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Earthen layers play a significant role in isolating contaminants in the subsurface, controlling the migration of contaminant
plumes, and as landfill liners and covers. The physical, chemical and mineralogical properties of three calcareous mudstones
from the Jagüel and Roca formations in North Patagonia, Argentina, are evaluated to determine their potential for the
construction of liners. These mudstones were deposited in a marine environment in the Upper Cretaceous–Paleocene. The
tested specimens mainly comprise silt and clay-sized particles, and their mineralogy is dominated by a smectite/illite mixed
layer (70–90% Sm) and calcite in smaller proportion. Powdered mudstone samples have little viscosity and swelling potential
when suspended in water. The hydraulic conductivity of compacted mudstones and sand–mudstone mixtures is very low
(around 1–3 × 10−10 m/s) and in good agreement with the expected hydraulic behaviour of compacted earthen layers. This
behaviour can be attributed to the large amount of fine particles, high specific surface and the close packing of particles as
confirmed by scanning electron microscope analysis. The tested materials also show a high cation exchange capacity (50–
70 cmol/kg), indicating a high contaminant retardation capability. The calcareous mudstones show satisfactory mineralogical
and chemical properties as well as an adequate hydraulic behaviour, demonstrating the potential use of these materials for
the construction of compacted liners for the containment of leachate or as covers in landfills. These findings confirm the
potential usage of marine calcareous mudstones as a low-cost geomaterial in environmental engineering projects.

Keywords: mudstones; sand–mudstone mixtures; containment barriers; hydraulic conductivity; liners

1. Introduction
Clay-rich materials, especially bentonites, are frequently
used in civil engineering, petroleum industry and environ-
mental applications. The most common purposes include
sealants and liners in dams, slurries, landfills and surface
impoundments [1,2]. Different types of barriers have been
used to minimize leachate displacement and contaminant
transport from waste disposal sites. In any case, the barrier
performance depends on the composition and structure of
the liner system installed.

The US Environmental Protection Agency guidance
recommends the incorporation of a compacted clay layer
for the liner and cover system in landfills [3]. Several
alternatives, which include multiple layers and the inclu-
sion of geosynthetic clay liners are also available. The
compacted clay liner must be sufficiently thick to prevent
hazardous constituent migration, while the cover function
is to minimize the entry of rain water to the cells and to
prevent the leakage of landfill gas. Bentonite and sand–
bentonite mixtures are commonly used for this purpose,
given that the hydraulic conductivity of this expandable

∗Corresponding author. Email: telma.musso@fain.uncoma.edu.ar

material is noticeably lower than the value specified by cur-
rent international regulations for the construction of liners
(k < 10−9 m/s) [4,5].

In many cases, it is difficult or costly to obtain geo-
materials which have a good performance and long-term
behaviour in liners. Therefore, it is advisable to search for a
natural material or local soil that could be used in these
applications, either in its natural state, or mechanically,
chemically or physically enhanced or stabilized [6,7].

Mudstones represent the major constituents of sedimen-
tary basins worldwide. They are low-permeability sedimen-
tary rocks with a high sorption capacity; consequently, in
the basins they form seals for hydrocarbon accumulations
and act as aquitards, and also as chemical barriers [8,9].
In near-surface environments, they are important natural
barriers which restrict leakage from waste disposal sites
(such as radioactive facilities) [10–14]. Also, in their natu-
ral state, mudstones show significant spatial variability of
physical properties, clay content and hydraulic conductiv-
ity [15,16]. However, there is poor understanding of the
feasibility of outcropping mudstones material to be used as

© 2013 Taylor & Francis

D
ow

nl
oa

de
d 

by
 [

19
0.

13
7.

13
4.

78
] 

at
 0

8:
41

 0
7 

A
pr

il 
20

13
 



2 T.B. Musso et al.

Figure 1. Location maps (a), (b) and geological map of the studied area. Modified from Espejo and Nieto [23] and Hugo and Leanza [24]
(c). 1: Cerro Azul profile, 2: Cerro Tres Picos profile, 3: Este Puesto Lopez profile.

compacted clay liners, alone or in combination with other
natural materials (soil or sand).

