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Abstract: Chlorite is a key mineral in the control of reservoir quality in many siliciclastic rocks. In deeply
buried reservoirs, chlorite coats on sand grains prevent the growth of quartz cements and lead to anomalously
good reservoir quality. By contrast, an excess of chlorite – for example, in clay-rich siltstone and sandstone –
leads to blocked pore throats and very low permeability. Determining which compositional type is present,
how it occurs spatially, and quantifying the many and varied habits of chlorite that are of commercial impor-
tance remains a challenge. With the advent of automated techniques based on scanning electron microscopy
(SEM), it is possible to provide instant phase identification and mapping of entire thin sections of rock. The
resulting quantitative mineralogy and rock fabric data can be compared with well logs and core analysis
data. We present here a completely novel Quantitative Evaluation of Minerals by SCANning electron micros-
copy (QEMSCAN®) SEM–energy-dispersive spectrometry (EDS) methodology to differentiate, quantify and
image 11 different compositional types of chlorite based on Fe : Mg ratios using thin sections of rocks and
grainmounts of cuttings or loose sediment. No other analytical technique, or combination of techniques, is capa-
ble of easily quantifying and imaging different compositional types of chlorite. Here we present examples of
chlorite from seven different geological settings analysed using QEMSCAN® SEM–EDS. By illustrating the
reliability of identification under automated analysis, and the ability to capture realistic textures in a fully digital
format, we can clearly visualize the various forms of chlorite. This new approach has led to the creation of a
digital chlorite library, in whichwe have co-registered optical and SEM-based images, and validated the mineral
identification with complimentary techniques such as X-ray diffraction. This new methodology will be of inter-
est and use to all those concerned with the identification and formation of chlorite in sandstones and the effects
that diagenetic chlorite growth may have had on reservoir quality. The same approach may be adopted for other
minerals (e.g. carbonates) with major element compositional variability that may influence the porosity and
permeability of sandstone reservoirs.

Chlorite is an important mineral in many different
types of sedimentary rock. Chlorite, an aluminosili-
cate clay mineral with a 2 : 1 : 1 crystal structure
(Deer et al. 2013), can vary from Mg-rich chlorite,
known as clinochlore (Mg5Al2Si3O10(OH)8), to
Fe-rich chlorite, known as chamosite (Fe5Al2Si3O10

(OH)8), with all Mg : Fe ratios possible in between
these two end-members. Mg-rich chlorite, and
other Mg-rich clay minerals such as palygorskite
and saponite, have been reported to be primarily

associated with clastic sedimentary rocks deposited
in semi-arid continental environments (Pay et al.
2000; Worden & Morad 2003). By contrast, Fe-rich
chlorite, and other Fe-rich clay minerals such as
berthierine and odinite, have been reported to be pri-
marily associated with marine depositional envi-
ronments (Odin 1990; Ehrenberg 1993; Worden &
Morad 2003; Dowey et al. 2012).

The work presented here arose from research
by the Chlorite Consortium at the University of
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Liverpool. This research group has focused activity
on understanding the origin and distribution of
chlorite in sandstones because some types of chlorite
can coat sand grains and prevent the growth of pore-
occluding quartz cements (Dowey et al. 2012). Our
work was primarily undertaken to assess whether
all compositions of chlorite inhibit quartz cements,
to determine exactly where chlorite sits in sediments
and rocks (i.e. as detrital grains, grain coats or patches
of cement), and to determine whether different mor-
phological types of chlorite in a given rock have
different compositions.

At the University of Liverpool, we have devel-
oped a spatially resolved Quantitative Evaluation
of Minerals by SCANning electron microscopy
(QEMSCAN®) technique to uniquely define andmap
the composition of chlorite in sediments and sedi-
mentary rocks at the scale of a polished thin section
or polished pieces of core. QEMSCAN® is an
integrated automated mineralogy and petrography
solution providing the quantitative analysis of miner-
als, rocks and artificial materials. This technique
should prove to be invaluable to those concerned
with characterizing detrital and diagenetic chlorite
and different minerals with the same composition,
but with different crystal structures, such as berthier-
ine. We show that this innovative technique has
numerous advantages over existing techniques, such
as light microscopy, X-ray diffraction (XRD), back-
scattered scanning electron microscopy (BSEM) and
conventional energy-dispersive spectrometry (EDS)
using secondary X-rays.

Methods used to study and analyse
chlorite in sedimentary rocks

Table 1 presents a summary and comparison of the
techniques typically used to study chlorite in sand-
stones in terms of the type of data output, the cost
of equipment, the support equipment requirements,
the length of time required for sample preparation,
analysis and data processing, the level of operator
skill required, the ability to discern the composition
of chlorite and the feasibility of discriminating chlo-
rite from other Fe-rich clay minerals.

Light microscopy and optical point counting
(Emery & Robinson 1993) can, under favourable cir-
cumstances, be used to quantify chlorite and assess
where it sits within a sedimentary rock. The reliabil-
ity of this method is highly dependent on the user’s
level of experience, including their ability to identify
the presence of clay minerals, as opposed to oxides,
organics and fine-grained carbonate minerals (e.g.
siderite), and then to discern chlorite from other clay
minerals, such as illite and smectite. There is often a
considerable statistical uncertainty associated with
point counting; however, the uncertainty typically

reduces with an increase in the number of points
counted. For example, 10% point-counted chlorite
has an uncertainty of c. 3.5% for 300 points counted
per section and c. 1.8% for 1000 points counted
per section (Van der Plas & Tobi 1965). Even for
a highly experienced user, it is not possible to
determine the composition of the chlorite, or to be
completely sure that it is not another distinct type
of Fe-rich clay, such as berthierine.

