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Experimental insights into factors influencing Vp/Vs ratios at the
Nevado del Ruiz Volcano, Colombia
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α School of Environment, Faculty of Science, Science Centre, The University of Auckland, 23 Symonds St, Auckland, New Zealand.

ABSTRACT

Measurements of ultrasonic elastic waves on lithologies that form the Nevado del Ruiz Volcano (NRV) were carried out at at-
mospheric and in-situ pressure conditions. The study focuses on P- and S-wave velocity ratios "Vp/Vs" as a function of Vp
as indicators of mineralogy, porosity, fluid-types and anisotropy. Rock samples were collected from outcrops and the well
Nereidas-1 which include altered and unaltered volcanic and metamorphic rocks (andesites, andesitic tuff, greenschists, and
meta-sandstones). Changes in Vp/Vs are commonly interpreted in seismic tomography studies in volcanic and geothermal ar-
eas as being due to fluid changes. The bulk modulus of the fluid influences the Vp/Vs, the stiffer the fluid (e.g. magma) the
higher the Vp/Vs ratio. In addition, our study outlines that other rock and subsurface parameters can also significantly influ-
ence such ratios. We find that Vp/Vs ratios can separate the effect of microcracks vs. vesicles as a function of fluid type and
effective pressures. Little-to-no pressure dependence in Vp/Vs suggest that the rock porosity is mainly comprised of vesicles,
while largely varying Vp/Vs vs Vp is associated with cracks. This effect occurs under both dry and fluid saturated conditions.
When cracks close, the Vp/Vs values are representative of the rock mineralogy. Finally, elastic waves anisotropy due to foliation
results in a wide range of Vp/Vs ratios, which could lead to misinterpretation. For instance, in the NRV foliated rocks, Vp/Vs at
dry conditions and parallel to the foliation plane are the same as those commonly associated to fluid saturation.

KEYWORDS: Vp/Vs; Foliation; Andesites; Metamorphic; Fluids; Geothermal.

1 INTRODUCTION

The P- to S-wave velocity ratio (Vp/Vs) is a commonly used
tool for seismic subsurface characterization due to its sensitiv-
ity to changes in rock and fluid physical properties such as
porosity and structural composition [O’Connell and Budian-
sky 1974; Boitnott and Kirkpatrick 1997; Peacock et al. 2011;
Wang et al. 2012; Amalokwu et al. 2016; Ding et al. 2019; Flied-
ner and French 2021], mineralogy and rock lithology [Tatham
1982; Castagna et al. 1985; Wang 2001; Wilkens et al. 2018],
fluid types [Castagna and Backus 1993; Brantut and David
2018], and effective stress [Romero-Jr et al. 1995; Peacock et
al. 2011; Markus et al. 2022]. This sensitivity is due to the P-
and S-wave speed responding differently to the rock and fluid
properties.

Both P- (Vp) and S-wave (Vs) velocities are sensitive to flu-
ids, but their sensitivity varies. For Vp, the bulk modulus sen-
sitivity to fluids is commonly more significant than that for the
density; for Vs the sensitivity to fluids comes uniquely from the
density effect. Isotropic wave speeds are defined as the ratio
between the rock elastic moduli and its density. P-waves de-
pend on the bulk (K), which defined the elastic response to hy-
drostatic compressional stresses, and shear moduli. The shear
modulus (G) defines the elastic response to shear stresses. G is
insensitive to fluids in the pore space, meaning that the shear
modulus is constant whether the rock is dry or water-saturated
[Lowrie and Fichtner 2020]. In contrast, the bulk modulus is
highly sensitive to the compressibility of the fluid in the pore
space, allowing it to be a fluid discriminator [Batzle and Wang
1992; Castagna and Backus 1993; Wang 2001].
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By taking the Vp/Vs ratio, the influence of density is elimi-
nated and the ratio only depends on the rock elastic moduli:
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In a volcanic setting, a high Vp/Vs is usually interpreted as
magma (melt) or water-saturated rocks [Nakajima et al. 2001a;
b; Koulakov et al. 2009; Peacock et al. 2011; Londono and Ku-
magai 2018]. Low Vp/Vs is associated with the presence of dry
steam or gas phases [Boitnott and Kirkpatrick 1997; Chiarabba
and Moretti 2006; Delliansyah et al. 2015]. This interpretation
is based on the fact that the shear modulus is insensitive to
the pore saturating fluid, while the bulk modulus is highly
sensitive to fluid type [Batzle and Wang 1992; Castagna and
Backus 1993; Wang 2001]. The more incompressible the fluid
is, the higher the bulk modulus and thus the Vp/Vs ratio. Fluid
overpressure can also increase Vp/Vs ratios significantly as ob-
served in subduction zones [Peacock et al. 2011; Pimienta et al.
2018].

