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Dehydration-hydration reactivity of
laumontite: analyses and tests for easy
detection
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ABSTRACT: Hydration reactions are known to affect rock or aggregate stability in construction;
laumontite is not usually considered to be a ‘problem-mineral’ though drill cores from the very low-grade
metamorphic altered andesites and volcanoclastic rocks from Central Chile showed detachments of
shotcrete in a tunnel exposed to periodic water flow, with expandable clay phases presumed to be
responsible for the observed failure. Abundant laumontite detected in the cores may also be responsible
for the detachment, however, resulting from the structural expansion and contraction in response to
hydration and drying. Clay reactivity in construction projects is often tested on site by 30 days of ethylene
glycol exposure, but adequate monitoring options for laumontite are not deployed. Options for
laumontite characterization involving a combination of water immersion and slaking and modified
oedometer-based expansibility tests were used here to observe the response to laumontite expansion
pressure. All tests were formulated considering minimal implementation efforts for building sites or the
easy availability of analytical and testing facilities.

Laumontite was identified by optical microscopy, semiquantitative X-ray diffraction, and automated
mineralogical analysis. A combination of the latter two methods provided reliable information about the
presence of sub-microscopic laumontite and a visual impression of the textural arrangement of the zeolite
in the rock.

A slaking test based on four cycles of immersion followed by drying and final application of weight
(simulated overburden) is best suited to indirect detection and for demonstrating rock reactivity due to the
presence of laumontite. Rocks with laumontite show expansion when crushed, recompacted and fitted
into an oedometer, but mineralogical information is required for adequate interpretation of the results.

KEeyworps: laumontite, hydration, expansion pressure, andesite, Chile.

The hydration/dehydration of laumontite at ambient or
near-ambient temperatures and the associated changes
in crystal structure have been studied thoroughly since
its first description by Coombs (1952). Later studies
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provided further crystal-structure refinements, with
emphasis on water-site occupancies as a function of
humidity and temperature, and also focused on low-
temperature petrological modelling of zeolite-contain-
ing systems (e.g. Armbruster & Kohler, 1992; Artioli
& Stahl, 1993; Gabuda & Kzlova, 1995; Kiseleva
et al., 1996; Stahl et al., 1996; Fridriksson et al., 2003;
Kol’tsova, 2009). Neuhoff & Bird (2001) reported
laumontite in equilibrium with leonhardite at 70-80%
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relative humidity at 298.15 K and 1 bar; dehydrated
laumontite should be considered the reaction product
upon prograde formation from heulandite or stilbite in
very  low-grade  metamorphic  environments.
Rashchenko et al. (2012) examined the hydration
behaviour of single-crystal K,Na laumontite observing
a continuous hydration with increase in cell volume of
1.4%. This contrasts with the dual hydration/dehydra-
tion behaviour and concomitant changes in unit-cell
volume of Ca-laumontite investigated by humidity-
controlled X-ray diffraction (XRD) at different tem-
peratures (Fridriksson et al., 2003). For an initial
hydration step associated with the W5 site at low water
pressures (0.11 and 5 mbar), a continuous unit-cell
increase of 1.7% was observed, markedly along the ¢
axis. An abrupt hydration/dehydration step was found
for the W1 sites at 2429 mbar and ambient tempera-
ture with inferred changes in unit-cell volume of ~2%.

The potential importance of this change in unit-cell
volume becomes obvious by the widespread occur-
rence of laumontite, such as in vein fillings which have
triggered the study of confined pressure-induced
uptake of water and the shear resistance (Morrow &
Byerlee, 1991), whereas the effect of laumontite on
porosity and permeability in rocks affected by
hydrocarbon production was modelled by White
et al. (2004). Utada (2001a) reported the presence of
laumontite in the upper zeolite facies rocks (Utada,
2001a), cement in sandstones with volcanic detritus
(Tijima, 2001) and hydrothermal alteration (Utada,
20015). Laumontite is often accompanied by corren-
site. Examples of regional occurrence were summar-
ized by Utada (2001a,b). More recent is the description
by Weissenberger & Bucher (2010) of a regional
occurrence of laumontite in veins linked to low-
temperature metamorphism in the Swiss Alps; the
widespread presence of laumontite linked to soda
water-type groundwaters and its enhanced presence
close to fracture zones was reported from across the
Russian Federation by Koporulin (2013).

