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ABSTRACT: The existence of a possible anisotropy, determined by the orientation of any mineral or by micro-
crack network in granite rock, isn´t easily detected by the naked eye. Five granitic rocks from Galicia (Spain), 
namely Albero, Gris Alba, Gris Mondariz, Rosa Porriño and Traspielas, were characterized petrographically 
by means of textural and mineralogical studies, using optical polarizing microscopy, and fractographic studies 
were carried out under scanning electron microscopy. Longitudinal wave propagation velocity was measured in 
three orthogonal directions on cubic samples, oriented according to rift surface (known in quarry works like the 
preferential partition surface visible in the blocks). Vp was measured on dry and water saturated samples. All the 
dry samples showed an anisotropic behaviour of Vp. Models of microcrack network distribution and possible 
mineral grain orientation were developed based on the obtained data. 
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RESUMEN: Interpretación de anisotropías petrográficas en granitos ornamentales basada en la medida de la 
velocidad de las ondas P. La existencia de una posible anisotropía originada por orientación de minerales y/o 
redes de microfisuración en rocas graníticas no es fácilmente detectable a simple vista. Cinco rocas graníticas 
de Galicia, denominadas comercialmente Albero, gris Alba, gris Mondariz, rosa Porriño y Traspielas, se car-
acterizaron petrográficamente, mediante estudios texturales y mineralógicos utilizando microscopía óptica de 
polarización, realizándose también estudios fractográficos bajo microscopía electrónica de barrido. Se midieron 
las velocidades de propagación de las ondas longitudinales (Vp) en tres direcciones ortogonales en muestras 
cúbicas orientadas según el rift (denominado así en cantería como la superficie preferente de partición). Vp se 
midió en muestras secas y saturadas. Todas las muestras secas mostraron un comportamiento anisótropo de Vp. 
A partir de los datos obtenidos se han interpretado las redes de distribución de microfisuras y la orientación de 
minerales. 
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1. INTRODUCTION

This work completes the brief  publication of 
preliminary results (1) corresponding to a subsi-
dized research project (MINECO-13, see section of 
acknowledgments); within it, the existence of pos-
sible textural and/or mineralogical anisotropies was 
determined by measuring the ultrasound velocities 
(the primary or longitudinal wave (P-wave) velocity, 
(Vp)). The characterization of the microcrack net-
work of granitic rocks is very important to assess 
their physical and mechanical behaviour. The origin 
of microcrack networks generally lays in crystalli-
zation or emplacement processes, which may affect 
the entire rock volume due to magmatic flow during 
cooling or may be more localized, for example at the 
pluton borders or due to regional tectonic processes; 
decompression due to erosion can also be the source 
of microcracking (2). Contraction during the cool-
ing process may lead to the formation of microcrack 
networks without any preferential directions. These 
are characterized by their density and orthogonal 
disposition, the degree of which is a function of the 
degree of contraction; some authors (3, 4) studied 
these large-scale anisotropies in relation with the 
best cutting direction in granite quarries.

Detection of textural anisotropy in rocks (i.e. 
orientation of minerals and/or microcracks) often 
represents a challenge in petrographic studies. 
Microscopic techniques (such as polarizing micros-
copy, fluorescence microscopy or scanning electron 
microscopy) are commonly applied to the study of 
microcracks or low orientation grade of one or more 
mineral phases because these features may be well 
below the detection range of macroscopic methods. 

Dynamic properties of the rock can also be 
assessed by measurement of high frequency wave 
(ultrasound) velocity and the study of the wave 
properties when travelling through the material. The 
many advantages of these techniques include their 
non-destructive nature, their easy applicability both 
in field and in laboratory, and that they provide 
information about the existence of anisotropies as 
well as, indirectly, about other rock properties (i.e. 
Young’s modulus) of the material. 

Some petrographic characteristics such as crys-
tal shape and size, mineralogy, weathering degree, 
rock density and porosity, and existence of anisot-
ropies, joints and microcracks, have been analyzed 
using P and S wave velocities (5). Our work falls into 
line with published studies of several other authors. 
Barton (6) gives an extensive summary of the topic. 
Sousa et al. (7) studied the influence of fissura-
tion on the physico-mechanical properties (includ-
ing Vp) of nine Portuguese ornamental granites, 
while Río et al. (8) established a negative correla-
tion between the accessible porosity and the com-
pressive strength and wave velocity of granites from 
Extremadura (Spain). Freire-Lista and Fort (9) is a 

very interesting paper about this approach micro-
crack study of building granitic rocks.