The Vp/Vs ratio is commonly interpreted in conjuction with
Vp. The analysis of Vp/Vs vs. Vp can be used as a lithol-
ogy discriminator. For instance, Vp/Vs allows the discrim-
ination between sandstones, carbonates and shales [Tatham
1982; Wang 2001]. Wilkens et al. [2018] shows that carbonate
content controls Vp/Vs in siliceous limestones.Vp/Vs also de-
pends on other physical rock properties such a porosity and
pore shape. This occurs not only in sedimentary rocks but
has also been explored and quantified on volcanic and meta-
morphic rocks at in-situ depth conditions (effective stress and
presence of fluids) [Tatham 1982; Boitnott 1995; Pimienta et al.
2018; Fliedner and French 2021].
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Seismic tomographic images of Vp/Vs in volcanic and
geothermal environments have been created in 3D [Koulakov
et al. 2009; Londono 2010; Gritto et al. 2013] as well as a func-
tion of time [Patanè et al. 2006; Gritto and Jarpe 2014; Vargas
et al. 2017; Zhu 2018]. Although this ratio is central to the
interpretation of rock physical properties [Boitnott and Kirk-
patrick 1997; Lin et al. 2015] most interpretations of Vp/Vs lean
towards the interpretation of the presence of fluids. [Nakajima
et al. 2001a; b; Kasatkina et al. 2014; Vargas et al. 2017; Lon-
dono and Kumagai 2018]. In this study we show the influence
of a range of rock and fluid parameters on Vp/Vs for a vol-
canic and geothermal region in Colombia: the Nevado del
Ruiz volcano.
Seismic tomography analysis provides Vp/Vs ratios with
depth, which to date have been interpreted mostly in terms
of magma and gas flows as part of the active hydrothermal
systems in volcanic areas [Londono 2010; Vargas et al. 2017;
Londono and Kumagai 2018]. However, there are other rock
physical properties or subsurface conditions that can influence
the Vp/Vs ratios in a volcanic area. The simplistic interpre-
tation of seismic tomography data to-date is due to the lack
of borehole and laboratory wave speed data. Here we com-
bine laboratory experiments and numerical modeling on core
collected at the NRV to present alternative physical proper-
ties and reservoir conditions which control the Vp/Vs ratio at
the NRV. We measure ultrasonic P- and S-wave velocities for
dry and water-saturated rocks at variable effective pressure
conditions. Specifically, we investigate how porosity, pore ge-
ometry, fluids, foliation, effective pressure, and mineralogy in-
fluence Vp/Vs in key lithologies that comprise the NRV.

2 GEOLOGICAL SETTING AND CORE SAMPLING AT THE

NRV

The NRV is a stratovolcano located in the Central Cordillera
of Colombia near the city of Manizales and about 150 km west
of the Colombian capital city Bogotá. The volcano has an ac-
tive hydrothermal system and a prospective geothermal area
to the west of it [Monsalve et al. 1998; González-García et al.
2015; Moreno et al. 2018; Vélez et al. 2018] (Figure 1). This
stratovolcano has been built by different eruptive events dur-
ing the Quaternary period that have deposited andesite lavas
over a metamorphic basement and intrusive rocks [Ceballos-
Hernandez et al. 2020]. Four main eruptive periods have been
identified for the NRV: The Pre–Ruiz eruptive period (PRE)
dominated by effusive volcanism from 1.8 to 0.97 Ma; the First
eruptive period Ruiz (FEPR) defined by effusive volcanism be-
fore 0.97 Ma, ending with the construction of La Olleta (OLL)
Volcano at approximately 107 ka; the destructive period of the
“Older Ruiz” volcano at ∼95 ka; the Intermediate eruptive pe-
riod Ruiz continued construction of OLL and was the origin
of other volcanoes and minor eruptive centers; and the Sec-
ond eruptive period Ruiz (SEPR) that began 66 ka ago. For
the last 13 ka, the NRV has experienced explosive activities
with at least fourteen pulses and eruptive phases that include
lava formations (LAV) and welded andesitic tuff or ignimbrites
(IGN). As mentioned, these volcanic products overlie a meta-
morphic basement known as the Cajamarca Group associ-
ated with Permian-Late Jurassic metamorphism [Tapias et al.

2017]. These andesites also overly some intrusive bodies dat-
ing to the Eocene period such as the formation known as the
Manizales Stocks (MS) [Ceballos-Hernandez et al. 2020].
The stratigraphy from the only exploratory geothermal well
in the NRV (Nereidas-1) agrees with the field stratigraphy de-
scribed above [Monsalve et al. 1998]. The well stratigraphy
shows metamorphic rocks as basement overlaid by andesite
rocks. Therefore, we carried out the core field sampling based
on both the information from the Nereidas-1 well and the
surface geological maps of the NRV volcanic units [Ceballos-
Hernandez et al. 2020] as shown in Figure 1.
A total of ten locations around the NRV were sampled.
Sampling sites were selected by a field geologist from the
Colombian Geological Survey, which corresponded to key lo-
calities representing each of the formations that compose the
NRV. If observed, hydrothermal alteration at those localities
was also sampled, but there was no consistent sampling of
hydrothermal alteration due to the lack of exposed rocks. The
large samples were sub-cored to 14 cylinders, 25 mm in di-
ameter. Additionally, two cores were extracted from bore-
hole core from the Nereidas-1 well at a depth of 1225 m, one
sample containing a quartz vein (NV) and the other core sam-
pling the rock matrix (NM). Because the Cajamarca Group is
formed by foliated metamorphic rocks, two cores perpendic-
ular to each other and visually aligned with the foliation were
sampled for the metasandstones (Meta) and schists lithologies.
Figure 2 summarizes the stratigraphic units at the NRV with
the corresponding images of rock samples collected from field
outcrops and the Nereidas-1 well (only one sample for Meta
and Schist are shown in the Figure). Therefore, a total of 16
cores were analysed.