In terms of environmental and industrial applica-
tions of natural zeolites, laumontite appears to have
received less attention than other zeolites such as
clinoptilolite which is present in large amounts in tuff
beds (Bish & Carey, 2001). The lack of attention results
from the more dispersed presence of laumontite in
rocks and its greater relevance as an indicator of very
low-grade metamorphism or alteration rather than as an
industrial mineral.

An almost complete dissociation appears to exist
between the information on humidity-sensitive change
of crystallographic parameters and any effect this
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might have on construction materials and work. The
earliest description of laumontite as a ‘“‘concrete
poison” dates from the 1920s (Pearson and Loughlin,
1923). Although a volume change of 3—6% (Erlin &
Jana, 2003) between a completely hydrated and
dehydrated state for laumontite is small compared
with the better known salt hydration distress, the
presence of laumontite in aggregates exposed to
wetting-drying cycles results in a disintegration or
“crumbling” of the concrete as described by Erlin &
Hime (2008). Hamada er al. (2005) reported the
disintegration of concrete test blocks with laumontite-
bearing aggregates after 27 years of exposure to a
marine environment. Damage was less for tidal
environments, whereas ambient exposure did not
generate damage. No clear mechanism of damage
could be postulated due to the experimental design.
The possible mechanisms of concrete scaling were
discussed in detail by Jana (2007), with air entrainment
and vertical drainage as key factors to minimize
scaling. The potential of laumontite crystal aggregates
to disintegrate upon wetting and drying was described
by Tschernich (1992) as a possible effect of cleaning
laumontite micromounts.

Of particular relevance to the present study are the
reports on laumontite-filled fractures in rocks from the
Gotthard railroad tunnel (Bucher et al., 2006) and from
altered basalt of the water-transfer tunnel of the
Lesotho Highland Water Project (Summer et al.,
2009). For the latter site, Bell & Haskins (1997)
reported difficulty in predicting the expansion pressure
of the laumontite-bearing basalt with maximum
laumontite contents of 11% over 60 days of ethylene-
glycol exposure tests. These tests are often part of
contractual, agreed, on-site rock and aggregate
assessment.

Laumontite is reported widely in Chile in very low-
grade metamorphic andesitic rocks and hydrothermal
alteration associated with some Cu (Mo) deposits (Levi
et al., 1989; Fuentes, 2004). Zeolite-facies altered
rocks are reported from the Eocene to Miocene Coya
Machali and Farellones Formations (Klohn, 1960;
Charrier et al., 2002) comprising andesitic lavas,
rhyolites, basalts and their volcanoclastic derivates
(Fig. 1). Extensive tunnelling of altered andesites is
common for many large Chilean mines, but rock
expansion is traditionally associated with discontinu-
ous expansion of anhydrite or smectite-swelling.

The present study was initiated at the request of a
construction company to determine the presence of
expandable clay phases in drill cores taken from a
tunnel exposed to periodic water flow, where shotcrete
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FiG. 1. Regions of Central Chile studied by Levi ez al. (1989) where laumontite and very low-grade metamorphic mineral

assemblages have been described.
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failure was observed after a test phase. All contractual
test work was aimed at the direct or indirect recognition
of smectite, although its presence could not be inferred
by ethylene glycol immersion tests carried out on site.
The unexpected abundance of laumontite, with only
moderate amounts of smectite required an adaptation
of'the rock stability tests in order to include laumontite-
induced reactivity; the resulting analysis and test
options are described here. In part, these tests have
been adapted from hydrometallurgical extraction tests.
Analytical methods and test-procedures used are those
readily available and used in a mining country, but with
limited requirements and tradition for mineralogical
studies linked to civil engineering work.

SAMPLES AND METHODOLOGY

Analytical tools

Samples were obtained from 14 m of 10 cm-diameter
diamond drill cores taken from the walls of a water-
transfer tunnel in central Chile (Fig. 1). Cores were
described macroscopically and divided into four
groups based on colour and apparent alteration
following guidelines by Lopez (1996). Further basic
characterization was by powder XRD (see below).