The relationship between foliation due to ori-
ented micas, microcracks and P- and S-wave velocity 
in gneissic rocks were the subject of  Kern et al. (10), 
Kern and Mengel (11) and Vázquez et al. (12) found 
a linear correlation between fractographic charac-
teristics, capillarity and wave velocities in granites. 
Wang et al. (13) published similar results about 
P-wave velocity and permeability and fracture den-
sity in coal samples. Other authors also published 
studies on the relationship between P- and S-wave 
velocities, orientation and crack density (14). In a 
study of  anisotropy planes versus P-wave velocity 
on spherical samples, Louis et al. (15) observed that 
the wave velocity was the highest in the direction 
of  the intersections of  anisotropic planes, which 
agreed with the results that (16) obtained in their 
study of  the influence of  microfissural anisotropy 
on the fracture toughness anisotropy of  Barre gran-
ite. The determination of  the anisotropy behaviour 
of  granites can be also important regarding their 
durability (17, 18) when used as building materi-
als. Almost all the physical properties (mechanical 
behaviour, porosity, water absorption, wave propa-
gation, etc) are directional and can vary depending 
on the isotropy of  the materials in general (and also 
on the rocks particularly) therefore there may be 
preferred directions in wich the alteration processes 
progress more rapidly, conditioning the overall 
durability.

Phyllosilicate minerals appear with a preferred 
orientation in several rock types and determine 
their anisotropic behavior. Godfrey et al. (19) stud-
ied the degree of anisotropy due to microcracks 
and mineral orientation of schist core samples by 
measuring the compressional and shear waves up 
to pressures of 1 GPa. The obtained results were 
applied to model crustal anisotropy. Cholach et al. 
(20) analyzed ultrasonic laboratory measurements 
of anisotropy of schists and shales and concluded 
that “relative to the muscovite aggregates the S-wave 
anisotropy decreases more slowly with greater ori-
entation disorder than the P-wave anisotropy”.

Other rock-forming minerals can also induce 
anisotropy in rocks. Ji et al. (21) found seismic 
anisotropy in basic igneous rocks (layered mafic 
intrusions) with a high percentage of plagioclase. 
The anisotropy was due to the plagioclase orienta-
tion caused by magma flow during cooling. Even at 
a larger scale, the anisotropy in the Earth’s crust is 
most likely caused by textural elements formed by 
deformation events (i.e. preferred grain orientations, 
preferred structural orientations or microcracks). 
Kern et al. (22), Karlquist et al. (23) and Ong et al. 
(24) argue that velocity anisotropy results can also 
be used to give insight on the anisotropy type, for 
example whether it is shape, lattice preferred, or due 
to microcracks.

https://doi.org/10.3989/mc.2020.15419
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Sun et al. (25) studied the influence of experi-
mental confining pressure in the behaviour of Vp of 
deep borehole core samples and their surface equiv-
alents finding that Vp values are always higher in 
core samples independently of the applied confining 
pressure. They interpret this behaviour as due to the 
influence of orientations, aspect ratios, and filling 
minerals of microcracks.

2. METHODOLOGY

In the present paper, we describe a methodology 
to assess possible anisotropies and their nature (i.e. 
if  they are mineralogical and/or due to microcrack 
networks). The relationships between the primary 
or longitudinal wave (P-wave) velocity and some 
petrographic characteristics of five granitic rocks 
were studied in samples collected in quarries. 3-D 
qualitative graphical interpretations were developed 
contrasting the petrographic observations with the 
wave propagation data. They revealed informa-
tion about both mineralogical and microfissural 
anisotropies. Water saturation was also considered 
as a basic parameter, because it has an influence on 
P-wave propagation but not on S-waves. Therefore, 
P-wave velocities were measured on both dry and 
wet samples.

Five ornamental granites from the SW Galicia 
(in NW Spain), namely Albero, Gris Alba, Gris 
Mondariz, Rosa Porriño and Traspielas (Figure 1) 
(26), were studied in the present paper. Cubic sam-
ples of 10 cm in size were cut from larger blocks, 
after a systematic random sampling. We based the 
orientation of the samples on the surface known as 
the “rift” in quarry works (which is the preferential 

partition surface visible in the blocks). This side 
of every sample was marked as surface F and the 
orthogonal surfaces were marked as H and T, respec-
tively. The respective perpendicular directions to 
these faces are f, h and t (Figure 2). 

Petrographic studies (optical polarizing micros-
copy -Zeiss Universal, magnification between x10 
and x1000) including modal analysis were performed 
on standard thin sections. No dye is necessary in this 
particular type of study due to the grain size of  the 
minerals that allows them to be identified by optical 
polarizing microscopy. Polished cylindrical samples, 
25 mm in diameter, were used for the quantifica-
tion of microcrack density under scanning electron 
microscopy (JEOL 6610LV with microanalysis). To 
determine the alteration degree of minerals, only 
the feldspars were considered since this mineral is 
the more abundant of these types of  rocks. Quartz 
is not never alterated, only fracturated. The biotite 
is in low percentages and their alteration in not sta-
tistically representative. The microcrack density in 
both studied surfaces (H and T) was measured with 
the aid of a stereological grid superimposed on the 
images (Figure 3). On each sample, around 20 dif-
ferent screens were studied following a diametral 
line. 2.5 mm at the beginning and at the end of the 
line were discarded. Samples were cut with diamond 
tools to minimize the introduction of possible arte-
facts. Keep in mind that no one can guarante that 
a specific crack, is or isn’t an artefact, that is why 
there sould be a statistical study using a minimum 
numbrer of  samples to minimize error; the margin 
of 2.5 mm is to minimize any influence originated in 
te preparation of the samples. These values, in terms 
of number of intersections of microcrack traces per 

Figure 1.  Left: Simplified geological map of Spain and Portugal; right: Detailed geological map of the SW zone of Galicia 
showing where the studied rocks were collected. Al: Albero; GA: Gris Alba; GM: Gris Mondariz; RP: Rosa Porriño; TP: Traspielas. 

