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The lack of rapid screening and selection criteria limits the use of low—purity and common clays as supple-
mentary cementitious materials (SCMs). Here the potential suitability as SCMs of 73 clays from 27 different
geological formations, was investigated. Neither chemical composition nor kaolinite content were appropriate
criteria to infer the calcined clays pozzolanic reactivity, which is the recommendation in existing guidelines.
Clays exhibiting a total clay mineral content of >40 wt%, and a mica content below 60 wt% in the clay mineral
fraction present moderate to high pozzolanic reactivity when calcined at 800 °C. Low-purity clays derived from

kaolinitic Carboniferous formations, such as the Etruria and Pennine Coal Measures, consistently exhibited
higher pozzolanic reactivity, compared with younger or marine-derived clays, particularly those from Jurassic,
Cretaceous, and Quaternary aged-units. This new knowledge provides a novel guideline for the exploration and
sourcing of promising clays for SCMs production globally.

1. Introduction

Reducing the embodied carbon of concrete production can be ach-
ieved by adopting several strategies, including reducing the clinker
factor using cement replacements or supplementary cementitious ma-
terials (SCMs) in blended Portland cements [1-3]. However, an increase
in global SCM production will be required to achieve the Global Cement
and Concrete Association (GCCA) target of a 52% global average clinker
factor in Portland cements by 2050 [4], from an estimated global
average of 71% in 2018 [5]. Beyond reducing the CO;, emissions, SCMs
also enhance concrete durability and fosters industrial symbiosis within
the supply chain. The latter is because the most widely used SCMs, such
as fly ashes from coal combustion or blast furnace slags from iron
making, are by-products from different industrial processes. However,
the decarbonisation of these sectors will limit the availability of con-
ventional SCM in some regions. Therefore, efforts are being made to
identify locally available and abundant SCM sources to meet future
demand [6]. Activated clays have been identified as effective and highly
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available SCMs, given the global abundance of natural clay resources in
both top- and subsoils [2,7], or as waste streams from other activities (e.
g. from mining operations, excavation works, among others) [8-10].
While limestone calcined clay cements (LC3) [11,12] have demon-
strated good mechanical properties [13] when produced using kaolinite-
rich clays (typically containing >40 wt% kaolinite [14]), limited studies
have been conducted on the effectiveness of other clay minerals such as
montmorillonite [15,16], illite [17] or illite-chlorite [18]. Some
research has shown the potential of producing effective SCMs from
common clays, including low-purity clays with <40 wt% kaolinite
[18-21], mixed illite-kaolinite clays [21-23], calcareous montmoril-
lonite [24], or excavated and reclaimed clays [6,25-27]. However, un-
certainties prevail, particularly when it comes to screening, selection
and rapid estimation of their suitability as SCMs. This is mainly due to
challenges associated with the accurate mineralogical characterisation
of low—purity clays, compared to pure kaolinitic clays [7,28], and the
limited understanding of how different clay properties, particularly
mineralogical composition, influence their pozzolanicity once calcined.
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Although they have been less studied, common and low—purity clays
are promising feedstocks for SCM production due to their wide avail-
ability, established use in ceramics, and accessible sourcing from exist-
ing quarries and waste streams. The term ‘common clays’ generally
refers to any naturally abundant clay deposit with mixed mineralogy
that are used primarily for structural clay products, which are fine
grained and typically exhibit plastic behaviour when wet [29]. In
cement research, the term ‘low—purity clays’ is often used to describe
clays with low amounts of reactive aluminosilicates, particularly those
with low kaolinite content. Although not a formal geological classifi-
cation, low-purity clays, like common clays, typically contain a mixture
of clay minerals such as smectite, illite, chlorite, interstratified illi-
te-smectite and kaolinite. These clay minerals form assemblages with
non-clay minerals such as quartz, feldspar, mica, rutile, hematite, cris-
tobalite, calcite, dolomite, pyrite etc., generating a complex mineral-
ogical composition and, consequently, a wide range of properties and
microstructure alterations induced by calcination of a given low—purity
clay resource.

Upon calcination of kaolinite, dehydroxylation occurs and hydroxyl
groups are released as water, resulting in the formation of metastable,
anhydrous aluminium silicates like metakaolin, which exhibit high
pozzolanic reactivity [9,30]. Conversely, non—kaolinitic clay minerals
dehydroxylate over broader and often higher temperature ranges, and
this process does not necessarily lead to complete amorphization
[17,31]. Therefore, higher calcination temperatures are required to
induce sufficient structural disruption to enhance their pozzolanicity
[9,32]. In mixed-layer clays, dehydroxylation is influenced by the
relative abundance of each mineral component and the overlapping
thermal responses associated with their distinct characteristics [31,33].
For example, micas and chlorite typically undergo a two-step dehy-
droxylation process between 400-700 °C and 800-900 °C, reflecting the
complexity of their layered structures [17,33,34]. Smectite dehydrox-
ylates between 500 and 700 °C, depending on its chemical composition,
impurities, and interlayer cations [33,35]. These mineralogical com-
plexities often result in only partial dehydroxylation upon calcination,
leading to a lower amorphous content and, consequently, reduced
pozzolanic reactivity [16,36].

There are few studies (for example [20,22,32]) focusing on under-
standing how the mineralogical characteristics of non-kaolinitic clays
(or ‘low—purity clays’) influence their chemical reactivity after calci-
nation. Nevertheless, it has been observed that the kaolinite content
seems to be the principal mineralogical factor determining reactivity
after calcination for clays containing >40 wt% kaolinite [7]. For clays
with low kaolinite contents, the reactivity of other clay minerals present
becomes more significant [22]. For example, with an optimised calci-
nation process illitic clays can develop a pozzolanic reactivity compa-
rable to those of low- to medium-grade kaolinitic clays [18].
Furthermore, there is a limited understanding of how the geological
provenance of common or low-purity clays influences their reactivity
after calcination. For kaolinitic clays, it is known that highly weathered
kaolinite tends to be more disordered and have a higher specific surface
area; characteristics that lead to a faster dissolution Kkinetics after
calcination [22,37]. But for low—purity clays, whilst the complexity and
diversity of their mineralogy is well-known, the links between the
geological formation, mineralogical characteristics and performance as
an SCM are not yet established.

In low-purity clays, non—clay minerals such as quartz and hematite
do not influence pozzolanicity, other than by dilution. Consequently,
studies have centred on understanding the effect of carbonate minerals
(inc. calcite, dolomite) commonly present in varying amounts. There is
not yet a consensus on what upper limit of carbonate content is
acceptable for a potential calcined clay, considering the trade—off be-
tween chemical reactivity and the potential offset of CO, savings,
associated with their decomposition upon calcination. Clay reserves
containing calcite or dolomite are used with caution due to the potential
formation of reactive CaO and MgO during thermal activation. Contents
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of CaO and MgO are limited in current standards [39] to minimise the
risk of durability issues; however, a CaO content in clays between 0.02
and 2.90 wt%, does not seem to negatively affect the pozzolanic activity
[38]. Iron sulfides (e.g. pyrite) can also be present in low—purity clays,
and are negatively perceived when present in calcined clays as they may
induce severe cracking in concrete in alkaline media [40]. In the case of
calcined clays, it has been reported that a calcination temperature as low
as 650 °C is sufficient to fully oxidise pyrite, and its presence does not
impact the chemical reactivity of the calcined clays [41].

Current standards include compositional requirements for calcined
clays as SCMs, e.g. chemical oxide composition and loss on ignition
value limits [42] with no mention of mineralogical composition, or
minimum reactivity value. Reactivity testing is carried out through
different methodologies including strength—based indices (e.g., Strength
Activity Index in ASTM C618-23 [43]), chemical reactivity tests (e.g.,
Frattini test in EN 196-5 [44], reactive silica content in EN 196-2 [45],
R3 - ASTM C1897 [46]), or lime consumption methods (e.g., modified
Chapelle test in NF P18-513 [47]). These methods reflect different un-
derlying principles and are not directly equivalent, making it chal-
lenging to conduct a direct comparison of reactivity compliance across
different standards. Also, low—purity clays are often not compliant with
such requirements, as most standards were originally developed for
calcined kaolinitic clays, blast furnace slag, and fly ashes. Consequently,
there is an urgent need to develop robust screening and selection criteria
to identify promising sources of low—purity clays to produce SCMs.