3 SAMPLE PREPARATION AND EXPERIMENTAL METH-

ODS

Porosity was measured at atmospheric conditions with a Vinci
Technologies nitrogen gas porosimeter [Duran et al. 2019b].
The values obtained for each sample are specified in Table 1.
XRD analysis was performed by Panda Geosciences for each
rock sample using the Philips 1130 XRD machine. Addition-
ally, mineral interpretation were carried out using a Nikon
LV100 Pol microscope with digital camera. Sample mineralo-
gies are summarised in Table 1 and in Supplementary Material
1.
The rock samples show variable mineralogy with some
samples showing hydrothermal alteration. For instance, the
silica minerals cristobalite and tridymite, found in samples
PRE-2, PRE-3, and SEPR, and proximal to faults, are the result
of devitrification and hydrothermal alteration [Getahun et al.
1996; Baxter et al. 1999; Murphy et al. 2000; de Hoog et al.
2019] (Figure 1). Also, at the sector where PRE-2 and PRE-
3 were sampled, previous studies have found the presence
of an advanced argillic hydrothermal alteration [Forero et al.
2011]. The presence of illite in sample PRE-2 points such alter-
ation. PRE-1 is associated with the same geological formation
as PRE-2 and PRE-3, showing similar mineralogy. However,
this sample was collected from an outcrop with no evidence
of hydrothermal alteration and contain smectite, which is pos-
sibly caused by weathering [Wilson 2004; Schulze 2005]. The
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Figure 1: Geological map of the study area modified from González-García et al. [2015] and outcrop pictures of some of the
main sampling sites. The map shows the location of the NRV (black triangle), faults (solid lines), rock sampling locations
(red triangles) and location of well Nereidas-1 (green triangle). The labels of the rock sampling locations are associated with the
geological formations as follow PRE-1, PRE-2, and PRE-3 ([A] at the convergence between Santa Rosa fault System and Palestina
Fault) are associated with the Pre-Ruiz Eruptive Period (PRE); FEPR with First Eruptive Period Ruiz; OLL with the Olleta crater
formation; SEPR with Second Eruptive Period Ruiz; samples LAV and IGN are also related to the Second Eruptive Period Ruiz;
MS (Manizales Stock) and AI (unidentified altered intrusive) with intrusive bodies; and Schist [B] and META (Metasandstone, [C])
are rock formations from the Cajamarca Group. [D] is a discharge zone of the geothermal field at the converge between Santa
Rosa Fault System and Samaná Sur Fault. The right inset map shows the study area location (red square). GCS-WGS Geographic
Coordinate System_World Geodetic System.

rest of the samples associated with the NRV eruption peri-
ods FEPR, IEPR and SEPR have similar composition to PRE-1.
They are andesites mainly comprised of plagioclase, augite,
and volcanic glass including the andesitic tuff labeled as IGN.
Samples NM and NV from the well Nereidas-1 are described
by Monsalve et al. [1998] as calcsilicate gneiss. The micropho-
tographs and XRD analysis suggest that these samples are gar-
net skarns. Due to the presence of epidote, sericite, and cal-
cite as secondary minerals, Monsalve et al. [1998] defines the
lithological horizon from where NM and NV were extracted
as thermometamorphic associated with propylitic alteration.
The mineralogy of sample AI points to hydrothermal alter-
ation as it contains chlorite, illite, and apatetite. This sample
was collected from a sector identified as the discharge zone
of the NRV geothermal system known as Botero-Londono
[González-García et al. 2015; Vélez et al. 2018]. The sample MS
is identified as an intrusive quartz monzodiorite with minerals
such as biotite, quartz, and plagioclase. This rock composi-
tion confirms that we effectively sampled the intrusive vol-
canic formation known as The Manizales Stock, which has
been described having quartz dioritic–tonalitic composition
[Ceballos-Hernandez et al. 2020].

P- and S-waves were measured for dry and water-saturated
samples using a pair of ultrasonic transducers at the atmo-
spheric pressure (central frequency of 0.5 MHz) and at confin-
ing pressures between 3.4 and 69.4 MPa (central frequency of
1 MHz, more information on the setup can be found in Sup-
plementary Material 2). At atmospheric pressures, two pairs
of transducers are used: P-wave and S-wave transducers. For
the waveforms acquired under confining pressure, one pair of
transducers is attached to the top and bottom of the sample
(Supplementary Material 2). Inside each of these high-pressure
transducers are three crystals that generate one P-wave and
two orthogonal S-waves. An electronic switch box is used to
change between crystals. Two hundred and fifthy six wave-
forms are averaged for each experimental measurement to re-
duce random noise. To saturate the samples we fist vacuum
the samples to remove any air and then inject water via two
fluid lines at the top and bottom of the sample at a constant
fluid pressure of 3.4 MPa while the confining pressure was
6.8 MPa. When no more fluid flow is measured in the fluid
pump, we assume that the sample is saturated. The fluid pres-
sure remains constant throughout the experiment. Only the
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Figure 2: The NRV general stratigraphy (cross section from Figure 1) with the corresponding rock samples in this study. All
samples, other than the Nereidas-1 samples are collected from outcrops. Volcanic units from the NRV are sampled for the
different the NRV eruptive periods and the rock samples AI andMS are associated with intrusive formations. The basement rocks
are from the metamorphic formation Cajamarca Group. The outline color of each sample indicates the respective geological
formation in the cross-section. The cross-section (location indicated by the dashed line from Figure 1) is modified from Ceballos-
Hernandez et al. [2020]. For scale purpose, the diameter of each cylinder is 2.5 cm.

connected porosity of the samples will be saturated with wa-
ter, any unconnected porosity would remain dry. Given that
the samples have significant volumes of microcracks, we be-
lieve the samples are saturated close to or at full saturation.
Confining pressures are then varied from 6.8 to 69.4 MPa. For
anisotropic samples, rotational measurements at room condi-
tions were performed to identify the foliation plane as a guide
for the transducer alignment for measurements under confin-
ing pressure.

First arrival times were estimated using the dynamic time-
warping algorithm by Duran et al. [2019a]. Velocities and as-
sociated standard deviations are estimated from the time and
length measurements, and their errors. Figure 3 show ex-
amples of P- and S-wave waveforms for sample SEPR under
effective pressures from 3.3 to 66.0 MPa. Associated P- and
S-wave arrival times are displayed on the waveforms.
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Table 1: Porosity, mineral and lithology identification from XRD and microphotographs. Mineral abbreviations: Ab: Albite, Add:
Andradite, Amp: Unidentified amphibole, Ap: Apatite, Aug: Augite, Bt: Biotite, Cal: Calcite, Chl: Chlorite, Cpx: Clinopyroxene,
Crs: Cristobalite, Ep: Epidote, Fsp: Unidentified feldspar, Gt: Garnet, Hb: Hornblende, I: Illite, Kfs: K–feldspar, Opq: Unidentified
opaque, Pl: Plagioclase, Q: Quartz, Sm: Smectite, Trd: Tridymite, Tt: Titanite. Porosities are at atmospheric pressures.