The crosses indicate the location of the quarries.

https://doi.org/10.3989/mc.2020.15419
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mm of the grid, are summarized in Table 2. Before 
the petrographic studies, microcrack density mea-
surements were conducted taking into consider-
ation the results revealed by the previous ultrasonic 
characterization, because we considered that results 
obtained on F faces are similar to one of the other 
two (Table 3, Vp dry and water saturated values). 

The apparent density and the open porosity were 
measured following (27). P wave velocity in the men-
tioned directions (i.e. f, h and t) was measured follow-
ing (28). Six cubes, 10 cm in edge, were used for all 
the experiments. For density and porosity measure-
ments, the following standard procedure was used: 
Samples were dried at 70±5ºC until constant mass 
(that is, when the difference between two consecutive 
measurements is less than 1% of the mass). This is 
lower temperature than indicated by the standard: 
110±5ºC. Others authors (29 - 33) have shown that the 
thermal microfissuration threshold of granitic rocks 
can be lower than 110ºC, even close to 70ºC (29). 
After cooling down to laboratory temperature, they 
were weighed (md) and introduced into a vacuum 

vessel, to a vacuum of 2.0±0.7kPa for 2±0.2h. Water 
was introduced into the vessel, while keeping the 
vacuum, until the samples were fully covered; then, 
the vacuum was broken and the samples remained in 
the water for another 24±2h. Afterwards, the samples 
were weighed in saturated (ms) and hydrostatic (mh) 
conditions. Apparent density (ρb) was calculated 
according the following Equation [1]:

	 ρρ =
−

b .
md

ms mh
rh � [1]

ρ being the water densityrh

Open porosity (p0) was calculated after the 
Equation [2]:

	
ms md
ms mh

= −
−

p0 .100 	 [2]

P-wave velocity tests were carried out using 
a PANAMETRICS- NDT model 5077 PR 
Squarewave pulser-receiver. Transmitter and 
receiver transducers of  1 MHz frequency were 
used. Measurements were made at the geometri-
cal center of  opposite planes on the samples used 
for the density and porosity tests.

For a better interpretation of the results and for 
rock anisotropy modeling, two rock quality indexes, 
IQ (34) and IF (35), were calculated (Table 4). 
Using ultrasonic velocities of minerals published by 
Carmichael (31) and the volumetric mineralogical 
composition determined in this study, the IQ quality 
index proposed by Tourenq et al. (34) was calculated 
applying the following Equation [3]:

	
Vpexp
VPm Xm

=
∑

IQ 100
.

	 [3]

where

Figure 3.  Left: Cylindrical sample (25 mm diameter) for microcrack study under SEM; each square is the area of the SEM screen. 
Right: An example showing the stereological grid superimposed on a SEM image of Albero granite.

Figure 2.  Sketch showing H, T and F faces and h, t and 
f  directions. Orientation of the thin sections (squares) and 

cylindrical samples (circles) for petrographic studies.

https://doi.org/10.3989/mc.2020.15419
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VPexp: measured velocity (m/s)
VPm: average velocity of each mineral (36) (m/s)
Xm: volume percentage of each mineral (%).

IQ quantifies the relationship between the “per-
fect rock” (without discontinuities, anisotropies or 
alterations) and the “real rock”, based only on P 
wave velocities in dry samples. From this value, we 
can know the degree of ‘alteration’ of our rock as 
compared to a sound one. On the other hand, the 
index of microcracks (IF) of Delgado Rodrigues 
(35) takes into account the P-wave velocities both 
in dry and water saturated samples as compared 
to the theoretical velocity of the non-fissured rock 
estimated from the typical velocity and the volume 
percentage of each mineral (∑Vpm.Xm). Moreover, 
IF takes into account the dry and saturated condi-
tions by introducing the water and the air Vp in the 
Equation [4]. 

VPc VPsat VPc VPdry

VPc VPc
=

− + −
− + −

IF
( ) ( )

( 1500) ( 340)

2 2

2 2
	  [4]

where
VPc: theoretical P-wave velocities (m/s) that is 
∑VPm.Xm
VPsat: P-wave velocities of the samples in water sat-
urated conditions (m/s)

VPdry: P-wave velocities of the samples in dry con-
ditions (m/s)
The P-wave velocities in water and air are 1500 and 
340, respectively, in m/s. 

Both indexes (i.e. IQ and IF) contribute to the 
development of more complete interpretation of the 
rock petrographic characteristics.