In response to the existing knowledge gaps associated with the se-
lection of low—purity clays for producing SCMs, this study evaluated 73
low-purity clays across 27 different geological formations in the United
Kingdom, sourced by the British Geological Survey (BGS). The clays
were classified according to their mineralogical and lithostratigraphic
characteristics, so that the results can assist the screening and selection
of low-purity clays, with comparable mineral assemblages and geolog-
ical provenance, from different regions globally. Based on analytical
results (e.g. quantitative X-ray diffraction, thermogravimetry, surface
area analysis), a classification system of four groupings is proposed.
Twenty clays from across the four classification groups were then
selected and calcined, and their chemical reactivity or pozzolanicity was
measured according to the R® isothermal calorimetry method. Results
were then analysed to determine the viability of using chemical or
physical indicators as a proxy measure of mineralogical composition and
pozzolanicity of low—purity clays. This approach establishes preliminary
mineralogical selection guidelines for common or low—purity clays.

2. Experimental programme
2.1. Clays sourcing and pre—conditioning

In this study, in accordance with definitions provided in [25], the
term “as-received clay” refers to the extracted material, prior to any
pre-processing; “raw clay” to air-dried, crushed and homogenised; and
“calcined clay” refers to the clay after being calcined in a laboratory
furnace. Samples were labelled with the following coding approach:
clays were numbered sequentially from 1 to 73, with the letter “C”
preceding the number to identify the raw clay samples. When calcined,
the clay name is preceded by an additional “C”, for example, “C13” re-
fers to raw clay sample number 13, and “CC13” refers to the corre-
sponding calcined sample.

Sample sites were selected to provide both geological diversity and
relevance to potential material use. They included primary sources (i.e.
extraction from active quarry sites) as well as secondary sources (i.e.
clay-bearing materials arising as by-products from industrial pro-
cesses). Selection also reflected the availability of sites with ongoing
extraction or industrial activity. The sampled geological formations
included the Craven, Gala, Great Oolite, Kimmeridge, Lias, Lough
Neagh, Mercia Mudstone, Millstone, Oxford Clay, Pennine Lower and
Middle, and Wealden groups, as shown in Fig. 1. To ensure accurate
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Fig. 1. Map illustrating the distribution of the UK geological locations where the clay samples were sourced. Map generated with the data from BGS.

representation of the characteristics of the clays, samples were homogenised from multiple points within each site.
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Fig. 2. Schematic of the process steps for the pre-conditioning of the as-received clays.
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Asillustrated in Fig. 2, each as-received clay sample (about 5 kg) was
manually broken into small pieces and then placed in rectangular trays
of 1 cm depth and in an oven at 55 °C for 24 h, to reach an air-dry state.
The specimens were then crushed to <6 mm using a jaw crusher and
subjected to ball milling to obtain a sample with particle size <125 pm
for characterisation and calcination.

2.2. Characterisation of the raw clays

The specific surface area (SSA) of the raw clay samples was measured
using the ethylene glycol monoethyl ether (EGME) method, described in
[49], as previously applied to UK clay samples [50,51]. Approximately
1.1 g of each sample was dried under vacuum in a desiccator with
anhydrous phosphorus pentoxide overnight. The samples were then
saturated with 2-ethoxyethanol (EGME) and transferred to another
desiccator containing calcium chloride. After 1.5 h, the desiccator was
re—evacuated and left under vacuum overnight. The final weight was
used to determine the amount of EGME absorbed, from which the sur-
face area was calculated. A correction based on a pure smectite standard
was then applied. SSA results are shown in Table S1 in the Supple-
mentary Information (SI) file.

The chemical composition of the raw clays was determined using
X-ray fluorescence (XRF) spectroscopy, using a Rigaku ZSX Primus II, a
fused bead preparation method, with the loss on ignition (LOI) deter-
mined after 1 h at 900 °C. The oxide compositions of the 73 raw clays
evaluated are provided in the SI file, Fig. S1.

Mineralogical composition of the raw clays was determined by X-ray
diffraction (XRD) (Malvern Panalytical X'Pert X-ray Diffractometer with
Cobalt (CoKa, 1.79 A source) on bulk powder and < 2 pm fractions to
obtain bulk composition and the identification of clay mineral species,
respectively. Quantitative XRD (QXRD) was conducted by Rietveld
analysis using a 10% corundum (American Elements PN:AL-OX-03-P)
internal standard using SiroQuant v5 software. Results are provided in
the SI, Table S2.

Complementary thermogravimetric (TG) curves of the raw and
calcined clays were obtained using a Netzsch STA 449 F5 attached to a
mass spectrometer (Netzsch QMS 403D). Samples (~20 mg) were
heated in alumina crucibles under flowing Ny (60 mL/ min') using a
programme started with a 30 °C isotherm for 10 min, followed by a 10 °C
min~! ramp up to 1000 °C. Mass spectrometry for mass/charge ratios of
18 and 44 were used to detect the released HyO and CO5 upon heating,
respectively. The kaolinite content of the raw clays was quantified from
the TG curves using the tangent method, where the dehydroxylation
peak corresponding to kaolinite is delineated by tangents drawn to the
onset and completion points of mass loss in the 400-650 °C range. Re-
sults for the mass loss curves are provided in the SI, Fig. S2.

2.3. Calcination procedure

Selected clays (selection criteria are discussed in 3.5) were calcined
at 800 °C in porcelain dishes in batches of 300 g using a laboratory static
furnace (Carbolite AAF 1100) with a dwell time at peak temperature of
1 h. This temperature was selected to screen the clays and enable
consistent comparison across a diverse mineralogy, rather than to
optimise activation for individual clay minerals. It is acknowledged that
further optimisation of calcination temperature of the different clays,
might be required. Nevertheless, the selected temperature allows for
effective dehydroxylation of kaolinite without reaching temperatures
where undesirable crystalline phases such as mullite and cristobalite
form [52]. Although, 2:1 clay mineral such as illite and smectite require
higher temperatures for dehydroxylation compared to 1:1 clay minerals
such as kaolinite [8], 800 °C is considered a practical compromise, being
sufficiently high to activate kaolinite and initiate the dehydroxylation of
some 2:1 clay minerals while avoiding crystallisation [32]. Although
slightly higher temperatures (850-900 °C) are often reported for in-
dustrial calcination, with varying residence times to ensure complete
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dehydroxylation of mineral phases, the selected temperature was
adequate to calcine the samples evaluated.

2.4. Chemical reactivity of the calcined clays

The chemical reactivity or pozzolanic reactivity of the selected
calcined clays was determined via the R® cumulative heat method
(ASTM C1897-20) [53] and BS EN 196-12 (2024) [54] using a TAM Air
isothermal calorimeter. Results were analysed to classify the calcined
clays using reactivity thresholds established on 7-day cumulative heat
values [55]. Selected calcined clays underwent additional R® testing for
14 days, to assess the potential chemical reactivity of low—purity clays
that might not be captured within 7 days of testing.

3. Results and discussions

3.1. Specific surface area

The distribution of SSA for the raw clay samples is shown in Fig. 3,
indicating substantial variability, with values ranging between 41 m?/g
to 307 m2/g and a median value of 131 m?/g. The SSA values reported
here reflect the wide mineralogical variability of the clays assessed.

Several factors can influence the SSA of low—purity clays, including
clay mineral type, diagenesis, and the presence of non—clay minerals.
Clay minerals such as smectite make the greatest contribution to the
internal surface area (i.e. area within their interlayer space between
sheets) and external areas, whereas detrital minerals and carbonate
minerals have a dilution effect on SSA [56]. The correlation between
SSA and the mineralogical composition of the raw clays is discussed in
Section 3.8.

From the practical perspective of producing SCMs, the particle size of
the raw clay will have a significant impact on the chemical reactivity
and performance of the calcined clay. Finer particles offer higher
external surface area and therefore greater reactivity, while coarser
particles limit the available surface for reaction. Considering that,
non-kaolinitic clay minerals will need to be calcined at higher temper-
atures to induce structural alterations and enhance their pozzolanic
reactivity [33,35]. The SSA and particle shape of the calcined clay will
influence the workability [57] and hydration kinetics [57-60] of
cementitious materials produced with them, so that finer particles will
be more reactive, and rounded particles will likely enhance workability.
Optimisation of the calcination process therefore needs to account for
SSA variations of the raw clay, depending on the specific calcination
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Fig. 3. Variation of the specific surface area (SSA) of the raw clay samples,
measured by the EGME method.
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process adopted (e.g. static furnaces, rotary kilns, or flash calcination),
as the particle shape and particle size distribution for a given calcined
clay would be different [59,61-63].