XRD can also be used to determine the mineral-
ogy, and specifically the chlorite concentration, of
either a crushed bulk sample (whole sediment) or
a physically separated clay-sized fraction (Hillier
2003). XRD can differentiate chlorite from other clay
minerals (e.g. illite, smectite, kaolinite or glauconite)
by identifying the position and intensity of XRD
peaks. XRD can also discriminate Fe-rich clay min-
erals, such as glauconite, berthierine and odinite.
With care and much experience, XRD can also be
used to identify the bulk composition of the chlorite
and in which part of the crystal structure any elemen-
tal substitutions have taken place. However, the
chemistry determined from XRD is an average of
all the chlorite species in the sample, with little or
no chance of ever being able to identify any compo-
sitional difference between varying types of detrital
(e.g. in lithic grains) and diagenetic (e.g. pore-filling
and grain-coating) chlorite. Quantification of chlo-
rite using XRD can be achieved by a variety of
approaches, including the reference intensity ratio
method (Hillier 2003). Errors are not easy to quan-
tify, but a skilled XRD analyst may, under favour-
able conditions, be able to repeatedly measure
sub-percentage quantities of chlorite. XRD quantifi-
cation can be influenced strongly by any pre-XRD
sample handling steps, such as size separation to
concentrate the clay minerals. XRD cannot reveal
the location and texture of chlorite within a rock
sample – for example, whether chlorite is present
as grain coats on sand grains, lithic grains, pore-
filling pseudo-matrix or mud-rich laminations.

BSEM has been routinely used to visualize
chlorite in polished sections with the brightness of
any mineral in a BSEM image being controlled by
the average atomic number of the mineral (Emery
& Robinson 1993). Thus, in a BSEM image, Fe-
chlorite should appear brighter than Mg-chlorite in
any rock bearing both types. Note that BSEM does
not have any absolute degree of brightness for min-
erals; the images are controlled in real time by the
analyst. Chlorite does not have a unique BSEM
brightness and its presence in an image is, initially,
suspected by the user based on the morphology of
chlorite (e.g. typically as grain coats, pore-filling
clusters or in lithic clasts). Most scanning electron
microscopes equipped with BSEM detectors have
the facility for the EDS analysis of secondary
X-rays excited by the primary electron beam. With
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Table 1. Comparison of different techniques used for the analysis of chlorite in sandstones

Transmitted light microscopy,
point counting

X-ray diffraction Back-scattered electron imaging Electron microprobe,
secondary X-ray analysis

Infrared spectroscopy

Sample type Thin section Finely ground rock Polished section Polished section Finely ground rock
Sample preparation Resin impregnation, thin

section preparation
Whole sediment, no

preparation; clay
separates, Stokes’ law
physical separation

Resin impregnation, polished
thin section preparation,
carbon coating

Resin impregnation, polished
thin section preparation,
carbon coating

Whole-sediment Fourier transform
infrared spectroscopy, diluted
with weighed KBr and made
into pressed pellet

Representative volume
or area

Core plug volume Core plug volume Micrometre-resolved images Cubic micrometre volumes
for each analysis

Core plug

Type of output Descriptions, images,
paragenetic sequence and
quantitative point counting
of grains, cements, pores,
matrix, grain size and sorting

Semi-quantitative (at
best) mineral
proportions. Spatially
unresolved data

Images of rock, mineral
identification and
paragenesis. Can be
point-counted for grains,
cements, pores, matrix, grain
size and sorting using image
analysis

Point (micrometre-scale)
analyses of mineral
composition

Semi-quantitative (at best) for
minerals, amorphous phases and
organics. Spatially unresolved
data

Cost of equipment
(approximate)

£20k–60k £130k–250k £60k–800k £60k–800k £40k–100k

Back-up and
laboratory rooms
required

Rock saws, laps, grinding
equipment and other thin
section making equipment

Crushing and grinding
‘dirty labs’, clean
room for separating
clays

Rock saws, laps, grinding
equipment and other thin
section making equipment,
carbon coater

Rock saws, laps, grinding
equipment and other thin
section making
equipment, carbon coater

Crushing and grinding ‘dirty labs’,
press to make KBr pellets

Time for sample
preparation

c. 1 h to cut, grind and finish
thin section

c. 2 h to crush, separate
and grind

c. 2 h to cut, grind and polish
thin section

c. 2 h to cut, grind and
polish thin section

c. 2 h to crush, separate and grind

Time for analysis c. 1 h to point count 300 c. 1 h to scan, 1 h to
process

c. 1 h to examine a polished
section

c. 1 h minimum to examine a
polished section

c. 1 h to scan, 1 h to process

Time for data
processing

Variable time for image
examination

c. 1 h to process raw
data

Variable time for image
examination

Time to process mineral
chemical data

c. 1 h to process spectra

User skill/experience
required

Much training in petrography
and some for point counting

High level of training in
sample preparation,
analysis and data
processing

Much training in petrography,
knowledge of mineral
chemistry

Much training in
petrography, knowledge
of mineral chemistry

High level of training in sample
preparation, analysis and data
processing

Subtle chemical
variants (in this
case quantities of
Mg v. Fe in
chlorite)

Not possible Can detect mixtures of
Fe- and Mg-chlorite
in same sample

Can visualize Fe (bright) and
Mg (dark) chlorite

Can measure individual
points for Fe : Mg ratio

May be possible

Crystallography/
polymorphs (e.g.
chlorite
v. berthierine)

Not possible Full differentiation of
berthierine and
chlorite

Not possible Not possible May be possible

With modification, the comparison can be generally applied to other minerals in other sedimentary rocks.
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this approach, the elemental fingerprint of the major
elements within a mineral, suspected to be chlorite in
a BSEM image, can be determined and the mineral-
ogy confirmed. Energy-dispersive spectra from most
scanning electron microscopes, typically collected
for 60 or 100 s, can be approximately quantified
because the size of the secondary X-ray peaks can
be related to the proportions of that element. It is
sometimes possible to conclude, in general terms,
that chlorite is typically Fe-rich or Mg-rich during
BSEM and EDS studies. Quantifying the amount
of chlorite in a sedimentary rock in BSEM images
is not routine and it is not realistic to manually collect
hundreds of secondary X-ray spectra to define the
composition of chlorite. BSEM–EDS cannot differ-
entiate chlorite from other Fe–Mg-rich clay miner-
als, such as berthierine.