3. RESULTS AND DISCUSSION

According to the modal analysis, routinely used 
for petrographic classification (37) four of the stud-
ied rocks (namely Albero, Gris Alba, Gris Mondariz 
and Rosa Porriño) are syenogranites and the fifth 
one (namely Traspielas) is a monzogranite (Table 1). 

According to the obtained data, there is no evi-
dent relationship between the open porosity and 
the linear crack density (LCD) values (Table  2). 
This is probably because the crack density mea-
surement takes into account either isolated (or 
closed) and open microcracks. Moreover, micro-
crack aperture is not considered, whereas this 
value has a significant influence on porosity. 
Evidently, rocks with the same linear crack den-
sity, but different crack aperture, will have dif-
ferent porosities (higher values when high crack 
aperture). This occurs with the open porosity 
and microcrack linear density values (Table 2) of 

Table 1. Modal composition of the studied rocks.

% vol. Albero Gris Alba
Gris 

Mondariz
Rosa 

Porriño Traspielas

Quartz 34.64±6.75 34.21±6.20 35.39±7.10 35.03±8.83 34.52±3.61

Plagioclase 7.21±3.11 13.92±4.43 18.02±6.01 14.99±5.78 22.88±5.78

Weathered Plg. 3.04±0.68 1.64±0.93 1.40±0.53 1.73±0.23 1.84±0.34

K-feldspar 36.42±7.2 37.98±6.41 37.54±5.98 43.33±8.67 23.31±3.57

Weathered K-felds 7.39±1.52 1.54±0.39 0.68±0.15 1.24±0.29 3.43±0.37

Plg+K-felds 54.06±17.08 55.08±12.36 57.64±11.59 61.29±15.98 51.46±3.19

Biotite 3.15±0.30 3.42±0.34 6.52±0.67 3.11±0.29 2.54±0.23

Muscovite 7.55±0.81 7.29±0.73 0.00 0.00 10.71±0.95

Table 2. Linear microcrack density in the H and T planes, open porosity and density values of the studied rocks.

Albero Gris Alba
Gris 

Mondariz
Rosa 

Porriño Traspielas

H T H T H T H T H T

Microcracks/mm 1.76
±0.25

2.25
±0.87

1.09
±0.16

1.21
±0.10

0.62
±0.26

0.69
±0.09

1.00
±0.20

1.11
±0.32

3.25
±0.86

3.42
±0.52

T/H 1.28 1.11 1.11 1.11 1.05
Open Porosity (%) 3.9±0.1 0.9±0.02 0.7±0.02 0.7±0.01 3.6±0.2

Density (kg/m3) 2545±4 2630±1 2640±13 2600±2 2560±4

https://doi.org/10.3989/mc.2020.15419
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Albero granite (open porosity 3.9% and micro-
crack density 1.76-2.25 µc/mm) and Traspielas 
granite (open porosity 3.6% and microcrack den-
sity 3.25-3.42 µc/mm) due to the larger crack aper-
ture of  the Albero granite microcrack network. 
Table 3 presents the ultrasonic velocity values of 
the studied granites. Values for IQ and IF indexes 
are shown in Table 4. Rocks of  higher quality (i.e. 
with no microcracks) have an IQ of  100 and the 
IF of  non-fissured rocks would be 0. 

Several of  the aforementioned authors carried 
out studies about the anisotropic behaviour of  dif-
ferent rock types and their relationship with the 
wave propagation velocities variations and another 
physical property. Specifically to Spanish granitic 
rocks, some studies can be seen in, for example, (1, 
7-9, 12) and specially in Fort et al. (17); its results 
are partly of  application and are related to those 
obtained by us that are presented here.

It is necessary to remember that density val-
ues have an inverse relationship with those of 
porosity (directly related to the microcracks per-
centage –LCD- in this research paper). The inter-
pretations made from now on to porosity or LCD 
are also explained by the variation in density, whose 

experimental determination is also simultaneous to 
that of porosity (see (27) and Equations [1] and [2]).

3.1. Albero Granite

This rock is slightly altered as shown by the par-
tial oxidation around biotite crystals (Figure  4). 
The texture is allotriomorphic with a medium 
grain size of  0.3 mm to 9 mm. The mode value is 
around 3 mm. 

The rock forming minerals are the following: 

–– K- feldspar: allotriomorphic crystals are 
between 0.6 mm and 9 mm in size (mode at 3 
mm). Most of them are microcline with albite-
pericline twinning and, occasionally, Carlsbad 
twins. Orthoclase was also observed (micro-
cline/orthoclase ratio is 80/20). Both are slightly 
altered (around 17% of area).

–– Quartz: allotriomorphic crystals form irregu-
lar shaped aggregates of up to 15 mm size with 
straight boundaries. The aggregates are com-
posed by individual particles of 0.05 to 6 mm 
in size (mode at 2 mm) with irregular grain 

Table 3. Velocities of P wave of the studied rocks. VP measured on dry and water saturated samples.