3.2. Chemical composition

The average values of the main oxides, as well as their minimum and
maximum values across the analysed raw clay samples are summarised
in Table 1.

In clays with a high clay mineral content or single-phase systems,
kaolinite (and other 1:1 clay minerals) and 2:1 clay minerals can be
distinguished by the higher Aly03/SiO5 ratio of kaolinite, reflecting its
equal numbers of octahedral and tetrahedral sheets [64]. For relatively
pure systems, higher Alo20s/SiO- ratios are commonly associated with
increased kaolinite content. The Al.0s/SiO: ratios of the raw clays
investigated in this study (Fig. 4) ranged from 0.10 to 0.52, with a mean
value of 0.3, and one outlier at 0.90. However, the clays investigated
here are low-purity materials, for which Al,03/SiO; ratio is affected by
other factors beyond the predominant clay mineral type, including the
presence of siliceous minerals, the content of each clay mineral, and the
extent of substitutions for Al and Si within the clay mineral structure.
Consequently, the generally low Al:0s/SiO2 ratios observed in this
dataset reflect the compositional complexity of the clays rather than
providing a reliable indicator of kaolinite content, consistent with the
lack of correlation shown in Fig. 7.

The chemical composition of the raw clays in the CaO-Al,03-SiO;
system is shown in Fig. 5. The raw clays were higher in SiO» and lower in
Aly03 compared to pure 1:1 clays [65]. This indicates that the raw clays
were mainly 2:1 type, or largely non—kaolinitic. Fig. 5 also shows that
the oxide compositions of the clays were comparable with class F (low
CaO) fly ashes for reference.

3.3. Compliance with existing standards

Calcined clays have been widely explored as SCMs, yet geographical
differences exist. While standards in Asia, North America, and Europe
are progressively evolving to accommodate a broader range of SCMs,
significant gaps remain in addressing material performance and
composition of the raw clay's specifications. In the European standard
EN 197-1 [66], acceptance of pozzolans in blended cements is based on
comparative mechanical performance, not accounting for the chemical
or mineralogical characteristics of the raw clays, despite their critical
influence on reactivity and long-term performance. The UK has two
standards for natural and calcined natural pozzolans, with BS 8615-1
[67] covering natural pozzolana and their calcined forms, and BS
8615-2 [68] addressing high-reactivity calcined pozzolana. French,
Indian, United States, and Chinese standards account for the chemical
composition of the pozzolans, such as minimum contents of main oxides,
limits on reactive CaO, MgO or SO3, and/or loss on ignition (LOI). While
maximum reactive CaO contents of 10 wt% and minimum main oxides
contents of 70 wt% are generally accepted, MgO limits range from 3 to 5

Table 1

Oxides composition of the raw clays evaluated.
Oxide Raw clays (N = 73)

Minimum (wt%) Mean (wt%) Maximum

CaO 0.3 3.9 21.5
SiO4 25.5 52.2 76.0
Aly03 6.5 15.9 26.0
Fe,03 3.8 7.0 24.7
NaO 0.1 0.6 1.8
K20 0.1 2.8 5.7
MgO 0.5 2.9 9.8
SO3 0.03 0.5 3.9
TiO, 0.3 0.9 3.0
LOI 1.1 12.2 35.6
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wt%, and LOI limits vary between 4 and 10 wt%, as summarised in
Table S2 in SI file.

The majority of the raw clays studied here comply with the compo-
sitional requirements specified in BS 8615-1 [67] for natural and nat-
ural calcined pozzolana. Fig. 6 illustrates the oxide composition
threshold values for compliance. 53 clays presented a combined SiOx,
Al20s, and Fez0s content >70 wt%. Only 17 of the 73 raw clays pre-
sented a CaO >10 wt%, after calcination. However, the results reported
here include both reactive and non-reactive CaO forms, as it is not
possible to distinguish the clear contribution of stable silicate minerals
(e.g., plagioclase, which do not decompose at typical calcination tem-
peratures) from XRF analysis alone. BS 8615-1 limits the maximum
allowable SOs content to 3 wt%, and only two samples exceed this limit,
suggesting that most of the raw clays evaluated would not pose a sul-
phate-related risk. SOs content is restricted in most SCM standards
(Table S2 in SI file) to prevent delayed ettringite formation and
expansion [69], and interference with Portland cement setting time
[70]. Overall, 46 of the 73 raw clays, met all four compositional re-
quirements described above.

3.4. Mineralogical composition

The mineralogical composition of the raw clays, determined by
QXRD analysis is shown in Table 2. The mineralogical composition is
grouped into clay minerals, carbonates, silicates, and others.

Fig. 7 shows the results of Alo03/SiO5 ratio (Fig. 4) and kaolinite
content (Table 2), where no direct relationship is observed. Therefore,
chemical composition alone cannot be used as a proxy to infer kaolinite
content in the low-purity clays evaluated.

The mineralogical compositions of the clays are illustrated in a
ternary diagram (Fig. 8). The polar regions of the ternary diagram are
used to categorise the clays as siliceous (rich in silica with main minerals
including quartz, cristobalite, plagioclase, K-feldspar, pyroxene,
zeolite), argillaceous (rich in clay minerals including micas, chlorite,
kaolinite, smectite, mixed layered smectite/illite, palygorskite, corren-
site), and calcareous (rich in calcium carbonates including calcite,
aragonite, dolomite, Fe-dolomite, ankerite), with other minerals
excluded from the plot.

In practice, this ternary diagram can assist raw material selection.
For example, shale is argillaceous with smaller amounts of silica or
carbonate, marl contains a mix of clay and carbonate, and siliceous
mudstones are rich in quartz [71]. These lithologies (e.g. limestone,
marl, and shale) are key feedstocks in Portland cement manufacturing.
In this study, the same classification is adopted to explore the correlation
between lithology and the roles of dominant mineral groups during
calcination — knowing, for example, that siliceous minerals remain
largely inert under thermal treatment; argillaceous minerals (e.g.
kaolinite, smectites, and mixed-layer clays) represent the reactive clay
fraction that transforms into amorphous pozzolanic phases upon dehy-
droxylation; and calcareous minerals decompose to release reactive
CaO, which can either dilute or enhance reactivity depending on its
interaction with aluminosilicates.

The examined raw clays predominantly fall into the argillaceous
category (n = 40), with ten raw clays containing >75 wt% of clay
minerals. A smaller proportion are siliceous clays (n = 17) and only one
sample (C63) is classified as calcareous, indicating a composition pri-
marily dominated by calcium carbonate.

The bulk mineralogical composition was analysed in relation to the
type of clay minerals (Fig. 9). Kaolinite contents are relatively low
(mean = 5 wt%, maximum ~55 wt%). Micaceous minerals, including
illite and muscovite, were commonly present (median = 25 wt%), but
exhibited the highest variability (0-58 wt%). The illite/smectite mixed-
layer content ranged from 0 to 31 wt%, while chlorite was present in low
amounts (<20 wt%). Only a small proportion of the clays (n = 11)
contained smectites. Total clay content showed significant variability,
ranging from ~10 wt% to 88 wt% (Fig. 12B).
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Fig. 5. Ternary diagram of the main oxides in the low—purity raw clays evaluated. The compositional regions of other SCMs and clay types in the diagram are

adapted from [2,3].

Mineralogical analysis was also conducted on the <2 pm fractions
(Table S3 SI file) to definitively identify the clay minerals present
(Fig. 10). In this fraction, the presence and distribution of micas and
mixed-layers clays (e.g. corrensite and illite/smectite) were more easily
discriminated than in the bulk of the raw clay, highlighting the mica-
ceous nature of the studied clays.