Uncovered thin sections were prepared, and their
selection was based on the apparent alteration and/or
absence of vesicles or fractures. A Nikon Optishot
polarizing microscope was used. Nine of these thin
sections were analyzed by Qemscan® (Quantitative
Evaluation of Minerals by Scanning Electron
Microscopy) using an FEI Quanta 650 microscope
with backscattered electron and 2 Dual energy
dispersive XFlash 6030 detectors. The purpose of
this examination was the improved visualization of
laumontite in false colours to detect any directionality
in its distribution as well as evaluation of this method as
a means of microchemical semi-quantification of
laumontite abundance. In order to detect laumontite,
the microchemical reference database of the automated
mineral analyzer had to be adjusted somewhat in order
to ensure differentiation from the compositionally
similar plagioclases. Other silicate phases such as
amphiboles were not specifically adjusted. Note that
the spatial resolution of instruments dedicated to
automated mineral analysis is subject to the pixeling
of the scans and the electron optical resolution of the
supporting electron microscope, with a lower limit of
2 um for the present set up. X-ray diffraction (XRD)
analyses were carried out on whole-rock powders using
Bruker D4 and Rigaku Dmax-C diffractometers with a
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Lynxeye and scintillation detectors, respectively; both
instruments used Ni-filtered Cu-radiation. Semi-quan-
tification was carried out using the Autoquan v. 2.1.6
software. No structural refinement of laumontite was
carried out as this level of characterization is not likely
to be needed for civil engineering works and is not a
standard procedure offered by service laboratories
outside of research institutions. The <2 pm fraction
was separated by ultrasonic disaggregation, centrifu-
gation and 0.45 pm porosity membrane filtration for
oriented clay mounts. These were scanned at ambient
humidity and saturated with ethylene glycol followed
by heat treatments at 375°C and 550°C.

Prediction tests

In Chile, requests for mineralogical characteriza-
tions in civil engineering projects is unusual; this is
due, in part, to a regulatory framework which does not
specifically require this information. In order to predict
a potential disintegration of rock due to the hydration-
dehydration of laumontite, simple on-site tests were
adapted from the procedure used to detect swelling
pressure from expandable clays (Paige-Green, 2008;
Leyland et al., 2013). For these measurements, 40
pieces of 2-3 cm-sized rock chips (cleaned of any dust
using pressurized air) were submerged in ethylene
glycol for 30 days and any deterioration of the rock
chips was monitored at regular intervals on a scale of
0-3, where 0 corresponds to unaltered and 1-3 to
increasing disintegrated rock (Table 1). An average
alteration index was calculated at the end of the
observation. As the channel size of laumontite
(4x5A, Armbruster & Gunter, 2001) is too small
for ethylene glycol molecules, an analogue abbreviated
test was carried out in water for a duration of4 days. On
the final day, a pressure of 1 kg cm™2 was applied to
each of the rock pieces to enhance any already initiated

TaBLE 1. Degrees of deterioration for each subsample. The
overall deterioration is the average degree of deterioration
for the rock chips used.

Level Indicators of deterioration

0 No deterioration.

1 Minor laminar or tubular detachments from
subsample surface.

2 Detachment of material, subsample disintegration
into two or three parts.

3 Complete disintegration of subsample.
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disintegration. The state of disintegration was regis-
tered after 1, 3, 6, 12, 48 and 96 h. The deleterious
effect of laumontite in concrete aggregates becomes
most obvious after wetting-drying cycles, and a slaking
test was therefore introduced where 20 rock chips were
exposed to four cycles of water immersion (24 h)
followed by drying at 80°C (48 h), again registering
the deterioration on a scale of 0-3 with a final
application of 1kgecm™ pressure. The state of
deterioration was registered at the end of each
immersion-drying cycle.