Albero Gris Alba Gris Mondariz Rosa Porriño Traspielas

Vp (m/s) dry

h 2281±133 4863±68 4535±72 5354±45 2295±37

t 3269±136 3981±112 5050±113 5152±83 2634±64

f 3259±151 4707±76 4903±75 4391±81 1945±52

Vpmax/Vpmin 1.43 1.22 1.11 1.22 1.35

Vp (m/s) sat.

h 4904±128 5685±106 6243±123 6203±47 4767±96

t 5079±136 5234±121 6370±141 6073±86 4803±115

f 5050±98 5454±117 6045±184 5905±143 4485±104

Vpmax/Vpmin 1.01 1.09 1.05 1.05 1.07

Table 4. IQ values (calculated for dry samples) and IF values of the five rocks in the three studied directions.

Albero Gris Alba Gris Mondariz Rosa Porriño Traspielas

Average Vp (m/s) 5824 6013 5863 5854 5898

IQ (%)

h 39.2 82.6 77.3 91.5 38.9

t 56.1 67.7 86.1 88.0 44.7

f 56.0 80.4 83.6 75.0 33.0

IF (%)

h 52.4 14.7 19.6 8.7 53.3

t 38.1 28.5 13.6 10.5 48.6

f 38.4 17.7 13.9 20.8 59.2

https://doi.org/10.3989/mc.2020.15419
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boundaries. The crystals show - some times 
weak - undulatory extinction. 

–– Plagioclase (An25-28): allotriomorphic crys-
tals have occasional subidiomorphic tenden-
cies. Grain size is between 1 and 6 mm with 
the mode at 2 mm. Similarly, to the potassium 
feldspars, the form of larger crystals is usually 
more regular. Polysynthetic twins are a common 
feature. The plagioclase grains are partially or 
completely altered into sericite (degree of serici-
tation is around 30%). 

According to both the IQ and IF values, the 
microcrack family with the highest density of  the 
Albero granite is perpendicular to the h direc-
tion. The orthogonal families of  microcracks 
have lower density values, similar in the t and f  
directions. There is a marked anisotropy in the 
P-wave velocity values of  the Albero granite when 
measured on dry samples, showing much higher 
values in the t and f  directions than in the h direc-
tion. This again proves that the microcrack trace 
density is lower in planes parallel to H (Figure 5), 
which suggests the presence of  other less impor-
tant microcrack families, perpendicular to t and 
f  directions. The similar wave velocity values in 
the three directions, when measured on water 
saturated samples, reveal the absence of  miner-
alogical anisotropy, when Vp is similar in the 3 
spacial directions there is no anisotropy. In the 
case of  this rock, this is what happens in the satu-
rated samples but not in the dry samples, where 
you see different values of  Vp, this can only indi-
cate fractographic anisotropy. When contrasting 
velocity data with the microcrack density values 
we can say that microcracks are markedly higher 
in the T plane. The Vp values of  the water satu-
rated samples are quite similar in the h, t and f  
directions, so it seems that there is no significant 
mineral anisotropy. 

3.2. Gris Alba Granite

This rock has a fine-grained, granular, panallotri-
omorphic texture. Grain size varies between 0.1 and 
7 mm, and the mode is at 2 mm (Figure 6). Cracks 
with very small apertures can be observed mostly in 
quartz and potassium feldspar grains. These cracks 
are mostly of intracrystalline nature although, occa-
sionally, they cross grain boundaries. 

The rock forming minerals are:

–– Quartz: allotriomorphic crystals with a size 
range between 0.2 and 7 mm. The most com-
mon grain size is 2 mm. Grains show well devel-
oped undulatory extinction. 

–– Potassium feldspar: most grains are allotrio-
morphic, but larger ones tend to be subidio-
morphic. Grain size ranges between 0.3 and 

Figure 4. Macroscopic (F-T-H faces) and microscopic aspect (polarized light, NX) of Albero.

Figure 5.  Model of the microcrack network proposed 
for the Albero granite. Solid lines: orientation of principal 

microfissuration; dashed lines: orientation of minor 
microfissuration.
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7 mm with the mode at 3mm. Most crystals are 
orthoclases – some of them showing Carlsbad 
twins -, while microcline scarcely appears (about 
5% of all potassium feldspar grains). Microcline 
crystals have an average grain size of 1 mm and 
show allotriomorphic forms filling spaces of 
other mineral phases. Poorly developed perthite 
can be observed. Crystals are often altered into 
sericite.

–– Plagioclase (An 24-26): grains are subidiomor-
phic with the grain size ranging from 0.5 to 
5mm (mode at 1 mm). Smaller grains are more 
irregular than larger ones. Often the grains are 
either completely altered or their central core is 
altered leaving a thin sound rim behind. Thin 
albite twins and occasional, poorly developed 
pericline twins can be observed. Small musco-
vite inclusions are common and, in some cases, 
biotite inclusions of 0.3mm size were found in 
more developed crystals. 

