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ABSTRACT: A triangular array of broadband seismographs was used at a greenfield site 

on the northern shore of Lake Rotorua underlain by deep pumice and volcanoclastic soils 

mapped as within NZS1170.5 subsoil-class D, to define the parameters of the site using 

non-invasive passive microtremor techniques.  The intention was to test the use of newly-

acquired broadband instruments to determine the site fundamental resonance period, and 

its 1D shear-wave velocity structure to confirm the classification of such pumice soil sites 

in terms of the NZS1170.5 code and to assess the liquefaction potential. At this site, the 

Horizontal to Vertical Spectral Ratio (HVSR) and Spatial Autocorrelation (SPAC) 

techniques were used to estimate the site period and the shear-wave velocities and 

thicknesses of the subsurface layers. A geological layer model for the site was built from 

available information and interpreted with the layer model derived from the SPAC and 

HVSR analysis. A site resonance period of ~1.1 s and a 1D shear-wave structure modelled 

with 2 layers overlying a half-space were determined for the site. The two-layer model and 

half-space were interpreted as being directly associated with the known geology of the site, 

allowing the site to be modelled with shallow Holocene sediments with a shear-wave 

velocity of 86 ± 7 m/s, overlying a deep layer of lacustrine and volcanoclastic sediment 

with a shear-wave velocity of 357 ±168 m/s. The upper Mamaku Ignimbrite surface was 

poorly constrained, and modelled as 207 ± 83 m deep with a shear-wave velocity of 1516 

± 455 m/s, which was corrected to 84 m deep to meet the measured site period.  The shallow 

Holocene material is of sufficiently low velocity to be regarded as liquefiable. Although 

the measured site period of 1.1 s and the depth to the Mamaku Ignimbrite would normally 

place this site within NZS1170.5 site class D, the very low velocity and likely 16 m 

thickness of the surficial alluvial material requires that the site class be interpreted as 

NZS1170.5 site class E. 

1 INTRODUCTION 

1.1 Aim 

The aim of this work was to test the application of non-invasive ambient noise methodology using HVSR 

and SPAC with 20 s broadband seismometers – recently acquired by GNS Science for deep basin studies 

– for determining the site fundamental resonance period, a 1D shear-wave velocity profile and hence 

the NZS1170.5 site class of a deep pumiceous soil in the Taupo Volcanic Zone. The test site was chosen 

to take advantage of the significant body of sub-surface information which exists on the depth and 

materials within the Rotorua Caldera for comparison. This includes previous geophysical modelling 

(Rogan, 1982, and Lamarche, 1992), caldera collapse modelling (Milner, 2001, and Milner et al., 2002), 

and borehole information and groundwater modelling (White et al., 2007, and Morgenstern et al., 2015). 

1.2 Site Location and Geological Setting. 

The site is 270 m from the lake front halfway between Puhirua Bay and Kaikaitahuna Bay, and is on 

private property accessible from Hamurana Road (Figure 1-1).   It is 1 km south of the northern rim of 

the Rotorua Caldera, a silicic volcanic centre located within the Taupo Volcanic Zone (Wilson et al., 

1995). The underlying geology is Holocene lacustrine sediments of the Tauranga Group, with surficial 

alluvial sand, silt and clay sediments and peat layers overlying the pumiceous sandy and silty lacustrine 

sediments of the Rotorua Basin. These are in turn underlain by the intra-caldera portions of the Mamaku 



2 

Ignimbrite (Martin, 1961; Milner, 2001). 

 

Figure 1-1.  Location of the site studied on the north shore of Lake Rotorua, marked with red dot.   Background 

image copyright Google Earth© 

2 DATA ACQUISITION AND METHOD 

2.1 Data Acquisition 

We recorded microtremors, the ever-present ground vibrations due to ocean waves, wind, traffic and 

similar sources, which are mainly composed of travelling surface Love and Rayleigh waves. In this 

study, Rayleigh waves are of interest because their vertical component makes them useful for obtaining 

the Horizontal-to-Vertical Spectral Ratio (HVSR, Nakamura, 1989) and in carrying out Spatial Auto-

Correlation (SPAC; Aki, 1957). Three-component 20-second period Nanometrics Trillium broadband 

seismometers and Nanometrics Centaur digital seismographs were used in a triangular array layout 

(Figure 2-1), replacing our previous standard of Nanometrics Taurus digital seismographs with Lennartz 