Electron microprobe analysis typically uses
wavelength-dispersive spectrometry of secondary
X-rays. This is an electron beam device dedicated
to high-quality chemical analysis, down to parts
per million in some instances, of the composition
of areas of c. 1 µm2 from polished sections of rocks
and minerals, including chlorite (Hillier 1994). Elec-
tron microprobe analysis devices typically have
BSEM imaging capability and thus can be used to
identify chlorite based on morphology and then to
exactly measure the Fe : Mg ratio of chlorite in sedi-
mentary rocks. These analyses are slow and labour
intensive and not ideal for the estimation of the
amounts of minerals in rocks or the relative propor-
tions of different compositions (Fe : Mg ratios) of
chlorite in a sedimentary rock. Electron microprobe
analysis cannot differentiate chlorite from other
Fe–Mg-rich clay minerals, such as berthierine.

Infrared spectroscopy is a bulk technique that
can be used on crushed and homogenized rock sam-
ples. Different minerals adsorb different parts of the
infrared spectrum, with mineral identification and
quantification routinely possible if a given labora-
tory develops its own calibration lines for all miner-
als present. The presence of chlorite can easily
be detected in the infrared region; quantification is
less routinely attempted. With care, chlorite can be
differentiated from other Fe–Mg clay minerals,
such as berthierine (Peyaud & Worden 2006). Rig-
side tools have been developed to analyse the min-
eralogy of cuttings by infrared spectroscopy, but
such tools are not used as standard (Breen et al.
2008). Differentiating Fe- from Mg-chlorite is not
routinely possible using FTIR sedimentary rocks
with a large number of minerals. New infrared-
based tools have been developed to analyse whole
sections of slabbed drillcore for mineral distribu-
tions (including bulk chlorite distributions), thus
providing useful links between core logging and
ichnological studies and mineralogy. These new
tools have been claimed to give percentage-level

quantities and distributions of bulk chlorite in core
samples.

SEM of broken rock chips using secondary elec-
tron imaging is a common way to visualize the 3D
morphology of chlorite in sedimentary rocks
(Emery & Robinson 1993). In conjunction with
chemical fingerprinting using EDS analysis, it has
been used to approximately define the composition
of chlorite grain coats in sandstones. Secondary elec-
tron imaging-EDS cannot easily be used to define the
amount of chlorite, the relative amounts of different
compositional types of chlorite in sandstones or to
differentiate chlorite from berthierine and odinite.

QEMSCAN® SEM–EDS analysis of
sedimentary rocks

QEMSCAN® SEM–EDS gives the spatially re-
solved mineralogy based on elemental chemistries
using polished surfaces of rocks, thin sections, or
grain mounts of cuttings or loose sediments, set in
resin, and then polished (Pirrie et al. 2004; Armitage
et al. 2010). QEMSCAN® is the proprietary name
for a rapid, repeatable automated mineralogical
analysis technique developed by FEI and now
owned by ThermoFisher Scientific. The outputs are
detailed mineral identification, quantification and
maps of mineral distributions that reveal the fabric
of the rock or sediment.

The QEMSCAN® SEM–EDS system is a scan-
ning electron microscope equipped with two or
more high-speed EDS detectors. The QEMSCAN®

SEM–EDS system uses a tungsten filament unit in
the small, portable WellSite system, or a field emis-
sion gun in the larger, multi-purpose, laboratory-
based Quanta 650 system. Each system is configured
to acquire chemical data from secondary X-rays, by
single or dual EDS detectors, at spatially pre-defined
points across any polished solid sample. The distance
between these points, on any given grid, is user-
defined depending, primarily, on what the data are
to be used for. There is a minimum practical spacing
(resolution) of just less than 1 µm due to the physics
of the electron beam–sample interaction; the activa-
tion volume of the sample that generates secondary
X-rays is significantly larger than the area of the
focused electron beam, so that the analysis points
on a grid with a spacing much less than 1 µm collects
data fromoverlappingvolumesofmaterial.However,
wider step sizes between the points are possible,
resulting in a pixelated image with a lower than
optimum spatial resolution. If the QEMSCAN®

SEM–EDS data are required to reveal fine details of
the texture of a rock, then a high-resolution (1 or
2 µm) spacing should be used. If the QEMSCAN®

SEM–EDS data are required to reveal the mineralogy
averaged across a whole thin section (e.g. averaging
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across graded beds or variably bioturbated sediment),
then a much wider spacing (e.g. >20 µm) may be
adequate between analysis points. Analysis at sys-
tematically varied step sizes for the same sample
has shown that the mineral quantities remain credible
up to 50 µm spacing between analysis points on a grid
across a sample (Pirrie et al. 2004).

Once the elemental concentration has been mea-
sured at each point by the EDS detectors, the soft-
ware automatically matches it with a library of
mineral definitions. These mineral definitions are
called species identification protocols (SIPs) and
are assembled in a SIP list, which is effectively an
archived mineral library. Each mineral is assigned
a colour and the data points are combined to form
a contiguous false colour image of the sample. In
addition to the images, the sum of each occurrence
of an identified mineral is tabulated so that minerals
and groups of minerals may be quantified. Minerals
can be grouped, or remain as separate species, and
the colour that represents them can be altered to
suit the user. This allows users to illustrate, quantify
and analyse many complex textures.

QEMSCAN® SEM–EDS analysis can be used
to study the mineralogy of sandstones and other
rocks in the pursuit of an understanding of, for exam-
ple, the lithology, stratigraphy, reservoir quality,
sediment provenance, the geomechanical properties
of reservoirs, caprocks or overburden, and the min-
eral scale in production equipment. QEMSCAN®

SEM–EDS analysis can be used on cores, sidewall
cores and cuttings. It can be undertaken on any mate-
rial that can be polished. The QEMSCAN® SEM–

EDS technique is not, on its own, capable of differen-
tiating diverse textural forms of the same mineral –
for example, quartz grains and quartz cement
(for this, QEMSCAN® SEM–EDS images need to
be compared with the output of other techniques,
such as optical microscopy or SEM cathodolumines-
cence images). The QEMSCAN® SEM–EDS tech-
nique is also not capable of differentiating minerals
with the same composition – for example, rutile
and anatase (TiO2). The QEMSCAN® SEM–EDS
technique can be used to define similar minerals
with subtle differences in composition – for exam-
ple, muscovite (KAl3Si3O10(OH)2) may be dif-
ferentiated from illite primarily by its lower K
concentration. Minerals of highly variable composi-
tion, such as smectite (McKinley et al. 2003), can
have subtle compositional types, which may be iden-
tified and quantified if the SIP library has been
sufficiently developed. Even so, it is recommended
that the occurrence and type of smectite should be
independently confirmed using XRD analysis of a
glycolated sample; the swelling properties of smec-
tite are primarily related to its crystal structure and
so chemistry alone will not provide the necessary
degree of certainty.