–– Muscovite: grains usually have subidiomorphic 
form and laminar platy habit. Grain size ranges 
between 0.1 and 6mm, with the mode at 2 mm. 
Fluid inclusions and quartz inclusions can be 
found within the muscovite crystals.

–– Biotite: grains are allotriomorphic. Biotite is 
less common and of smaller size than musco-
vite. Sizes vary between 0.3 and 3mm, with the 
mode at 0.5mm. They often contain inclusions 
of zircon with pleochroic halo and of opaque 
minerals. In some cases, they are partially or 
totally chloritized. 

–– Accessory minerals: zircon and opaque grains 
in biotites.

IF and IQ values of  the Gris Alba granite indi-
cate that the microcrack family with the highest 
density is perpendicular to the t direction. There 
are small differences in the h and f  directions, 
which could either mean that the microcrack 

surfaces are positioned at a low angle to the studied 
planes or that there is a slight mineral orientation 
in the rock. These two factors could even appear 
together. P-wave velocity is clearly anisotropic in 
the Gris Alba granite with similarly high values 
in the h and f  directions, and lower velocities in 
the t direction (h≥f>t, Table 3). The increment of 
Vp in water saturated samples as compared to dry 
samples is nearly double in the t direction, while 
it is lower and similar in the h and f  directions. 
This, again, might be a proof  of  the existence of 
an orthogonal microcrack network with the high-
est microcrack density in the planes perpendicular 
to t. This, together with the different IF values in 
the h and f  directions, corroborates the theory that 
the planes with more microcracks have a slightly 
oblique orientation to the f  direction.

This granite has low microcrack density and 
accessible porosity due to the peculiarities of its 
microcrack network, which is characterized by 
rather isolated microcracks of small aperture; the 
high P-wave velocity given the similar mineralogi-
cal composition of the five rocks can confirm this. 
The linear microcrack density is higher in the T 
plane than in the H; moreover, Vp (both dry and 
saturated) is different in h, t and f  directions. All of 
these results suggest that there are three orthogonal 
systems of microcracks, the most important one of 
them is perpendicular to t, and that mineralogical 
anisotropy nearly perpendicular to the same direc-
tion is present. In accordance with this, we interpret 
a fissural anisotropy in which most of the fissures 
are oriented almost perpendicular to the t direc-
tion, slightly oblique to f  and nearly parallel to the h 
direction (Figure 7). In water saturated samples, the 
velocity differences in the three directions are nota-
bly smaller than in dry samples, especially in the t 
and f  directions. This data is in agreement with the 
proposed interpretation since the velocities increase 
when the voids are saturated by water. Additionally, 

Figure 6. Macroscopic (F-T-H faces) and microscopic aspect (polarized light, NX) of Gris Alba.
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we propose a mineralogical anisotropy slightly 
oblique to t and f  to explain the different Vp in dry 
samples. 

3.3. Mondariz Granite

This granite has a hypidiomorphic heterogranu-
lar texture with medium to coarse grain size (0.5 – 
20mm). Microcline, plagioclase and quartz grains 
are of especially large sizes. Fissures, which are more 
common in quartz than in other mineral phases, are 
short and discontinuous; they never exceed 10mm in 
length (Figure 8).

The rock forming minerals are:

-	 Quartz: present as isolated grains or forming 
polycrystalline aggregates of 20mm size, which 
are composed of allotriomorphic crystals 
between 0.2 and 1mm (mode at 0.5mm). They 
contain discontinuous and irregular fissures 

with apertures up to 0.2mm. In a few cases, 
idiomorphic muscovite inclusions of 0.3mm 
can be observed. Grains show a weak undula-
tory extinction. Contacts between quartz grains 
within the aggregates are irregular. 

-	 Potassium feldspar: crystals are heterogranular 
and mostly allotriomorphic, with a grain size 
between 1 and 20 mm (mode at 10mm). They 
are dominantly of microcline composition 
showing the characteristic polysynthetic twin-
ning according to the albite and pericline laws. 
In smaller quantities, orthoclase is also present. 
Both varieties show perthites. Some crystals 
contain quartz, plagioclase, biotite and even 
chlorite inclusions.

-	 Plagioclase (An 24-28): plagioclase crystals are 
somewhat smaller and more idiomorphic than 
microcline. Grain size is between 1 and 12mm, 
most grains are around 6mm. Smaller sized gra-
ins are contained by potassium feldspars and are 
not altered like larger plagioclase grains. Grains 
show zonation sometimes marked by mineral 
inclusions or zones of higher alteration degree, 
and almost all grains have altered central cores. 

-	 Biotite: the subidiomorphic grains appear either 
as aggregates of up to 10mm size, formed by 
smaller crystals (0.5-3mm), or as isolated crys-
tals, 2mm is the most common grain size. Biotite 
is also present as inclusions in plagioclase. Its 
grains are completely or partially chloritized, in 
which latter case the alteration follows the exfo-
liation of the original crystal. 

