < 1.25m,,;,,. The associated theoretically computed ellipticity (b,e) and dispersion (c,f) curves
are compared to the experimental data points specified as inversion targets.
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Figure 4. Joint dispersion-ellipticity curve inversion for (a-c) Markarfljot River site S3 and (d-f) Landeyjar Harbor site §4.

(a) S1: Markarfljét Bridge (b) S2: Markarfljét Bridge

(¢) S3: Markarfljét River

(d) S4: Landeyjar Harbor
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Figure 5. Variation of the sediment shear wave velocity predicted for sites (a) S1, (b) S2, (c) S3, and (d) S4 down to bedrock
level (upper row) and down to a depth of 30 m (lower row). The colour scale used for each site refers to the misfit values in
Figures 3 and 4. The lowest misfit shear wave velocity profile for each site is shown as a black line.

The strong impedance contrast at a depth of around
120-190 m is interpreted as depth to bedrock.
However, the predicted bedrock velocity (>2000 m/s)
may be affected by the uncertainty of the obtained data
at depth. The time-averaged Vs for the top-most 30 m
(Vs30) 1s found to be in the range of 230-320 m/s.
Down to bedrock level, the time-averaged Vs (Vs ) is
estimated as 290480 m/s. Sediment thickness well
exceeding 100 m is in line with available information
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on the Markarfljot area. It is noted that depth to
bedrock was only retrieved at four locations. However,
based on the results in Figure 5, a picture of increasing
sediment thickness from north towards the sea
emerges. Measurements at additional locations along
the river are, however, required to conclude on this
point.

The inversion results for the two sites by the
Markarfljot Bridge (S1 and S2, Figures 3 and 5ab)
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reveal a significantly more variation within the set of
S2 Vs models as compared to those for S1. This is both
observed in the predicted location of the sediment-
bedrock interface, which is much better constrained
for S1 than S2, as well as in the velocity estimates,
particularly at depth. The observed difference is
attributed to the narrower frequency range of the S2
dispersion curve, which results in a wider frequency
gap between the right flank of the ellipticity peak and
the experimental DC, as compared to that of S1. The
lower surficial Vg for S2 (Figures Sab) is consistent
with prior expectations, as the surficial soil at Sl
consisted of slightly compacted gravel whilst it was
loose basalt sand at S2.

The results in Figures 4 and 5cd present a
comparable trend for sites S3 and S4, as previously
described for S1 and S2. Particularly, the lack of low-
frequency components in the S3 DC (which results in
a gap in the experimental data at 0.9-5.9 Hz) leads to
increased difficulties in constraining the depth to
bedrock. The effects of the lack of low-frequency DC
components are also observed in the velocity estimates
at depth, which are slightly less constrained at S3 than
at S4. As shown in Figure 2b, the S3 DC presents the
lowest phase velocity values out of the four
experimental DCs, thus suggesting a somewhat softer
surficial soil profile than at the other sites. However,
the lack of data to constrain the theoretically computed
DCs below 6 Hz is considered to affect the reliability
of the velocity estimates for S3 at depth, possibly
biasing the inverted Vs estimates to lower values and
thereby also affecting the predicted bedrock depth. It
would, therefore, be of value to gather MAM data at
S3 in order to extend the experimental DC to lower
frequencies. Consequently, the current estimate of the
depth to bedrock and the corresponding value of Vs g
for site S3 are considered more uncertain than those
for S4.

3 SIMPLIFIED ESTIMATE OF H

In lack of site-specific measurements of velocity
profiles or deep borehole logs, simple relationships
providing a link between f, and H may be used to
estimate depth to bedrock (or engineering bedrock)
based on MHVSR measurements without inversion.
Power-law regression models, i.e., H = a - fC, have
been proposed by many authors, with the regression
parameters a and b reflecting regional and geological
characteristics. Thus, local calibration using data from
multiple sites is required.

Assuming a one-dimensional soil model consisting
of a soft sedimentary layer above bedrock, Eq. (1)
relates f, and the average Vs of the sedimentary layer
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(V) with H following a quarter-wavelength approach
(Lachetl and Bard, 2011). A value of V = 300 m/s has
previously been suggested to estimate sediment

thickness based on measurements of f;; (Nelson and
McBride, 2019):

_ Vs
4fo

e

Figure 6 compares the measurement results (i.e.,
MHVSR estimates of f,, and the depth to bedrock level
established based on the joint inversion) with values
computed using Eq. (1) with Vs in the range of 200—
600 m/s. For the softest site (S3), Vs =300 m/s is found
to provide an estimate of H that is consistent with the
measured values. However, for S1, S2 and S4 a value
of 300 m/s would lead to a significant underestimation
of the depth to bedrock, with a V¢ value in the range of
400—-500 m/s seeming more appropriate. These results
are consistent with the estimated Vs 5 for the four sites,
i.e., around 300 m/s for S3, 410—420 m/s for S2 and
S4, and up to 480 m/s for S1. This further correlates
with the Vg3, for the respective sites, which was
estimated at around 230 m/s for S3 but showed values
in the range of 260—280 m/s for S2 and S4 and
exceeding 300 m/s for S1.
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Figure 6. Comparison of measured values of depth to
bedrock and values computed using Eq. (1) with V in the
range of 200—600 m/s. For each site, the measured values
are given as the 10™ to 90" percentiles of the inverted
bedrock depths (error bars) and the depth indicated by the
lowest misfit velocity profile (crosses).
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4 CONCLUSIONS

This study points at a joint dispersion-ellipticity
inversion as a feasible method to retrieve the Vg
distribution and depth to bedrock at deep soil sites in
the South Iceland Lowland. For the conditions
described here, a composite use of MASW and small-
aperture MAM is further found highly beneficial to
reduce the frequency gap between the experimental
dispersion and ellipticity data, thus providing a more
refined estimate of the sediment Vg and depth to
bedrock. The bedrock depths estimated in this work
are in line with available information on the wider
Markarfljot area. However, existing data is limited to
a few surveys, thus, comparison with direct
measurements, e.g., deep boreholes, is considered
beneficial for further verification of the results.

The results suggest that the quarter-wavelength

approach (Eq. (1)) with V in the range of 300500 m/s
could be used for initial assessment of bedrock depths
in the area based on MHVSR measurements of f,.
However, this study only includes data from four sites
along the Markarfljot River. Further verification based
on data from a larger number of sites is therefore
required before general conclusions can be drawn.
Future steps may also include calibration of power-law
regression models relating f, and H to describe the
local characteristics.
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