Extended testing times (weeks) are needed for direct
measurements of the expansion pressure on drill cores
(results to be reported elsewhere), and the requirement
of intact core pieces of at least 10—15 cm long for this
test imply an indirect ‘pre-selection’ of core parts that
better resisted the process of drilling and coring. A more
readily available alternative is the use of soil oedometer
measurements as indirect relative indicators of expan-
sion pressures (Thuro, 1993; Rauch & Thuro, 2007).
For this purpose, intact core sections adjacent to XRD-
characterized samples were crushed and milled to
<100 um size and the powder was placed in rings of
50 mm diameter and 20 mm height and compacted with
a hydraulic press at 70 MPa to obtain a density close to
that of the original rock (1.9 g cm™>). The compacted
discs were fitted into oedometers (Humboldt and
Controls) to measure the expansion pressures under
saturated conditions at a maximum load of 1.5 MPa.
Unlike the case for soil, an initial dry load of 1.5 MPa
was applied prior to water saturation. Expansion was
monitored over a span of 4 to 24 h. If no expansion
occurred, the load was removed, waiting for the afore-
mentioned time interval. If expansion occurred during
any of these load steps, additional loading was halted
until expansion did not increase further. Depending on
the number ofload steps applied, the test lasted 6-9 days.
Once all load had been removed, free (non elastic)
expansion was observed. The expansion pressure
observed with this test is not a quantitative indicator
of how much the rock will expand, due to the alteration
of the original rock texture by milling and re-
compaction. However, the test is sufficiently ‘rapid’
to obtain a qualitative demonstration of any expansion
and the load at which it is observed.

RESULTS AND DISCUSSION
Lithology and mineralogy

Macroscopically, the cores consist of grey andesites
with an altered groundmass (potassic alteration) and

319

plagioclase phenocrysts up to 4 mm long. Some
sections have a reddish colour which is due to finely
dispersed hematite (identified in thin sections); grey-
greenish hues are due to chlorite. Minor lithic tuffs are
intercalated. The cores fracture along calcite-, zeolite-
or quartz-filled polydirectional veins, thereby limiting
their use a priori for direct measurements of expansion
pressures (see below). Amygdales are filled with
calcite and laumontite. Minor anhedral and subhedral
clinopyroxene is present.

On a microscopic scale the andesite displays a
porphyric texture with coarse- to medium-grained
phenocrysts, a pilotaxitic fine-grained groundmass;
either a subparallel orientation of the plagioclase
microlites or a glomerophyric clustering is observed.
Some of the andesites show evidence of auto-
brecciation as described from the flanks of lava flows
(Mackenzie et al, 1982). Pyroclastic layers are
intercalated between the andesites; here laumontite is
also found in vesicles together with occasional
pumpellyite.

The mineralogy (XRD) is summarized in Tables 2
and 3, which reveal that laumontite is the predominant
zeolite, with minor analcime. Minor corrensite and
nontronite were detected using oriented mounts of the
<2 pm fraction.

The drill-core mineralogy corresponds well with
observations made by Levi et al. (1989) and Fuentes
(2004), both of which employed optical microscopy,
which made the andesites of the Coya Machali
Formation text book examples of very low-grade
metamorphic facies (Frey & Robinson, 1999;
Robinson et al., 2004).

The unequivocal identification of zeolites by optical
microscopy alone is only possible for large crystals,
which typically do not occur in the very low-
temperature altered andesites of central Chile. In
contrast, XRD analysis permits the easy identification
of the zeolites, but information on any preferred
orientation of laumontite is lost. As a compromise for
retaining textural information, automated microchemi-
cal analysis was tested as a possible means of
visualizing the distribution of laumontite to a reso-
lution of 2 um (Fig. 2).

Table 3 (semi-quantitative XRD and automated
mineralogical analysis via Qemscan®) compares the
semi-quantitative XRD data and the corresponding
microchemistry-based  mineralogy obtained by
Qemscan®. For both analyses the focus was the
detection/visualization of laumontite. For both
methods, mineral phases exist that are not adequately
analysed with routine sample-preparation procedures
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TaBLE 2. Mineral assemblages detected by XRD.

Minerals Ml M2 M3 M4 M5 M6 M7 M8 M9 MI10 M1l MI12 M13
Albite X X X X X X X X X X X
Andesine X X

Laumontite X X X X X X X X X X
Quartz X X X X X X X X X X

Chlorite X X X X X X X X X X X X X
Hematite X X X X X X X X X X X X
Sanidine X X X X X X

Orthoclase X X X

Calcite X X X X X X X X X X
Clinopyroxene X X X X X X X X

Corrensite® X X X X X X X
Nontronite* X X X
Muscovite X X X
Actinolite X

Analcime X X

“Results based on oriented mounts of the <2 um fraction.
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TaBLE 3. Semi-quantitative XRD and automated mineralogical analysis using Qemscan®.