QEMSCAN® SEM–EDS method for
defining chlorite Fe–Mg composition

Analysis

The instrument used to gather the data was an FEI
WellSite QEMSCAN® system. A tungsten filament
produced the focused electron beam, running at
15 kV, with a sample current of 7 nA measured at
the Faraday cup. Highly polished, carbon-coated
samples were placed in the vacuum chamber. During
routine operation, the QEMSCAN® SEM–EDS sys-
tem was re-calibrated for beam current and back-
scattered electron signal every time a new sample
block holder was loaded.

The SEM system was programmed to collect
chemical data across a pre-defined area of the sample
using iMeasure® software. For this work, a 2 µm
spacing between data collection points was used
for most samples. A smaller spacing leads to only
a marginal increase in spatial resolution, but in-
creases the analysis time exponentially. Analysing
a 1000 µm area at a 2 µm step size takes one-quarter
of the time for the same area analysed at a 1 µm step
size for no improvement in mineral quantification
and negligible improvement in image quality. The
electron beam dwells at each point until sufficient
X-rays have been collected by the detectors to allow
for successful phase-matching using the reference
library. A standard number of 1000 X-ray pho-
tons were used in this study and therefore the system
did not have to be slowed to achieve the desired
results.

Phase identification

Two Bruker energy-dispersive X-ray spectrometers
recorded the discrete secondary X-rays emitted by
the sample excited by the focused electron beam.
The X-ray spectrum from each analysis point was
processed to identify and quantify the elements pre-
sent and then output a chemical composition. The
recorded chemical composition was matched to the
SIP library of pre-defined chemical compositions for
various phases, including minerals, glasses and other
amorphous materials. The QEMSCAN® SEM–EDS
system does not measure or use crystallographic
features and therefore cannot discriminate between
amorphous and crystalline phases or crystallo-
graphic polymorphs. The QEMSCAN® SEM–EDS
method relies on the identification of the unique
chemical composition of each phase.

Using the iDiscover® software to automatically
interpret the X-ray intensity data from each analysis
point, the resulting data were stitched to form one
colour image of the sample. The number of pixels
of each phase were summed and normalized to give
the mineral composition in terms of area percentage,
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weight per cent or mass per cent depending on the
application.

The SIP library containing the chemical defini-
tion of each mineral is central to this process. An ini-
tial SIP library was supplied by the QEMSCAN®

SEM–EDS manufacturers; however, more experi-
enced and suitably trained users can create new and
unique SIP libraries to solve specific petrographic
problems. Every SIP library defines chemical ele-
ments that must be present in a given mineral, ele-
ments that may be present and which ranges of
elemental concentrations are permitted for a success-
ful match to a mineral in the SIP library. Consider-
ation must be given to the known chemical formula
of each mineral, the solid solution series and the pre-
cision of the energy-dispersive spectrometer being
used. An additional consideration must be given to
the contribution of elemental signatures from neigh-
bouring minerals at the edges of grains as a result
of the several micrometre diameter activation vol-
ume from which secondary X-rays are generated.

Chlorite definition using a modified
SIP library

The standard SIP library supplied by FEI contains
two types of chlorite with different chemistries:
one is Fe-rich and the other is Mg-rich. Both types
of chlorite have a wide range of possible elemental
concentrations permitted for an admissible match
to the SIP library. Chlorite represents a family of
minerals that have very similar crystal structures,
but with a wide range of possible elemental substitu-
tions. The most common types of chlorite are domi-
nated by Si, Al, O and H, with varying proportions
of Fe and Mg. We focused here on the variability
of the proportions of Fe and Mg in chlorite. Deer
et al. (2013) reported that Mg–Fe substitution occurs
over a wide range and natural trioctahedral chlorites
can be, to a first approximation, expressed as binary
combinations of the clinochlore (Mg10Al4Si6O20

(OH)16) and chamosite (Fe10Al4Si6O20(OH)16) end-
members.

We developed a range of new SIP libraries for
chlorite that categorize it into one of 11 composi-
tionally defined types, including the two chlorite
end-members Mg5Al2Si3O10(OH)8 and Fe5Al2Si3-
O10(OH)8. The SIP entry for the Fe-chlorite end-
member specifies that no Mg may be present (i.e.
no secondary X-rays from Mg picked up by the
EDS detectors during data acquisition). The SIP
entry for the Mg-chlorite end-member specifies that
no Fe may be present (i.e. no secondary X-rays
from Fe picked up by the EDS detectors during
data acquisition). The SIP library is ordered in
ascending Fe content, with chlorite being assigned
a compositional type as a function of the specific
Fe concentration. The software is flexible enough

to allow subdivisions of <10% steps of the Fe : Mg
ratio so that we could have defined >11 composi-
tional types of chlorite. However, there is a limited
rationale for this approach. The precision of the
EDS system, plus the degree of uncertainty resulting
from spurious secondary X-ray contributions from
neighbouring minerals, both limit the credibility of
the use of, for example, 5% steps of Fe : Mg ratios.

There is a small number of relatively rare clay
minerals with compositions that fall within the
range of compositions defined by the 11 new chlo-
rite SIP files – for example, berthierine and odinite
(Odin 1988). These clay minerals can be uniquely
differentiated using XRD analysis of crushed sedi-
ment samples because they have different crystal
structures to chlorite. XRD analysis also allows the
identification of specific sites in the chlorite crystal
lattice where elemental substitutions have occurred.
A crystallographic technique such as XRD can be
used in conjunction with a QEMSCAN® SEM–

EDS system to confirm the mineral identification in
rocks where polymorphism is possible or suspected.

Importantly, these 11 new compositional subdi-
visions of the chlorite group have been developed
and used, but this extra level of sophistication has
not slowed either the operation of the device or the
rate of automatic interrogation of the output data.
With the new SIP files developed by the University
of Liverpool, the QEMSCAN® SEM–EDS system
can identify, compositionally categorize and quan-
tify chlorite in reservoir rocks and show the detailed
spatial distributions of different types of chlorite.
This fast and user-independent process will allow
new insights into clay mineral composition, abun-
dance and distribution in a wide range of rock types.