The aim of this study is to determine the most significant
physical, chemical, mineralogical and hydraulic properties
of three widely spread mudstones from North Patagonia
Argentina, to evaluate the potential use of these materials
for the construction of earthen barriers in environmental
applications.

2. Geology of tested mudstones
The Neuquén Basin (Figure 1) is a sedimentary basin
in western Argentina with deposits ranging in age from
Late Triassic to Tertiary. Sediments were deposited in

this basin in three sedimentary cycles: Jurásico, (Late
Triassic–Late Jurassic), Ándico (Late Jurassic–Early Creta-
ceous) and Riográndico (Late Cretaceous–Paleocene) [17].
The uppermost Riográndico cycle includes the Malargüe
Group represented in the study area by the Allen, Jagüel and
Roca Formations [18]. The mudstones under analysis are
part of the Jagüel and Roca formations. These formations
are separated by a transitional boundary, and many authors
consider both formations as part of the same sedimentary
cycle [19].

Two siliciclastic and a carbonate lithofacies were iden-
tified in this area by analysing the physical properties
and the age of the sediments (Figure 2): Maastrichtian
grayish yellow calcareous mudstones, Danian olive gray
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Environmental Technology 3

Figure 2. Sedimentary profiles showing the position of the sampled mudstones levels. Modified from Musso et al. [20].

calcareous mudstones, and Danian carbonates [20]. An
outer shelf depositional setting was assigned to the Jagüel
formation [19,21,22]. The Roca formation was formed
in a shallow marine environment passing upwards to a
sabkha [19].

3. Materials and methods
3.1. Tested samples
Representative samples were taken from Jagüel forma-
tion (identified as CA) and Roca formation (identified as
NTOL and ETRO) outcrops as shown in Figure 2. The
mudstones cover a flat-shaped highland area of around
1000 km2 of the study area. In the field, the samples
have the consistency of hard rock. Chunks of rocks were
crushed, resulting in powdered mudstones that were used

to determine their mineralogical, physical, chemical and
geotechnical properties. The mudstones were pulverized
by a standard grinding method frequently used in the
production of powdered commercial bentonite.

3.2. Mineralogical, chemical and physicochemical
characterization

Mineralogical analyses were carried out on oriented and
random powder samples by means of X-ray diffraction
(XRD) analysis, using a SIEMENS D-500 X-ray diffrac-
tometer with automatic slit and a Cu-Kα tube (at λ =
1.5406 Å, 40 kV, 30 mA). The semi-quantitative composi-
tion (%) of the samples was obtained in different ways for
the identified mineral phases. Quartz and feldspars were
quantified by XRD using the internal standard method,
with ZnO as standard phase [25]. Zeolites were quantified
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4 T.B. Musso et al.

by XRD through the construction of calibration curves
for zeolite–mudstones mixtures using 0%, 2.5%, 5% and
10% of zeolite. Calcite and total carbonates contents were
measured by the gasometric method in a Scheibler cal-
cimeter. Semi-quantification of the identified clay minerals
was done by calculating the ratio of the basal peak areas,
after applying empirical correction factors on the peak
areas [26,27].

Total carbon and sulphur analyses were performed in
a LECO CS 230 analyser. Bulk chemical analyses were
performed by ICP emission spectrometry (ICP-AES) fol-
lowing a lithium metaborate/tetraborate fusion and dilute
nitric digestion.

The cation exchange capacities (CEC) of the samples
was examined by measuring the Ag remaining in the solu-
tion after Ag–thiourea (Ag–Tu) extraction [28]. Silver and
exchangeable cations were measured by atomic absorp-
tion spectrometry (AAS) in the extract which was used to
saturate the sample.

External surface area was determined using a surface-
area analyser (Asap 2000) by adsorption of nitrogen gas at
77 K, applying the BET equation (SSBET). Specific surface
area of the mudstones was also determined by conducting
Ethylene Glycol Monoethyl Ether (EGME) absorption tests
(SSEGME) [29]. The pH of aqueous dispersions of the mud-
stones (6.41 × 10−2kg/L) was measured with a digital pH
meter (Altronix TPX II).

3.3. Physical characterization
Grain-size analysis was determined by laser diffractometry
using a particle size analyser (Cilas 1180L). A high-
resolution LEO 1530 (Zeiss) scanning electron microscope
(SEM) was used to study the structure of the mudstones.