Minerals M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

(a) Semi-quantitative XRD, Rietveld refinement (%)
Plagioclase 39 33 48 47 68 64 62 42 51 45
K-Feldspar 9 3 5 13 14 2 6
Quartz 20 22 4 4 13 13 14 9
Laumontite 30 24 30 29 21 34 40
Hematite 4 4 9 2 4 5 6 9
Calcite 1 2 <1 <1 4 7 <1 <1
Chlorite 6 7 5 4 4 6 3 4
Smectite 2 3 1 3 3 3
Muscovite 8
Analcime <1
Actinolite 3

(b) Automated mineralogical analysis, Qemscan® (%)
Plagioclase 35.7 41.5 46.1 44.8 39.6 38.9 53.0 38.4 453 45.4
K-Feldspar 10.1 6.9 0.8 0.4 19.3 17.5 7.2 24 2.1 1.7
Quartz 22.6 17.8 34 2.8 12.4 11.9 11.5 4.0 0.1 0.1
Laumontite 4.7 4.6 11.3 12.7 6.0 6.0 0.1 18.3 14.2 8.0
Hematite 0.5 0.4 1.0 0.6 2.2 1.8 2.3 0.4 0.3 0.3
Calcite 0.3 0.3 0.1 0.1 0.0 0.2 0.6 1.1 0.4 0.3
Chlorite 1.3 2.3 7.7 7.7 0.9 2.4 5.1 32 29 2.8
Phyllosilicates 12.5 12.2 8.0 8.1 6.5 8.7 12.8 7.0 11.3 11.1
Epidote 0.0 0.0 0.2 0.1 0.3 0.4 0.0 0.1 0.1 0.1
Titanite 0.9 1.0 2.7 2.3 0.3 0.4 0.2 1.6 2.1 2.1
Apatite 0.2 0.2 0.0 0.0 0.4 0.4 0.3 0.0 0.0 0.0
Amphibole 4.5 5.8 9.2 10.6 6.5 5.4 0.9 13.9 13.3 17.4
Pyroxene 1.8 2.4 2.8 3.0 2.5 1.4 0.9 2.3 0.7 1.2
Fe-Ti oxides 1.1 1.0 0.9 1.1 1.3 1.5 1.9 1.7 2.1 24
Goethite 3.7 3.4 5.8 5.6 1.2 2.7 2.9 5.5 4.7 5.7
Others 0.2 0.2 0.2 0.4 0.4 0.5 0.3 0.3 0.5 1.5
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FiG. 2. Example of setting for the Qemscan® system and thin section with patchy, but pervasive laumontite distribution.
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and instrument settings, e.g. smectite for XRD and iron
oxides for automated mineralogy. In addition to the
inherent differences between these analytical methods,
samples for XRD are whole-rock crushed and milled
core pieces, whereas thin sections were chosen as

specimens of contrasting macroscopic textures.
Despite its shortcomings, this global comparison
demonstrates that XRD determinations of laumontite
are greater than found with Qemscan® due to the
incorporation of very fine-grained zeolite, below the
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Fi6. 3. Massive and vein-bound laumontite in sample M8, right slide displaying only laumontite.
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FiG. 4. Sample M6 at the start (left) and after 30 days of ethylene glycol submersion (right). Averaged index of
deterioration = 0.05.

detection limit of electron optical resolution of the
microchemical approach. Even though very fine-
grained laumontite cannot be resolved by electron
optical methods, it is possible to visualize clearly the
pervasive and vein-bound presence of laumontite
(Fig. 3) or isolated occurrences, limited, e.g. to
amygdales, where the movement of thermal or
moisture fronts within the rock had localized effects
rather than affecting the overall cohesion of the rock.
An amygdale-only presence of laumontite was not
found for the cores studied.

Expansion tests by disintegration

As tests for the presence of smectite in soils or rock
are carried out routinely on site for major building
projects in Chile, options to predict in a similar way the
expandability or tendency of rock disintegration due to
the presence of laumontite were evaluated. Options to
offera more visual reactivity test than conclusions based
on mineralogical analysis alone were also considered.