Results and interpretation

Chlorite compositions are presented and interpreted
from a range of rock types to illustrate the capability
of the new SIP files.

Garnet–mica schist

We wanted to start testing the capability of this
new chlorite analysis technique with rocks that we
expected would contain chlorite of different compo-
sitions. The early stages of prograde metamorphism
of clastic sedimentary rocks typically involve the
development of chlorite and evolution towards a
schistose texture. Garnet starts to develop during
the middle stages of prograde metamorphism. As a
function of thermodynamic equilibrium, chlorite in
the schist matrix tends to have a lower Fe : Mg
ratio than the coexisting garnet (Atherton 1977;
Yardley1989).Metamorphic rocks routinelyundergo
some degree of retrograde alteration during the long
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and slow uplift and cooling cycle. In the case of
garnet, the edges of garnet porphyroblasts tend to
experience some degree of alteration to chlorite. As
the parent garnet has a higher Fe : Mg ratio than
the chlorite matrix, it might be expected that the
garnet-replacive chlorite has a higher Fe : Mg ratio
than the matrix chlorite. A sample of Dalradian gar-
net–mica schist from the Scottish Highlands was
analysed with the QEMSCAN® SEM–EDS system
(Fig. 1a). Thematrix chlorite is typically c. Fe40Mg60
or Fe50Mg50 (Fig. 1b–d). Garnet has undergone
some retrogressive alteration to chlorite, as pre-
dicted, and this replacive chlorite has a composition
of Fe80Mg20 (Fig. 1b–d). Not only has our bespoke
collection of chlorite SIP files and QEMSCAN®

SEM–EDS analysis revealed that there are two
compositionally different types of chlorite present

in this rock, but it also has shown exactly where
the different types of chlorite exist within the rock.

Chlorite from the Lower Jurassic Cook
Formation, North Sea basin

Some Lower and Mid Jurassic sandstones from
the eastern side of the North Sea basin have been
reported to be rich in chlorite. Deeply buried and rel-
atively high-temperature reservoirs of the Lower
Jurassic Cook Formation have been reported to con-
tain chlorite grain coats that have locally inhibited
the growth of quartz cement (Gupta & Johnson
2001; Skarpeid et al. 2017). Light optical examina-
tion showed that Cook Formation sandstones do con-
tain clay coats (Figs 2 & 3a) but, of course, there was
no way to discern the compositional type of chlorite.

(a)

(c)

(b)

(d)

Fig. 1. Data from a garnet–chlorite–mica schist from the Dalradian of Scotland. (a) Light optical image showing
equant garnet, with a hint of a retrogressive alteration halo, sitting in a chlorite-bearing schistose matrix.
(b) QEMSCAN® SEM–EDS image of the same area as part (a) with the colour scheme selected to illustrate the
compositional variations of chlorite for this image shown in part (c). This QEMSCAN® SEM–EDS image shows the
Fe40M60 chlorite in the matrix, with the darker green, more Fe-rich chlorite (Fe80Mg20) in the retrogressive alteration
halo at the margin of the garnet. (c) Enlargement of part (b) showing the difference in composition and morphology
of the two types of chlorite in a partially retrogressed garnet–chlorite–mica schist. (d) Histogram representing the
subtly bimodal proportions of the types of chlorite in the garnet–chlorite–mica schist. The dominant peak shows that
most of the chlorite (in the schistose matrix) is slightly Fe-depleted, but the minor garnet alteration is distinctly
Fe-rich, as expected given that the parent garnet tends to be Fe-rich relative to chlorite according to standard
metamorphic AFM phase diagrams.
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QEMSCAN® SEM–EDS analysis showed that much
chlorite is present in these rocks, with many sam-
ples enriched in by slightly Fe-dominated chlorite
(Fe60Mg40, Fig. 3b). Some chlorite is slightly
Mg-dominated (Fe40Mg60, Fig. 3b). Some samples
have roughly equal amounts of Fe60Mg40 and
Fe70Mg30 chlorite (Fig. 3b). Examination of the
QEMSCAN® SEM–EDS images collected at a
1 µm spacing showed that there are several textural
types of chlorite in these sandstones (Figs 3c, d),
each with their own composition. The first is patches
of pore-filling chlorite that is slightly Fe-dominated
(Fe60Mg40); the second is chlorite that has partially
replaced mica, which is slightly Mg-dominated
(Fe40Mg60); the third is grain-rimming chlorite,
which is relatively Fe-enriched (Fe70Mg30). This
new approach to chlorite in sandstones has, for the
first time, shown that different genetic types of this
mineral exist in different parts of the same sandstone
(i.e. grain-replacive, pore-filling and grain-coating
chlorite) and that different textural types of chlorite
have discrete compositions.

Lower Jurassic Cleveland Ironstone
Formation

The Lower Jurassic Cleveland Ironstone Formation
from an onshore ore exploration borehole in North
Yorkshire (Myers 1989) was analysed using the
QEMSCAN® SEM–EDS method and the new SIP
files to assess the types of clay minerals present.
Optical microscopy showed a complex pattern of
pores, millimetre-sized grains and a green–brown
infilling material; unequivocal mineral determina-
tion proved impossible using light optical micros-
copy (Fig. 4a). Back-scattered electron imaging,
together with point secondary X-ray analysis, better
revealed the porosity and predominance of the ‘gran-
ular’ siderite (FeCO3) and pore-filling Fe-rich clay.
QEMSCAN® SEM–EDS analysis with the new
SIP categories further showed the siderite and its
pores and identified the pore-filling clay as Fe-rich
chlorite (Fe80Mg20). However, subsequent XRD
analysis showed that the infilling clay is the 7 Å 1 : 1
clay mineral berthierine and not 14 Å 2 : 1 : 1 chlo-
rite. QEMSCAN® SEM–EDS analysis is not suitable
for the differentiation of berthierine from chlorite,
but has value in revealing the location, amount and
composition of these minerals in sedimentary rocks.