1-second period seismometers. Ambient seismic noise was recorded at night for a period of about 10 

hours to avoid incoherent transient noise (in this case, foot traffic from the campers occupying the site 

at the time of recording), and to minimise coherent near-field sources relative to far-field ones. A time 

window between 1 am and 5:40 am (NZT) was selected for analysis that displayed the least noise. Data 

were processed using the HVSR (Nakamura, 1989) and SPAC (Aki, 1957) techniques to define the site 

fundamental resonance frequency and the shallow S-wave velocity structure, respectively. The 

equilateral triangular array used in this study represents the minimum requirement for a SPAC analysis 

when the isotropic plane wave-field assumption is valid with far-field sources dominating the 

microtremors. The triangular configuration, however, is more susceptible to bias than is, for example, a 

hexagonal array when coherent near-field sources dominate the microtremors (Roberts and Asten, 2008) 

because then the plane wave assumption would no longer be valid. In this case, more instruments are 

necessary. This rural setting and night-time acquisition meant that near-field sources were unlikely to 

dominate in this case. 
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Figure 2-1.  Layout of the 55 m triangular array (red lines) on the north shore of Lake Rotorua, approximately 

270 m from the shore. Note, building-like objects visible within and around the array are light timber frame and 

canvas tents, and the site is usually a lightly grazed farm paddock with some tree cover.  Each sensor was placed 

in a covered 50 cm deep pit at the apexes of the array.  Background image copyright Google Earth © 

2.2 HVSR Method 

Analysis of the Rotorua data was performed using geopsy (www.geopsy.org). Data showing incoherent 

noise from near-field signals (through-going foot traffic) and earthquakes were excluded from the 

analysis by applying an anti-trigger. Single HVSR curves were calculated from multiple 200 second 

data windows, then smoothed and averaged to yield a mean HVSR curve and its standard deviation. The 

window length ensures a sufficient number of cycles at the resonance frequency (200 cycles at 1Hz) are 

represented in the selected data. For each of the sites, a mean resonance frequency f0 and its standard 

deviation were derived from the ensemble of single HVSR curves’ maximas. An alternative estimate 

f0(max) was also obtained from the maximum of the mean HVSR curve that could be used to cross-

check the robustness of the resonance frequency estimate. 

2.3 SPAC Method 

SPAC field curves and velocity models were derived using the geopsy approach (Wathelet et al., 2005) 
that builds on the MSPAC (Modified Spatial AutoCorrelation) method (Bettig et al., 2001) and the NA 
(Neighbourhood Algorithm) search (Sambridge and Kennett, 2001). The MSPAC method was 
developed to allow for flexible array geometries imposed by urban environments. Multiple time 
windows were selected from the vertical components between 2 am and 4:30 am NZT that were 
synchronous between stations of the array. Time windows were chosen to be frequency dependent and 
50 times the corresponding period in length. Larger windows of 100 s to 400 s were also trialled. These 
yielded slightly smoother curves, but smaller SPAC coefficients at frequencies greater than 3 Hz, and 
smaller error bars overall. Frequency-dependent time windows were therefore preferred to allow for a 
wider range of solutions, and hence for the direct search to converge towards a solution fitting the whole 
frequency range of the field SPAC curve, excepting the region of the curve between 1.14 to 1.66 Hz, 
where the curve appeared depressed by incoherent noise (non-Raleigh wave energy). The searched 
parameter space included P- and S-wave velocities, the density and the depth of layers, in order to derive 
the velocity structure below the site (Table 1). The initial search was performed assuming one layer 
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overlying a half-space, with uniform properties within the layer and the half-space left to vary, but with 
properties constrained to increase with depth and the Poisson ratio constrained to lie between 0.2 and 
0.5. Then a top layer was added to improve the fit to the SPAC field curve whole frequency range (0.5-
6.5Hz). The search was performed by randomly selecting 5,000 models from the parameter space, then 
selecting the 500 models providing the lowest data misfit and resampling the parameter space with 500 
new models around the selected models until a maximum number of 50 iterations was reached. 

Table 1: Parameter constraints used in the NA search for the two-layer model. In addition, the Poisson ratio was 

constrained to vary between 0.2 and 0.5. 