Unit Sample Porosity (%)
XRD-Minerals Petrographical

interpretation
Description

Major Minor Trace

SEPR
IGN 27.60 ± 0.54 Pl, Aug Pl, Cpx, glass, Opq Andesite tuff
LAV 11.64 ± 0.06 Pl, Aug Crs I/Mica Pl, Cpx, glass, Opq, Hb Andesite
SEPR 7.14 ± 0.08 Pl, Aug Pl, Aug, Opq, Hb, glass Andesite

IEPR OLL 10.87 ± 0.04 Pl, Aug Amp Pl, Aug, Opq, Hb, glass Andesite

FEPR FEPR 9.39 ± 0.01 Pl, Aug Trd, Crs Pl, Aug, Opq, glass Andesite

PRE
PRE-1 1.36 ± 0.04 Pl Aug, Sm I/Mica, Q Pl, Cpx, Opq, SM, Q, Hb

Altered Andesite
with Q vein

PRE-2 2.71 ± 0.23 Pl, Aug Trd, Crs I/Mica Pl, Aug, Opq, Bt Andesite

PRE-3 8.04 ± 0.11 Pl, Trd, Crs Aug
Pl, Cpx, Crs, Trd, Hb,
Opq, Q

Altered Andesite
with Q xenoliths

INTRUSIVES
MS 1.99 ± 0.04 Pl, Mica Aug, Q Chl

Pl, Q, Bt, Kfs,Ep, Tt, Ap,
Opq

Quartz
monzodiorite

AI 1.48 ± 0.09 Q, Pl, Chl, I Cal Chl, I, Q, Pl, Opq, Ap Altered Andesite

CAJAMARCA
GROUP

Meta 10.36 ± 0.09 Chl, Q Pl Q, Chl, Kfs, Ab Meta-sandstone
Schist 12.94 ± 0.07 Chl, Mica, Q Chl, Mica, Q, Ep Greenschist

NEREIDAS-1
NM 2.69 ± 0.11 Add Q Chl Gt, Ep, Q, Amp, Opq Garnet-Skarn
NV 1.50 ± 0.17 Add, Q Pl, Kfs Chl Gt, Ep, Q, Opq, Fsp Greenschist

4 NUMERICAL MODELING

When rocks are subjected to increasing effective pressures,
the shape of the pores plays a role in varying the ultrasonic
elastic velocities [O’Connell and Budiansky 1974]. The shape
of the pore can be described by the aspect ratio (α), which
defines the ratio between the short and long axis of a two-
or three-dimensional ellipse [Wang 2001]. The aspect ratio is
always less than or equal to one. Very low aspect ratios (α"1)
are used to describe cracks and their density and shape are
associated with them opening/closing as a result of variable
effective pressures [Walsh 1965]. A high aspect ratio (α ≈ 1) is
related to vesicles or vugs and describe pressure independent
porosity [Wang et al. 2015; Duran et al. 2019b].

We use the Kuster and Toksöz (KT) model [Kuster and Tok-
söz 1974] to estimate the effective bulk $!" and shear µ!"
moduli as a sum of volumetric contributions for penny cracks
and vesicles (Supplementary Material 3). From these moduli,
P- (Vp) and S-wave (Vs) velocities are estimated for variable
porosity, pore shapes and fluid inclusions using water, magma
and gas. This model assumes that there is no fluid flow be-
tween inclusions (pores or cracks) and is thus applicable to
high-frequency measurements. It also assumes inclusions are
smaller than the wavelength, randomly distributed, isolated
and in small volumes (i.e. low porosity). These assumptions
apply well to our set of volcanic rocks measured at ultrasonic
frequencies.

5 RESULTS

5.1 Experimental results

Experimental results are presented in two groups of measure-
ments: The first group consisted of measurements over the
volcanic (extrusive and intrusive) and borehole rocks with the
aim of studying Vp/Vs behaviour with porosity, rock shape,
and saturation conditions under effective pressure. The sec-
ond group focused on the variation of Vp/Vs with wave prop-
agation direction in the foliated rocks (Cajamarca Group), that
is, wave speed anisotropy.

5.1.1 Volcanic and borehole rocks

Figure 4 shows the dry rock Vp/Vs ratio as a function of poros-
ity of the NRV volcanic and borehole rocks measured at atmo-
spheric conditions. While Vp and Vs (Supplementary Mate-
rial 4) decrease with porosity, Vp/Vs increases with increasing
porosity in the 6 % to 28 % interval (Figure 4).
Figure 5 shows the Vp/Vs ratio versus Vp for dry and water-
saturated (wet) rocks with increasing depth. Rather than plot-
ting effective pressures, we present the data in terms of the
corresponding depth. For that we assume hydrostatic fluid
pressures and a rock density of 2545 kg m−3 (Supplemen-
tary Material 3 shows the corresponding depth to pressure
conversion). Volcanics with porosities greater than 6 % and
the two borehole rocks are measured dry and water-saturated
(Figure 5A), but low-porosity volcanics (<3 %) are only mea-
sured dry as saturation was challenging (Figure 5B). To aid
the visual interpretation, a linear regression was applied for
each rock under both dry and saturated conditions. There
is no physical basis for the regression. However, this regres-
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Figure 3: Example of normalized waveforms and time picking for sample SEPR under dry condition: P-wave travel times are
shown as red markers [A]; while S-wave travel times in blue [B].

sion is used to estimate the convergence point which would
represent the porosity-free Vp/Vs and Vp of the rock (stars in
Figure 5A). Based on these data we observe that 1) Vp/Vs ra-
tios (1.45–2.00) and Vp (2.50–6.00km s−1) span a large domain
of values for high-porosity rocks at variable effective pressure
and saturation; 2) increasing depth (i.e. effective pressure) sig-
nificantly increases Vp but can either increase (low-porosity
rocks) or decrease (high-porosity rocks) Vp/Vs, depending on
the porosity and fluid type; and 3) the Vp/Vs and Vp values are
influenced by the mineral compositions (porosity-free rocks),
but the effect is mostly observed on Vp, where shifting of Vp
along the x-axis is observed).