Upper Jurassic Corallian Group hybrid
sandstone–limestone

The stratigraphically complex Upper Jurassic Coral-
lian Formation from the Weald and Wessex basins
in southern England is composed of interbedded
sandstones and carbonates with reported local iron
enrichment (Williams 2003). Optical microscopy of

Fig. 2. Standard colour scheme for QEMSCAN®

SEM–EDS derived mineralogy. In porous sedimentary
rocks, the mineral name, ‘background’ refers to the
pores between (and in) grains, so that QEMSCAN®

SEM–EDS can be used to define porosity for pores
larger than c. 1 µm in size. The finite range of colours
means that it can be difficult to represent all the
minerals present in a rock, especially the
non-equilibrium assemblages typical of sedimentary
rocks. Minerals can be grouped, explaining our mineral
here named ‘other clays’, which includes illite,
kaolinite, smectite and glauconite. The grouping of
clays other than chlorite into one term is simply to
allow chlorite to occupy the full range of green
colours. Pure Fe-chlorite, known as chamosite,
represents one end-member; pure Mg-chlorite, known
as clinochlore, represents the other end-member. The
Species Identification Protocol has been tailored to
identify nine intermediate types of Fe–Mg-chlorite.
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a carbonate-dominated sample from an onshore oil
exploration borehole in theWeald basin, SE England
showed millimetre-sized iron-rich grains, 400 µm
ooids with quartz, calcite or porous cores and poiki-
lotopic, pore-filling calcite cement (Fig. 5a, b). Opti-
cal microscopy examination was largely unhelpful
for the identification of clay minerals in these rocks.
QEMSCAN® SEM–EDS analysis using the new
SIP files showed the presence of Fe-rich chlorite
(Fe70Mg30) with small amounts of slightly less
Fe-rich clay (Fig. 5c). A QEMSCAN® SEM–EDS
image of the areas imaged with optical microscopy
showed that the ooids are predominantly iron ooids
(Fig. 5d). QEMSCAN® SEM–EDS imaging also
showed apatite grains and unusual apatite coats

on detrital quartz grains and pore-filling siderite.
Subsequent XRD analysis showed that the Fe-rich
clay is berthierine, analogous to the Cleveland Iron
Formation (Fig. 4).

Sherwood Sandstone Group and Skagerrak
Formation sandstones

Analysis of sandstones from the semi-arid, conti-
nental sandstone deposits of the Lower Triassic
Sherwood Group from the west of Ireland (Schmid
et al. 2004) and the Lower Triassic Skaggerak For-
mation from the Central North Sea (Stricker et al.
2016) showed that chlorite can be present in conti-
nental as well as marine clastic sediments. Chlorite

(a)

(c) (d)

(b)

Fig. 3. Data from chlorite-rich Lower Jurassic Cook Formation sandstones from the North Sea Basin. All images are
from the Lower Jurassic Cook Formation (Gupta & Johnson 2001; Skarpeid et al. 2017). (a) Light optical image
showing quartz and lithic grains and grain-coating clay. The impregnated resin used in the preparation of the thin
section underwent damage under the intense irradiation of the QEMSCAN® SEM–EDS electron beam (explaining its
brown hue). (b) Histogram representing the proportions of different types of chlorite in the Lower Jurassic Cook
Formation. Sample Cook Fm-1 is represented in parts (c) and (d). (c) QEMSCAN® SEM–EDS image of the area
shown in part (a) using the colour scheme shown in Figure 2. (d) Enlargement of area of image in part (c). These
QEMSCAN® SEM–EDS images show three morphological and compositional types of chlorite: relatively
Fe-depleted chlorite replacing detrital biotite grains; relatively Fe-enriched chlorite forming grain coats; and relatively
Fe-enriched chlorite forming irregular pore-filling patches (pseudo-matrix). Chlorite coats both quartz and detrital
feldspar grains. The black arrows show that the chlorite grain coat lies on a ‘root’ layer of another clay mineral,
suggesting that the development of the burial diagenetic Fe-rich chlorite coat was facilitated by a non-chlorite grain
coat, formed earlier, possibly in the sedimentary depositional environment.
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is present as a variety of different types of grain in the
continental sediments, including detrital chlorite
flakes and chlorite-bearing lithic grains, and can be
present as a pore-filling matrix and even as rare
grain coats (in the Skaggerak Formation, but not
the Sherwood Sandstone).

Skaggerak Formation sandstones contain some
of the more Mg-rich chlorite in the study, with
some detrital chlorite flakes approaching clinochlore
in composition (Fe20Mg80) (Fig. 6a). The chlorite
matrix in Skaggerak Formation sandstones was more
Fe-rich (Fe50Mg50), suggesting a different sediment
provenance for the coarse chlorite flakes and the
finer chloritematrix. There are traces of grain-coating
chlorite in the Skaggerak Formation sandstones, but
QEMSCAN®SEM–EDS analysis showed that pyrite
is the dominant grain-coating mineral in this sam-
ple (Fig. 6b). The QEMSCAN® SEM–EDS chlorite

compositional histograms from the Skaggerak For-
mation sandstones display a wide range of compo-
sitions (Fig. 6d), confirming what is evident in the
images and supporting multiple chlorite sources of
chlorite grains in the primary sediment.

The Sherwood Group sandstones contain more
Fe-rich chlorite (Fe60Mg40) than the Skaggerak For-
mation sandstones (Fig. 6d). Chlorite in the Sher-
wood sandstones is predominantly found within
lithic grains, with negligible amounts found in the
clay matrix and none present as grain-coating mate-
rial (Fig. 6c).