 Zmin 
(m) 

Zmax 
(m) 

VPmin 
(m/s) 

VPmax 

(m/s) 

VSmin 

(m/s) 
VSmax 

(m/s) 
ρmin 

(kg/m3) 
ρmax 

(kg/m3) 

Layer 1 0 0 100 4000 50 2000 1000 2000 

Layer 2 10 100 200 4000 100 2000 1000 2000 

Half-space 50 400 1000 4000 500 2000 2000 2000 

3 MICROTREMOR RESULTS 

3.1 Horizontal to Vertical Spectral Ratio Analysis 

The HVSR curves showed a prominent resonance peak at ~0.94 Hz at each of the three sites (Figure 3-

1). A second lower amplitude peak at ~1.26 Hz was clearly visible at site B, but also discernible at sites 

A and B. This second peak is the reason for some variability in the primary peak frequency estimate, 

f0(win), at sites A and C (Figure 2-1). For example, the resonance frequency is estimated to 0.93 ± 0.11 

Hz (site A) and 0.99 ± 0.12 Hz (site C) from the ensemble of single HVSR curves’ maximas. Despite 

this variability, the ~0.94 Hz peak frequency uncertainties at both sites A and C are still sufficiently 

small (<0.13 Hz) and its amplitudes sufficiently large to be considered a “clear” peak (SESAME H/V 

User guidelines; Acerra et al., 2004). The resonance frequency of ~0.94 Hz (~1.1 s) is here considered 

as the more reliable estimate for the site fundamental resonance frequency.   

Table 2: Parameter averages and error bars as 95% confidence intervals of the two-layer model parameters 

derived from the SPAC analysis. Averages and confidence intervals (CI) are derived from the distribution of the 

parameters from 422 models displaying misfits less than 0.5 and assuming Gaussian distributions. Depths are 

relative to the ground surface. See Table 1 for the NA search parameter constraints. *Values in the half space 

layer are not well constrained due to rejected coherency values between 1.14 and 1.66 Hz. 

 Depth (m) 95% CI (m) Vs (m/s) 95% CI (m/s) 

Layer 1 0 0 86 7 

Layer 2 16 1 357 168 

Half-space 207* 83* 1516 455 

3.2 Spatial Autocorrelation Analysis 

The search for a two-layer model resulted in a lower misfit (~0.40, Figure 3-2) and a much better fit 

above the SPAC field curve second minimum at ~3 Hz than the search for a one-layer model did (misfit 

of ~0.70). Shear-wave velocities are well constrained down to a depth of about 80 m, but less below that 

depth (Figure 3-3, Figure 4-1). The larger spread of model values below 80 m results from the lack of 

data points between 1.14 and 1.66 Hz of the SPAC curve (Section 2.3) to constrain the slope of the 

model SPAC curves. In contrast to S-wave velocities, P-wave velocities are weakly constrained as 

suggested by the spread of values displayed by the models (Figure 3-3). This has been attributed to the 

lower influence of Vp on dispersion compared to Vs (e.g. Boore and Toksoez, 1969; Wathelet et al., 

2005). For this reason, Vp average values are not included in the summary Table 2 of layer properties 

that were obtained from the NA search, nor are they being discussed. 
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Figure 3-1.  Single HVSR curves at the 3 apexes of the triangular array (Figure 2-1). Coloured curves represent 

HVSR curves computed from single 200 s time windows. Solid and dashed black curves represent the average 

and standard deviations of the ensemble of single HVSR curves at each of the sites. Shown parameters are 

f0(max): the frequency of the average HVSR curve maximum; f0(win): the peak frequency derived from the 

ensemble of single HVSR curves’ maximas and its error bar (±1σ), also shown as a vertical grey shaded area; 

and nwin: the number of curves (time windows) used for different peak frequency estimates. 

 

Figure 3-2. SPAC coefficients (black points) and error bars derived from the triangular array data. Coloured 

curves are model SPAC curves resulting from the NA parameter search (Figure 3-3). The colour of the curves is 

function of the misfit between model and field SPAC curves. 

 



Figure 3-3. Coloured curves show the ensemble of 5,000 models derived from the NA search and whose 

corresponding SPAC curves are shown in Figure 3-2. Colours are a function of the misfit. 