3.5. Classification and grouping of the raw clays

Calcined clays derived from raw clays with moderate (40-60 wt%)
[72] or low (15-40 wt%) kaolinite content can still perform effectively
as SCMs [7,22]. Nevertheless, kaolinite content remains a key criterion
for grouping the clays in this study, as it is the primary mineral phase
known to govern reactivity upon calcination. Other criteria adopted for
classifying the clays were the total carbonate and clay mineral content.
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Table 2 1.0
Ranges of the minerals in the raw clay samples (N = 73) determined by QXRD.
Mineral Minimum (wt%) Average (wWt%) Maximum (wt%)
Clay minerals 0.8
Mica 0.00 25.91 57.92
Chlorite 0.00 2.96 17.67
Kaolinite 0.00 12.70 54.76 « 0.6
Smectite 0.00 3.05 45.87 g
1llite/smectite 0.00 7.64 31.48 -~
Palygorskite 0.00 0.01 0.50 o
Carbonates <04
Calcite 0.00 5.15 38.91
Aragonite 0.00 0.21 6.12 One
Dolomite 0.00 3.45 35.26 Y&
Fe-Dolomite/ankerite 0.00 0.07 4.32 021 ¥
Siderite 0.00 0.58 10.96
Magnesite 0.00 0.04 2.10
Rhodocrosite 0.00 0.00 0.00
Silicates - 10 20 30 o 50
Quartz 0.40 28.08 73.02 Kaolinite Content (wt.%)
Cristobalite 0.00 0.01 0.40
Plagioclase 0.00 3.39 35.86 Fig. 7. Correlation between Al,03/SiO, and kaolinite content of the 73 raw
K-feldspar 0.00 2.89 16.40 clays evaluated.
Pyroxene 0.00 1.34 40.10
Zeolite (chabazite) 0.00 0.85 44.10 . X . . ) . . L.
Others classification facilitates interpretation of the data. Considering kaolinite,
Gypsum 0.00 0.33 5.90 total clay, and carbonate contents in the raw clays, four classification
Anhydrite 0.00 0.01 0.89 groups and their selection criteria are proposed (Fig. 11) and described
Jarosite 0.00 0.05 2.30
Anatase 0.00 0.06 1.01 below.
Lepidocrocite 0.00 0.01 0.40 Group 1 clays.contaln. kaol}nlte as the. major clay m.lneral (> 40 wt
Hematite 0.00 0.62 4.45 %) (Fig. 12A), typically with micaceous minerals, and minor amounts of
Pyrite 0.00 0.43 6.00 quartz or other impurities (< 5 wt%). Clays with similar mineralogical

The group classification developed in this study was established
through a deductive reasoning process, based on known characteristics
of constituent minerals and using this prior knowledge to define ranges
of mineralogical composition. A similar classification approach, based
on the mineralogical characteristics of clays, has previously been
developed for the ceramics sector [73]. Although the clays evaluated
present moderate to low kaolinite contents (see Table 2), this

compositions have been extensively evaluated for the production of LG
type cements [74,75]. A total of 8 clays were identified in this group,
with maximum kaolinite content of 54% and total clay content between
62 and 80 wt% (Fig. 12B).

Group 2 corresponds to clays with a high total clay mineral content
(> 40 wt%) but lower kaolinite contents (15-40 wt%) (Fig. 12A),
alongside smectites and small amounts of carbonates (<10 wt%). A total
of 17 clays were identified that comply with these criteria.

Group 3 clays contain mixed clay mineral assemblages and high
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Fig. 9. Bulk mineralogy of the raw clays showing the content of the main clay
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dian value.

amounts (> 10 wt%) of carbonates (predominantly calcite or dolomite)
(Fig. 12C). Previous studies have shown that calcite decomposes into
free lime at calcination temperatures >820 °C, which can then react
with metakaolin to form calcium aluminosilicate phases [76,77].
Although the effect of these reactions on reactivity is inconclusive
(discussed in further detail in Section 3.7), the extra complexity of clays
containing carbonates deserves distinct consideration. For this reason,
these samples were classified separately to evaluate the specific effects
of carbonate-rich low—purity clays on reactivity. In total, 27 clay sam-
ples were identified in this group.

Group 4 clays contain a mixture of clay minerals, with low kaolinite
contents (<15 wt%) and higher micaceous mineral contents (mean = 50
wt%), Fig. 12B. Micaceous minerals are known to have relatively low
chemical reactivity after calcination due to their resistance to structural
breakdown. A total of 19 clays complied with these criteria.

Unclassified — Out of the 73 clays, three samples could not be
classified into any of the proposed groups due to their distinctive com-
positions: two samples contained 75-85 wt% quartz, and one sample
was composed of 40 wt% zeolites (e.g. chabazite) and 44 wt% pyroxene.
Consequently, they were excluded from the following stages of the
study.

In the following sections, results will be reported and analysed using
these classifying groups to facilitate the identification of connections
between the mineralogical composition of the clays evaluated and their
performance as SCMs.

3.6. Thermogravimetric analysis

Thermogravimetric curves for all four groups are reported in the SI
file, Fig. S2. The differential thermograms for the raw clays, grouped by
mineralogical composition, are shown in Fig. 13. Results reveal three
characteristic thermal events within each group: (I) dehydration be-
tween 50 and 300 °C, corresponding to the release of moisture and
loosely bound water, (II) dehydroxylation of clay minerals between 350
and 950 °C, along with decomposition of minor organic matter and
carbonates (calcite at 800-950 °C and dolomite at 600-950 °C [85]) and
(III) recrystallisation at temperatures >950 °C [35,78].
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bonate content for each group.

The temperature at which dehydroxylation occurs is strongly
dependent on the clay mineral composition. Each clay mineral exhibits
characteristic dehydroxylation behaviour during heating: kaolinite
dehydroxylates in a single step typically between 420 and 600 °C [8];
the mica group (e.g., illite and muscovite) and chlorite undergo a
two-step dehydroxylation at 400-700 °C and 800-900 °C [33,79]; and
smectite generally dehydroxylates between 500 and 700 °C, with a peak
at ~600-650 °C [80]. The dTG profile of a mixed-layer clay reflects the
relative proportions and arrangement of the constituent minerals
[31,33]. For example, in interstratified illite/smectite, dehydroxylation

is often expressed as a single broad peak at an intermediate temperature,
or occasionally as a double peak, indicating thermal contributions from
both illitic and smectitic layers [33]. Due to this complexity, the
mineralogical classification of the clays (in four groups) was used to
support interpretation of their thermal behaviour, revealing consistent
and characteristic dTG features within each classified group.

Group 1 clays exhibited a total mass loss at 1000 °C between ~8 to
12 wt% (Table 3). The curves from all clays in this group (Fig. 13A)
showed a similar profile characterised by two main thermal events, the
dehydration of free and adsorbed water (< 350 °C) and the
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dehydroxylation of structural hydroxyls (400-650 °C). Samples C21,
C22, and C23, with the highest kaolinite contents (47.4-49.5 wt%),
exhibited the most pronounced dehydroxylation peak, within the typical
kaolinite dehydroxylation range. Although primarily kaolinitic, these
clays also contained other clay minerals such as micas and mixed layer
illite/smectite. The latter undergoes dehydration over a broader tem-
perature range (100-300 °C) than kaolinite, a behaviour that is also
influenced by the presence of other phases (for example, sample C31
contained 3.5% gypsum, which may have contributed to this broader
temperature range) [35]. Several raw clays (e.g., C25, C26) showed a
distinct double peak around 250 °C (Fig. 13B), indicative of loss of
interlayer water from clay minerals containing divalent interlayer cat-
ions [81].

Group 2 clays exhibited greater variability but showed a reduced
mass loss to 1000 °C compared to Group 1, with values ranging from ~4
to 11 wt% (Table 3). Differential thermogravimetric analysis (Fig. 13B)
revealed a mass loss below 200 °C, along with a smaller mass loss
extending into the 200-300 °C range, associated with dehydration
processes. Samples C10, C12, C14, C20, C27 (with kaolinite contents
above 29 wt%) exhibited significant mass loss events in the 400-600 °C
range, characteristic of kaolinite dehydroxylation. Additionally, several
samples showed shoulders in the 600-800 °C region, associated with the
dehydroxylation of other clay minerals such as illite and chlorite [8].
Mica-rich samples (e.g., C33, C34, C30 with >24 wt% of mica), also
exhibited thermal events in this range, consistent with the two-step
dehydroxylation behaviour typical of micas.