Modern sediment from the Ravenglass
estuary

Liverpool’s Chlorite Consortium has undertaken
detailed studies of mineral and grain coat

(a)

(c) (d)

(b)

Fig. 4. Data from Lower Jurassic Cleveland Ironstone Formation from an onshore ore exploration borehole in North
Yorkshire (Myers 1989). (a) Light optical image showing a complex pattern of pores, millimetre-sized grains and
green–brown infilling material. (b) Back-scattered electron microscopy image of part of (a) revealing the porosity and
roughly bi-mineralic nature of the rock. (c) Histogram of QEMSCAN® SEM–EDS chlorite analytical data
representing the proportions of different types of chlorite in the Lower Jurassic Cleveland Ironstone Formation.
(d) QEMSCAN® SEM–EDS image of the area shown in parts (a) and (c) using the colour scheme shown in Figure 2.
The ooids are pure siderite (FeCO3). The infilling material between the ooids predominantly has the composition of
chlorite with Fe80Mg20. X-ray diffraction analysis showed that the infilling clay is berthierine, which effectively has
the same composition as Fe-rich chlorite, thus revealing a limitation of QEMSCAN® SEM–EDS as a technique for
the unique identification of minerals.
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distributions in modern (younger than 11 000 years),
marginal marine sedimentary systems as analogues
to ancient and deeply buried chlorite-bearing estua-
rine sandstones (Dowey et al. 2012; Barrie et al.
2015; Dowey et al. 2017; Wooldridge et al. 2017a,
b; Daneshvar & Worden 2018; Griffiths et al.
2018a, b). The emphasis of these modern analogue
studies has been to quantify the mineralogy, texture
and extent (completeness) of detrital clay coats on
sand grains from different sub-environments in a
marginal marine sedimentary system.

Light optical microscopy of grain mounts of
modern sediments can reveal the mineralogy of
sand and medium- to coarse-grained silt, but is not

effective in resolving or quantifying the mineralogy
of grain-coating material or any fine-grained matrix
(Fig. 7a). BSEM imaging, allied with EDS analysis,
can help to resolve and differentiate grain coats and
the matrix mineralogy, but this approach is not useful
for quantification. QEMSCAN® SEM–EDS analy-
sis of 17 samples from one core drilled to a depth
of 8 m showed that there is a substantial range of
compositions of chlorite in post-Holocene sedi-
ments from the Ravenglass estuary in NW England
(Fig. 7b). The histogram is multimodal with a dom-
inant composition of Fe50Mg50, but with a range
of subordinate modes from Fe30Mg70 to Fe70Mg30.
The QEMSCAN® SEM–EDS images show the

(a) (b)

(c)
(d)

Fig. 5. Data from the relatively Fe-rich Upper Jurassic Corallian Formation (Williams 2003) from an onshore oil
exploration borehole in the Weald Basin, SE England. (a) Light optical image showing millimetre-sized Fe-rich
grains, 400 µm Fe ooids with quartz, calcite or porous cores with calcite cement. (b) Light optical image showing Fe
ooids with quartz, calcite or porous cores with some fine-grained matrix and calcite cement. (c) Histograms (n = 35)
representing the compositions of chlorite-like clay in the Upper Jurassic Corallian Formation. This chlorite-like clay is
Fe-rich (Fe70Mg30) with small amounts of slightly less Fe-rich clay. X-ray diffraction analysis has shown that this
clay is berthierine (c. 7 Å 1 : 1 clay), which effectively has the same composition as Fe-rich chlorite (c. 14 Å 2 : 1 : 1
clay), thus revealing a limitation QEMSCAN® SEM–EDS as a technique for the unique identification of minerals.
(d) QEMSCAN® SEM–EDS image including the areas shown in parts (a) and (b) using the colour scheme shown in
Figure 2. The ooids are pure chlorite-like clay (Fe70Mg30). X-ray diffraction analysis showed that the chlorite-like
clay is berthierine, which effectively has the same composition as Fe-rich chlorite. The image also shows calcite
cement, apatite grains and unusual apatite coats on detrital quartz grains (black arrows). The dark matrix-like material
visible in part (b) is shown by QEMSCAN® SEM–EDS to be siderite.
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mineralogy of sand and medium to coarse silt grains
and the mineralogy of the coating material and clus-
ters of matrix material. The limited spatial resolution
of the QEMSCAN® SEM–EDS analysis means that
the approach is not useful for analysing individual
and isolated crystals less than c. 1–2 µm in size.
Analysis of grain mounts of whole-sediment samples
from the Ravenglass estuary show that most of the
grain-coating material is illite-dominated, but chlo-
rite represents up to 30% of the grain coats. Chlorite
is most abundant relative to other the clay minerals
in coarser grained sediment fractions because it
predominantly seems to enter the sediment pile as
chlorite-rich lithic clasts (Fig. 7c, d). The wide

range of chlorite compositions suggests that there
are at least two, and possibly more, terrains (bedrock
and Quaternary drift) supplying the sediment to the
Ravenglass estuary. Chlorite compositional analysis
by QEMSCAN® SEM–EDS offers opportunities for
analysis of subtle provenance variations that would
be obscure if other provenance analysis approaches
were used.

Discussion

Anymineral that has a knownmajor element compo-
sition can be identified, imaged and quantified using

(a)

(c) (d)

(b)

Fig. 6. Data from Lower Triassic Sherwood Sandstone, west of Ireland, Corrib Field (Schmid et al. 2004) and
Skaggerak Formation sandstone, Central North Sea (Stricker et al. 2016), using the colour scheme shown in Figure 2.
(a) Skaggerak Formation sandstones showing a variety of compositions for detrital chlorite, including altered micas,
detrital chlorite flakes, rock fragments and a small amount that coats detrital grains. The detrital lithic chlorite flakes
are relatively Fe-poor (Fe20Mg80). (b) inset from part (a) showing patchy grain-coating pyrite (FeS2) in this
Skaggerak Formation sample. (c) Sherwood Sandstone sandstones in which all the chlorite is in the form of lithic
grains. (d) Histograms (n = 6) representing the compositions of detrital chlorite in lithic grains, micas and detrital
chlorite in the Lower Triassic Sherwood Sandstone and Skagerrak Formation. The Sherwood Sandstone has a more
Fe-rich detrital chlorite than the Skaggerak Formation, presumably the result of the completely different provenance
of these two roughly coeval rocks.
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QEMSCAN® SEM–EDS. For relatively pure miner-
als such as quartz, there is negligible solid solution
with elements other than Si (Kraishan et al. 2000)
and its identification and quantification using
QEMSCAN® SEM–EDS is straightforward. For
minerals that have substantial degrees of major ele-
ment substitution, such as Fe replacing Mg (or Ca)
in dolomite, it is possible to identify, image and
quantify different compositional types of dolomite
using QEMSCAN® SEM–EDS. To achieve this,
each QEMSCAN® SEM–EDS user needs to develop
their own suite of compositional definitions of differ-
ent sub-types of a given mineral (with major element
substitutions). These are known as SIP files.