5.1.2 Foliated rocks

Differently from the volcanics, foliated rocks from the Caja-
marca Group show a stark relationship between Vp/Vs, ef-

fective pressure and whether wave propagation is parallel or
perpendicular to foliation (Figure 6). Samples where wave
propagation was parallel (Meta-1 and Schist-1) or perpendic-
ular (Meta-2 and Schist-2) to foliation have the highest (fast)
and lowest (slow) Vp/Vs, respectively.

5.2 KT model results

We use the Kuster & Toksöz (KT) model [Kuster and Tok-
söz 1974] to carry out a sensitivity analysis of the relationship
between Vp/Vs and Vp for variable pore shapes [Berryman
1995]. Spheres represent vesicles and penny-shaped cracks
represent micro-fractures, and we also present one model of
a mixture of both. The analysis also includes porosity reduc-
tion in penny-shaped pores to resemble the closure of fractures
with effective pressure. Two fluids were modeled: water and
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Figure 4: Vp/Vs of dry volcanic and borehole rocks at atmospheric pressure as a function of porosity. Bars represent one standard
deviation error of the measurements. If bars are not vissible they are smaller in size than the marker. Colours are selected to
match rock types as per Figure 2 and symbols are random.

magma. A dry rock is also modeled, which would resemble
pores with gas or vapor. The pores of a dry rock would be
filled with air. Although the bulk moduli of air, volcanic gas,
or water vapor are not identical, in practice, they are many
orders of magnitude smaller than those for water or magma.
Therefore, for this study we assume that the elastic properties
of a dry rock are similar to those with gas or vapor within the
pores.

The KT model requires the knowledge of the bulk and
shear moduli of the minerals in the rock. Based on the XRD
results, we model the dominant four minerals in the NRV
rock samples (plagioclase, quartz, K-feldspar, and chlorite).
The bulk and shear moduli and density for each mineral
are specified in Table 2 [Mavko et al. 2009]. We use a
bulk modulus of 2.210 GPa and 0.001 GPa for water and
gas at atmospheric temperature and pressure conditions,
respectively (NIST Chemistry WebBook∗, Lemmon et al.
[2005]). For magma, we use the bulk modulus of andesite
melt, 16.01 GPa, for a temperature of 1553 Kelvin reported
by Schmitt [2015].

Modeled Vp/Vs versus Vp for spherical inclusions show that
when porosity is zero, Vp/Vs and Vp values converge to that of
the mineral assemblage (Figure 7). Vp/Vs for magma is greater
than for water, which in turn is greater than that of gas. This
modelling shows how Vp/Vs vs Vp can vary significantly due
to mineral composition and fluid type.

The KT model of Vp/Vs versus Vp for penny-shaped in-
clusions (Figure 8) shows similar trends to those observed for
spherical inclusions, but with significantly greater variability

∗
http://webbook.nist.gov/chemistry

Table 2: Input parameters for the KT modelling. K: bulk modu-
lus [GPa]; G: Shear modulus [GPa]; ρ: density [kg m−3].

Mineral K G ρ

Plagioclase 75.6 25.6 2630
K-Feldspar 37.5 15.0 2620
Chlorite 82.6 45.1 2500

Clinopyroxene 107.8 75.7 3200
Quartz 37.0 44.0 2700

in the Vp/Vs and Vp space. We used three scenarios of aspect
ratios valued from zero up to 0.001, 0.01, and 0.1, respectively.
Porosity &# (Supplementary Material 3) here is represented in
terms of the aspect ratio by using a factor &#/α ranging from
zero up to 2.5. Therefore, the porosity modelled is equivalent
to 25, 2.5, and 0.25 % for α of 0.1, 0.01, and 0.001, respectively.
In the last model, is where penny-shaped inclusions (of vari-
able porosity &# and aspect ratio, with &#/α also ranging from
zero up to 2.5) are mixed with 15 % porosity of spherical inclu-
sions. Similar trends as for spherical and penny-shaped pores
are observed (Figure 9). However, due to the constant sphere
porosity (15 %) in the model, there is no convergence of Vp/Vs
vs Vp even for zero crack porosity. Such a model resembles a
rock where cracks close under effective pressure, but not the
more spherical pores (vesicles). Stars are the mineral Vp/Vs,
Vp for the four minerals expected when porosity is zero, as
shown in Figure 8.

6 DISCUSSION

In this section we interpret the controlling physical parame-
ters influencing Vp/Vs. The interpretation of Vp/Vs is better
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Figure 5: Vp/Vs versus Vp for [A] high-porosity volcanics (>6 %) and borehole rocks dry (circle) and water-saturated, wet (square)
and [B] low-porosity (<3%) dry rocks. The grayscale indicates the shading associated with depth variations (effective pressure).
Dashed lines are linear regressions and stars are convergence values for these regressions resembling a porosity-free rock.

constrained if combined with Vp, because P-waves are sig-
nificantly more sensitive to fluids than S-waves [Ding et al.
2019]. Our discussion focuses on the effect on Vp/Vs of poros-
ity, pore shape, fluids, and rock type by integrating labora-
tory measurements and the KT modeling. Our findings are
compiled in Figure 10 and contrasted with typical field Vp/Vs
values interpreted from seismic inversions at the NRV.