Pore access size measurement was done by mercury
injection porosimetry (MIP) using a Micrometrics Auto-
Pore III 9420 porosimeter with 414 MPa maximum pres-
sure, capable of measuring pores between 0.003 and 500 μm
in diameter. Micropore size distributions of the mudstones
(<100 Å) were examined by means of low-temperature N2
sorption isotherms to saturation.

Atterberg limits were determined in accordance with the
standard procedures outlined by ASTM D4318 [30]. These
results were used to evaluate water–clay interactions given
that liquid limit and plastic index depend on mineralogy and
fluid chemistry [31–33].

Specific gravity was measured by the pyknometer
method on clay air-dried at 105◦C. Free swell tests were
performed in accordance with ASTM D5890 [34].

Rheological properties were obtained according to the
American Petroleum Institute Specification 13A for drilling
fluids [35].

3.4. Hydraulic conductivity tests
Hydraulic conductivity of pure mudstones was determined
from consolidation test performed by following the ASTM

D2435 testing method [36]. Powdered mudstones were
mixed with distilled water and placed in fixed-ring oedome-
ter cells. An amount of water higher than the liquid limit was
used in order to reach a saturation degree close to one when
pouring the wet mixture in the cell. The following verti-
cal pressures were applied to the specimens: 53.64, 107.28,
268.21, 536.52 and 1073 kPa.

Hydraulic conductivities were calculated by fit-
ting Terzaghi’s theory of consolidation to the mea-
sured time-settlement response at each effective vertical
pressure [37].

Sand–mudstones mixtures (15% w/w) were prepared
to determine the hydraulic performance of compacted lin-
ers in laboratory. The sand mainly comprised quartz and
was classified as well-graded sand (SW) according to the
Unified Soil Classification System. Obtained uniformity
and curvatures coefficients were Cu = 8 and Cc = 1.4,
respectively.

The sand–mudstones mixtures were allowed to hydrate
for 24 h prior to being compacted. Compaction was per-
formed using the Proctor Standard energy and following
the ASTM D698 standard procedure [38]. The hydraulic
conductivity of specimens compacted at the optimum mois-
ture content was measured in flexible-wall permeameters
by following the falling head method described in DIN
18130-1 standard [39]. The pressure of the permeating
liquid in the inlet port was 3000 kg/m2 and the cell or con-
fining pressure was 6000 kg/m2. These conditions resulted
in a hydraulic gradient of approximately 30 (dimension-
less). Hydraulic conductivity measurements were repeated
at least two times.

4. Results and discussion
4.1. Mineralogical and chemical composition
Figure 3 displays representative XRD patterns of randomly
oriented powders of bulk rock and oriented aggregates. The
XRD analyses show that the dominant minerals are an R0
smectite/illite mixed layer (70–90% Sm) followed by cal-
cite (10–30%) and illite (∼10%) (Table 1). The accessory
minerals, whose total content is lower than 10% w/w, are
kaolinite, quartz, feldspars and zeolites. The mineralogical
analyses confirm the presence of expandable clay miner-
als but also a significant amount of calcite that may be
unfavourable for the potential applications of the tested
mudstones.

The quantitative chemical composition of the mud-
stones as determined from ICP analysis is presented in
Table 2. The chemical composition indicates the presence
of considerable amounts of silica and aluminium, which
is in agreement with the obtained mineralogy. Iron val-
ues are slightly high for smectite-rich materials [40] and
are related to the presence of impurities [41]. The amount
of total carbon is highly related to the mineralogical com-
position. Therefore the CA sample, which has the highest
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Environmental Technology 5

Figure 3. Representative X-ray patterns of calcareous mudstones (NTOL). a) Whole rock; b) <2 μm grain-size fraction, oriented samples.
S/I: smectite/illite mixed layer; C: calcite; I: illite; Zeo: zeolites; Qz: quartz; Fd: feldspars; CM: clay minerals. AD: air-dried; EG: ethylene
glycol solvated. The numbers represent basal spacings in Å.

Table 1. Mineral composition of mudstones (%).