-	 Accessory minerals: opaque phases and zircon. 
Almost exclusively within biotite grains.

-	 Secondary minerals: chlorite after biotite altera-
tion and sericite after feldspar alteration. 

Gris Mondariz granite has a very low open 
porosity and low linear microcrack density, which 
is slightly higher in the T plane (about 10%). Vp 
measured on dry samples shows different values 

Figure 7.  Model of Gris Alba granite showing the 
disposition of the microcrack and mineralogical anisotropies. 
Solid lines: orientation of principal microfissuration; dashed 
lines: orientation of minor microfissuration. Brown colour: 

mineralogical anisotropy.

Figure 8.  Macroscopic (F-T-H faces) and microscopic aspect (polarized light, NX) of Gris Mondariz.
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in the three directions (t>f>h), but in water satu-
rated samples the f  direction presents the lowest 
value. IQ values show a similar pattern to that 
observed in Vp values; IF is lower in h than in 
the other directions (f=t). For all these reasons, 
we propose a model in which the principal micro-
crack network is parallel to H (perpendicular 
to h) with a secondary network parallel to F 
(perpendicular to f). In addition, mineralogical 
anisotropy slightly oblique to “f ” is also consid-
ered (Figure 9). 

3.4. Rosa Porriño Granite

The texture is hypidomorphic heterogranu-
lar with a medium to coarse grain size (1-15mm). 
Potassium feldspar grains are of the largest sizes, 
followed by plagioclase and quartz, while biotite and 
accessory mineral grains are smaller. Microcracks 

of preferential orientation cross all mineral grains 
although they are more developed in quartz grains 
(Figure 10). 

The rock forming minerals are:

–– Quartz: it appears as allotriomorphic poly-
crystalline aggregates of  approximately 10mm 
size formed by crystals between 0.5 and 5mm 
(mean at 3mm) with irregular grain boundar-
ies. Undulatory extinction is often observed. 
The rock is characterized by continuous trans-
granular microcracks with apertures up to 
3mm. 

–– Potassium feldspar: the grains are mostly of 
microcline composition and there is a smaller 
amount (approximately 20%) of orthoclase. 
The subidiomorphic to slightly allotriomor-
phic grains can reach 15mm in size; the mini-
mum grain size is around 2mm and the mode 
at 10mm. Both orthoclase and microcline shows 
perthites (sometimes, small patches). The per-
thites are so altered that in most cases their 
twinning is undistinguishable. In contact zones 
towards plagioclase, poorly developed myrme-
kites can be observed. In larger grains, biotite, 
quartz and even plagioclase inclusions are com-
mon. These inclusions have approximately 0.5-
1mm size. 

–– Plagioclase (An 25-30): the subidiomorphic 
grains are between 1 and 10mm in size (mode at 
4mm). The inner, more Ca-rich, cores are usu-
ally altered, which makes their identification 
more difficult. Muscovite inclusions of sizes 
below 0.1mm can be observed.

–– Biotite: it appears as very dark, idiomorphic 
to subidiomorphic grains and aggregates up to 
1mm in size. Crystals between 0.1 and 0.6mm 
(mode at 0.5mm) form the aggregates. Biotite 
grains are altered partially or completely into 
chlorite.

Figure 9.  Model of Mondariz granite showing the 
disposition of the microcrack and mineralogical anisotropies. 
Solid lines: principal microfissuration orientation; thin dashed 

lines, minor microfissuration; planes: mineral anisotropy.

Figure 10.  Macroscopic (F-T-H faces) and microscopic aspect (polarized light, NX) of Rosa Porriño.
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–– Accessory minerals: irregular muscovite crystals 
appear as inclusions in plagioclase. Zircon and 
opaque phases can form inclusions in biotite.

–– Secondary minerals: the sericite is a weather-
ing product of feldspars and the chlorite that of 
biotite. 

Rosa Porriño granite has low open porosity, but 
its bulk density is lower than that of Gris Alba and 
Gris Mondariz, which suggests the existence of 
closed porosity. This theory is also confirmed by 
the microcrack density values. Vp shows a signifi-
cant anisotropy, Vp is lower in the f  direction but, in 
saturated samples, it is very similar in t and f  direc-
tions and slightly higher in h. IQ and IF results con-
firm these anisotropic characteristics. Therefore, we 
propose a model in which the principal microcrack 
network is oblique to F with a secondary network 
parallel to H, in addition to a mineralogical anisot-
ropy also slightly oblique to F (Figure 11). 

3.5. Traspielas Granite

The rock texture is hypidiomorphic with fine to 
medium grain size. Rock forming mineral grains 
range between 0.1 and 10mm in size with the 
mode at 0.4mm (Figure 12). Mineral phases show 
a slight orientation, which is easier to detect by 
the naked eye than by microscope. The rock con-
tains a large number of  microcracks of  different 
sizes, which are interconnected and cross almost 
all mineral phases, especially quartz and feldspar 
grains, although they cannot be detected in mica 
crystals. 