6.1 Porosity, pore shapes, and pressure

The broad range of porosities reflects the stratovolcano edi-
fice nature of the NRV (Figure 4). Farquharson et al. [2015]
show that for stratovolcanoes (Colima volcano) with effusive
and explosive products, a broad range of porosities are ex-
pected due to the heterogeneity of the stratigraphic levels. At

the NRV, low-porosity rocks are associated with metamorphic
and intrusive rocks, as well as the oldest volcanic rock for-
mation PRE. High-porosity rocks correspond to the shallower
andesites rocks associated with the latest the NRV eruptive pe-
riods. These rocks which contain fractures and vesicles show
the highest Vp/Vs. High Vp/Vs ratios have been reported for
ultra-deep carbonates as a result of increasing crack porosity
[Markus et al. 2022] and in high-porosity (> 3 %) igneous and
metamorphic rocks associated with subduction zones [Peacock
et al. 2011; Audet and Schwartz 2013; Audet and Burgmann
2014]. Our results support such observations, where an in-
crease in porosity and fractures could lead to an increase in
Vp/Vs. On a temporal basis in a volcanic or geothermal set-
ting, an increase in (crack) porosity due to fluid overpressure
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Figure 6: Vp/Vs versus Vp for dry the NRV foliated rocks (Cajamarca Group). The grayscale indicates the shading associated
with depth variations (effective pressure). Marker symbol represents the fast (Meta-1 and Schist-1) and slow (Meta-2 and Schist-
2) wave speed propagation directions.

Figure 7: KT modeled Vp/Vs vs Vp for mixtures of spherical inclusions and four minerals. The colourbar represents porosity vari-
ation for each mineral from 0 (darkest) to 0.3 (clearest) as fraction. Three fluids are modeled gas/dry (circles), water (squares)
and magma (triangles).

[Pimienta et al. 2018] could increase Vp/Vs rather than being
due to a change in fluid type.

Volcanic rock porosity can be a mix of vesicles (spheri-
cal pores) and fractures (ellipsoidal or penny-shaped cracks)
[Wang 2001; Hook 2003; Rejeki et al. 2005; Adam et al. 2013;
Saxena et al. 2018; Duran et al. 2019b; Mordensky et al. 2019].

For rocks comprised mostly of vesicles, wave speeds are less
sensitive to increasing effective pressures (i.e. depth), while
the presence of cracks results in significant wave speed vari-
ation with pressure [Walsh 1965; Wang et al. 2005; Duran
et al. 2019b; Adam et al. 2020]. In other words, cracks (low
aspect ratio pores) are highly compressible while vesicles are
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Figure 8: KT’s model of Vp/Vs vs Vp for penny-shaped inclusions. The colourbar represents the colour tone for the markers
indicating the porosity Xi variation for each mineral from 0.0 (darkest) to the highest value of 2.5α (clearest). Xi is indicated as
a function of the aspect ratio α with the factor 2.5 as the highest value of Xi/α, starting from zero. Three fluids are modeled
gas/dry (circles), water (squares) and magma (triangles).

Figure 9: KT model for a mix of penny-shaped inclusions plus a constant of 15 % porosity due to sphere inclusions: Vp/Vs versus
Vp. The colourbar represents the colour tone for the markers indicating the porosity variation for eachmineral from 0.0 (darkest)
to the highest value of 2.5α + 0.15 (clearest). The porosity associated with penny-shaped inclusions Xi is indicated as a function
of the aspect ratio α with the factor 2.5 as the highest value of Xi/α starting from zero. Three fluids are modeled gas (circles),
water (squares) and magma (triangles).

poorly compressible. Therefore, varying the pore shape and
volumes with the KT model resembles the experimental ob-

servations of pore closure with effective pressure (i.e. depth).
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Figure 10: Comparison of Vp/Vs vs Vp from experimental, modeling and field interpretations. Background colours of Vp/Vs are
field interpretations [Vargas et al. 2017; Londono and Kumagai 2018] for magma (red) and gas/vapor (grey). Blue and red arrows
with gradients are dry-to-water water-to-magma effect on Vp/Vs-Vp from our KT analysis. Green outlined arrow is experimental
foliated-induced anisotropy effect on Vp/Vs-Vp. Black outlined arrows compile the general trend porosity, effective pressure
(depth) and fluids induce on Vp/Vs-Vp from experiments and KT modeling. This is presented for two cases: dry/gas/vapor low-
porosity rocks and fluid-saturated high-porosity rocks. Purple arrow is the average behaviour of Vp/Vs-Vp with mineralogy.

Our measurements supported with the KT modeling show
that (Figure 10):

• For a range of porosities, Vp/Vs varies significantly in the
presence of cracks (Figure 7) when compared to a rock with
spherical inclusions (Figure 8). Therefore, highly fractured
rocks have higher Vp/Vs to Vp sensitivity to effective pressure
(i.e. depth) than rocks dominated by vesicles.

• In the presence of a mixture of cracks and spheres (Fig-
ure 9), when cracks close at high pressures, the vesicular pores
remain open, resulting in wave speeds that do not reach those
of the minerals (i.e. porosity-free rocks).

• For dry/gas-saturated rocks, we see two trends. If poros-
ity is below 6 %, then Vp/Vs increases with effective pressure
(depth). For high-porosity rocks (> 6 %), Vp/Vs decreases with
increasing effective pressure for all fluids.

6.2 Fluids

Because most liquids (e.g. water, magma) are poorly-
compressible or incompressible, increasing fluid saturation re-
duces the compressibility of the pore space, resulting in an
overall increase of the rock’s bulk modulus, and thus P-wave
velocity [Saxena et al. 2018]. The change in bulk modulus due
to saturation is much higher than that of the density. The rock
shear modulus is insensitive to fluids; however, the density of
the rock changes with the type of saturating fluid. There-
fore, fluids influence S-wave speeds, when the density of a
rock increases, the S-wave speed decreases. The Vp/Vs ratio

eliminates the contributions from density, and therefore only
senses the bulk to shear moduli ratio, and is therefore com-
monly linked to changes in fluids types. Our KT modeling
combined with experimental data shows (Figure 10):

• An increase in fluid bulk moduli (i.e. change in fluid type)
increases Vp/Vs ( Figures 5, 7, 8, and 9). The higher the bulk
modulus of the fluid (Table 2), the greater the change in Vp/Vs
(e.g. Vp/Vs-magma > Vp/Vs-water > Vp/Vs-gas).