Formation Sample S/I* Illite Kaolinite Quartz Feldspar Calcite Zeolites

Jagüel CA 50–55 5–10 ∼3 5 ± 1 <1 ∼30 −
ETRO 65–70 ∼10 <0, 5 7 ± 1 <1 10–15 −Roca NTOL ∼70 ∼10 − 7 ± 1 <1 ∼10 ∼2

∗S/I = smectite/illite mixed layer.

Table 2. Chemical composition expressed in weight percent of oxides of bulk samples of the studied mudstones.

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 Sr Zr Y C S L.O.I.
Formation Sample % % % % % % % % % % % ppm ppm ppm % % %

Jagüel CA 40.39 12.72 4.58 2.22 14.56 1.62 2 0.55 0.2 0.09 0 382 141 0 3.09 0.14 19.73
ETRO 50.72 13.49 5.04 2.79 6.58 2.01 1.92 0.58 0.11 0.05 0 225 125 0 1.47 0.20 16.47

Roca
NTOL 50.58 15.02 5.98 2.6 3.36 2.08 2.7 0.64 0.23 0.09 228 238 164 64 1.19 0.06 16.9

CaO content (Table 2), has the highest percentage of total
carbon in agreement with the calcite content shown in
Table 1.

4.2. Physicochemical properties
Table 3 summarizes the CEC, individual exchangeable
cations, and specific surface. The obtained values for
amounts of Na+ and Mg2+ are consistent with the marine
origin of the mudstones. Properties determined for the
NTOL and ETRO samples are in the expected range for
smectite-rich sediments [42–44].

More than 50% of the exchange sites in CA and ETRO
samples are occupied by Na+, while in the NTOL sample
Ca2+ is the main exchangeable cation (Table 3).

The specific surface determined by N2 adsorption
(SSBET) showed quite low values as compared with
that determined by using EGME (SSEGME). This can be
attributed to the fact that in the first case the specimen under

test is in dry state, and then the inter-layer of the clays gets
suppressed [45–47]. SSBET values are consistent with other
observations made on mixed-layer clay minerals [48–50].
Both specific surface values (SSBET and SSEGME) of the
mudstones were high and similar to the values expected
for natural bentonites, which indicates that the influence of
smectite prevails over the other clay minerals.

The type and relative amounts of clay minerals and cal-
cite in mudstones samples define the magnitude of CEC
and SSEGME values. Sample CA, which has the highest
calcite content and lowest smectitic mixed-layer content,
had the lowest CEC and SSEGME values. However, the
high specific surface and CEC obtained for the three tested
mudstones suggest a good performance as adsorbent mate-
rials, since they are considerable higher than reported
values for other mudstones from other parts of the world
which are used as sorbents to attenuate containments in
landfill liners (i.e. CEC: 22.1 cmol/kg, SS: 45 m2/g) [51]
(Table 3).
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6 T.B. Musso et al.

Table 3. Cation exchange capacity (CEC), exchangeable cations, and specific surface of mudstones.

Exchangeable cations (%) Specific surface (m2/g)

Formation Sample CEC (cmol/kg) Ca2+ Mg2+ K+ Na+ SBET SEGME

Jagüel CA 52.17 20.54 14.63 1.68 63.16 56 548.71
ETRO 71.75 14.03 20.38 1.76 63.83 86 625.19

Roca
NTOL 69.60 53.60 21.96 1.88 22.56 99 642.85

pH values are alkaline (CA: 9.67, NTOL: 8.97 and
ETRO: 8.69), consistent with the measured calcite (CaCO3)
content.

4.3. Physical properties
The studied mudstones are massive, with evidence of
a slight lamination when examined by means of direct
visual observations. At low magnification (1000–3000×),
the observed microfabric shows a close packing of ran-
domly oriented individual clay particles (Figure 4(a)). The
three specimens show significant amounts of calcareous
nanofossils surrounded by clay flakes with edge-to-edge
particle arrangements (Figure 4(b)). At higher magnifi-
cation (8000×), clay flakes are arranged in edge-to-face
and face-to-face contacts. These individual flakes form
domains with randomly shaped voids. The morphology of
the smectite/illite mixed layer (S/I) is slightly crenulated
to flaky, and the mean diameter of individual particles is
around 4 μm (Figure 4(e)). In Roca formation mudstones,
a preferred particle orientation can be seen (Figures 4(c)
and 4(d)). The texture is also closed, and is primarily con-
trolled by the S/I particles arranged in face-to-face contacts
and micropores in between with an elongated morphology
parallel to the lamination (Figure 4(f)). In general, the pores
observed under SEM have minimum and maximum sizes
equal to 200 nm and 1 μm, respectively, and with a pattern
typical of intra-aggregate pores [52–54].