4  DISCUSSION AND GEOLOGICAL INTERPRETATION 

Previous seismic reflection work to the south of Lake Rotorua has estimated the intracaldera thickness 

of the Mamaku Ignimbrite to be up to 280 m near the southern caldera rim (Lamarche, 1992), and up to 

1 km in the southern central caldera by gravity survey (Rogan, 1982), while the outflow sheet of the 

ignimbrite in the Mamaku Plateau reaches thicknesses between 80 m and 145 m (Milner, 2001, and 

Nathan, 1975).  Depth to greywacke bedrock beneath the northern shore has been estimated by both 

magnetic and gravitational anomaly methods to be between 500 m and more than 1500 m below mean 

sea level (Rogan, 1982).  Borehole data collated previously (White et al., 2007), although some distance 

from the current site, recorded depths to the top of the Mamaku Ignimbrite to the north of the current 

site at Ward Road as shallow as 20 m just south of the caldera rim, descending to 70 m deep at the south 

of Ward Road, 400 m east of this study. To the west of the current study area at Purihirua Bay, the 

Mamaku ignimbrite is present at 45 m.  At similar distances from the caldera rim on the south side of 

the caldera in Rotorua, however, it has been estimated at between 130 m to 250 m depth (Lamarche, 

1992).  Given the complex multiple block and downsag caldera subsidence mechanism suggested 

(Milner et al., 2001), the depth to the top of the Mamaku ignimbrite is clearly variable.  The SPAC 

models derived in this study (Figure 4.1) give a top ~16 m low-velocity layer with an S-wave velocity 

of ~86 m/s, interpreted to represent Holocene alluvial and lacustrine sediments, while the underlying 

layer with an average S-wave velocity of ~357 m/s is interpreted to represent the pumiceous sandy and 

silty lacustrine sediment, while the half-space at ~207 m depth with VS of 1516 ± 455 m/s is likely 

associated with the Mamaku Ignimbrite. These depths and S-wave velocities are within error bars 

consistent with values from previous work south of Lake Rotorua, where a P-wave velocity of ~2200 m/s 

was determined for the Mamaku Ignimbrite from refraction data and its depth was estimated to vary 

between 130 m and 250 m, and S-wave velocities of 400 to 800 m/s were determined for the lacustrine 

and volcanoclastic sediments above the ignimbrite (Lamarche, 1992). 

However, the model site period for the SPAC velocity model is 0.39 Hz (2.56 s), which does not match 

the measured site period of ~0.94 Hz (~1.1 s). Taken together with the depression of the coherency curve 

between 1.14 – 1.66 Hz due to non-Raleigh wave noise (section 2.3 and 3.2), it is apparent that the 

model thickness of the second layer (lacustrine sediments) and halfspace representing the Mamaku 

Ignimbrite is too poorly constrained to match the measured site period, and requires correction to ~84m 

to produce a model site period that matches the measured period. This corrected depth matches closely 

with recorded depths of the Mamaku ignimbrite at Ward Road to the east of this site (White et al., 2007) 
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Figure 4-1. Ensemble of models with misfit less than 0.5. The white solid and dashed curves represent the mean 

model and standard deviations estimated from the 422 selected models, assuming parameters have an 

approximate Gaussian distribution. The black curve represents the median model. 

These results allow the calculation of a VS30 value of 133 m/s at this site. Given the well-established 

use of low shear wave velocity as a proxy for high porosity and thus liquefaction risk under earthquake 

loading (Andrus and Stockoe, 2000), the low VS30 value and the very low velocity of the surface layer 

indicates that the site has a high chance of liquefiable material at shallow depth. 

5 CONCLUSIONS 

A site fundamental resonance period of ~1.1 s and a 1D shear-wave velocity model were successfully 

derived for the site using HVSR and SPAC methods, respectively. The surface layer of alluvial material 

is estimated at 16 ± 1 m with S-wave velocity of 86 ± 7 m/s, and together with the low VS30 value 

indicates the presence of shallow material that may liquefy during shaking. The S-wave velocity in the 

pumiceous sandy and silty lacustrine sediments is estimated to 357 ± 168 m/s. The depth and the S-wave 

velocity of the Mamaku Ignimbrite is poorly constrained, being modelled as 207 ± 83 m and 1516 ± 388 

m/s, requiring correction to 84 m to match the measured site period. The depth to the Mamaku Ignimbrite 

and the site period of ~1.1s would normally place the site within NZS1170.5 site class D. The very low 

velocity and ~16 m thickness of the surficial alluvial sediments however requires that the site be 

classified as NZS1170.5 site class E.  This case study confirms the applicability of our methodology in 

the investigation of deep, soft soil basin environments for site classification and modelling of shear wave 

velocity structure. 
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