• Vp/Vs is most sensitive to fluid type for rocks with cracks
compared to those with vesicles (Figures 8 and 9).

Samples FEPR, OLL, SEPR, LAV, and IGN show high pres-
sure dependence of Vp/Vs and Vp. This is interpreted as being
due to the presence of cracks (Figure 5) and results in greater
Vp/Vs to water vs air. In comparison, sample PRE-3 shows
little Vp/Vs response to pressure, interpreted as a rock domi-
nated by vesicles, resulting in poor Vp/Vs sensitivity to fluids.

6.3 Rock type—mineralogy

The rock elastic response is also influenced by its mineral
composition [Castagna et al. 1985; Christensen 1996; Pola et
al. 2012; Siratovich et al. 2014; Wilkens et al. 2018; Duran et
al. 2019b]. For a porosity-free rock, only the mineral content
of the rock determines the Vp/Vs. Because the mineralogy of
volcanics is highly variable we model wavespeeds and Vp/Vs
for a range of key minerals.
As expected, as porosity decreases, Vp/Vs vs Vp trends
towards the values representative of the mineral (Figure 7).
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However, when there is open porosity remaining (e.g. vesi-
cles) and all the crack porosity is closed, the dry and water-
saturated velocity trends do not converge to that of the mineral
(Figure 9). Modeled Vp/Vs for porosity-free rocks (convergent
points in Figure 7) shows that the mineralogy alone influences
the Vp/Vs ratio. The effect of different minerals has a stronger
effect on Vp than on Vp/Vs. This is observed by the shifting of
porosity-free data along the Vp-axis (Figure 10 and Figure 7).
We only modeled common volcanic minerals, but it is recom-
mended that all minerals, including any alteration minerals,
are quantified via XRD analysis and used to model Vp and Vs
to understand the influence of mineralogy on Vp/Vs.
From our experimental data, we only reach the porosity-
free Vp/Vs (i.e. pressure dependence convergence) for the
borehole samples (NM, NV) (Figure 5 compared to Figure 7).
These rocks have high fluid and pressure sensitivity point-
ing at the presence of fractures which mostly close at 40 MPa
(∼1.6 km depth). Importantly, the presence and closure of
fractures is observed for both the matrix of the borehole sam-
ple (NM) and for the same rock with a quartz alteration vein
(NV). Our other measured rocks do not show this convergence
meaning that porosity remains open even at effective pressures
of ∼60 MPa. In this study we did not characterize the effect of
hydrothermal alteration on Vp/Vs as systematic sampling was
not possible due to the lack of outcrop exposures for such
tasks. However, mineral alteration plays a significant role in
changing the porosity of rocks by precipitation and/or disso-
lution of minerals [Pola et al. 2014; Mayer et al. 2016; Kanakiya
et al. 2017; Mordensky et al. 2018; Kanakiya et al. 2021] which
in turn will increase or decrease the Vp and Vs in those rocks.

6.4 Foliation-induced anisotropy

Visual and microphotograph foliation (Supplementary Mate-
rial 1) is observed for rocks from the Cajamarca Group, result-
ing in the directional dependence of wave speeds (i.e. wave
speed anisotropy). For our dry rocks measured under effec-
tive pressure, Vp/Vs is higher for waves with particle motion
(i.e. polarization) parallel to the foliation plane (samples Schist-
1 and Meta-1), but lower when this motion is perpendicular
to foliation (samples Schist-2 and Meta-2) (Figure 6, see Sup-
plementary Material 4). Our results are similar to those of
Fliedner and French [2021] and Miller et al. [2021] on metased-
imentary rocks under dry conditions. In our study, Vp/Vs
can span a range of 1.3–1.9 only as a result of elastic wave
anisotropy. Anisotropy can also be due to aligned fractures
which due to volcanic processes can open/close or change di-
rections over time [Savage et al. 2010]. Therefore, it is clear
that wave anisotropy has significant impacts on Vp/Vs values
and could be misinterpreted as fluids or pressure variations
(Figure 10) [Christensen 2004; Song and Kim 2012]. Such ob-
servations are critical for the NRV geothermal system as the
targeted resources reside in foliated metamorphic rocks [Mon-
salve et al. 1998; Vélez et al. 2018].

6.5 Field implications

Boitnott [1995] and Boitnott and Kirkpatrick [1997] found that
at The Geysers (USA), elastic wave in-situ laboratory data
are more representative of the matrix properties of the rocks.

They argue that the influence of field-scale compliant features
(e.g. joints and faults) on wave speeds decreases with depth.
Likewise, Moos and Zoback [1983] found that field seismic
wave speeds of crystalline rocks with low macroscopic frac-
tures densities are similar to experimentally measured water-
saturated rocks under effective pressure. Therefore, our ex-
perimental observations on the effects of fluids, micro-cracks
and mineralogy at in-situ pressure conditions could be used
to aid the field seismic interpretation of the deeper crust at the
NRV. The effect of each of these parameters is summarized in
Figure 10 and compared to the field Vp/Vs values from Lon-
dono and Kumagai [2018].

The significant decrease ofVp/Vswith depth for most of our
samples (Figure 5) is supported by observations from Romero-
Jr et al. [1995] and Boitnott and Kirkpatrick [1997] at The Gey-
sers (USA), Markus et al. [2022] for ultra-deep carbonates and
Peacock et al. [2011] for igneous and metamorphic rocks as-
sociated with subduction zones. However, for low-porosity
rocks (AI, PRE-1, PRE-2 and PRE-3, NM, NV) the Vp/Vs is
only slightly sensitive to effective pressure.