The N2 adsorption isotherms obtained for mudstones
approach Type IIb [55], as shown in Figure 5. The hysteresis
loops are of Type H3 in the IUPAC classification, with no
indication of a plateau at high p/p0 values and, therefore,
no indication of the completion of mesopore filling. Such
isotherms are given by either slit-shaped pores or, as in the
present case, assemblages of platy particles such as the ones
observed in the SEM pictures (Figures 4(e) and 4(f)).

Pore size distribution curves obtained by MIP can be
seen in Figure 6. All the samples exhibit a porometric dis-
tribution characterized by the presence of one main type of
pore with a diameter between 1–0.1 μm. Samples ETRO
and CA also exhibit pores between 100–1000 μm. How-
ever, the existence of a certain Hg volume in this region
would represent the breakdown of pores at higher pressure
levels [56]. Many bottle-shaped pores are common in mud-
stones according to other Hg porosity studies [8]. Therefore,
pore size ranges determined from mercury injection only

refer to pore necks, which indeed is important when trying
to find characteristic parameters for fluid displacement in
porous media.

Pore structure properties determined by Hg porosimetry
are in good agreement with the SEM observations, which
also indicate the presence of pores smaller than 1 μm. A
pore diameter between 3 and 8 μm is used as a boundary
for the hydraulic flow [57]. However, in the case of fine
soils and sediments, the hydraulic flow also depends on the
thickness of the diffuse double layer, particle–fluid inter-
action mechanisms, and the presence and morphology of
inter-aggregate pores [58–60].

Particle–fluid interaction can be inferred from Atterberg
limits. The studied samples were classified as high plastic-
ity silts (MH) and high plasticity clays (CH) according to
the Unified Soil Classification System (Table 4). Grain-size
analyses show that the mudstones are mainly composed of
silt and clay particles. The grinding method provides in all
cases very similar amounts of fine particles (clay and silt
size). Almost all particles have a size lower than 62.5 μm,
and the amount of clay size particles (<2 μm) is larger
than 15% (Table 4). Based on the grain-size distribution
and Atterberg limits, the activity of the samples falls into
a range typical for mudstones according to the Skempton
classification [61], and shows a good correlation with the
mineralogy detected in the XRD tests (Table 4). In addition,
specific gravity values were found to be very similar to that
of smectite-rich clays [62]. The Atterberg limits, percent-
ages of fines and activity of the mudstones meet with the
standard specifications proposed for liner materials [63].

Free swell index is very low (< 10 mL) as a consequence
of the presence of Ca2+ in the system (as an exchangeable
cation or as a part of the calcite). In coincidence with this
trend, the plastic viscosity of the mudstones was also con-
siderably low, and controlled by the Ca2+ and the alkaline
pH which determine particle association and rheology [64–
66]. In an alkaline medium, particle arrangement is mainly
face-to-face contacts (band-like structures) which would
result in a poor capacity to form a gel in clay aqueous
dispersions [67–70].

4.4. Hydraulic conductivity
4.4.1. Pure mudstones
The hydraulic conductivity values were between one and
two orders of magnitude below the required value of

D
ow

nl
oa

de
d 

by
 [

19
0.

13
7.

13
4.

78
] 

at
 0

8:
41

 0
7 

A
pr

il 
20

13
 



Environmental Technology 7

Figure 4. SEM images of Jagüel and Roca formations mudstones. (A) sample CA: randomly oriented particles of S/I, the arrows show
calcareous nanofossils; (B) detail of a calcareous nanofossil rounded by clay flakes; (C) and (D) samples ETRO and NTOL respectively
showing a close packing texture and a particle preferred orientation; (E) sample CA: arrows indicate intra-aggregate pores with an irregular
to rounded shape; (F) sample NTOL: arrows indicate intra-aggregate pores with a planar shape.