10

Group 3 clays, which contained >10 wt% carbonate minerals,
exhibited increased mass loss to 1000 °C, ranging from ~8 to 20 wt%.
The prominent mass loss occurring around 800 °C corresponds to the
decomposition of these carbonate phases [81,83]. Compared to kaolin-
itic clays in Group 1 or mixed clays in Group 2, these samples exhibited
limited mass loss around 500 °C, consistent with their low kaolinite
contents (Fig. 13C) and minimal associated dehydroxylation in that
temperature range. Most samples in Group 3, except for C41, contained
high amounts of micaceous minerals (e.g., illite), which is evident from
their thermal behaviour. Additionally, structural water loss in illite oc-
curs over a broader temperature range and may produce multiple
overlapping mass loss signals, as reflected in the gradual sloping curves
observed across samples [82].

Group 4 clays exhibited a mass loss to 1000 °C of 5-15 wt%
(Table 3), over a similar temperature range to Group 2 clays. These clays
were primarily composed of micaceous, mixed-layer minerals and
smectitic clays, with only minor amounts of kaolinite. Due to the high
water adsorption capacity of smectites (e.g. montmorillonite), the mass
loss peak with a maximum at ~150 °C, associated with the loss of
adsorbed water, has a relatively large area [82]. Moreover, smectitic
clays often exhibit double-shouldered peaks in the dehydration region, a
feature present in several dTG profiles, indicating overlapping water
release mechanisms. This interpretation is supported by the dTG curves,
as several samples (e.g., C3, C5, C13) showed significant mass loss below
200 °C. Group 4 clays are characterised by impurities such as gypsum
and zeolite, (SI, Table S2) which also contribute to mass loss below
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200 °C [35].

Representative curves of mass loss, differential mass loss, H,O (m/z
= 18) and CO, (m/z = 44) released, for one selected clay from each
mineralogical group, are presented in Fig. 14. Across all groups, mass
loss at low temperatures (<200 °C) is associated with water release
(Fig. 14A) as confirmed by the corresponding H-0 (m/z = 18) signals
(Fig. 14C). The intensity of this peak reflects both physically adsorbed
water and hydroxyl groups being expelled, which also aligns with the
broader shoulders in the dTG curves. Group 1 (C21) and Group 2 (C32)
showed a well-defined dehydroxylation peak around 500 °C (Fig. 14B
and Fig. 14C). Sample C32 also exhibited CO: release over the same
range (Fig. 14D), which may be attributed to the minor decomposition
of organic matter or other volatile phases present in the clay [83]. Group
3 (C4) is particularly distinct due to a broad and pronounced release of
CO4 between 700 and 800 °C (Fig. 15D) consistent with carbonate
mineral decomposition. XRD analysis identified calcite, dolomite and
Fe—dolomite in this sample. The temperature range and intensity of CO2
release indicate the presence of a significant quantity of carbonate
minerals (e.g., calcite or dolomite [83]) undergoing thermal decompo-
sition at elevated temperatures (C4 contains 23 wt% CaO). Moreover,
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Group 4 (C5) exhibits a broader and more gradual thermal profile and
lower water release (Fig. 14C), suggesting less hydroxyl content or less
reactive clays, consistent with their complex mineralogy (e.g., smectite
and impurities).

To assess the consistency between analytical methods, kaolinite
content determined by thermogravimetric analysis (TGA, using the
tangent method) was compared to XRD bulk mineralogy. As shown in
Fig. 15, the results revealed a systematic discrepancy between the two
techniques. TGA yielded higher kaolinite values than XRD, particularly
for samples in Groups 3 and 4, which had low kaolinite contents. The
data suggest that TGA may overestimate kaolinite in low—purity clays,
due to overlapping dehydroxylation signals from other clay minerals
[28]. Since the estimation of kaolinite content can vary between
different techniques, the use of kaolinite content alone as a sole indicator
of clay composition, which is often linked to performance, e.g. chemical
reactivity, compressive strength, among other [72] should be carefully
interpreted, particularly for low—purity mixed clay sources. The two
outliers reflect discrepancies between TGA and XRD quantifications
arising from mineralogical interference. One sample shows TGA over-
estimation of kaolinite due to overlapping decomposition of other 2:1
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Table 3 3.7. Chemical reactivity of calcined clays

Total mass loss of the raw clays evaluated via thermogravimetry analysis up to
1000 °C.

Clay group Mass loss values (%)
Minimum Mean Maximum
1 7.9 10.0 12.2
2 4.5 8.2 11.3
3 7.8 13.9 20.3
4 4.9 8.4 14.6

clay minerals (~60 wt% of total clay content) and rhodochrosite (~13
wt%); similar effect for the other sample, where the underestimation
may be linked to the high total clay content (~75 wt%).
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R® cumulative heat results for 1, 3, 7, and 14 days are reported in
Fig. 16. Overall, most calcined clays (18 out of 20) exceeded the 7-day
cumulative heat threshold for “moderate reactivity” [55] and can
therefore be considered suitable SCMs. Also, calcination did not induce
sufficient chemical reactivity in clays from Groups 3 and 4, consistent
with their low kaolinite contents, high contents of micaceous minerals
(which cannot be activated via calcination), and high carbonate
contents.

To evaluate the influence of test duration on the R® isothermal
calorimetry results, a linear regression analysis of cumulative heat
release as a function of reaction time (Fig. 16) was conducted for the
four clay groups. The observed changes in cumulative heat over time are
statistically significant and not attributable to random variability, with
probability of the observed change occurring by chance is being below
5% (p < 0.05). Comparing the cumulative heat between 7 and 14 days of
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testing (Fig. S3 in SI file), there was a statistically significant increase for
Groups 1 (p = 0.023), Group 2 (p = 0.005), 3 (p = 0.004), and 4 (p =
0.016) respectively.

Hence, R® isothermal calorimetry were examined up to 14 days for
each selected clay within the group (Fig. 17), as sufficiently represen-
tative for the assessment of the pozzolanicity potential of low-purity
clays.

Group 1 clays, with kaolinite content >40 wt%, exhibited the
highest chemical reactivity at all the testing durations (Fig. 17A). Their
cumulative heat release (384-570 J/g of SCM at 7 days; 433-693 J/g of
SCM at 14 days, Fig. S3 in SI file) falls within the moderately to highly
reactive range, according to the classification in [55]. This is consistent
with the R® results reported for calcined clays with >40% kaolinite
content [84]. All samples showed continued heat evolution beyond 7
days, highlighting the importance of extended testing. Within this
group, CC23 exhibited the highest cumulative heat (~693 J/g of SCMs
at 14 days), consistent with its highest kaolinite content (49.5 wt%),
presence of other clay minerals (16.8 wt% mica, 10.7 wt% illite/smec-
tite, 3.5 wt% chlorite) and lowest quartz contents. CC9 also demon-
strated high reactivity (~551 J/g of SCMs), although its kaolinite
content (39.9 wt%) was slightly lower, likely due to mixed-layer clay's
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contribution (illite/smectite at 30.5 wt%). Conversely, CC24 and CC26
showed lower reactivity (~454 and 433 J/g of SCMs respectively). Both
had high kaolinite contents (>42 wt%) but also the highest quartz
contents (26 wt%), which may have diluted the reactive mineral frac-
tion. The reactivity ranking (CC23 > CC9 > CC24 ~ CC26) is in good
agreement with the combined influence of high kaolinite, low quartz,
and the presence of other reactive clay mineral phases such as illite/
smectite.

Group 2 clays contained 15-40 wt% kaolinite (Fig. 12A), often with
illite/smectite, and showed a broad range of reactivities but consistently
moderate range of reactivity. Cumulative heat release ranged from 218
to 413 J/g of SCMs at 7 days, and from 219 to 453 J/g of SCMs at 14
days. CC2 (453 J/g at 7 days), CC10 (425 J/g at 7 days), and CC36 (349
J/g at 7 days) exhibited the highest reactivity, whose values are com-
parable to those observed in some clays of Group 1. These clays all share
low quartz contents and high total clay mineral contents (> 63 wt% total
clay content, with kaolinite and mixed clays >45 wt%). Other Group 2
clays displayed lower reactivity. CC33, for example, showed the lowest
heat release and remained near the reactivity threshold even after 14
days, consistent with its higher quartz and mica contents (25 wt% mica,
31 wt% quartz,13.7 wt% illite/smectite, and 22 wt% kaolinite). The
analysis also suggested that high quartz content in some Group 2 clays
(e.g. CC32 with 56.5 wt% quartz, and CC30 with 42.6 wt% quartz)
might be the primary reason for their reduced performance. Well
accepted guidelines specify that calcined clays used in LC® systems
should be derived from raw clays containing at least 40% kaolinite as a
mineralogical requirement for suitability as a source material [85].