We have focused here on chlorite, which has var-
iable Fe : Mg ratios, and developed 11 compositional

definitions of chlorite on this basis. Our new suite of
SIP definitions have been applied to seven different
rock samples suspected to have compositionally dif-
ferent types of chlorite.

We initially demonstrated the value of the
new QEMSCAN® SEM–EDS chlorite analysis by
confirming our expectation that, in metapsammites,
chlorite that is retrograde after garnet is distinctly
more Fe-rich than the matrix chlorite (Fig. 1).
Although we are delighted to demonstrate the value
of our new approach, we are also aware that this level
of quantification and imaging of different types of
chlorite in metamorphic rocks has not previously
been achieved. The new QEMSCAN® SEM–EDS
SIP files were developed for sedimentary rock anal-
ysis, but can be applied equally well to metamorphic

(a)

(c) (d)

(b)

Fig. 7. Data from the modern Ravenglass estuary, NW England (Wooldridge et al. 2017a, b; Wooldridge et al. 2018;
Griffiths et al. 2018a, b). (a) Light optical image of a grain mount of very fine sand from a mudflat sample. It is not
easy to understand where different minerals exist in such modern sediments and it is not possible to discern whether
chlorite is present. If it is present, it is not possible to identify grain-coating chlorite or chlorite-bearing grains.
(b) Histograms (n = 15) representing the compositions of chlorite in the modern Ravenglass estuary sediment. The
wide range of Fe : Mg ratios for chlorite suggests more than one sediment source area (variable provenance).
(c) QEMSCAN® SEM–EDS image of the modern sediment showing grain-coating clay (brown) and a few per cent of
chlorite, mostly as detrital grains or within lithic grains. (d) Inset from part (c) with detrital chlorite marked by closed
arrows and chlorite in lithic grains marked by an open arrow. Detrital chlorite-1 has a different composition from
detrital chlorite-2, suggesting a provenance control (or differential weathering control) on chlorite in these sediments.
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and hydrothermally altered igneous chlorite-bearing
rocks.

We have demonstrated that grain-coating chlorite
in sandstones can have a distinctly higher Fe : Mg
ratio than chlorite sitting within detrital grains
(Fig. 3). Although it is not the purpose of this
paper to develop new models of clastic diagenesis,
Figure 3 and the displayed difference in Fe : Mg
ratios between some types of detrital chlorite and
chlorite grain coats hints strongly that some com-
positional and textural types of detrital chlorite
are more susceptible to creating grain coats than
others. It seems now that there is a strong lithic
provenance control on the development of chlorite
grain coats.

We have also shown that quartz-inhibiting chlo-
rite grain coats have grown on top of a root layer
of another clay mineral. This suggests that the devel-
opment of burial diagenetic, Fe-rich chlorite coats
was facilitated by a non-chlorite grain coat, for-
med earlier, possibly in the sedimentary depositional
environment, such as those identified in the Raven-
glass estuary (Fig. 7) (Wooldridge et al. 2017a, b;
Griffiths et al. in press).

Although QEMSCAN® SEM–EDS cannot dif-
ferentiate betweenminerals of the same composition,
we have been able to demonstrate that two different
ironstones contain a strongly Fe-enriched chlorite-
like mineral (Figs 4 & 5). In these cases, XRD
analysis has shown that the Fe-rich clay is 7 Å 1 : 1
berthierine, reported to be a precursor of chlorite
that grows during burial diagenesis (mesodiagenesis)
(Worden & Morad 2003). The two examples illus-
trated here have not been deeply buried (probable
maximum burial 2000 m and maximum temperature
60 or 70°C); if the rocks achieved higher tempera-
tures, then berthierine would isochemically convert
into Fe-rich chlorite.

Detrital chlorite in sediments and sedimentary
rocks reflects the provenance of the hinterland and
the degree of chemical weathering between the site
of initial bedrock exposure and the site of ultimate
deposition (transport history (Worden et al. 2018)).
We have shown that detrital grains can have widely
variable compositions within the same host sediment
(Figs 3, 6 & 7). On this basis, the identification,
quantification and imaging of chlorite compositions
based on QEMSCAN can now be used as a novel
provenance tool and to help decipher sediment
transport routes.

Conclusions

(1) We report a novel, SEM–EDS-based method
for the identification, imaging (mapping) and
quantification of different compositional types
of chlorite in thin section via a newly

developed bespoke QEMSCAN® SEM–EDS
analysis protocol (new SIP libraries).

(2) With this approach, chlorite compositions
have been subdivided into 11 types based on
10% steps from pure Mg-chlorite to pure Fe-
chlorite.

(3) QEMSCAN® SEM–EDS analysis can now
show not just the average composition (Fe :
Mg ratio) of chlorite in a rock or sediment,
but also the proportions of different composi-
tional types of chlorite in a single sample.

(4) QEMSCAN® SEM–EDS imaging can be used
to show where different compositional types
of chlorite sit texturally within a sedimentary
rock, e.g. chlorite detrital grains, chlorite-
bearing lithic grains, chlorite-rich matrices,
chlorite-bearing autochthonous grains (i.e.
created in situ in sedimentary environments)
or chlorite coats on sand grains.

(5) No other analytical technique, or combination
of techniques, can easily replicate QEMS-
CAN® SEM–EDS’s ability to identify, image
and quantify different compositional types of
chlorite in thin sections.

(6) Examples of the analysis of chlorite in a rangeof
sedimentary and metamorphic rocks and mod-
ern sediments have shown that QEMSCAN®

SEM–EDS’s ability to identify, image and
quantify different compositional types of chlo-
rite can be used to great effect to appreciate
hitherto unsuspected subtleties in chlorite
chemistry and texture.

(7) Berthierine, a low-temperature clay mineral,
cannot be differentiated from chlorite using
QEMSCAN® SEM–EDS because they have
the same composition. Berthierine and chlorite
can be differentiated using XRD analysis of
powdered rock samples.

(8) In sedimentary rocks, Fe-rich chlorite prefer-
entially occurs as complex autochthonous Fe
ooids and grains and in ironstones, but is also
the type of chlorite that preferentially forms
continuous grain coats, which prevent the
growth of quartz cements in sandstones.
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