The first line of testing is a modification and
abbreviation of the ethylene glycol test for assessing

the durability of basic crystalline materials for rock
aggregate proposed by Paige-Green (2008). This test in
its original version was also applied to the cores of this
study and triggered the development of the current
modified tests. Submersion in ethylene glycol for 30
days did not result in partition of any of the rock pieces
and only minor particle detachment was observed
(level 0 or 1 damage according to test protocol) when
corrensite was present (Fig. 4, Table 2). The cores
studied displayed a greater laumontite content than the
basaltic sequence from Lesotho (Summer et al., 2009),
where laumontite reached only 11 wt.% (based on
XRD analysis) but also generated rock detachments in
a water-transfer tunnel.

As laumontite generates scaling in response to dry-
wet cycles (Jana, 2007), ethylene glycol was replaced
by water using the same set-up, but with 20 rock chips
of ~2-3 cm size. Non-standardized tests on the

resistance of crushed rock agglomerates in heap leach
operations for Cu recovery consider the application of a
weight (1 kg cm™) to the agglomerates at the end of
their acid exposure to demonstrate, within a short test
period,

the comportment of the material with

FiG. 5. Sample M8 in water submersion test and final pressure application, start of test (left), end of test (right). Averaged
index of deterioration = 0.85.
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FiG. 6. Sample M1 in slake test. Start of test (left), end of test (right). Averaged index of deterioration = 1.45.

overburden in analogy to overlying material in the
heaps (Helle et al., 2010). For the laumontite-bearing
rock at each observation stage (1, 3, 6, 12, 48, 96 h) the
same weight was applied to each particle in order to
enhance any damage from water immersion. Again, for
this case the maximum alteration level was 1 (Fig. 5).
In order to simulate the drying phase, a slaking
durability test was conducted on 20 rock chips (see
methodology) where a weight was applied to the rock
chips only at the end of the fourth and final cycle. Here,
a clear detachment of rock material was observed
(Fig. 6), suggesting that simulated wetting and drying
cycles are most promising in terms of identification of
potential rock deterioration due to the presence of
laumontite on site, with a minimal experimental set up.
The massive and pervasive presence of laumontite (as
shown in Fig. 3) is considered to be responsible for the
partial disintegration of the rock. None of the cores
tested presented laumontite in amygdales only; such an
isolated zeolite occurrence will require testing by the
same procedure with samples from a different site.

Oedometer expansion-tests

The second line of testing was derived from standard
procedures for oedometer testing of dry and water-
saturated soils (Gonzalez de Vallejo et al., 2002), using
instead a coarsely ground rock that was re-compacted
to an average density of 1.9 g cm™>. This alternative
approach was chosen because direct measurements of
expansion pressures on cores often encounter limita-
tions with respect to laboratory availability and
corresponding long waiting times. Oedometers are
more readily available to measure expansion pressure
of soil. Samples selected for this test corresponded to
core sections with sufficient material (1 kg) of one
macroscopic rock type. Sample M7 is a fractured
porphyric andesite with chlorite-corrensite alteration

(Table 2); sample M12 is an andesitic breccia
with diaclases in plagioclase and fractures filled with
laumontite, and sample M13 is a reddish tuff
with corrensite and laumontite (Table 2). Table 4
shows the loads and corresponding expansions regis-
tered. Samples M7, M12 and M13 showed expansion,
so this test is considered to be ‘non-specific’ with
respect to the mineral causing the expansion.

Comparison of tests

The preceding mineralogical characterization and
expandability tests carried out on laumontite rock
suggest three possible options to evaluate potential
rock reactivity due to changing moisture regimes.
X-ray diffraction-based mineralogy combined with
automated mineral analysis mapping of laumontite for
textural assessment will allow a ‘reactivity alert’ based
on mineralogical information alone. In addition,
published local records on laumontite in low-tempera-
ture metamorphic and hydrothermal alteration mineral
assemblages may provide an initial indication of the
potential need for laumontite-specific testing; this
simple resource is not always used due to lack of
connectivity between mineralogy and geomechanical
evaluation. In particular, for outcrops generated by
construction works, such as tunnels, no weathered rock
surfaces are available that could allow observation of
the crumbled, powdery appearance of disintegrated
laumontite crystal aggregates (Erlin & Hime, 2008).
Clay size-fraction preparations will be necessary for
the identification of minor smectite or corrensite, as has
been the case for the present study. Corrensite has been
reported as part of the alteration mineralogy of fossil or
active geothermal fields in Chile (Vazquez et al., 2014
and literature cited therein), replacing plagioclase.
Corrensite is also known to occur in supergene
alteration of porphyry copper deposits in the north of
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TaBLE 4. Direct expansion pressure test for samples M7, M12 and M13.