Group 3 clays (Fig. 11) characterised by carbonate contents >10 wt
% showed moderate reactivity overall. Their 7-day cumulative heat
release ranged from 234 to 386 J/g of SCM, while 14-day values ranged
from 294 to 421 J/g of SCM, indicating continued reactions between 7
and 14 days. The observed reactivity is mainly attributed to the rela-
tively high total clay content (10-60 wt%), which likely contributed to
the continued heat evolution, Fig. 12B. Although some clear trends are
observed, further research is needed to better understand the mecha-
nisms by which carbonate-rich clays affect reactivity and to optimise
their use in blended cement systems. However, it is also important to
note that the carbonate content may partially offset the intended CO2
savings from using calcined clays. The decomposition of carbonate
phases during calcination releases additional COz, and may also result in
undesired performance effects, such as expansion, if significant amounts
of free CaO or MgO are formed. Calcite or dolomite impurities may
promote the formation of Ca-Si-Al-rich vitreous phases with low specific
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surfaces, which can limit their pozzolanic reactivity [77]. Blouch et al.
[38] correlated calcined clay CaO content in LC® systems with
compressive strength development, showing that higher CaO decreased
7-day compressive strength. However, this correlation was less pro-
nounced at 28 days, suggesting that an excess of CaO may delay
pozzolanic reactivity. Conversely, other studies [21,24,86,87] highlight
the potential of using calcareous or carbonate-rich clays, indicating
that, under optimised calcination conditions, they can form reactive
calcium-aluminosilicate phases and perform effectively as SCMs.

Clays in Group 4, dominated by micaceous minerals and reduced
kaolinite content, presented the lowest overall activity, ranging from 66
to 393 J/g after 7 days and from 180 to 469 after 14 days. Notably, some
fell below the reactivity threshold, reflecting the lower reactivity of
micaceous phases. CC28 (58 wt% mica and 16 wt% illite/smectite) and
CC5 (42 wt% mica and 32 wt% illite/smectite) are respectively below or
near the reactivity threshold at 7 and 14 days, suggesting low pozzolanic
reactivity. CC56 (39 wt% mica, 3 wt% kaolinite, and 9 wt% illite/
smectite) and CC31 (36 wt% mica, 13 wt% kaolinite, and 16 wt% illite/
smectite) showed the highest reactivity, respectively 468 J/g of SCM
and 330 J/g of SCM after 14 days. CC29 (18 wt% mica, 13 wt%
kaolinite, and 7 wt% illite/smectite) showed moderate reactivity despite
the higher kaolinite content (~11.5 wt%).

These observations confirm that micaceous phases and mixed min-
eral clay types significantly influence chemical reactivity. Samples with
over 45 wt% micaceous content in the bulk clay, such as CC5 and CC28,
exhibited reduced reactivity. When present in combination with other
clay minerals, their influence does not follow a direct or predictable
trend. Nevertheless, their pozzolanic reactivity may develop more
slowly and they can still contribute meaningfully to the overall
reactivity.

3.8. Correlating SSA and mineralogical composition of the raw clays

Given that pozzolanic reactivity evaluation, particularly the R®
isothermal calorimetry test, is not always practical or feasible in in-
dustrial practice, potential correlations between physical and mineral-
ogical properties of the evaluated clays were investigated. This
considering that mineralogy seems to be the best indicator of pozzolanic
reactivity of the calcined clays evaluated.

Fig. 18 shows the specific surface area (SSA) results for each of the
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groups adopted in this study.

Group 1 clays, with higher kaolinite contents, exhibited the lowest
and most consistent SSA values, while Groups 2 and 3 showed broader
ranges linked to higher total clay and carbonate contents. Group 4,
dominated by micaceous minerals, displayed the greatest variability.
The pozzolanic reactivity of clays is influenced not only by chemical or
mineralogical composition and structural disorder, but also by SSA,
which is significantly affected by thermal treatment [32,88,89].

To determine the relationship between SSA and mineralogical
composition of the raw clays, a Pearson correlation analysis was con-
ducted. This method evaluates the strength and direction of linear re-
lationships between two continuous variables [90]. The correlation
coefficients (r) were calculated between SSA and individual mineral
fractions in the low-purity raw clays (i.e. kaolinite, mica, smectite,
illite/smectite, quartz, feldspars, among others). In addition to indi-
vidual minerals, the analysis included composite variables such as total
clay content, total clay minus mica content, and carbonate content
(including calcite, dolomite, Fe-dolomite/ankerite). The resulting cor-
relation matrix is visualized as a heatmap in Fig. 19.

The analysis did not reveal strong correlations (>0.7); however,
consistent trends were observed. Quartz (r = —0.50) and kaolinite (r =
—0.31) showed moderate negative correlations with SSA, suggesting
that higher contents of these minerals tend to reduce the specific surface
area. In contrast, smectite (r = 0.48), micas (r = 0.13), and carbonates (r
= 0.17) showed weak positive correlations with SSA. These trends
suggest that no single mineral controls the SSA, although certain min-
erals may influence it more significantly than others. Specifically, kao-
linite-rich samples tend to exhibit lower and more consistent SSA
values, whereas samples with higher smectite contents show generally
higher SSA, complying with previous studies on argillaceous materials
[56]. Overall, these relationships reflect the combined effects of
mineralogical and textural factors, rather than a direct dependency on
individual clay minerals.

3.9. Correlating chemical and mineralogical composition

To determine the relationship between the chemical and mineral-
ogical composition of the raw clays, a Pearson correlation analysis was
conducted, as explained in Section 3.8. Correlation coefficients (r) were
calculated between major oxide contents (Al-0s, SiO2, CaO, Fep03, MgO,
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Fig. 17. R® cumulative heat curves of selected calcined clays from (A) Group 1, (B) Group 2, (C) Group 3 and (D) Group 4, up to 14 days of testing.

K»0) and mineral fractions in the low—purity raw clays. Again, for this
relationship, the analysis included composite variables such as total clay
content, total clay minus mica content, and carbonate content, with the
heatmap shown in Fig. 20.

The heatmap results revealed general trends of the relationship be-
tween chemical and mineralogical composition. With an r value of +0.7,
the only strong positive correlation was between CaO content and car-
bonate levels, indicating that CaO increases directly with the carbonate
content in the clays. Al-Os showed a positive (but not very strong) cor-
relation with kaolinite content (r = +0.48), with total clay content (r =
+0.35), and with total clay content minus mica (r = +0.39). Apart from
kaolinite, interlayered clays (illite/smectite) contribute to AloO3 content
(r = +0.18). A moderate positive correlation was also observed between
MgO and chlorite (r = +0.48), as well as between MgO and K-feldspar (r
= +40.44), confirming the association of Mg with chlorite (an
Mg-bearing phyllosilicate), and it may also be linked to the presence of
K-feldspar in specific lithologies (e.g. Lough Neagh Group, Gala Group).
Similarly, KO correlated positively with chlorite (r = +0.35) and
K-feldspar (r = +0.43), indicating that potassium is primarily associated
with feldspathic phases and may also reflect contributions from partially
weathered chlorite or illite.
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The correlation analysis revealed that while certain oxides (e.g.
Al20s, Fe20s, and SiO2) may show moderate relationships with specific
mineral phases, only CaO and carbonates exhibit a consistently strong
linear relationship. This suggests that chemical composition alone does
not provide a sufficiently robust or reliable proxy for quantitatively
predicting clay mineral contents. The moderate correlations observed
indicated that additional factors, such as complex mineralogy, crystal-
linity, particle size distribution, and the presence of mixed-layer phases,
may also influence the chemical-mineralogical relationships in low-
—purity clays.

3.10. Correlating chemical reactivity with clay mineralogy

The R® cumulative heat evolution across the four groups of calcined
clays revealed clear links between mineralogical composition and
pozzolanic reactivity. R® isothermal calorimetry results for selected and
grouped calcined clays are reported in Fig. 21, correlated with the
mineralogical composition of the raw clays.