The rock forming minerals are:

–– Quartz: it forms relatively rounded aggregates 
of  1 to 10 mm in size. The allotriomorphic crys-
tals that compose the aggregates are between 
1 and 6 mm in size and show very irregular 
contacts. Some isolated crystals of  0.5-4mm 
size (mode at 2.5mm) can also be found. All of 
them show undulatory extinction and are cut by 
a large number of  microcracks that may reach 
0.3mm in width. The smallest aperture size pos-
sible to detect by optical microscopy is 0.1mm.

–– Potassium feldspar: the grains are allotriomor-
phic, their size ranges between 0.5 and 10mm, 
the most common size is 0.5mm. Larger grains 
have more subidiomorphic shapes. Most grains 
are of orthoclase composition, hardly any 
microclines can be found. Some of them show 
isolated perthites. They contain small musco-
vite, quartz and plagioclase inclusions of sizes 
between 0.2 and 1mm. Microcracks of orthogo-
nal position are present.

–– Plagioclase (An 28-32): the grains are subidio-
morphic with a grain size range of 0.3 – 9mm 
(mode at 0.4mm). They appear as grains with 
twinning according to the albite law, as isolated 
grains or as aggregates. Quartz and muscovite 
inclusions are very common.

Figure 11.  Model of Rosa Porriño granite showing the 
disposition of the microcrack and mineralogical anisotropies. 
Solid lines: principal microfissuration orientation; thin dashed 

lines, minor microfissuration; planes: mineral anisotropy.

Figure 12.  Macroscopic (F-T-H faces) and microscopic aspect (polarized light, NX) of Traspielas.
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–– Biotite: this mica type is less common than musco-
vite. The grains are subidiomorphic, with smaller 
grain size (0.2-7mm) with the mode at 4mm. 
Biotite usually appears in association with musco-
vite; they form aggregates together. Biotite grains 
contain zircon, apatite and opaque inclusions.

–– Muscovite: its grains can reach 10mm in size 
(mode at 7mm) and are more idiomorphic 
than biotite grains. The two mica types appear 
together, except for the muscovite grains that 
appear within plagioclase crystals. This musco-
vite type is of smaller size and shows elongated 
or patchy morphologies. 

–– Accessory minerals: zircon and opaque miner-
als in biotite.

–– Secondary minerals: sericite after feldspar 
alteration. 

In the Traspielas granite, we found a microcrack 
network almost parallel to the t direction and at angle 
to the h and f directions, based on the IQ values of 
the dry samples. Due to the experimental procedure 
(measurements were carried out only at the geometri-
cal center of each sample), it is not possible to quan-
tify the angles thus the model cannot be refined more 
exactly. Additionally, this rock is affected by mineral 
anisotropy clearly perpendicular to the f direction and 
almost parallel to the h and t directions. The marked 
anisotropy of the highly fissured Traspielas granite 
was also proved by the wave velocity measurements. 
Dry velocities are lower in the f direction than in the 
h and t directions, while the Vp increase in the water 
saturated measurements are quite different in the three 
directions (Vpf: ~130%, Vph: ~108% and Vpt: ~82%). 
To explain these results, we propose a model with 
high fissural anisotropy affecting the f direction and 
oblique to the plane formed by the t and h directions 
together with mineralogical anisotropy parallel to the 
F plane (Figure 13). 

4. CONCLUSIONS

The microcrack network distribution and min-
eral grain orientation were interpreted based on 
data of  longitudinal velocity (Vp) and calculated 
IQ and IF indexes. The results of  the proposed 
interpretation and the petrographic studies are in 
good agreement. The Vp differences of  the studied 
granites are due to differences in open microcrack 
percentage (open porosity), mainly. Mineral com-
positions are similar in the 5 studied rocks and the 
grain size is not expected to be significant in these 
cases. Oriented microcracks induce P-wave veloc-
ity anisotropy. This anisotropy decreases in water 
saturated samples, as after water saturation, Vp 
becomes quite similar in all directions when the 
microcrack network is isotropic (see Albero espe-
cially, but also Gris Alba, Gris Mondariz and Rosa 
Porriño). However, if  measurement directions and 
the microcrack network are in an oblique posi-
tion and there is preferential mineral orientation 
(e.g. micas in Gris Mondariz, Rosa Porriño and, 
especially, Gris Alba and Traspielas), Vp shows 
different values in each direction. This mineralogi-
cal anisotropy is the same both in dry and water 
saturated rocks and therefore the existence of  a 
possible anisotropic orientation of  minerals and 
microcrack networks in granitic rocks, not easily 
detected by the naked eye, can be demostrated by 
using non-destructive methods, such as Vp mea-
surements. This method can be used to interpret 
anomalous behaviours of  these rock types. The 
obtained results can be useful to decide the best cut 
directions in a quarry and to explain the different 
mechanical and other properties when these kinds 
of  rocks are tested. Moreover, awareness of  aniso-
tropic behaviour can be determinant in the assess-
ment durability of  rocks used as building materials.
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