Vp/Vs is commonly used as an indicator of vapor, water,
or magma within the rocks [Moos and Zoback 1983; Chatter-
jee et al. 1985; Boitnott and Kirkpatrick 1997; Nakajima et al.
2001b; Conder and Wiens 2006; Gritto et al. 2013; Muksin et
al. 2013; Gritto and Jarpe 2014; Gritto et al. 2014; Lin and Wu
2018]. Dry experimental conditions are equivalent to gas (e.g.
vapour) as long as the fluid pressures are not too high [Mavko
et al. 2009]. The common relation that Vp/Vsmagma > Vp/Vs
water > Vp/Vs dry has been modeled and widely used to
interpret fluids beneath volcanoes [Nakajima et al. 2001a; b;
Koulakov et al. 2013; Kasatkina et al. 2014; Vargas et al. 2017].
In seismic inversions, low Vp/Vs (ranging commonly between
1.3 and 1.7) is interpreted as vapor/gas dominated reservoirs,
while high Vp/Vs (ranging commonly from 1.8 to 2.1) is associ-
ated with fluids [Romero-Jr et al. 1995; Gritto et al. 2013; Lon-
dono and Kumagai 2018]. In the case of the NRV, high Vp/Vs
anomalies from seismic tomography sections are interpreted
as magma chamber locations, magma injection and degassing
processes [Londono 2010; Kasatkina et al. 2014; Vargas et al.
2017; Londono and Kumagai 2018]. For instance, a spatial
Vp/Vs anomaly (ranging from 1.8 to 2.2) at depths of 2–5 km
below the NRV summit is interpreted as a shallow magma
reservoir [Vargas et al. 2017]. Likewise, Londono and Kuma-
gai [2018] estimates Vp/Vs values higher than 1.9 at depths of
2 to 3 km beneath the volcano active crater, once more inter-
preted as magma. Vargas et al. [2017] also investigate tempo-
ral changes in Vp/Vs at the NRV. A decrease of Vp/Vs by ∼0.5
from 2010 to 2014 is interpreted as being due to gas eruptions;
followed by an increase of Vp/Vs later in time (2015 to 2016)
interpreted as new magma injection beneath the NRV [Vargas
et al. 2017]. In addition to fluid, our experimental data on the
NRV rocks show that such increases and decreases in Vp/Vs
ratios can also be explained as changes in effective pressure,
open pore shapes, and mineralogy (Figure 10).

Our KTmodel shows that mineralogy controls the porosity-
freeVp/Vs. For instance, quartz has a lowerVp/Vs than plagio-
clase (e.g. Figure 7). Field examples also suggest that lithology
controls Vp/Vs variations: Audet and Burgmann [2014] show
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that silica enrichment decreases Vp/Vs; Nakajima et al. [2001b]
found that Vp/Vs increases from the upper crust to the upper-
most mantle due to possibly of changes in lithology; and Boit-
nott and Kirkpatrick [1997] reported an increase in Vp/Vs that
correlates with illite content due to chemo-mechanical weak-
ening. By applying linear regressions to the experimental data
(Vp/Vs vs Vp) with pressure, we observe that the NRV rocks
have significantly varying mineralogy as the lines converge to
a range of Vp/Vs vs Vp (stars in Figure 5). Nonetheless, we can
see that the effect of mineralogy mostly shifts the data along
the Vp axis as it is sketched in Figure 10. The data presented
here represent the rock matrix and the micro-fractures within.
Macro-fractures could lower the wave speeds even more sig-
nificantly [Moos and Zoback 1983; Nara et al. 2011] from the
compliance of the fractures or scattering from them.
Foliated rocks show elastic wave anisotropic behavior at
the field scale [Christensen 1965; Johnson and Wenk 1974; Ji
and Salisburyb 1993; Christensen 2004; Song and Kim 2012;
Rabbel et al. 2017; Fliedner and French 2021; Kästner et al.
2021; Miller et al. 2021]. Commonly, studies focus on esti-
mating P- and S-wave directional behaviour and have seldom
made the link to Vp/Vs ratio interpretations. That is because
defining which propagation and particle motion directions are
used to estimate Vp/Vs is less understood. Wang et al. [2012]
has shown that anisotropic Vp/Vs can be lower than 1.3 in
fractured rocks. Here we present Vp/Vs ratios based in the
polarization of the waves, parallel and perpendicular to lay-
ering. We show that Vp/Vs is high when wave polarization
is parallel to the foliation plane. The same would apply if
anisotropy is due to aligned fractures, Vp/Vs for polarizations
parallel to the fracture plane would be highest [Wang et al.
2012]. The implications to the field are clear: high Vp/Vs, typ-
ically associated with fluid saturation (water or magma), could
actually be due to rocks with foliation or open aligned frac-
tures. Likewise, we show that low Vp/Vs could be associated
witho wave polarization perpendicular to the foliation plane
rather than due to vapor/gas (Figure 10).
We only investigated rock property relationships with
Vp/Vs under effective pressure. The influence of temperature
on the elastic rock behavior has not been taken into consid-
eration here. However, it has been demonstrated that tem-
perature influences the elastic rock properties [Spencer-Jr and
Nur 1976; Timur 1977; Jones et al. 1980; Matsumoto et al.
1986; Nakajima et al. 2001b; Jaya et al. 2010; Saxena et al.
2018; Simpson et al. 2019]. Therefore, research is needed to
understand how porosity, mineralogy, and saturating fluids
influence Vp/Vs with temperature.

7 CONCLUSIONS

Our experimental data and numerical models of Vp and Vs
for the NRV rock formations show that Vp/Vs is influenced
by pore shape, effective pressures, fluids, and rock lithology.
We highlight that changes in Vp/Vs ratio for a range of vol-
canic and metamorphic lithologies goes beyond a fluid-type
effect. Porosity and the presence of cracks versus vesicu-
lar pores controls whether Vp/Vs increases or decreases with
fluids and pressure. Mineralogy changes influence Vp much
more significantly than Vp/Vs. Our experimental Vp/Vs val-

ues for the different samples collected from the NRV are con-
sistent with the ranges reported by the seismic tomographies
in the area. In this study we provide alternative reasons on
why Vp/Vs changes beyond changes in fluids types, such as
fractures shape and volume, anisotropy, and mineralogy.
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