A reasonable positive correlation was observed between 14-day
cumulative heat and kaolinite content (determined by QXRD) for Groups
1 and 2 (Fig. 21). Specifically, clays with kaolinite contents 20-40 wt%
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Fig. 17. (continued).

exhibited moderate reactivity (above the confidence value 190 J/g of
SCMs [55]), while those with contents above 40 wt% typically achieved
moderate to high reactivity (above 400 J/g of SCM [91]). This obser-
vation supports the use of kaolinite content as a useful, though not
definitive, predictor of reactivity for certain clay groups (Group 1 in this
study). However, this correlation does not hold for the carbonate-rich or
micaceous clays, in Groups 3 and 4 respectively. These samples can
exhibit moderate reactivity despite having high carbonates content or
low kaolinite contents (<15 wt%), suggesting that other clay minerals or
structural features contribute to reactivity.

Fig. 21B shows that total clay mineral content can serve as a broader
indicator of chemical reactivity. While a loose clustering of higher
reactivity values is observed within the 55-75 wt% total clay content
range (green-shaded region), no strong or consistent correlation is
apparent across all groups in this area. Group 1 and 2 samples with
higher cumulative heat generally fall within this range. Despite miner-
alogical variability, all Group 3 samples exhibited moderate reactivity,
indicating that such clays may still hold potential as SCMs. CC63 is
considered an outlier in this analysis due to its composition (37.8 wt%
calcite and 18 wt% dolomite) and is therefore classified as a calcareous
clay. Although it achieved moderate reactivity, the sample does not
follow the mineralogical thresholds proposed in this study. Group 4
samples displayed greater variability in performance, and their

16

reactivity appears to be limited by their high mica content. Notably,
sample CC28 emerges as an outlier in the correlation between total clay
content and reactivity; although it contains approximately 60 wt% mica
and 20 wt% mixed-layer mica/smectite, it exhibited negligible reac-
tivity, reinforcing the limited contribution of micaceous minerals to
pozzolanic performance upon thermal activation.

The variability in the R® 14-day cumulative heat with small changes
in mineralogy has practical relevance, demonstrating that low—purity
clays with low kaolinite content could be suitable for use as SCMs in
blended Portland cements [25], despite being considered unsuitable
according to current guidelines for clay selection (e.g. kaolinite content)
for SCMs production. These findings emphasise that while kaolinite
content is a useful predictor for Groups 1 and 2, broader assessments of
mineralogical composition are required to evaluate reactivity in more
complex or lower-purity clays, which are shown to hold promising
chemical reactivity potential.

To gain a more comprehensive understanding of the influence of
mineralogical composition on the reactivity of low—purity clays, the fine
fraction (< 2 pm) of selected samples was plotted on a ternary diagram
(Table S3 in the SI file). The corresponding 7 and 14-day cumulative
heat release values were superimposed to illustrate compositional trends
in reactivity (Fig. 22). Reactivity was represented through a categorical
colour and shape coding scheme: unreactive (< 190 J/g SCM, red
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symbols), moderately reactive (190-400 J/g SCM, blue), and highly
reactive (> 400 J/g SCM, green). The ternary diagram is subdivided into
reactivity fields to highlight the mineralogical domains associated with
each reactivity class.

High reactivity is primarily associated with elevated kaolinite con-
tent in the fine fractions, often accompanied by moderate proportions of

illite/smectite. These highly reactive samples cluster in the lower-right
corner of the diagram, where kaolinite exceeds 40 wt%, mica is below
20 wt%, and illite/smectite ranges from 0 to 45 wt%, underscoring the
dominant role of kaolinite in pozzolanic reactivity. The presence of
disordered illite/smectite may further enhance reactivity through par-
tial amorphization and dehydroxylation, whereas mica occurs only in
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—1 (strong negative correlation) to +1 (strong positive correlation), with colour gradients indicating the strength and direction.

minor amounts, consistent with its limited contribution to pozzolanic
activity. Representative samples within this compositional domain
include CC23, CC10, and CC9, all of which exhibited cumulative heat
values exceeding 400 J/g SCM at 7 and 14 days.

Moderately reactive samples are more broadly distributed across the
ternary diagram but tend to fall within a central domain characterised
by balanced proportions of kaolinite and illite/smectite, with reduced
mica contents. These compositions typically include 20-55 wt%
kaolinite, 20-60 wt% mica, and 10-50 wt% illite/smectite. The reac-
tivity of these clays also appears to benefit from the synergistic effect of
moderate kaolinite content, and from the presence of disordered illite/
smectite. Mica content remains moderate, limiting its inhibitory effect.
These clays occupy a transitional compositional band between
kaolinite- and mica-dominated fields. Representative samples within
this category include C12, C33, C4, and C57, all of which exhibit cu-
mulative heat release between 190 and 400 J/g SCM at 7 and 14 days.

In contrast, unreactive calcined clays are concentrated near the
mica-rich corner of the ternary diagram, typically containing <20 wt%
kaolinite and >60 wt% mica. This compositional range underscores the
minimal contribution of micaceous phases to reactivity. Sample CC28 is
part of this group, with negligible kaolinite content, over 60 wt% mica,
and the lowest observed heat release.

In this study, all the selected calcined clays containing up to 24 wt%
carbonates showed moderate reactivity. Mica content exceeding 60 wt%
in the bulk fraction and 75 wt% in the clay fraction is considered a
limiting factor for achieving sufficient pozzolanic reactivity. As per the
illite/smectite content, the proportion should not exceed 60 wt% and
should be balanced by a sufficient fraction of kaolinite (>30%) and
limited mica content. The presence of quartz and feldspar in the bulk
composition can influence the proportion of clay minerals and, there-
fore, the quantity of reactive phases available in the calcined clay.
However, the results indicate that the mineralogical composition and
distribution of the fine clay fraction (<2 pm) also play an important role
in controlling chemical reactivity.
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4. Influence of stratigraphy

For common clays, whilst the complexity and diversity of their
mineralogy is well known, the full causal links between stratigraphy,
mineralogical characteristics, and performance as an SCM are not yet
well established. Previous studies [25,26] have largely focused on the
links between the mineralogy of low-purity and common clays and
pozzolanic reactivity determination. Extending this understanding
across broader stratigraphic and geographic ranges has typically faced
two main shortcomings: (i) detailed studies have investigated clays
sourced from a single geological formation but have not compared clays
between different formations; (ii) the source location or stratigraphy of
sourced clays is not reported due to a lack of supplier information or
commercial sensitivity. The availability of quality geological mapping
data for the clays evaluated here makes it possible to further develop a
geological connection with SCM selection.

In this study, five geological units were identified as containing clays
with high potential as SCMs: the Etruria Formation, Pennine Middle and
Lower Coal Measures formations, Avon Group, and Devensian Till
(Table 4). Four of the formations examined are Carboniferous in age,
ranging from early to late Carboniferous (Avon Group > Pennine for-
mations > Etruria Formation). Despite their stratigraphic differences,
they share a similar continental to paralic depositional environment,
including floodplains, deltas, and coastal swamps - settings which
favour the accumulation of fine-grained, clay-rich sediments. On the
other hand, the Devensian Till is a Quaternary glacial deposit
comprising a heterogeneous mixture of clay, deposited during the last
glacial period. Although geologically young and compositionally vari-
able, certain clay-rich tills may exhibit significant pozzolanic reactivity
upon calcination, particularly when not extensively diluted by carbon-
ates or sand and where favourable mineralogical assemblages are
present.

Among the clays exhibiting moderate pozzolanic reactivity, their
provenance includes nine distinct geological formations, as summarised
in Table 4. These include several Carboniferous units with higher pro-
portions of non-clay minerals, as well as formations from the Jurassic
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(ranging from Early to Late), Quaternary, Early Cretaceous, and Late
Triassic. Despite their varied geological ages, these formations share a
common trait: they were deposited in low-energy environments such as
delta plains (e.g., Millstone Grit, Coal Measures), floodplains (e.g., Al-
luvium/Glaciolacustrine), lakes and lagoons (e.g., Wealden Clay,
Westbury Formation), and shallow marine shelves or basins (e.g.,
Ampthill, Rutland, Scunthorpe formations). These settings favoured the
accumulation of fine-grained sediments but also led to the inclusion of
interbedded siltstones, sands, ironstones, and limestones, resulting in
heterogeneous mineralogical compositions. As a result, while these clays
often lack the mineralogical purity of high reactivity kaolinitic forma-
tions such as the Etruria Formation or Coal Measures fireclays, they still
offer moderate pozzolanic potential, particularly when appropriately
processed or blended.