1×10−09 m/s for clay liners. Figure 7 shows that the
hydraulic conductivities of the tested mudstones are lower
than 3.2 × 10−10 m/s and decrease significantly with the
effective pressure. This trend can be attributed to the speci-
men consolidation and the decrease of void ratio when the
effective vertical pressure increases. The amount of clay-
sized particles (<2.0 μm) clearly controlled the hydraulic
conductivity as expected when the clay fraction is higher
than 5% or 7% [60,71].

The hydraulic conductivities showed the same order
of magnitude as the measured values of a Na-bentonite

from North Patagonia, Argentina, even when the tested
mudstones have very low intrinsic swelling [72]. These
values compare well with those obtained for Mercia mud-
stone from the United Kingdom (∼1 × 10−10 m/s) and a
mudstone from south-western Taiwan (∼7 × 10−10 m/s),
which are both currently used as liners in environmental
applications [73,74]. SEM, pore size distribution and grain-
size analysis confirm that the mudstones largely consist of
very small particles which define very thin flow channels
as a result of the almost exclusive presence of micropores
(intra-aggregate and inter-particle pores). The plasticity of
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8 T.B. Musso et al.

Figure 5. N2-isotherms of the calcareous mudstones from Jagüel and Roca formations.

Figure 6. Pore size distributions obtained by mercury porosimetry.

Table 4. Main physical properties of tested mudstones.

Jagüel Roca

Property CA ETRO NTOL

Water content (%) 4.6 5.01 5.5
Liquid limit (%) 110 185 117
Plasticity index 54 120 52
Swell index (mL) 8 11 7
Specific gravity 2.63 2.65 2.64
Activity 0.94 2.36 1.70
Unified Soil Classification MH CH MH
VP (Cps) 2 3 3
Particles < 62.5 μm (%) 100 100 99.85
Particles < 3.9 μm (%) 57.1 50.8 30.5
Particles < 1.95 μm (%) 34.2 28.3 17.69
Particles < 0.98 μm (%) 17.3 13.82 8.76

the samples indicates that particle–water interactions may
be the main factor controlling the hydraulic conductivity of
the mudstones. In general, the influence of plasticity on soil
hydraulic properties can be predicted from the liquid limit,
plasticity and void ratio [75].

Given that the mudstones have very low swelling capac-
ity due to the carbonate content, the presence of exchange-
able cations has negligible influence on the observed
hydraulic conductivity. Therefore, mudstones would be
chemically stable when used as barriers for waste leachates
containing inorganic cations or organic liquids [1,31]. In
high-swelling Na-bentonites, contact with concentrated salt
solutions reduces the diffuse double layer thickness and
raises the permeability [60,76–78]. In addition, these low-
swelling mudstones, with low intrinsic permeability, would
maintain greater cohesion on drying. This behaviour is very
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Environmental Technology 9

Figure 7. Hydraulic conductivity and void ratio of powdered
mudstones vs. effective vertical pressures.

favourable compared with a swelling bentonite, which is
likely to crack when dry, thereby allowing easy water flow.

The range of vertical pressure imposed in these exper-
iments (53.64–1073 kPa) represents overburden pressures
exerted on clay liners used to seal hazardous waste land-
fills, sanitary landfills, waste piles and mining waste surface
impoundments [79]. The experiments therefore simulate
loads applied in landfill sites and other waste disposal sites
requiring containment and minimum leakage.

4.4.2. Sand–mudstone mixtures
Table 5 shows the hydraulic conductivities of compacted
sand–mudstone mixtures. The mean values measured
ranged from 1.2 × 10−10 to 1.9 × 10−10 m/s (Table 5).
Hydraulic conductivity of the sand was 5.67 × 10−4 m/s.
However, the hydraulic conductivity of the mixtures was
found to be similar to those measured for pure mud-
stones. Therefore, the hydraulic behaviour of the mixtures
was controlled by the powdered mudstones. The particle
arrangement as determined in the SEM analysis plays a

Figure 8. Observed and predicted hydraulic conductivities of
mudstones samples at different void ratios.

fundamental role in governing the hydraulic conductivity
of the compacted sand–mudstone mixtures [80]. The sand–
mudstone mixtures had a hydraulic conductivity only one
order of magnitude higher than an identical mixture using
a Na-bentonite from this region [72].