Sample M7 Sample M12 Sample M13
Load (kPa) Deformation (mm) Load (kPa) Deformation (mm) Load (kPa) Deformation (mm)
100 0.083 100 0.025 50 0.043
350 0.176 350 0.127 150 0.091
750 0.306 750 0.213 350 0.175
1,000 0.350 1,000 0.244 750 0.282
1,250 0.358 1,500 0.307 1,000 0.325
1,500 0.401

Unloading (kPa) Deformation (mm) Unloading (kPa) Deformation (mm) Unloading (kPa) Deformation (mm)

1,250 0.358 1,500
750 0.358 750
350 0.322 350
100 0.202 100
0 —0.041 0

0.356 1500 0.440
0.338 750 0.439
0.338 350 0.439
0.280 150 0.411
0.023 50 0.320

0 0.150

the country, although this information is typically
included in proprietary documents. The present
authors found no evidence of corrensite in Chile
which has been confirmed to have generated geo-
mechanical problems; samples with corrensite in the
present study display insignificant disintegration upon
prolonged ethylene glycol immersion, leaving lau-
montite hydration distress as the sole cause of rock
disintegration.

This mineralogical assessment alone may not be the
approach taken by the construction industry, however;
a slaking test parallel to the established ethylene glycol
saturation test will require only minimal effort to
implement on site, as well as generating the most visual
results of laumontite-induced rock disintegration. Due
to the potential presence of corrensite in laumontite-
bearing, very low-temperature metamorphic or altered
assemblages, the concomitant monitoring of rock
stability under ethylene glycol exposure should be
considered. As reported by Fridriksson et al. (2003),
the discontinuous hydration at ambient temperature
and medium humidity fits well with environments
encountered in road or mine tunnels. Assigning rock
disintegration to a particular laumontite distribution
within a rock (veins and pervasive presence for the
cores studied) should still be treated with caution based
on the tests described, as few very low-temperature
altered andesites show a single type of laumontite
occurrence. Where possible, macroscopic inspection of
vein patterns is recommended at the point at which

rock chips are selected for disintegration tests.
Oedometer tests on crushed and re-compacted rock
record expansion, although not unequivocally assigned
to laumontite, should always be evaluated in combin-
ation with mineralogical information. This combin-
ation does represent a time- and cost-efficient option,
in particular for rocks where cores do not fulfill the
minimum dimensions of direct expansion-pressure
measurements.

SUMMARY AND CONCLUSIONS

Cores from the very low-grade metamorphic altered
andesites and volcanoclastic rocks of the Coya Machali
Formation in Central Chile showed detachments of
shotcrete in a tunnel exposed to periodic water flow.
The abundant presence of laumontite is considered to
be responsible for the structural instabilities due to the
expansion and contraction of the laumontite structure
in response to hydration and drying. As this zeolite is
widespread in very low-grade metamorphic andesitic
rocks of the Andes, mineralogical analysis has been
combined with water immersion, slaking and modified
oedometer-expansibility tests to observe the macro-
scopic response to laumontite expansion pressure. All
tests were set up considering minimal implementation
efforts for building sites or the general availability of
testing facilities.

Laumontite was identified by optical microscopy,
semi-quantitative XRD, and automated mineralogical
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analysis. A combination of the latter two methods is
recommended to provide information on the presence
of sub-microscopic laumontite as well as providing a
visual impression of the textural arrangement of the
zeolite in the rock.

Tests for rock stability based on ethylene-glycol
exposure (Paige-Green, 2008) do not respond to the
abundant presence of laumontite, nor do tests based on
water immersion only. A slaking test based on four
cycles of immersion followed by drying and final
application of weight (simulated overburden) is most
suitable to indirect detection and demonstration of rock
reactivity due to laumontite. Rocks with laumontite
show expansion when crushed, re-compacted and
fitted to an oedometer, but mineralogical information
is required to assign the reactivity to this zeolite
correctly.
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