Fig. 23 shows the distribution of all collected samples according to
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their lithostratigraphy, classified by the mineralogically based grouping
proposed in this study. Group 1 (red), representing high reactivity clays,
is primarily concentrated in the Midlands and Pennine Basin, and cor-
responds to Carboniferous formations such as the Etruria Formation and
Coal Measures, which are rich in fireclays and kaolinitic mudstones.
Group 2 (orange), comprising moderately reactive clays, displays a
broader geographical distribution across southern and eastern England
(notably Jurassic and Cretaceous formations) as well as parts of North-
ern Ireland. Group 3 (green), characterised by carbonate-rich clays with
moderate reactivity, is concentrated in central and southern England,
reflecting the presence of Jurassic marls and carbonate-rich marine
mudstones such as the Oxford and Ampthill Clay formations. Group 4
(blue), which includes mixed clays with varied low to moderate reac-
tivity, is mostly found in Northern Ireland and western Scotland, and is
associated with Tertiary and Quaternary deposits. The resulting map
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Table 4
Summary of the clay formations and their potential reactivity.

Stratigraphic classification Reactivity classification

Etruria Formation;
Pennine Middle Coal Measures Formation;
Avon Group;
Pennine Lower Middle Coal Measures Formation;
Devensian Till;

Millstone Grit Group;
Pennine Middle Coal Measures Fm;
Wealden Group;
Wealden Clay Fm;
Alluvium/ Glaciolacustrine, Devensian;
Ampthill Clay Fm, Jurassic;
Rutland Formation, Great Oolite Group, Middle
Jurassic;
Scunthorpe Mudstone Fm, Lias Group;
Westbury Fm, Penarth Group, Triassic

Over 400 J/g of SCMs
High reactivity, high
potential

190-400 J/g of SCMs
Moderate reactivity

offers a valuable geospatial framework for identifying clay-rich
geological units across the UK with potential for use in low—carbon
cementitious applications. By linking geological formations to reactivity
categories, it supports regionally informed SCM sourcing strategies,
highlighting areas with the most promising raw materials for sustainable
cement production.

5. Conclusions, implications and future research needs

This study provides a first-of-its—kind analysis of low—purity clays
from the United Kingdom and a mineralogy-based framework for
screening and comparing low-purity clay sources that can be used for
producing suitable SCMs via calcination. Although the experimental
dataset is UK-based, the analysis and results rely on fundamental
mineralogical and lithological characteristics and are therefore trans-
ferable to clay resources in other regions exhibiting similar geological
characteristics globally.

(a) Connecting mineralogical composition with chemical reactivity

Based on the mineralogical composition of the assessed low—purity
clays, a classification system was developed, and the physical and
chemical characteristics of the raw low—purity clays for each group are
summarised in Table 5. In general, clays from Groups 1 and 2 present
high to moderate chemical reactivity, when determined via R® testing,
while clays from Group 3 and 4 present moderate to low reactivity. The
chemical reactivity values are strongly dependent on the mineralogical
features of each of the clay groups studied.

Reliance on 7-day cumulative heat from RS testing results can lead to
disqualifying suitable clays that can be used as SCMs. It is recommended
that the R® results of 7 days of testing (as per current standards) are
evaluated in conjunction with R? testing results collected for at least 14
days, to enable selection of promising low-purity clay resources, ac-
counting for their potentially ongoing pozzolanic reaction.

Based on the results, clays with a total clay mineral content of at least
>40 wt%, and a mica content below 60 wt% in the clay mineral fraction
were associated with moderate to high pozzolanic activity under the
calcination conditions investigated. The presence of carbonates in low-
—purity clays should not be a criterion to disqualify a clay from SCM
selection. This study demonstrates that carbonate-rich clays develop a
moderate (for up to 30 wt% carbonates) to high (for up to 20 wt%
carbonates) pozzolanic reactivity following calcination. However,
further studies are needed to better define threshold values for car-
bonate contents in raw clay sources, and optimise processing conditions,
to minimise the risk of reactive CaO formation. Moreover, calcination
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Fig. 23. Map of the United Kingdom showing the distribution of sampled
geological formations, classified according to the mineralogically based reac-
tivity groups defined in this study. Group 1 (red) represents high reactivity
clays. Group 2 (orange) denotes clays of moderate reactivity. Group 3 (green)
comprises carbonate rich clays, while Group 4 (blue) includes compositionally
variable clays with generally low to moderate reactivity. Map generated with
the data from BGS. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

conditions of Group-3 clays can be further optimised, considering car-
bonates decomposition temperatures while inducing sufficient struc-
tural alterations in the clay minerals.

(b) Connecting chemical composition with chemical reactivity

A clear correlation between CaO and carbonate contents was iden-
tified, however, moderate correlations of other oxides with the bulk
mineralogy of the raw clays suggest that chemical composition (e.g.
Al;03, SiOy, among others) alone is an unreliable predictor of clay
mineral content. Relying solely on chemical composition to select suit-
able clays may underestimate the pozzolanic potential of many
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Table 5
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Summary of the four classified clay groups based on key geochemical, mineralogical and physicochemical properties of the raw materials, including SiO, and Al,O3
content, kaolinite content, carbonate content, total clay content (all in wt%), specific surface area (SSA, mz/g), and R at 14 days.

Group number Al,0O3 content (wt%) SiO, content (Wt%) Kaolinite content (wt%) Carbonates content Total Clay content SSA R® at 14 days
(Wt%) (Wt%) (m?%/g) (J/g of SCM)
1 15-26 29-63 42-54 0 62-80 41-152 433-693
2 7-23 41-75 17-39 0-8 41-88 59-283 219-453
3 6-19 25-66 0-2 14-55 10-62 55-236 294-421
4 9-25 36-65 0-13 0-9 18-82 50-283 181-469

low—purity and common clays. Total clay mineral content is a more
meaningful predictor of pozzolanic reactivity than oxide-based chemi-
cal thresholds alone. Moreover, total clay content is a better predictor of
pozzolanicity than kaolinite content for low—purity clays with mixed
clay mineralogy. Therefore, it is recommended that standards for acti-
vated clay-based SCMs move beyond purely chemical composition and
kaolinite content-based thresholds and begin to incorporate mineral-
ogical and performance-based criteria through reactivity testing, which
more directly relate to pozzolanic reactivity.

(c) Connecting stratigraphy with reactivity

Links between the geological formation of clays, with their pozzo-
lanic reactivity potential have been revealed. Low—purity clays derived
from kaolinitic Carboniferous formations, such as the Etruria and Coal
Measures, consistently exhibited moderate-to-high pozzolanic reac-
tivity. Younger or marine-derived clays, particularly those from
Jurassic, Cretaceous, and Quaternary units, tend to display more het-
erogeneous compositions with higher contents of mica, smectite, and
carbonates, which limit their pozzolanic reactivity. Based on studies on a
wide range of clay from different regions in the UK, Group 2 clays with
15-40% kaolinite and total clay mineral content >40% having a mod-
erate reactivity are the widely available clay resource for calcined clay
production.

(d) Implications and future research needs

This study demonstrates that existing criteria specified in guidelines
and standards for qualifying potential clay resources as suitable SCMs
are not effective for predicting the chemical reactivity of low-purity
clays once calcined. Therefore, a step change in the rapid screening
and selection of such resources is needed.

The guidelines developed here classify low-purity clays on their
pozzolanic reactivity potential, based on their bulk mineralogical
composition, establishing links between clay mineralogy and geological
formations. Consequently, when using existing geological maps, it is
possible to carried out regional-scale assessments of clay resources'
suitability for calcined clay production. This new knowledge assists the
exploration and sourcing of promising low-purity clays for SCMs pro-
duction, in different geographical locations. It is worth noting that
mineralogy characteristics are always determined and very well known
in mining operations; therefore, the outcomes of this study have a sig-
nificant practical importance.

However, further work is required to fully unlock the potential of
low-purity clays as SCMs. The optimisation of the calcination parame-
ters for clays with different mineralogy needs to be addressed, in order
to maximise their reactivity. Moreover, SSA is an important parameter
that indicates variations between clays, and its influence on pozzolanic
reactivity was not fully addressed in this study. Future work should
investigate the impact of SSA across different clays on their chemical
reactivity once calcined.

The global geological diversity of clay deposits implies that addi-
tional datasets covering a broader range of clay types, impurity levels,
mineralogy, and geology would strengthen the applicability of the
proposed screening approach and refine the framework introduced here,
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supporting its implementation in industrial practice.
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