Most of empirical formulations developed to predict the
hydraulic conductivities of clay and clay–sand mixtures
were developed for pure clays, frequently for bentonite.
Thus, these models fail in predicting the hydraulic proper-
ties of mudstones given that measured hydraulic conduc-
tivities are fairly similar to those measured in bentonite
but the plasticity index and liquid limit are significantly
lower than those of a bentonite. Figure 8 presents a com-
parison between experimental results and the expected
hydraulic conductivity computed according to different
models reported in the literature. These models allow esti-
mation of the hydraulic properties from void ratio (or
dry unit weight), liquid limit and void ratio at liquid
limit. In general, most of predictive models provide val-
ues from one to three orders of magnitude higher than the
observed hydraulic conductivities of the mudstones [75,81–
83] (Figure 8).

Results confirm that the mudstones have satisfactory
hydraulic behaviour to be considered as construction mate-
rials for compacted clay liners. In particular, the min-
eralogical and chemical properties are compatible with
the use of mudstones for the construction of compacted
sand–mudstone covers and surface impoundments.

Table 5. Compaction properties and hydraulic conductivity (K) of sand-mudstone mixtures.

Optimum water Dry density K Standard
Formation Sample content (%) (kN/m3) (m/s) deviation (m/s)

Jagüel CA 12.5 18.9 1.9E-10 1.66E-11
ETRO 12 18.7 1.29E-10 2.41E-11Roca NTOL 11.5 18.8 1.46E-10 1.64E-11
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5. Conclusions
Calcareous mudstones from Jagüel and Roca formations
from North Patagonia Argentina consist of a smectite/illite
mixed layer and, to a lesser extent, calcite. The geotechnical
and physicochemical behaviour of these materials mainly
depends on particle arrangement, pore structure and miner-
alogical composition. The mudstones have a high external
and total surface area and a significant amount of calcium,
which reduce the expansion potential and plasticity.

The mudstones achieve very low hydraulic conductiv-
ity without swelling. Observed values were as low as those
typically determined for a natural Na-bentonite from this
region and are in accordance with hydraulic conductivi-
ties values obtained for mudstones from other parts of the
world which are currently used as liners in environmental
applications.

A face-to-face particle arrangement observed at
microscale and a significant amount of clay-sized parti-
cles were the two main factors controlling the macroscopic
hydraulic behaviour of the mudstones.

The pore size distribution, determined from mercury
injection, N2 sorption isotherms and SEM images, indi-
cates that the mudstones are mainly constituted by ultra
and micropores (intra-aggregates pores). However, liq-
uid displacement inside pores is mainly controlled by the
largest pore population or presence of macropores (inter-
aggregates pores). The micropores, with a characteristic
pore size and shape, are the ones which control the hydraulic
properties of the mudstones.

The hydraulic properties of the mudstones and sand–
mudstone mixtures are lower than the required value for lin-
ers and covers (k < 10−9 m/s). However, sand–mudstone
mixtures are easier to use in field applications. An important
observation is that the observed hydraulic conductivities do
not depend on swelling and the nature of the exchangeable
cation. In this way, these mixtures could be used as a barrier
to many contaminants because they would be more stable
than bentonites. However, since this study evaluated their
hydraulic conductivity to water, further studies involving
hydraulic conductivity tests using salt solutions of different
concentrations are recommended. These tests, in combi-
nation with sorption studies, would allow the evaluation
of the long-term performance of these materials in contact
with real leachates as well as their contaminant-attenuation
capacity.

Calcareous mudstones from the Jagüel and Roca for-
mations may be used for the construction of compacted soil
barriers and for the isolation of many contaminants, given
the significant presence of calcite that reduces the expected
swelling. This indicates that barriers made from the studied
mudstones should show minimal cracking on drying. Mud-
stones are very common in almost all the sedimentary basins
in the world; therefore, the obtained results are fundamental
when considering them as a low-cost geomaterial for envi-
ronmental applications. Particularly, good performance is
expected when they are used as a construction material for

landfill covers and liners in surface impoundments in arid
and semiarid climates, due to the low swelling of the tested
materials.
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